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Abstract

The usage of data from Indoor Positioning Systems ([PSk) within manufacturing
simulation presents both challenges and opportunities. This dissertation explores
the potential applications of IPS in manufacturing and focuses on utilizing IPS data
for simulation studies. The research systematically gathers and organizes use cases
through a structured literature review, revealing a significant yet largely unexplored
potential for IPS in manufacturing by highlighting manifold benefits beyond mere
localization. Additionally, on-the-ground examination of IPS applications in a sheet-
metal manufacturing environment reveals associated challenges, particularly ethical
and technical dimensions, underscoring the necessity of examining the trustworthi-
ness of IPS data usage.

A framework is developed to enrich IPS data for simulation parameterization
and input modeling, tailored for the sheet metal industry. The framework addresses
the absence of directly applicable standards by refining existing data models and
standards, providing a structured approach transferable to similar industries and
discrete production systems. A qualitative analysis demonstrates the framework’s
potential to enhance data quality in manufacturing simulation across various dimen-
sions, highlighting the spatio-temporal nature of IPS data as an untapped resource.

Furthermore, an ex-ante trustworthiness assessment of the framework is con-
ducted using the Z-Inspection® process, identifying ethical issues and tensions as-
sociated with IPS-based simulation systems in manufacturing. Recommendations
for improving trustworthiness are gathered, advocating for responsible and ethical
development and deployment of IPS in the simulation framework. The findings
contribute to enhancing ethical considerations in manufacturing simulation, with
implications for industry practice and future research.

The dissertation identifies future research directions in advancing data modeling
and analysis techniques, standardizing trustworthiness assessment processes, and
quantifying and ensuring the trustworthiness of IPS-based simulation systems.






Zusammenfassung

Die Nutzung von Indoor-Lokalisierungs-Daten in der Fertigungssimulation birgt
sowohl Herausforderungen als auch Chancen. Diese Dissertation untersucht die
potenziellen Anwendungen von Indoor-Lokalisierungs-Systemen (engl. [PSk) in der
Fertigung und konzentriert sich auf die Nutzung von IPS-Daten fiir Simulatio-
nen. Dafiir werden systematisch Anwendungsfille durch eine strukturierte Liter-
aturrecherche gesammelt und ein bedeutendes aber weitgehend unerforschtes Poten-
zial fiir TIPS in der Fertigung aufgezeigt, indem vielfiltige Vorteile, die iiber die
reine Lokalisierung hinaus gehen, verdeutlicht werden. Dariiber hinaus offenbart
eine Untersuchung von IPS-Anwendungen in einer Blechfertigung praktische Her-
ausforderungen mit sowohl ethischer als auch technischer Dimension, welche die
Notwendigkeit einer Priifung der Vertrauenswiirdigkeit der IPS-Datennutzung un-
terstreichen.

In dieser Arbeit wird ein Konzept entwickelt, um IPS-Daten fir die Parametri-
sierung und Eingangsmodellierung von Simulationen zu nutzen, was dann am
Beispiel der Blechindustrie vorgestellt wird. Da bestehende Datenmodelle und
Standards dafiir nicht genutzt werden konnten, wurde ein strukturiertes Vorgehen
entwickelt, um diese fiir den Anwendungsfall der Blechindustrie und vergleich-
bare diskrete Produktionssysteme anwendbar zu machen. Eine qualitative Anal-
yse zeigt das Potenzial des Konzepts zur Verbesserung der Datenqualitiat in der
Fertigungssimulation auf und verdeutlicht das bisher ungenutzte Potential von
IPS-Daten.

Das vorgestellte Konzept wird anschlieBend unter Verwendung des Z-Inspection®
Verfahrens einer ex-ante Vertrauenswirdigkeits-Bewertung unterzogen, bei der
ethische Probleme und Spannungen identifiziert werden, die mit IPS-basierten Sim-
ulationssystemen in der Fertigung verbunden sind. Empfehlungen zur Verbesserung
der Vertrauenswiirdigkeit werden gesammelt, welche die Basis fiir die verantwor-
tungsvolle sowie ethische Entwicklung und Anwendung von IPS im Simulationssys-
tem dienen. Die Ergebnisse tragen zur Verbesserung der ethischen Aspekte in der
Fertigungssimulation bei und haben Auswirkungen auf die industrielle Praxis und
zukinftige Forschung.

Die Dissertation identifiziert zukiinftige Forschungsschwerpunkte, wie die Weit-
erentwicklung von Datenmodellierungs- und Analysetechniken fiir IPS-Daten, die
Standardisierung von Prozessen zur Vertrauenswiirdigkeits-Bewertung sowie die
Quantifizierung und Sicherstellung der Vertrauenswiirdigkeit von IPS-basierten
Simulationssystemen in der Praxis.
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Chapter 1

Introduction

In the realm of manufacturing simulation, the integration of Indoor Positioning Sys-
tem (IPS) data presents both challenges and opportunities. On one hand, leveraging
data offers the potential to revolutionize manufacturing processes by providing
real-time insights into the movements and interactions of objects and personnel
within production environments (Mieth et al. 2019a; Hayward et al. [2022). This
data can significantly enhance the accuracy and granularity of simulation models,
enabling more precise analyses and optimizations (Mieth et al. 2019b; Tran et al.
2021). However, the effective utilization of IPS data in simulation studies also poses
significant challenges (Thiede et al. 2021} Flossdorf et al. 2021). These include the
efficient and seamless enrichment of IPS data with meaningful context information,
ensuring the accuracy and reliability of the derived simulation inputs through the
development of suitable analytical methods, and addressing ethical concerns such as
user privacy, fairness, and the respect for human autonomy. Despite these challenges,
the promise of data in manufacturing simulation underscores the importance of
exploring its potential and developing strategies to ensure trustworthiness.

1.1 Scope of this Dissertation

Indoor localization is a promising technology that has been increasingly adopted
within production systems over the last few years (Pilati et al. 2022; Gerwin et
al. 2022; Thiede et al. 2022)). These systems are primarily developed to support
the finding of objects and thus reduce non-value adding search times on the shop-
floor. However, the resulting data, known as spatio-temporal trajectories of tracked
objects, offer potentials that extend beyond simple locating and finding. So far, these
potentials have not been sufficiently explored, prompting this dissertation to aim to
provide an overview of the potentials of in manufacturing. This is reflected by
the first research question, which will be answered in Chapter [4| with an extensive
literature review.

Research Question 1: Which are the usage potentials of [PS and their data in
manufacturing?

Subsequently, attention is directed toward a specific potential: the utilization of
LIPSl data in manufacturing simulation. This focus arises from the author’s profes-
g
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sional involvement as the leader of the smart factory simulation team at TRUMPF
machine tools, providing firsthand insight into the laborious nature of data collec-
tion and input modeling for simulation projects. This observation resonates with
existing literature, which consistently identifies data quality as a primary challenge
in simulation studies (Bokrantz et al. 2018; Barring et al. [2018; Reinhardt et al.
2019). Given this backdrop, the prospect of leveraging data to surmount this
challenge emerges as an appealing avenue for research exploration.

Research Question 2: How can [[PS data be used for manufacturing simulation?

A framework will be presented in Chapter [5] which enriches data with con-
text information to allow for more detailed analyses and provide high-quality inputs
for simulation model generation and parameterization. The sheet metal industry
serves as the investigation environment for which an industry-specific data model is
derived. This choice is due to the fact that the author commenced her dissertation
in cooperation with TRUMPF machine tools, a company that develops machines for
flexible sheet metal manufacturing. TRUMPF is increasingly interested in holisti-
cally optimizing shop floor operations of its clients with the help of digital technology
and simulations.

While improving data quality in manufacturing simulation is an important aim
of this work, there is also a focus on the trustworthy usage of data. This is
crucial as data can provide insights into worker movements (Thiede et al. [2022))
and productivity (Zhong 2019), which can be easily exploited within the power
dynamics and hierarchies in production systems, especially between blue-collar and
white-collar workers. This leads to the third research question:

Research Question 3: How can the trustworthiness of a framework for utilizing
[PS data in manufacturing simulation be assessed and ensured?

For Artificial Intelligence (All-systems, the EU High-Level Expert Group on
[ATl (European Commission and Directorate-General for Communications Networks,
Content and Technology 2019)) state three requirements for trustworthiness which
should be fulfilled over a system’s entire life cycle:

o Lawfulness: Compliance with the laws and regulations
o Ethics: Adherence to ethical principles and values

» Robustness: Avoidance of (un)intentional harm both from a technical and
social perspective

This work will focus on the ethics component of trustworthiness in the assessment
in Chapter [0} The framework will be examined ex-ante, i.e., before it is being
implemented. Technical robustness cannot be tested prior to the start of implemen-
tation and should be the focus of another future assessment. The social aspect of
robustness will be covered by the ethical assessment as issues regarding societal and
environmental well-being are collected and analyzed. The lawfulness component of
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trustworthiness is out of scope for this work. It would have required another set of
expertise of the investigators to accurately evaluate the legal aspects of the frame-
work. Moreover, the field of regulating [All is very dynamic at the moment with
ongoing discussions regarding future legislation like the European AI Act leaving
uncertainty and room for interpretations that hinder a solid compliance assessment
at the time when the assessment was undertaken (2022).

1.2 Outline

In the following, the structure of the work is described as shown in Figure After
this first introduction chapter, the motivation and necessity for the research are
derived in the two consecutive chapters.

o In Chapter 2] the environment of Sheet Metal Processing (SMP)) is introduced,
highlighting its key characteristics, basic production steps and the forms of or-
ganization. Subsequently, Production Planning and Control (PPC) are elabo-
rated upon, with a specific focus on [PPC targets and processes. The chapter
also discusses rule-based production control, emphasizing its prevalent use in
sheet metal industry production systems and its necessity in accurately repli-
cating the behavior of SMP] systems in simulations.

e In Chapter 3| the critical role of data in simulation studies and the challenges
associated with its management, particularly focusing on data quality, are ex-
plored. The limitations of traditional data sources in accurately capturing
dynamic processes are highlighted. Furthermore, through a literature review,
existing information models are identified, revealing a lack of a standardized
solution. This necessitates the adaptation of these existing standards to ac-
commodate specific SMP domain requirements in simulation studies.

The core contribution in the main body of this dissertation is presented in three
chapters. Each of these chapters answers a research question, which is depicted on
the right side next to the chapter title in Figure [[.I} Chapter [] first contains some
fundamentals on before it focuses on answering the research question on the
potentials of this technology.

o Chapter {| provides an overview of and their relevance in manufacturing.
It begins by introducing the fundamental concepts of technology and dis-
cussing the essential requirements for its effective implementation. The chap-
ter explores various technologies, with a focus on Ultra-Wideband (UWB])
technology’s advantages in [SMPl Furthermore, it examines how IPS not only
facilitates object localization but also offers additional benefits through the
data it collects. A structured literature review categorizes manufacturing use
cases of IPS and identifies the need for more research and awareness regarding
privacy. Lastly, the chapter discusses technical and ethical challenges related
to integrating IPS into sheet-metal manufacturing processes.

o This Chapter 5|introduces a framework that utilizes an [[PS|as the central data
harmonizer, designed to integrate production data into a manufacturing sim-
ulation from a single source of truth. A simulation data model tailored for the
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Figure 1.1: Structure of this work: Overview of the seven chapters with the corre-
sponding research questions.

sheet metal industry is developed, forming the core of the framework. Addi-
tionally, socio-technical scenarios are introduced to describe the environment
in which the framework will operate, illustrating the interaction between hu-
mans and technology within the production system. Lastly, the framework’s
contribution to enhancing overall data quality in manufacturing simulation
using data quality dimensions is discussed.

o In Chapter[f] an ex-ante assessment for trustworthiness of the presented frame-
work is performed, which means that the evaluation occurs before the sys-
tem is developed and deployed in production, ensuring responsible use of
technology for improving manufacturing simulation. The assessment uses the
Z-Inspection® process, which is the first process to assess trustworthy Al in
practice (Zicari et al. [2021)). Through expert workshops, issues and tensions
are identified, grouped, and mapped to ethical principles. Recommendations
are gathered to address these issues during implementation. Insights gathered
on the process are provided to improve future trustworthiness assessments.

The last chapter concludes this dissertation’s work. It summarizes the findings con-
cerning the research questions and emphasizes the primary outcomes in the first
section. The relevance and impact of the results for practice and research are dis-
cussed subsequently. Lastly, an outlook on future research directions is provided.
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Chapter 2

Characterization of Sheet Metal
Processing

This chapter explores Sheet Metal Processing (SMP]), discussing its basic steps (Sec-
tion [2.1), organizational forms (Section [2.2]), and Production Planning and Con-

trol (PPC) principles (Section [2.3)).

2.1 Fundamentals of Sheet Metal Processing

Sheet metal products are ubiquitous (Rinciog et al. and needed in many in-
dustries (Kashid and Kumar such as automotive, consumer electronics, and
mechanical engineering. There are various examples of sheet metal products in the
Business-to-Business market like heating and ventilation, land and construction ma-
chinery, switch and server cabinets, and industrial kitchens, but also for the Business-
to-Customer market like jewelry, furniture, and lamps. A sheet metal product can
be either a two- or three-dimensional object consisting of two- or three-dimensional
parts manufactured from sheet metal. Examples are depicted in Figure 2.1]

©

Figure 2.1: Exemplary sheet metal products from different industries: 1. Battery
box for e-mobility (automotive), 2. Entry step of a tractor (land and construction
machinery), 3. Air turbulator plate (heating and cooling), 4. Switch and server
cabinets, 5. Cover of the clamping claws of a punching machine (mechanical engi-
neering), 6. Hard disk storage rack (consumer electronics), 7. Filter mat support
in a cooker hood (industrial kitchens), 8. Designer lampshade. Image courtesy of
TRUMPF.
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The production of sheet metal products can be explained along the sheet metal
process chain. Each product has to pass through it, whereby quality, time, and
costs are optimized (Buchfink 2005, p.30). The process chain consists of four steps:
Construction, programming, production, and finishing. These are explained in the
following;:

Construction: The initial step involves creating a 3D part model from a product
idea using Computer-Aided Design (CADI) software, followed by software checks
for manufacturability. The construction process, often requiring experienced design
experts, aims to produce cost-optimized parts, resulting in a 2D model with essential
information for subsequent programming steps.

Programming: In the second step, the programmer configures machining strate-
gies, tools, and machine process parameters using programming software which is
generating the required Numeric Control (NC|) code automatically. Various software
solutions, not exclusively distributed by machine tool manufacturers, are available
for this purpose.

Production: The manufacturing of each sheet metal product follows three main
production steps in a fixed order: flat processing, forming, and joining. At the
start, parts are separated from the material through laser cutting or punching. A
straightening process becomes necessary if the laser cutting’s thermal input has
caused warping. The edges of parts that must be welded or meet optical standards
are deburred to remove slag, punch marks, or other irregularities. Forming is the
subsequent production step, encompassing bending, drilling, and thread forming.
Some of these steps can be performed on a punching machine for small shapes with
special tools. Drilling and thread forming are often done manually at separate work-
stations. Bending is usually executed at a manual press brake, but there are also
automated bending solutions, including robots for material handling. The final pro-
duction step, joining, involves assembling sheet metal parts through methods like
mounting, stapling, or various welding techniques. The sequence required for prod-
uct production is established and finalized during the construction phase, following
the order depicted in Figure[2.2] with the flexibility to skip non-required steps. Once
approved for production, this sequence remains unchanged.

{ punchlng (forming) J remove oxide layer /7[ bending /7[ Washmg & coating }
(only for +
laser cut parts)
{ punchlng (cuttlng) [ pressing mounting }
v v v
{ laser cuttlng [ straightening [ welding washing }
{ deburrlng thread forming [ grinding pack & ship }

Figure 2.2: Order in which production steps are performed in [SMPl If a production
step is not required for the manufacture of a product, this step is simply skipped.
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Finishing: This stage encompasses activities enhancing the visual appearance
of the product without altering its 3D shape. Sheet metal products may exhibit
scratches, visible weld seams, fingerprints, or other contaminants after production.
Post-processing steps vary based on the product’s requirements. For welded prod-
ucts, edges are often ground and rounded to eliminate weld seams. Some items
undergo polishing and optional marking, while others, especially those destined for
powder coating or painting, may be washed. The final step involves packaging the
products for shipment, concluding their journey from to the customer.

In this process chain, not all sheet metal products undergo every production and
finishing step; unnecessary steps are omitted without altering the overall sequence.
Each production step can be executed using different machines, with experienced
production planners determining machine assignments prior to the start of produc-
tion. Intralogistics in [SMPl are typically managed by employees, utilizing boxes for
small parts or euro pallets as load carriers. About 90%[] of sheet metal parts are
transported on euro pallets, often moved on ants or forklift vehicles. When using
boxes, they are either placed on euro pallets, carried by a human or maneuvered
between processes on rollable trolleys. There is a growing trend in SMPl towards
automating intralogistics through Automated Guided Vehicles (AGVE) (Steclik et
al. 2022) or by connecting machines via automation units and conveyor belts (see

Figure .

2.2 Organization Principles

The production type of companies in the sheet metal industry is the variant-rich
small to medium batch production with a trend towards smaller lot sizes. The
vast majority of companies work according to the make-to-order principle, whereby
a product is only manufactured once an order is received. Specific products for
which demand can be well anticipated are produced in stock or a customer order
decoupling point is introduced between cutting and bending. Before this point,
orders are produced based on a sales forecast. After that, they are completed order-
specific (Wiendahl 2014} p.253).

In the sheet metal industry, production organization revolves around three main
principles or a combination thereof: the workshop, group, and flow principles. Wien-
dahl (2014}, p.41) defines a manufacturing principle as determining the association
of actual system components - workpiece, human, and operating resources. The
workshop principle involves arranging workstations based on machining processes,
offering high flexibility in product manufacturing and routing. However, it comes
with extended throughput times, especially for large batches. On the other hand,
the group principle decentralizes both production and planning, reducing lead times
by implementing a flow-oriented machine setup. Despite increased flexibility, this
method introduces complexity and higher personnel requirements. Lastly, the flow
principle structures production based on the sequence of work steps, minimizing
throughput times but potentially leading to uneven station utilization. Elastic link-
ing and buffer storage help synchronize line timing, but the approach lacks flexibility
in responding to product changes or demand fluctuations. Examples of these orga-
nization principles in are presented in the following.

! According to internal investigations at TRUMPF
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Examples of Sheet Metal Processing Systems

The flow principle in the sheet metal industry is implemented in automated and
networked systems, illustrated here by the production line shown in Figure 2.3
The process initiates with raw sheets retrieved from the storage tower on the right
side of the figure, transferred to a punch laser machine by an automation unit.
Following cutting, another automation unit separates the blanks onto a conveyor
belt, directing them into the bending cell. To address potential bottlenecks in the
bending process, additional pallets are strategically placed for buffering. A robotic
arm within the bending cell precisely positions each part for bending. Subsequently,
after the forming process, a forklift transports the bent parts to a welding machine

located on the left side of Figure [2.3
Y )
W A

Figure 2.3: Exemplary sheet metal processing system structured according to the
flow principle. Image courtesy of TRUMPF.

Figure [2.4] illustrates an instance of a production system organized according
to the workshop principle. The automated storage system in the background, de-
picted in white, directly supplies raw material to the central punch laser machine
or, alternatively, via a forklift, to the second punch laser machine situated in the
lower right corner of the figure. The two machines on the left side are automated
bending machines, each equipped with loading and unloading units. Forklifts enable
a flexible material flow between machines.

Figure 2.4: Exemplary sheet metal processing system structured according to the
workshop principle. Image courtesy of TRUMPF.
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Figure[2.5| presents an example of a production system organized according to the
group principle. There are three distinct groups - A, B, and C - indicated by labeled
rectangles. A designated mounting area (Group A) in the lower left corner of the
figure focuses solely on the manufacturing of a specific product. Group C consists
of machines dedicated to producing only products for one specific customer. The
remaining machines are grouped to manufacture all other products (Group B). All
groups receive their parts from the same area for flat sheet processing (cutting,
punching, deburring), located on the right side of the shop floor. The long vertical
shape on the right side of the production hall is the high-bay warehouse that is
connected to two laser cutting machines and a punching machine.

i
TATITIT i

Figure 2.5: Layout plan of a sheet metal processing system structured according to
the group principle. The groups correspond to: Group A: Product-specific mounting
area, Group B: General production for all customers, Group C: Costumer-specific
production. Image courtesy of TRUMPEF.

This dissertation focuses on production systems organized according to the work-
shop or group principle, as they typically involve manual intralogistics that can ben-
efit from the implementation of an Indoor Positioning System ([PS). Conversely,
are generally not incorporated into automated systems due to the potential dis-
ruption of automated processes. In automated systems, data on processes is readily
available in the control system, making them more straightforward to simulate, and
the incremental value of using an is typically limited.
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2.3 Production Planning and Control (PPC))

!

market
view

logistics
performance

due date profi-
adherence tability

logistics

costs
utilization
company

view

Figure 2.6: Target system of production logistics based on Wiendahl (2014], p.251).

Within the operative planning and control of production processes, [PP( systems
have the goal of optimally allocating resources to produce a defined quantity of prod-
ucts (Hausladen p.116). The underlying target system is shown in Figure
The market view in the upper left of the figure focuses on the logistics performance:
Short throughput times and a high adherence to delivery dates positively impact
the system’s profitability. In the lower right of the figure are the logistics costs,
viewed from the company’s perspective. Here, profitability is achieved through low
stocks (low capital commitment) and high utilization of resources. The difficulty in
optimizing these targets lies in the competitive nature of the objectives, which must
be balanced against each other from a business management point of view (Haus-
laden , p.116). This conflict of targets is often referred to as the dilemma of
production control (Wiendahl p.250). The pressure on [PP( systems has in-
creased significantly in the past decades due to the shift towards a buyer’s market,
shorter life cycles of products, smaller batch sizes, and increased requirements on
delivery time (Hausladen 2016} p.116). Therefore, the importance of market-related
target figures like due date adherence and short lead times increases (Wiendahl ,
p.250).

As part of a research collaboration between TRUMPF and Fraunhofer Institute
for Production Engineering and Automation ([PAl), a survey involving 25 German
companies was conducted to assess the significance of target parameters, in-
cluding quality, due date adherence, throughput times, material utilization, and
resource utilization. The findings, presented in Figure reveal that quality holds
the utmost importance for 60% of the companies, followed by due date adherence at
36%. This prioritization aligns with the customer-centric nature of companies,
where customer satisfaction hinges on receiving high-quality components within the
agreed-upon timeframe. Lower throughput times ranked third in importance, with
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material efficiency following closely, and resource utilization ranked the least signifi-
cant. This underscores the general consensus that product quality takes precedence
over logistical performance metrics.

16% 28% throughput times

36% 44% resource utilization

44% 28% material efficiency
. priol [l prio 2 prio 3 prio 4 prio 5 N=25

Figure 2.7: Importance of production targets in [SMP] rated by 25 [SMP] companies.
Visual representation based on a 2015 survey conducted by TRUMPF and Fraun-

hofer [PAL

2.3.1 [PPClin Sheet Metal Processing

The Production Planning and Control (PPC) process in is illustrated in Fig-
ure[2.8 It initiates with a customer inquiry stored in the Enterprise Ressource Plan-
ning (ERDP)) system, leading to the creation and dispatch of an offer. Upon receiving
the order, a preliminary production plan is generated based on rough estimations
and unlimited resources. This initial plan is then refined in either the Manufacturing
Execution System (MES]) or Advanced Planning and Scheduling (APS)) systems un-
der consideration of machine resource limitations and process time estimates. The
system additionally optimizes nesting and scheduling in an integrated manner
(Pfitzer et al. . Nesting involves solving a two-dimensional packing problem
for part geometries within a specified time horizon. Once parts are assigned, sheets
are allocated to different machines, determining the order of processing at the ma-
chines. The interplay between nesting and scheduling influences logistical targets
and is, therefore, an integral component of [PPC] (Heger et al. 2015)). Local search
and genetic algorithms have been employed to address packing and scheduling with
recent research exploring Reinforcement Learning (RI]) (Rinciog et al. or
quantum cornputingﬂ The optimization result is a detailed production plan. Sub-
sequently, a program transforms the construction drawings of all products
in that production plan into three-dimensional technical drawings, incorporating
essential production details such as material types, dimensions, and steps. The
Computer-Aided Manufacturing (CAM]) system utilizes these drawings to generate
[NCl programs and machine setup plans, providing operators with the necessary in-
structions on the shop floor. Upon completion, the product is logged in the [ERPI
and dispatched to the customer.

Zhttps://www.qutac.de/en/trumpf-optimized-production-planning-for-tomorrows-m
etal-processing/}, accessed March 2024
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sheet metal processing system )
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Figure 2.8: Sequence diagram of Production Planning and Control (PPC) in [SMP
showing the interaction between the SMP| company and a customer. Own illustra-
tion, created by merging and extending figures from Pfitzer et al. (2018, Fig. 1) and

Buchfink (2005, p.229).

Schedules can be unreliable due to factors such as poor planning times resulting
from an insufficient data foundation, unpredictable events like machine breakdowns
or rework tasks, human decision-making on the shop floor, and the use of simplified
assumptions to reduce the computational complexity of multi-objective optimiza-
tion problems (Pfitzer et al. [2018). Therefore, feedback loops exist between the
production process and the planning systems. For instance, if operators encounter
issues with the machine setup or the generated [NC| programs, they report to the
[CAD|/ICAM] team. In cases where operators are unable to complete all tasks as
per their schedule, they report to the planning supervisor. Time data is recorded
and stored in [ERP] and [MES/[APS| systems. If as-is times frequently deviate from
planned times, adjustments are made to enhance future planning.

Leveraging data to augment the data foundation, improving planning times,
and incorporating human decision-making into the data can enhance scheduling.
Understanding how individuals make decisions on the shop floor allows for con-
sideration of their behavior in planning. Strategies can be prepared to cope with
unpredictable events, and flexibility becomes advantageous for adapting to changes.
Selecting reliable technology and production processes can help minimize or elim-
inate rework tasks. The ongoing increase in computational power, coupled with
emerging quantum computing approaches, holds promise for achieving better solu-
tions to optimization problems within shorter time frames.

2.3.2 Rule-based Production Control

The human decision-making and interference with processes on the shop floor of
SMPI should be understood, as they must be accurately reflected in a simulation
model to generate realistic insights.
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Rule-based production control, characterized by minimal computational com-
plexity, is easily applicable by humans (Scholz-Reiter et al. 2009, pp. 1-2). These
rules are usually chosen during detailed production planning (Van Brackel 2009,
p.22), serving as practical alternatives to directly solving the underlying, often com-
putationally complex mathematical optimization problems, which may not be feasi-
ble within the time constraints of production reality. Determining a suitable, well-
performing priority rule for a specific production system is an empirical task, often
requiring methods like simulation since a deductive proof is unattainable (Corsten
and Gossinger 2012). The effectiveness of priority rules is contingent on factors such
as the use case, overall complexity, and desired utilization level in the production
system (Scholz-Reiter et al. 2009). No single rule universally outperforms all others
(Heger et al. 2015)). In Mieth et al. (2019¢)), rule-based organizational areas in [SMP]
were investigated, addressing concerns such as:

» Sequencing: Prioritizing orders in queues in front of a machine or machine
pool.

« Picking: Sorting parts on pallets effectively.
o Transportation: Determining who should transport which order and how.

» Dispatching: Choosing the appropriate technology and deciding on which ma-
chine (from a pool of identical ones) the job should be produced.

« Material Handling: Planning the nesting of parts on sheets over a specific time
horizon and managing remaining sheets and waste.

These considerations are crucial for achieving an accurate representation of a specific
system in a simulation model, and will be elaborated in the following.

Sequencing / Priority Rules

Sequencing, or priority rules, serve as a straightforward heuristic for establishing a
suitable order of tasks. Typically, stations or groups of stations are assigned a back-
log of orders with detailed information such as release date, work content, planned
processing time, due date, and other relevant data for the current production step.
This order backlog indicates the approximate number of orders that can be produced
within a shift. Regardless of whether the information on the individual orders is
provided digitally or traditionally printed, it is organized in a folder and managed
with the help of tools such as planning boards, hanging files, or terminal devices
(tablet, phone, computer) as can be seen in Figure

First In First Out (FIFQ) and Earliest Due Date (EDDI) are the most common
priority rules for order sequencing in [SMP] followed by Shortest Processing Time
(SPT) and Highest Priority Number (HPNJ] Interested readers are referred to
Herrmann (2011}, p.321), Hiibl et al. (2013), and Swamidass (2000, p.482) for in-
depth discussions.

o Earliest Due Date (EDDI): Prioritizes jobs based on their due date, mini-
mizing the maximum delay (Herrmann 2011, p.327-329). Suitable when the
system is sensitive to due date changes and when the goal is to reduce job
lateness (Swamidass [2000)).

3STRUMPF internal study with expert interviews conducted in 2018
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Figure 2.9: Example of a digital order backlog provided to the operator of a bending
machine as a table on the upper monitor. Image courtesy of TRUMPF.

 Shortest Processing Time (SPTI): Prioritizes jobs with the shortest processing
time at the current workstation, minimizing average throughput time, aver-
age job lateness, and work-in-process inventory (Herrmann , p.327-329).
However, it may increase the risk of longer jobs missing their due date (Swami-

dass 2000).

o First In First Out (EIEQl): Ensures the job that arrived first is processed first,
but it is considered inferior to the [SPTIrule (Swamidass 2000)).

o Highest Priority Number (HPNJ): The rule ensures that the job with the
highest priority number at the current workstation is processed first. Produc-
tion planners specify priority numbers, which can lead to arbitrary prioritiza-
tion decisions. is thus not recommended, but it is still common practice

in some [SMP| companies.

Picking Rules

Picking rules provide guidelines for workers on how to pick and sort parts for trans-
portation, whether placing them on pallets, trolleys, or in boxes, and when to use a
new transportation resource. In the absence of a comprehensive overview of picking
rules for or similarly organized production environments in the literature, it is
beneficial to draw insights from analogous challenges. For example in warehouses,
picking lists guide pickers on which products to collect and the order in which to
place them onto transportation resources. Commonly, products are grouped by
customer affiliation to optimize downstream processes, including sorting times (Liu
. In scenarios with large customer orders, the single-order picking policy proves
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advantageous (De Koster et al.|2007). When picking multiple customer orders simul-
taneously, two strategies are common: In the pick-while-sort strategy, picking and
sorting activities occur concurrently, eliminating the necessity for a subsequent sort-
ing process but diminishing the pick-rate of pickers (Jiang et al. [2018]). Conversely,
the pick-and-sort strategy involves sorting after the picking process, maintaining a
high pick-rate for pickers but necessitating a distinct sorting process (Jiang et al.
2018)). In Mieth et al. (2019¢)), relevant picking rules for are presented. They
originate from interviews with 30 companies in 2015 and are since mapped
into the [PP{ system of TRUMPF:

o Same Panel: All parts cut from the same sheet metal panel are picked together.

o Same Next Process Step: Parts with the same next process step are picked
together, irrespective of customer affiliation.

« Same Customer Order: Parts from the same customer order (same product)
are picked together, analogous to the single-order picking policy in warehouse
logistics.

o Same Set: All parts in one set, comprising parts from the same product order
(e.g., painting, mounting, or welding sets), are picked together. This rule is
applied when material flows converge in the sheet metal process chain.

e Same Customer: Parts from one customer are picked together, regardless of
their status as part of the same product or order.

Transportation Rules

Internal transport in [SMP] is typically managed by dedicated employees, aligning
with lean principles to prevent machine operators from assuming logistical tasks and
potentially causing disruptions and delays. Various means, such as ants, forklifts, or
trolleys, are employed for transportation, with sheet metal parts carried on pallets
or in boxes. However, the industry is moving towards automated solutions like
[AGVk for internal transport (Steclik et al. 2022)). [AGV] operations involve defined
entry and exit zones for material pick-up or deposition. Observations reveal that
outgoing storage areas are usually smaller than incoming ones, reflecting the prompt
transport of parts to subsequent stations following the completion of a process step.
Logistics personnel typically adhere to the same shift schedules as machine operators,
occasionally incorporating milk runs, while also meeting intraday deadlines for off-
site transports.

Dispatching Rules

Dispatching rules are applied to assign a job to a machine. When a machine becomes
idle, the job with the highest priority is taken from a backlog (Heger et al. [2015]).
Dispatching rules in SMPlare applied during production planning to decide on which
machine a product should be produced if alternative machines are available. For
example, parts can be cut from sheet metal with laser cutting or punching. The
technology choice is made by considering quality aspects and constraints, such as
punching diameters. Another example is the assignment to bending machines. Press
brakes use the same technology but come in different sizes and strengths, which
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necessitates the consideration of sheet thickness and the length of the longest thigh
when dispatching jobs.

Material Handling Rules

The material cost, constituting approximately half of the sheet metal product price,
prompts [SMP] to implement rules for material utilization to minimize waste and
associated costs. These rules predominantly address the time horizon for nesting
geometries on sheets. A short time horizon reduces production stocks but increases
waste, while a longer horizon enhances material utilization. Typically, there is a rule
specifying how far into the future due dates of nested parts can extend. Recurring
nestings, proven to be process-safe, are approved for unoccupied night shifts, while
new nestings are often cut during the day to confirm their feasibility. Some [SMP]
practices involve partially cutting sheets and separating a residual sheet, used for
reclamation orders or special jobs. Additional rules determine the acceptable size
for retained residual sheets and when disposal is necessary. However, certain
companies choose to avoid handling residual sheets altogether.

2.4 Summary

In this chapter, Sheet Metal Processing (SMP]) was characterized to introduce the
reader to the studied environment and its peculiarities. First, in Section the
basic steps of SMP] were presented, which include construction, programming, pro-
duction, and finishing. Intralogistics was also considered an important aspect be-
tween these steps. In the subsequent Section [2.2] the forms of organization in a
[SMP system were considered in more detail, and concrete examples of SMP| systems
were given. In this dissertation, it is generalized that [SMPlsystems follow either
the workshop or the group principle. In Section [2.3] [PPC in SMP] was explained
with a focus on [PP( targets and processes. This was followed by a more in-depth
discussion of rule-based production control. These rules are still predominantly used
in production systems in the sheet metal industry, and a simulation of such a system
must include them to accurately reflect the system’s behavior.
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Chapter 3

Manufacturing Simulation

This chapter provides an overview of simulating manufacturing systems. Simulation
is used to better understand complex systems through experiments conducted in
risk-free virtual environments. In the context of this work, the complex system
is a Sheet Metal Processing (SMP]) environment. During the modeling process,
the system is projected on a suitable abstraction level which is always use-case
dependent.

In Section [3.1], the goals and execution of simulation projects are detailed. The
subsequent Section delves into the existing challenges associated with simulation
data, particularly with regard to issues surrounding data quality. Additionally, it
provides an overview of various input methodologies that have been developed within
this research domain, along with the specific data sources they draw upon. In the last
Section [3.3] the related work on simulation input modeling for the manufacturing
domain and recent advances in input data management and modeling are presented.

3.1 Simulation Projects

This chapter starts with a definition of simulation, which originates from the guide-
line "Simulation of systems in materials handling, logistics and production" issued
by the Association of German Engineers (VDI - Association of German Engineers
2014):

Definition 3.1.1 (Simulation) "Representation of a system with its dynamic pro-
cesses in an experimentable model to reach findings which are transferable to reality;
in particular, the processes are developed over time." (VDI - Association of German
Engineers 2014, p. 3)

Further, we want to create a common understanding of the scope of a simulation
project. A simulation project is the sum of all work to answer one or more hypothe-
ses about a complex system’s behavior using an experimental model. The work
within such a project consists of simulation experiments which the above mentioned
guideline defines as:

Definition 3.1.2 (Simulation Experiment) "Targeted empirical investigation of a

model’s behaviour by a set of simulation runs with a systematic variation of param-
eters or structures” (VDI - Association of German Engineers 2014, p. 3).
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An essential advantage of simulation is conducting experiments in a risk-free
virtual environment. In practice, testing adaptation ideas in the actual system is
not feasible for several reasons: Tight production schedules prompt the production
lead to prioritize meeting due dates instead of experimenting with the adaptation
of routines, as missed due dates may result in penalties as per contract agreements.
Moreover, the inability to foresee whether the adaptation idea yields an overall
improvement of Key Perfomance Indicators (KPIK) compared to the status quo is
another argument for virtual experimentation in simulations. Lastly, there is often
limited time to generate insights into the system’s behavior. Simulations can run
faster than real-time, and different adaptation measures can be run in parallel.

Procedure Models for the Management of Simulation Projects

Different procedure models have been developed to manage the complexity of sim-
ulation projects. The most common are from Banks et al. (2005), Law and Kelton
(2015), and Rabe et al. (2008). Rabe’s procedure model is part of the VDIl standard
3633 (VDI - Association of German Engineers 2014) making it the only officially
standardized procedure model. For the rather new area of Automated Simulation
Model Generation (ASMGI), another methodology based on best-practice implemen-
tations of the Core Manufacturing Simulation Data (CMSD)) standard (Riddick and
Lee 2010) was proposed by Bergmann (2013)). The standard was developed
to improve the interoperability between different simulation tools and facilitates
data exchange between different simulation applications (more details follow in Sec-
tion. Another recently developed procedure model by Andreasson et al. (2019)
focuses on planning production systems. The model is supposed to cope better with
planning uncertainties due to limited data availability and more frequent concept
revisions. So far, the newer models of Bergmann (2013) or Andreasson et al. (2019)
have not been found to replace the established model of Rabe et al. (2008]).

All mentioned procedure models have in common that the activities within a
simulation project are divided into phases with certain assigned tasks. Despite the
variety in the literature, they often contain same or similar elements which ard’} 1.
Problem definition, 2. Model building, 3. Implementation, 4. Experimentation and
analysis, and 5. Execution of adaptations. The first step is the problem definition, a
phase where the project’s goal is specified and work hypotheses are derived. Based
on the problem definition, a model is built in the second phase. Once the model is
completed, it is implemented in simulation software and experiments are run. The
results are evaluated to derive recommendations for action. The knowledge gained
and the accompanying adjustments to the actual system are then executed in the
final phase.

Data plays a decisive role in all project phases. It is collected and analyzed
to support a precise problem definition, to make the right modeling decisions, to
parameterize the implemented model and simulation experiments, and, lately, to
derive the proper actions from the simulation results. Skoogh et al. (2012) emphasize
that because of data pervasiveness in simulation projects, the data management is
often challenging. Simulation data and its associated challenges will be explored in
detail in the following section.

'TRUMPF internal master thesis by Patrick Wohe (2020): Konzeptentwicklung zur simulations-
gestiitzten Neu- und Anpassungsplanung in der Blechindustrie, p.45
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3.2 Simulation Data

This section on simulation data starts with a definition of simulation data types
and presents typical data sources. This is followed by an overview of data quality
dimensions and challenges with simulation data. The data quality dimension are
later used to qualitatively assess the improvements that can be realized with the
developed framework in Chapter [5] This section ends with the introduction of the
simulation data life-cycle.

Simulation data refers to data required by the simulation model. According to
VDI - Association of German Engineers (2014)[p. 15|, there are four different data
types in simulation projects:

o Input data refers to static or stochastic data that the user of the model supplies
before a simulation run is started.

o Experiment data consists of starting time and duration that are set for a sim-
ulation run, as well as model parameters that are updated for each simulation
run within an experiment.

» Internal model data refers to all model constants set during the model imple-
mentation and all internal variables dependent on the simulation time.

o Simulation result data is generated and logged during simulation runs. Af-
terwards, this data is aggregated and analyzed to extract insights from the
experiments.

When simulation data are mentioned in the following, only the input data, model
parameters, and constants for the experiments are meant, i.e., everything that is
available before starting a simulation run.

Sources for simulation data in manufacturing are diverse, because of the hetero-
geneous IT system landscape with many proprietary systems (Schuh et al. |2015)).
Primary simulation data are collected directly for the simulation project via mea-
surements, inspections, and observations on the shop floor (Bérring et al. 2018). The
secondary data sources can be divided into an external reference system, corporate
business systems, and project-specific data (Béarring et al. 2018; Skoogh et al.|[2012).
The first two were not collected for the simulation but are available for other rea-
sons, e.g., to ensure the operation of the production system. Secondary data need
to be processed and analyzed to get valuable insights for the simulation project.
Thus, one tries to extract as much information as possible from the secondary data
to have as little effort as possible to collect primary data. Relevant information for
simulation projects can typically be found in corporate business systems like:

« Enterprise Ressource Planning (ERP)) Systems

o Advanced Planning and Scheduling (APS]) Systems
« Manufacturing Execution System (MES))

e Manufacturing Data Aquisition (MDA])

o Product Life-Cycle Management (PLM]) Systems including, among others,
data from Computer-Aided Design (CADI)/Computer-Aided Manufacturing

(CAM) Software
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3.2.1 Data Quality Dimensions

Different lists of quality dimensions appear in the literature, and different authors
work with different subsets. Accuracy, completeness, and consistency are the most
commonly used quality dimensions in the literature. In this work, the eleven dimen-
sions and their definition of Balci et al. (2000) and Bokrantz et al. (2018) are used,
because they contain all common and relevant dimensions from the other authors,
who often reference back to Balci et al. (2000). The quality dimensions of simulation
data are listed alphabetically with a short definition from Balci et al. (2000):

o Accessibility: Degree to which data Currency: Degree to which the age
are available or easily and quickly of the data is appropriate for the
retrievable use of the data

o Precision: Degree to which data
possess a sufficient number of sig-
nificant digits in their numerical
values

o Accuracy: Degree to which data
possess sufficient transformational
and representational correctness

o Clarity: Degree to which data are o Relevance: Degree to which data
unambiguous and understandable are applicable for use

o Reputation: Degree to which data
are trusted or highly regarded in
terms of their source or origin

o Completeness: Degree to which all
parts of the data are specified with
no missing information

e Resolution: Degree to which data

« Consistency: Degree to which (a) possess a sufficient level of detail

data are specified [...], and (b) any
one data value does not conflict o Traceability: Degree to which data
with any other are easily attributed to a source

3.2.2 Challenges with Simulation Data

Data is essential to every simulation project, yet challenges remain to access and
understand data that is lacking clarity. Thus, data collection in simulation projects
is time-consuming and often includes interviews or workshops with production em-
ployees and experts (Robertson and Perera 2002). This "best" practice has the
disadvantage that a collection of quantitative values such as average process times
or machine availability by interviewing people is subject to their perception (Akha-
vian and Behzadan 2018)). Because of their experience, they can estimate an average,
but neither the distribution nor the function representing the actual underlying con-
text. This lack of accuracy and precision in the creation and parameterization of
simulation models should be avoided to make more reliable statements based upon
the simulation results. Nowadays, a large amount of data is already available in
real-time, but the critical question is whether it is also the relevant data for the
simulation use case. A fact is that the systems collecting the data have not been
designed with simulation requirements in mind (Bokrantz et al. 2018; Skoogh and
Johansson [2008). A lot of data is gathered by [MDAI systems and is stored in het-
erogeneous systems such as the or [ERPL Usually, inconsistencies occur, and it
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cannot be decided which source of data can be trusted (Li et al. 2016). Complete-
ness of data is another issue, as there is still a lack of high-quality data necessary for
implementing and parameterizing manufacturing simulation models. For example,
actual process times are usually not known in make-to-order manufacturing. Target
times are commonly used if no feedback data from the shop floor is available. In this
case, such data usually has a bad reputation because it is known that the deviation
between actual and target times in production can be considerable. Accurate simu-
lation results can only be achieved with accurate data input, known as the "garbage
in, garbage out" theory (Robertson and Perera 2002). The traceability of data for
the modeling of manual processes is another challenge in job shops. Automated
processes on machines are already well monitored, whereas the indirect manual pro-
cesses are not well depicted due to their stochastic behavior (Kiick et al. [2016). In
addition, the times for manual processes must usually be reported by the employees.
Therefore, the currency and resolution of data depend primarily on work ethic and
are inherently prone to errors.

3.2.3 Simulation Data Life-Cycle
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Figure 3.1: Simulation data life-cycle: The inner circle contains the five phase pro-
cedure of a simulation project introduced in Section [3.1] The outer part contains
the activities that are performed with data, depicted in black. The simulation data
is shown as gray cylinders for the different types presented in Section [3.2]

Simulation and data are closely intertwined and iteratively interdependent. This
interaction of data and simulation is explained in Figure 3.1} The simulation life-
cycle is depicted in the middle of the figure as the five phase procedure introduced
earlier in Section [3.1l Remember that these five phases typically occur in each
procedure model and thus, serve well the purpose of showing the relation between
simulation and simulation data. Next, we add the various simulation data shown
as gray cylinders, presented at the beginning of Section [3.2] and supplement the
activities performed with the data, depicted in black. The data needs are identified
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within the first two phases, problem definition and model building. Therefore, data
collection is conducted in parallel with these phases. The collected data has to be
cleaned, and processed to be available in a format that can be used to parameterize
the different data types in Phases 3 and 4 of the simulation life-cycle. After com-
pletion of the simulation experiments in Phase 4, the simulation result data will be
analyzed, and conclusions for the execution phase will be drawn. In addition, the
findings can also be used to update the problem definition, which then triggers a
new iteration of the simulation and data life-cycle.

3.3 Related Work on Simulation Input Modeling

This section consists of four parts. It starts with presenting the different exist-
ing data input methodologies. Second, an overview of existing information models
used within simulation projects is provided. Some are specifically developed for the
simulation use case, like the standard and the Verein Deutscher Ingenieure
(engl. Association of German Engineers) (VDI)) 3633 standard. In contrast, oth-
ers like AutomationML and the asset administration shell have a broader focus on
cyber-physical systems in general. These are also presented in the spirit of complete-
ness because they have been used at least sporadically or historically in simulation
projects. Third, an outlook on the current trends toward data-driven and more
automated simulation input modeling is given. Lastly, it is presented how machine
learning methods are used in simulation projects.

3.3.1 Data Input Methodologies

Four different data input methodologies have emerged from the literature according
to Skoogh et al. (2012). These are depicted in Figure and range from manual to
automated solutions.

Methodology A: Direct data entry
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Manual data input & [ i ion |
imulation | : ;
collection and storage —> experiment—> — simulation __, manuall_y and
. I Model i result data storage in external
in external database data '\ I
————————————— database

Methodology C: Automatically populated external database

: ] input & { Simulation | i i ' i
Corporéate Business | experiment—s. E i simulation [ CorpoxéatetBusmess
ystem : data T Model | result data ! ystem

Corporate Business ! input & experiment data
System i

Corporate Business
System

Figure 3.2: Four data input methodologies according to Skoogh et al. (2012)
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The first Methodology A in Figure[3.2]is called direct data entry. It is the simplest
method, especially for beginners, and was thus widely used over the last decades and
is still common today. Data is manually collected (e.g., via interviews, observations
on the shop floor, or from business systems), processed, and, manually entered
into the model by the simulation engineer. A disadvantage is the decentralization of
data in the simulation models, which makes versioning or fact-checking very tedious.

Nevertheless, the modeler can still check each value for correctness before entering
it. (Skoogh et al.|2012)

Methodology B, manually populated external data source, is similar to Method-
ology A in the aspect that data is still manually collected, processed, and entered.
The difference lies in how data is stored in an external database (e.g., a spreadsheet),
which is linked to the simulation. Methodology B has the advantage over Method-
ology A that verification and model updating become easier, since data is stored
centrally. The authors argue that spreadsheets have a familiar interface, accessible
also to non-simulation experts, which is probably the reason why this is the most
commonly used methodology today. (Skoogh et al. |2012)

Methodology C, automatically populated external data base, extends Method-
ology B by linking the external data sources not only to the simulation model but
also to the corporate business system. Now the data collection and processing are
automatically done by the corporate business system and all relevant data are au-
tomatically stored in the external database yielding considerable time-savings for
data maintenance tasks. However, the effort is now front-loaded, as setting up a
data integration takes time. For each project, it must be evaluated how often the
pipeline will be used and whether the effort for the integration is justified. Due to
the relatively high complexity of this methodology it is not very common. (Skoogh
et al. 2012)

With Methodology D, direct link to corporate business systems, no data is stored
in an intermediate database. The simulation model is directly linked to the corporate
business systems. Every entity in the simulation model has a reference to its ground
truth data point. This has the advantage that the model is always up to date with
the latest data, it reduces time spent on data management and has a lower error
rate by avoiding typing errors. However, it takes a considerable effort to set up this
close link between simulation and corporate business systems. Further, data quality
remains a challenge, as data was usually not collected for simulation purposes (Moon
and Phatak 2005). Methodology D is complex and lacks transparency on where and
how data are processed. This may potentially harm the credibility of the simulation
results. (Skoogh et al. 2012)

The authors Skoogh et al. (2012)) recommend Methodology C due to its capability
to integrate data from various sources in an external database. Especially in the
common case, where not all data is available in the linked corporate business system,
additional data from interviews and other databases can be easily added. However,
it is also argued that Methodology D holds strong potential to eliminate the need
for human assistance in simulation projects. They point out that more research is
needed to move forward in this area, including from [ERP| vendors who could expand
their software offerings in simulation.
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3.3.2 Information Models for Manufacturing Simulation

It is essential in manufacturing simulations to obtain information for model creation
and parameterization. However, the challenge arises from the diverse range of sim-
ulation tools, making data exchange and model reuse complex. Various initiatives
have emerged to address interoperability and reusability concerns. The subsequent
discussion introduces existing standards that specify information models for manu-
facturing simulation. The last two standardization initiatives that will be presented
are not simulation-centric, but have been utilized in simulation projects and will
therefore be briefly discussed for completeness.

VDI 3633 Guideline

The association of German engineers (Verein Deutscher Ingenieure - VDI) published
the VDI 3633 guideline (VDI - Association of German Engineers in 2014. Tts
first part contains an illustration of simulation data categorized into system load
data, organizational data, and technical data, which can be seen in Figure 3.3} It
shows a hierarchical structure but is missing necessary details about the simulation
inputs associated with different categories.

Since it is a guideline, not a standard, they do not share an information model
that can be used to improve interoperability. Nevertheless, their categorization of
input data is a good starting point for simulation projects to collect the required data
in a structured way and is thus later used in the presented framework in Chapter

Simulation data (VDI 3633)
System load data Organisational data Technical data

Input of orders: Working time Data of factory structure: system topology
production orders, organization: break (layout, manufacturing equipment, transport
transport orders, —| arrangements, shift ] functions, transport routes, working areas,
quantities, due dates models restrictions)
Product data: process Allocation of resources: Production data: utilization time, performance
plans, bills of material workers, machines, | data, capacity

conveyance systems

Material flow data: topology of the material flow
system, conveying system, use schedule,
performance data, capacity

Structural organization:| [ |
strategies, restrictions,
'— failure management

Failure data: functional breakdowns,
availabilities

Figure 3.3: Categorization of simulation data according to VDI - Association of
German Engineers (2014)[part 1, p.34]

Core Manufacturing Simulation Data Standard

The Core Manufacturing Simulation Data (CMSDI) serves as a standardized rep-
resentation for manufacturing simulation information, developed by the National
Institute of Standards and Technology under the US Department of Commerce. It

provides a neutral, computer-interpretable model defining core manufacturing enti-
ties and their relationships on the shop floor (Riddick and Lee 2010). In 2010, the
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Simulation Interoperability Standards Organization (SISO introduced the
Standard —[UMI] Model (Lee and Riddick [2010), followed by an XMLl representation
in 2012, aiming to enhance interoperability among diverse simulation tools. This
initiative addresses the need to minimize costs associated with redundant model
creation and data exchange in simulation projects.

While the standard has gained recognition in research, notably utilized
by scholars like Barlas et al. (2014) and Bergmann and StrafSburger (2015)) for auto-
matic simulation model generation, its adoption within the industry remains limited.
Simulation software providers have not actively advocated for the standard, likely
to avoid facilitating transitions to competing products. Critics argue that in most
simulation projects, the information model often needs extension to incorporate
project-specific components. While standardization addresses general manufactur-
ing simulation data, it lacks the depth to accommodate industry specifics. This
limitation is not surprising given the diverse landscape of manufacturing companies.
However, the alternative of mapping all possibilities in the standard is also impracti-
cal. This underscores the practical difficulties associated with striving for universal
applicability.

AutomationML

AutomationMI]is an open, neutral and free eXtensible Markup Language (XMT)-
based object-oriented data modeling language. Like CMSD, it relies on XML, which
is good for representing hierarchically structured data in the format of a text file that
is human- and machine-readable. AutomationML was developed to model, store and
exchange engineering models across disciplines and companies as well as planning
data of plants in the manufacturing and process industry. The standard is adminis-
trated, disseminated, and further developed by the AutomationML association and
acknowledged internationally within IEC 62714E|, which specifies the engineering
data exchange format for use in industrial automation systems engineering.

Asset Administration Shell

The development of the Asset Administration Shell (AAS)| was initiated by Plat-
tform Industry 4.0, a German network backed by the federal ministry of economic
affairs, education and research. Introduced in 2018, the serves as the digital
model for Industry 4.0 assets, providing a structured approach for companies to uni-
formly prepare and exchange information across partners in the value chain. The
consists of a technology-independent metamodel that represent asset informa-
tion and functionalities for interoperability. The supports serialization map-
pings such as [XMT] JavaScript Object Notation (JSONI), and Open Platform Com-
munications Unified Architecture (OPCUA]) and can also work with sub-models
from AutomationML. Adding domain-specific information to sub-models is facili-
tated via templates.

Zhttps://www.automationml.org/, accessed February 2022

Shttps://www.vde-verlag.de/iec-normen/225580/iec-62714-1-2018.html, accessed
February 2022

“https://www.plattform-i40.de/IP/Redaktion/DE/Downloads/Publikation/AAS-Readi
ngGuide_202201.html, accessed February 2022
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3.3.3 Advances in Simulation Input Data Management and
Modeling

The literature highlights two primary trends in simulation input data management
and modeling pertinent to this dissertation. Firstly, there is a shift towards em-
ploying more sophisticated data input methodologies. Secondly, there is a growing
emphasis on automatically generating simulation models from provided information.
Both trends share the common goal of minimizing the effort involved in simulation
projects, thereby saving time and costs, and fostering wider adoption of simulation
methods in practical applications.

Trend Towards Advanced Data Input Methodologies

The trend towards more advanced data input methodologies was identified and de-
scribed by Skoogh et al. 2012, They asked N = 86 companies worldwide which
data input methodology they are using (see methodologies A, B, C, and D in Sec-

tion [3.3.1]). Their results are given in Table

Methodology A B C D

surveyed in 2010 17% 63% 17% 3%
projected for 2020 3% 18% 41% 38%

Table 3.1: Dissemination of various data input methodologies in 2010 by (Skoogh
et al. 2012)). Their survey also asked for an expert’s view on the projected numbers
for 2020.

Skoogh et al. (2012) showed that only 20% of the interviewed companies use
Methodology C and D. However, there is a optimistic projection that in 2020 79%
will use it. They also found that 74% of data is retrieved from computer-based
systems in manufacturing. As a simulation project needs a variety of data, it is not
intriguing that 80% reported that they use more than one source. Most companies
are also still dependent on manual data collection and interviews.

Barlas and Heavey (2016) affirmed that the principal challenge in this scientific
domain lies in automating the input data process. Advanced data input method-
ologies and software that streamlines data input automation holds the potential to
significantly enhance the broader acceptance of simulation techniques among both
manufacturing companies and researchers.

Trend Towards Automated Simulation Model Generation (ASMGI)

The discussion on in the simulation field stems from various advantages.
streamlines simulations, making them less labor-intensive and error-prone,
enabling more frequent runs. According to Vieira et al. (2018)), is a catalyst
for the Digital Twin concept. Digital Twins are crucial to understand inherently
complex manufacturing systems. The Digital Twin concept combines the physical
assets of a manufacturing system with its digital models. These are connected via
an exchange of (real-time) data and the feedback of control information.
can be used to keep the Digital Twin up to date without manually updating the
incorporated simulation model.
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The application of as illustrated by Kallat et al. (2020), automates the
search for planning variants and generates feasible solutions through component-
based software synthesis and constraint solving. Jain and Lechevalier (2016) em-
phasize that [ASMGlreduces the expertise required from simulation users, potentially
expanding the adoption of simulation methods in manufacturing.

However, Bergmann (2013) argues that the full potential of [ASMG] remains un-
tapped due to insufficient data availability, often relying on historical datasets un-
suitable for modeling current system dynamics. A survey by Reinhardt et al. (2019)
identifies various data sources for [ASMQ] including data, enterprise data,
knowledge bases, program code, sensor data, stochastic values, and user input. The
complexity of is rooted in the diversity of data sources and retrieval meth-
ods. Moreover, the research community argues that commercial simulation software
prefers interactive model building in the graphical user interface and that the im-
plementation of ASMGlis thus really challenging (Jain and Lechevalier 2016)).

3.3.4 Machine Learning and Manufacturing Simulation

Machine Learning (ML]) methods can be applied in simulation projects before, dur-
ing, and after a simulation run, which is explained in the following.

Before the Simulation Run

The application of [MI] techniques in input data modeling includes unsupervised
methods for identifying outliers and anomalies, clustering methods for detecting
groups of similar production orders, and pattern recognition for unveiling recurring
processes. Additionally, supervised methods are beneficial in scenarios where cre-
ating analytical models is either impractical or challenging. Vernickel et al. (2020)
integrate a [MIl}based approach into the simulation to enable parameterization via
model inference at runtime. Through manual feature construction, preprocessing
steps, and employing XGBoost regression with hyperparameter optimization, the
model outperformed other data mining methods, accurately predicting processing
times based on 42 different features on a large-scale industrial dataset. Montevechi
et al. (2021) investigates the application of Generative Adversarial Networks (GANK)
in input data modeling, especially in cases where traditional methods fall short. The
study evaluates[GANK’ effectiveness in generating highly accurate synthetic samples,
showcasing their superior performance, particularly in the case of correlated data
such as bivariate normal distributions.

Modeling human behavior for simulation poses another challenge. The literature
offers examples demonstrating the efficacy of in improving the representation
of human behavior in simulation. Li and Olafsson (2005) developed an approach to
derive dispatching rules from production data by training a decision tree classifier.
Reinhart and Gyger (2008) identify dynamic workflows caused by human decisions
using pattern recognition methods on production data. Bergmann et al. (2015) suc-
cessfully approximated decision rules with exceptionally high decision quality, even
under challenging conditions like low data quality. Their study involved comparing
the performance of various methods, including K-nearest neighbors, naive Bayes
classifier, support vector machines, and decision trees. In a prior paper, they al-
ready showcased an approach where Artificial Neural Networks (ANNk) effectively
captured scheduling strategies (Bergmann et al. [2014]).
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During the Simulation Run

Another trend in the literature is the use of simulation models for Reinforcement
Learning (RL)). Especially in agent-based simulation, this works intuitively because
all objects are modeled as agents. If an agent should be improved with [RI] the
simulation serves as the learning environment. The focus of the various publications
is almost exclusively on optimizing the operational control of factory processes. In
Heger and Voss (2020), [RLl is used to optimize sequencing decisions. They refer to
[RL] as "hyper-heuristic', which dynamically chooses the optimal rule from a given
set depending on the state of the simulation model. Kim et al. (2020) performed
experiments to analyze how machine agents can learn to improve negotiating the dis-
patching of jobs between machines based on priorities. Another common application
of [RL] in manufacturing is the transportation control of Automated Guided Vehi-
cles (AGVkK). This is done, for example, in Li et al. (2019) with a deep Q-network.
There is also criticism of scientific practice in [RI] for manufacturing simulations, as
often the simulation model is not published with the rest of the code, which then
makes reproducibility of the results impossible (Rinciog and Meyer [2022)).

After the Simulation Run

After the simulation, the results must be evaluated. There was already the idea in
the 90s to use regressions for metamodeling during evaluation (Madu [1990)). They
have shown that metamodels can generalize a complex simulation model within the
constraints defined for the use case. This had the great advantage that sensitivity
analyses could now be performed without a large number of time-consuming, and
back in these days, costly simulation runs. This basic idea has been further de-
veloped over the years. Instead of metamodels, the term surrogate models is often
used today. This was also the case in Sobottka et al. (2019), where a simulation-
based planning method was modeled using an [ANNl The [ANN]is then deployed in
production planning to provide faster answers than the simulation. They evaluated
their approach on an example from the food industry. Another use case in logistics
is studied in Dunke and Nickel (2020), where the results show that the [ANN] can
reproduce the behavior quickly and sufficiently well.

In instances where there is insufficient data for applying methods to the
output data, simulation models can find utility in data farming, which is referring
to a collection of tools and techniques for designing and analyzing large-scale simu-
lation experiments (Sanchez 2018). From a [MI] perspective, the aim is to generate
sufficiently relevant data on the input-output behavior of the simulated system so
that a trained model can accurately reflect it. Another advantage of this approach
is the augmentation of real-world data sets with simulated data of corner cases, rare
events, and error scenarios. This augmented data set is the basis for a more robust
solution. In Chan et al. (2022), synthetic data were generated from three dif-
ferent simulation models to study how the simulation time relates to the system’s
complexity. Their results are not surprising. It was confirmed that the more com-
plex the simulation model is in terms of layout and the number of features, the more
time it takes to generate synthetic data.
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3.4 Summary

In Chapter [3 the approach to simulation studies, types of data input methodolo-
gies, and common data sources were presented. It was demonstrated that data
constitutes a crucial component of any simulation, and challenges persist in its
management. Specifically, data quality is recognized as a pervasive issue involv-
ing multiple dimensions, including accuracy, completeness, and consistency, among
others. The discussion on data sources highlighted that information is frequently
extracted from business systems that contain data that was originally collected for
purposes unrelated to simulation. Moreover, the dynamic nature of processes is of-
ten inadequately reflected, necessitating the collection of data through observations
and manual measurements. However, Indoor Positioning System ([PS) systems cap-
ture dynamic processes and movements that can be exploited instead and used for
different applications in manufacturing, yet to be investigated.

The literature review section discussed various information models for manu-
facturing simulation. However, it was found that no common standard adequately
caters to diverse domains (Mourtzis et al. [2014)). Consequently, simulation studies
often extend information model standards by incorporating user-defined properties
(Bergmann and StraSburger [2015)). Similarly, in addressing the domain-specific re-
quirements of SMP| the development of a solution is imperative.

41



42



Chapter 4

Potentials and Challenges of
Indoor Positioning Systems (IPSk)

In this chapter, an exploratory literature review is performed to reveal the potentials
of Indoor Positioning System ([PS)) usage in manufacturing. In Section [4.3] the
found publications are categorized, and the identified use cases are presented. After
the view on from the literature, the point of view is changed to report on the
current use of in the investigation environment (Section and accompanying
challenges (Section in the Sheet Metal Processing (SMP)) industry.

4.1 Fundamentals on Indoor Positioning

Definition 4.1.1 (Indoor Positioning Systems (IPSk)) [IPSs determine the position
of objects over time by measuring signals between reference nodes and mobile nodes
and using calculations to determine the object’s position within a reference system.

An consists of reference and mobile nodes. Latter represent the object’s
position in the reference system. Reference nodes, alternatively referred to as an-
chors or landmarks, are static at predetermined positions. Conversely, mobile nodes,
referred to as agents, targets, or mobile users, dynamically change their positions
over time. A line of sight is the connection between a reference node and an object.
Estimating the position of mobile nodes, termed the tracking estimation problem
(Mautz 2012), involves various methods employing different measurement and cal-
culation techniques. This study does not focus on enhancing position tracking or
technology; rather, it aims to utilize position estimations from an for simu-
lation purposes. For more details on localization methods and position estimation,
interested readers can consult the work of Mautz (2012) and Cheng et al. (2012).

Alternate terms for [PSin the literature include Real-Time Location/Localization
System (RTLS), Real-Time Indoor Location/Localization System (RTILS), and
Indoor Location/ Localization System (ILS). The term 'real-time" implies that
positions are instantly available, a feature already standard in the majority of con-
temporary systems. Henceforth in this document, the term will be consistently
used without explicitly specifying the real-time aspect of localization.
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Market Overview and Projections for are experiencing a significant
surge in prominence, emerging as a key technology for indoor location-based ser-
vices (Mautz 2012, p.6; Dardari et al. [2015)). Enhancing the capabilities of indoor
positioning technologies holds the potential to unlock unprecedented business oppor-
tunities (Mautz 2012, p.7). According to data gathered in 2021 from various market
research sources, including alliedmarketresearch] businesswird’], marketsandmar-
ket$?] IndustryAR(fY, and verifiedmarketresearch?’, the global market for and
indoor navigation witnessed a valuation ranging from $3-8 billion between 2017 and
2020. Projections anticipate a substantial growth, reaching approximately $17-24
billion by 2025, with an expected compound average growth rate of 22-42% over the
forecasted period.

Exploring Challenges and Advantages of Positioning Indoors Positioning
indoors has a higher degree of complexity than positioning outdoors (Dardari et
al. 2015), due to the complexity of the indoor environments. Reasons for this are
according to (Mautz 2012, p.7-8):

e Multi-path phenomenons from signal reflections at objects and walls

e No line-of-sight

« High attenuation and signal scattering as there are many objects indoors
 Fast temporal changes due to moving objects (people, forklifts, material)
o High demand for precision and accuracy

« Interference of signals from different sender types

For balance, however, the advantages of indoor localization must also be mentioned.
According to (Mautz 2012, p.7-8) these are:

o Smaller coverage areas

o Fewer weather influences

o Geometric constraints: planar surfaces and orthogonality of walls

o Infrastructure: electricity, internet access, senders can be mounted on walls

o The speed of the moving objects is lower

Consequently, a thorough comparison of various indoor localization technologies is
essential, with the selection of the most suitable solution tailored to meet the specific
requirements of the sheet metal industry.

"https://www.alliedmarketresearch. com/indoor-positioning-and-indoor-navigatio
n-ipin-market, accessed January 2021

“https://www.businesswire.com/news/home/20200615005247/en/Global-Indoor-Posit
ioning-and-Navigation-Market-2020-to-2025---Featuring-Google-Qualcomm-Microsoft
-Among-0thers---ResearchAndMarkets. com, accessed January 2021

Shttps://www.marketsandmarkets.com/Market-Reports/indoor-location-market-989.h
tml, accessed January 2021

“https://www.industryarc.com/Report/43/global-indoor-positioning-navigation-m
arket.html, accessed January 2021

“https://www.verifiedmarketresearch.com/product/indoor-positioning-and-indoo
r-navigation-ipin-market/, accessed January 2021
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4.2 Requirements and Considerations for IPS Se-
lection in Manufacturing

This section provides a literature review in Table of key user requirements es-
sential for selecting the best for the simulation use case in SMPL From the
literature, twenty user requirements for evaluating performance are identified,
and their definitions are available in Appendix [A.T] The frequency of occurrences
for various user requirements is tallied within the range of [1,10]. This count is
then utilized to establish a metric for importance, with a rating of ten denoting the
highest importance, and a rating of one indicating requirements mentioned in only
one reference. In cases where a user requirement is indirectly stated, it is denoted
with half of a Harvey ball and counted as 0.5.

o0

S =

— N

S = 2

— = = A S =
SE: _ 5% AEE
S 2 . . 4o - = 9 0o
! (&N ) — = 15) < < % =1
— = o g = B ®
A R =T~ RN B, v
e sy 5z 28% 8z 8
E 22 5 8 8 B 2 £ % g
Requirement S0 & 2= =249 <aad 3
Accuracy @ @ @ @ @ @ @ @ @ @ 10
Costs ® @ @ @ @ @€ O @ ¢ @ 9
Coveragearea O O @ @ @®@ @ @ @ @ O 7
Update rate & responsiveness © @ @ @ @ O @ @ O D 6.5
Scalability @ O @® @ @ O O @ O O 5
Robustness & security @ @ @ @ O O O @ O @ 5
Precision @ @ @ O O O @ @ O O 5
Required infrastructure © O @ @ O O @ @ O D 4.5
Privacy © @ O @ O O O @ O @ 35
Availability © O @ @ O O O @ O O 3
Adaptiveness O @ O O @ O O @ O O 25
Market maturity © @ O @ O O O O O O 2
Intrusiveness O @ O @ O O O O O O 2
Number of users © O O @ O O O O O @ 1.5
Output data O O O @ O O O O O O 1
Interface © O O @ O O O O O O 1
System integrity © O O @ O O O O O O 1
Approval O O O @ O O O O O O 1
Energy consumption © O @ O O O O O O O 1

Table 4.1: Own literature review on user requirements for indoor positioning sys-
tems. The importance of a user requirement is calculated as the sum of the mentions.
Legend: @ the user requirement is directly mentioned and is counted as one; O the
user requirement is not mentioned and is counted as zero; D the user requirement
is indirectly mentioned and is counted as 0.5.
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4.2.1 Use Case Requirements

In the process of selecting a suitable [PS] technology for simulation in manufacturing,
the focus is set on the most important requirements from Table 4.1 Accuracy
emerged as the top priority, mentioned in every considered paper, followed by costs
with nine mentions and coverage area with seven mentions. Given that obtaining
cost information typically requires quotes from manufacturers, the initial focus is on
finding the optimal trade-off between accuracy and coverage. A practical method is
to examine an accuracy-coverage area diagram for various technologies, as illustrated
in Figure [£.1] In this diagram, lines can be incorporated to represent the minimal
and maximal error, as well as the minimal and maximal coverage area specific to
the manufacturing simulation scenario.
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Figure 4.1: Comparison of indoor positioning technologies concerning coverage ver-
sus accuracy, adapted from Mautz . Dashed lines represent use case bound-
aries for coverage (10-100 meters) and accuracy (0.1-1 meter error). Localization
technologies relevant to the use case are within the resulting rectangle: Floor sensors

(dark blue), [UWHB (green), and [RFIDI (light green). Other, here irrelevant, localiza-
tion technologies are depicted in grayscale.

Considerations regarding required accuracy: In this context, the focus is on
distances relevant to manufacturing simulation. Accepting an one-decimeter error
for the lower accuracy threshold is reasonable, as a 0.1 meter discrepancy from
the correct location should not have a significant impact on simulation outcomes.
However, deviations should not exceed one meter, given that approximately 90%@
of parts in sheet metal manufacturing are transported on euro pallets. These pallets
have dimensions of 1.2 x 0.8 meter. Ideally, the error should be less than 0.4 meter,
equivalent to half the length of the smaller side of the pallet.

6 According to internal investigations at TRUMPF
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Considerations regarding required coverage: Manufacturing plants and pro-
duction systems typically surpass the size of a room, ranging from greater than ten
meters to several hundred meters. As an example, the Boeing Everett Factory, rec-
ognized as the largest manufacturing building globally by volumd} has a long side
of approximately 730 meters. However, in sheet metal manufacturing, production
sites are comparatively smaller. Therefore, for this scenario, it can be assumed that
the coverage area is limited to a few hundred meters.

4.2.2 Use Case Relevant Localization Technologies

The identified boundaries for accuracy and coverage are added as dashed lines to
Figure 4.1} The resulting square includes three use case relevant technologies which
will be presented in the following: Floor sensors, RFID] and [TWDBL

Floor Sensors Integrated into tiles, they track objects by detecting capacitance
differences between tiles or using force-sensitive resistors that measure pressure be-
neath human feet (Mautz 2012, p.105). This technology is not suitable for the
simulation scenario, as it works without mobile tags and the tracked objects are
therefore not identifiable. Consequently, it only provides abstract movement pat-
terns of unidentified entities that are not useful for modeling simulation inputs.

Radio-Frequency Identification (RFID) This technology utilizes radio waves
to transfer the identity of an object or person wirelessly (Alarifi et al. 2016). Ex-
amining the designated area in Figure [£.1] it becomes evident that can only
partially meet the desired accuracy and coverage requirements. proves effec-
tive for smaller areas, when employing proximity-based methods where the system
registers the presence of a tag near an antenna rather than determining pre-
cise positions (Alarifi et al.|[2016]). Notably, REIDlbased localization faces challenges
such as false-positive classifications, usually mitigated by reducing antenna power
at the expense of detection rates (Hauser et al. 2015). For broader coverage, it is
recommended to utilize the more expensive active tags. Equipped with their
own power supply, they are able to transmit radio signals over extended distances
between the transmitter and receiver.

Ultra-Wideband Technology (UWB) This technology aligns best with the
specified accuracy and coverage requirements. [UWB] exhibits superior accuracy
compared to RFID] as illustrated in Figure [{.I The accuracy discrepancy can be
attributed to the prevalent use of the proximity method in [RFID] where an object is
localized only in the vicinity of the antenna. In contrast, utilizes a broad band-
width (> 500 MHz) for information transmission (Ruppert and Abonyi 2020). The
short pulses emitted by [UWB| systems are easily filterable, enabling precise differen-
tiation between correct signals and those caused by multi-path reflections (Liu et al.
2007)). The broad bandwidth minimizes interference, facilitating higher positioning
accuracies and efficient data transmission with reduced energy consumption (Alarifi
et al. |2016; Sahinoglu et al. [2008)). Although [UWB] like other radio-frequency-
based technologies, encounters challenges with metallic surfaces, strategic satellite
placement can effectively mitigate this issue (Liu et al. 2007).

"https://en.wikipedia.org/wiki/Boeing_Everett_Factory, accessed May 2022
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Given the superior alignment of [[WBlbased tracking systems with the specified
requirements for the simulation use case in [SMPl [UWB] is recommended as the
technology of choice for the current scenario. This recommendation aligns with
findings from other authors, including Ruppert and Abonyi (2020) and Cwikta et al.
(2018)). Another plausible approach could involve a hybrid solution, combining the
strengths of two technologies. Specifically, could be employed at workstations,
leveraging the proximity-based localization, to achieve a higher resolution in tracking
production steps.

For an in-depth comparison of various technologies, interested readers are
directed to comprehensive works such as Alarifi et al. (2016), Mautz (2012), Zafari
et al. (2019), and Hayward et al. (2022)). These works provide thorough evaluations
of standard measurement methods, outlining the advantages and disadvantages of
different technologies.

4.3 Literature Review on the Potentials of IPS in
Manufacturing

This section is a comprehensive update of the literature review from the authors’
paper on the potentials of in manufacturing (Mieth et al. 2019a). [PS as
the name implies, are developed for indoor object localization. Besides the mere
functionality of positioning objects, the gathered data can be enriched and used
to create further benefits, which are referred to as secondary benefits (Mieth et
al. 2019a). In the next Section , the approach to identify relevant literature
is presented. All relevant publications are categorized in Section [{.3.2] according
to the mentioned use cases’ primary use, application area and maturity level. In
Section [4.3.3] the use cases mentioned in the publications are categorized in the
columns of the shown tables. From this, it becomes evident which use cases are
more prominent than others. Lastly, in Section a closer look is taken on the
privacy concerns raised in these publications and how they are handled.

4.3.1 Approach to Identify Publications

The approach in this section is self-developed but rooted in exploratory literature
research. Only peer-reviewed literature published in journals or conferences is con-
sidered. This literature review intends to investigate the potential of in manu-
facturing, which also encompasses production, logistics, assembly, and warehousing
applications for the manufacturing area. Publications focusing on other industries,
such as healthcare, smart cities, or the construction industry, are omitted. Purely
technical review publications dealing with the comparison of technologies, their
implementation or algorithms are not considered. However, if the abstract men-
tioned that they are presenting an overview of applications, these mainly technical
survey publications are included.

The overview of the different search strings in chronological order and the num-
ber of identified publications can be seen in Table For all search strings, no
restriction on the publication period is made. The top 100 results from Google
Scholar are screened for promising publications. The search strings are modified in
each round, resulting in seven search rounds with 100 publications evaluated each
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time. Duplicates in the list of promising publications are directly removed. A du-
plicate is defined as a publication that appeared in a previous search within the
top 100 highest-ranked results.

For the identified candidates, the abstract is reviewed. For publications that still
appear attractive, the entire publication is examined for potential benefits of
in manufacturing. In rare cases, publications are excluded after a thorough reading
due to a lack of relevance. From the old review paper (Mieth et al. [2019a)), four
publications where added to the literature corpus along with three publications that
cite it. Another three publications are added, that were found in other previous
search activities. Through this approach, a total of 41 publications highlighting the
potential of in manufacturing are identified and analyzed. These 41 publications
are listed in the rows of the Tables in this section.

promise-  after after
ing reading reading
search ab- full
results  stracts text
potentials of indoor positioning 8 4 3
potentials of indoor localization 3 2 2
potentials of indoor localization manufacturing 15 9 8
potentials of indoor positioning manufacturing 7 3 2
applications use cases indoor localization 15 9 7
positioning manufacturing
manufacturing simulation input modeling indoor 3 3 3
localization positioning
digital twin manufacturing indoor localization 13 6 6

positioning

Table 4.2: Overview of the different search strings in chronological order and the
number of publications considered in each step of the literature review.

4.3.2 Categorization of Publications

The primary use (first column in Table of a tracking system is to locate objects.
Therefore, it is always stated which objects are tracked. A distinction is made be-
tween four categories of primary use. The first one is called asset & order tracking
and covers goods, products, bins, trays, and pallets. The second category is checked
whenever transport vehicles are tracked. The third category is equipment & tools,
which consists of predominantly expensive objects. The last category is checked
whenever the publication mentions a use case where humans are tracked. With 73%
(30 publications), asset & order tracking is the most mentioned category, closely fol-
lowed by 25 publications (61%) mentioning the tracking of humans or equipment &
tools each and 23 (56%) publications with use cases on tracking transport vehicles.
The use cases are classified equally frequently in production and logistics, with 31
publications each (76%). Ten publications are included in the literature review that
mention use cases for a more generic environment. Mainly survey publications fall
into this category.
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Zhou and Shi2009| x x x X | x
Schmitt et al. |2010 X X X X X X
Stephan and Heck [2010 X X | X X X X X X
Mautz 2012/ x x X X | X X X | X X
Véjar and Charpentier 2012|| x X X X X X
Koch et al. 2014 b X X X X
Niehues 2016|| x X X X X
Alarifi et al. |2016|| x X X X | X X
Erol et al. 2016/| x x X X X X X
Tonescu et al. 2016/ x x x X | X X X X X
Syberfeldt et al. 2016 X X | X X X X X | x
Yassin et al. 2017 X X X | X X
Brenner and Hummel 2017|| x x X | X X X X
Uhlemann et al. 2017/| x x x X | X X X X
Zafari et al. 2019|| x X X | x X
Cwikla et al. 2018/ x x x x| x x X X X
Falkowski et al. 2018a/| x x X X | X X X X X | x
Falkowski et al. |2018b|| x X X X
Schroeer 2018/ x x x x | X X x
Zhuang et al. 2018|| x x X X X X X
Maghazei and Netland [2019 X X X X X
Mier et al. 2019/ x x x X X | X X
Deja et al. 2020 X X X X X
Ruppert and Abonyi 2020(| x X X X
Zidek et al. 2020|| x X X X
Flossdorf et al. 2021 x x x X X X X
Gutewort et al. [2021|| x x X | X X X
Hesslein et al. 2021 | x x X | X X X
Miiller and Vogelsang 2021 x x x x | x X X X X
Pitkaaho et al. 2021 X X X X
Thiede et al. 2021/ x x X X | X X X X
Tran et al. 2021 | x x X X X X X | X
Xianjia et al. 2021 X X X X X
Chowdhury et al. [2022|| x X X X X X
Farahsariet al. 2022 x x x x| X X X | X X
Gerwin et al. 2022[| x x x X X X X X
Hayward et al. 2022 x x x x| x x X | X X
Pilati et al. 2022 X | X X X X | x
Thiede et al. 2022/ x x X X | X X X X X X X
Wu et al. 2022/ x x X X X X X | x
Zhan et al. 2022 X | X X X
number of mentions | 30 23 25 25|31 31 10|17 10 18 12 14 13|16
percentage | 73 56 61 61 |76 76 24|41 24 44 29 34 32|39

Table 4.3: Categorization of the 41 publications for the literature review.
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To track the maturity of the mentioned use cases, it is recorded for each publi-
cation whether it only mentions use cases, whether it is in the idea stage or already
in implementation, and finally, whether the implementation has been completed. In
addition, a distinction is then made as to whether the implementation is within a
research environment, such as a learning factory, an artificial mock setup, or a vir-
tual experiment, or whether one had worked on an implementation in a real-world
setup in the industry. Seventeen publications (41%) only mention use cases without
working on them. Ten publications (24%) describe potential use cases in the idea
stage. Eighteen publications (44%) present prototypes of the use case, and 29 pub-
lications (29%) have finished implementations. Please note that all the categories
used so far are not mutually exclusive. However, there is a mutually exclusive differ-
entiation made between use cases that were or are currently implemented in research
environments or the industry. Both occur almost equally frequently, with 14 (34%
research) and 13 (32% industry) publications, respectively. The figures show that
there is still more talk about the potential than actual implementations.

4.3.3 Identified Use Cases

The literature search resulted in 51 use cases, which are classified into twelve groups.
A representation in a single table on one page would lack readability. Therefore, the
analysis is divided into three tables, with the rows in all three tables corresponding
to the set of publications. The use cases and groups in the columns are distributed
across the three Tables and [£.6 Due to this split, some rows in some ta-
bles have no crosses and are therefore hidden to save space. At the bottom of each
table, the number of mentions per use case is given in absolute and relative terms
(in relation to the 41 publications). The use cases are listed in descending order in
each column group, from most frequently mentioned to least frequently mentioned.
The top four use cases are monitoring & transparency (21 publications, 51%), pro-
cess/movement analytics (19 publications, 46%), and sharing the third place, process
optimization and navigation & wayfinding (17 publications each, 41% each). The
group of use cases with the most mentions in sum is transparent management. The
twelve groups with their use cases are presented in the following.

The Twelve Groups of Use Cases

The twelve groups of use cases correspond to the grouped columns in Table
4.5 and [.6l An overview of the first fifteen use cases in the Groups 1-4 and
which of the 41 publications mention them is given in Table [£.4] The first group
consists of basic use cases such as using the to realize time and cost savings
through less searching and faster finding. Three publications also mentioned that
the flexibility and adaptability of processes should be increased with the help of
indoor localization. The second group, automation of procedures, sums up different
use cases that focus on automating the status data collection, which is currently done
manually or not at all. An automated log-on/log-off procedure can help to gather
data on the operational status, e.g., breaks, and helps with allocating humans to
tasks. Eleven publications stated that the order progress can be tracked, which is
used for automated documentation of flow, progress, process procedures, and cost
calculations. The third group is a compilation of use cases around transparent
management. A frequently mentioned use case with 21 mentions, which is about
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Zhou and Shi[2009|| x X X X X X | X
Stephan and Heck 2010|| x X X x
Mautz 2012 X X X X X X
Véjar and Charpentier 2012|| x X X X
Niehues 2016 X | X X X
Alarifi et al. 2016 X
Erol et al. 2016 X X X
Tonescu et al. [2016 X X X X X X | x
Uhlemann et al. [2017 X
Zafari et al. [2019 X X X
Cwikta et al. 2018 X X X X
Falkowski et al. |2018a X X X X X X |x X
Falkowski et al. |2018b X | x
Schroeer 2018 X X X | x
Zhuang et al. |2018 b X | x X X X X
Mier et al. 2019 X X X X
Ruppert and Abonyi [2020 X X X X
Zidek et al. 2020 X X
Flossdorf et al. |2021|] x X
Gutewort et al. 2021 x X X X | X X X X X X
Hesslein et al. 2021 X X X X | X X X
Miiller 2020 | x X X X X | X X
Thiede et al. 2021 x X X X X |Xx X X X X X
Tran et al. 2021 X X X X X X
Chowdhury et al. [2022 X X X X X X
Farahsari et al. 2022 X X X
Gerwin et al. |2022|] x X X X x | x X
Hayward et al. [2022|| x X X X | X X X X X |X X
Thiede et al. {2022 X X X X X
Wu et al. [2022|| x X X
number of mentions | 10 3 [ 11 10 10 8 |21 15 14 11 10|17 8 5 1
percentage | 24 7 |27 24 24 20|51 37 34 27 24|41 20 12 2
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Table 4.4: Use case overview part 1 of 3 with the first fifteen identified use cases in the
Groups 1-4: Basic, automation of procedures, transparent, and lean management.

every second publication, is monitoring processes to improve transparency. This is
realized by digitizing movements with the [PSl Other use cases in this group focus
on managing inventory, operations, and assets. This category mainly includes use
cases where transparency is achieved in a simple way, for example, only through a
visual representation or rudimentary analyses. Transparency can, of course, also be
achieved on the basis of more complex analyses. However, such use cases are grouped
under following more specific groups. The fourth group is called lean management
and shows use cases that help in classic lean tasks such as process optimization, the
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Zhou and Shi 2009 | x X X X X
Schmitt et al. 2010 X
Stephan and Heck [2010 X X
Mautz 2012/ x x x X X X X X
Véjar and Charpentier 2012 X X X X X
Niehues [2016 X X
Alarifi et al. |2016 b'e X
Tonescu et al. [2016]| x X X X
Syberfeldt et al. [2016 X
Yassin et al. 2017 X X X X
Brenner and Hummel 2017 X
Uhlemann et al. 2017 X X X
Cwikla et al. [2018 X
Falkowski et al. [2018a X X X X X
Falkowski et al. |2018b X X
Schroeer [2018 X X
Zhuang et al. 2018|| x X
Maghazei and Netland [2019)] X
Mier et al. [2019. X X b'd b'e
Deja et al.@ X
Ruppert and Abonyi 2020 X X X
Gutewort et al. [2021] | x X
Hesslein et al. [2021] | x X X X
Miiller 2020| | x X X X X X X X
Pitkdaho et al. 2021 X X
Thiede et al. 2021 | x X X X X X X X X
Tran et al. 2021)| x X X X
Xianjia et al. 2021 x x x x x
Chowdhury et al. @ X X X
Farahsari et al. [2022]| x  x x x x x
Gerwin et al. 2022|| x X X X X X X | X X
Hayward et al. 2022|| x X X X X X X
Pilati et al. 2022 X
Thiede et al. 2022, X X X
Wu et al. [2022]
Zhan et al. 2022 X
number of mentions | 13 10 7 6 3 1|8 2 2|15 6 5 2 1|19 11 7 3 2 2
percentage | 32 24 17 15 7 2 |20 5 5|37 15 12 5 2|46 27 17 7 5 5

Table 4.5: Use case overview part 2 of 3 with the next twenty identified use cases in
the Groups 5-8: Intralogistics, security, safety and descriptive analytics.

reduction of waste, and work-in-process (WIP) monitoring. One publication even
mentioned that should be used to avoid overproduction. Eight publications saw
the potential of in quality control and mentioned that cold chains in food or
pharmaceutical operations could be better monitored.

An overview of the next twenty use cases in the Groups 5-8 and which of the 41
publications mention them is given in Table [£.5 The fifth group consists of intral-
ogistics use cases such as routing and transport optimization mentioned by roughly
a third of the authors. Indoor positioning systems enable use cases with robots,
Automated Guided Vehicles (AGVk), and even drones. One publication demon-
strated how to use localization information in an augmented reality use case. An-
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Zhou and Shi 2009 X
Stephan and Heck 2010/| x x x X X
Mautz 2012|| x x x X X X
Véjar and Charpentier [2012]| x X
Koch et al. 2014/ | x X X X X X
Niehues [2016 X
Alarifi et al. 2016/ | x x X
Tonescu et al. 2016 X
Syberfeldt et al. 2016 X
Yassin et al. 2017/ x x X
Brenner and Hummel 2017 X X
Uhlemann et al. 2017 X X
Zafari et al. 2019/ x x x X
Cwikta et al. 2018 x
Falkowski et al. [2018a)| x x x X X X
Falkowski et al. [2018b|| x x x X
Schroeer 2018 | x X
Zhuang et al. [2018 X X
Mier et al. 2019 X X X
Ruppert and Abonyi [2020 X X X X
Zidek et al. 2020 X X
Flossdorf et al. 2021 X X X X X
Hesslein et al. 2021 | x x x X X X
Miiller 2020/ | x X X X X X X X
Pitkdaho et al. 2021 X
Thiede et al. 2021 | x X X
Farahsari et al. 2022]| x x
Gerwin et al. [2022|| x x x X
Hayward et al. 2022 x x X X X
Thiede et al. 2022/ | x
Wu et al. 2022 X X
number of mentions |17 15 13 8 4 3 3 1|5 2 1|3 2 9 7 5
percentage | 41 37 32 20 10 7 7 2|12 5 7T 5 |22 17 12

Table 4.6: Use case overview part 3 of 3 with the last sixteen identified use cases
in the Groups 9-12: Location-based services, maintenance and fault management,

predictive analytics and advanced planning and control methods.

other six publications want to use to manage their logistics fleet. The sixth
group summarizes different use cases focusing on security. Access to certain areas
can be monitored with the help of [PSl Sometimes specific areas have restricted
access (e.g., for visitors or specialists), and only people with certain qualifications
and access rights can enter. Two publications mention that can help not to lose
important objects, and two other publications supplement that it could be used to
prevent theft of expensive tools and assets. The seventh group is a compilation of
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use cases around safety. The localization data can be fed to safety systems that send
warnings to people in certain areas or can be used to find them during an evacuation
scenario. When people work alone, they sometimes have to wear a lone worker de-
vice to call help in case of an emergency which could be beneficially combined with
the localization capabilities of an [[PS. The movement data can also be analyzed to
detect a collapse through anomaly detection. can help in collision avoidance and
control speed limits. The proximity of objects can be tracked for health monitoring
use cases, such as keeping a distance to prevent the spread of the Covid-19 disease.
Many accidents in production happen due to a collision of humans with vehicles.
Lastly, one publication mentioned that storing dangerous goods can be controlled.
The eighth group is called descriptive analytics and presents use cases that analyze
the movement data to learn more about the underlying processes. Around half of
the publications mention this idea. One crucial goal of these analyses is to deter-
mine process times. Also, the calculation of Key Perfomance Indicators (KPIK) is
an attractive use case that can focus, for example, on analyzing the utilization of
areas and assets. Two publications want to detect anomalies in the movement data.

An overview of the last sixteen use cases in the Groups 9-12 and which of
the 41 publications mention them is given in Table 4.6 The ninth group consists
of location-based services, which are mentioned fifteen times. Location-based ser-
vices include, for example, navigation and wayfinding as prominent use cases with
seventeen mentions. Three publications suggest a location-based tool setup, and
one publication sees potential using for picking processes. The data helps
create up-to-date maps of the shop floor. In general, the position data helps
to provide context-related information on mobile devices and thus enables different
types of worker assistance systems working with proximity measures to trigger noti-
fications. The tenth group summarizes different use cases focusing on maintenance
and fault management. can play a crucial role in the optimization and support
of maintenance activities and even in remote diagnosis. Two publications say that
fault management procedures would benefit from doing rework within the produc-
tion process enabled by [PSl The eleventh group is compiling use cases of predictive
analytics, which are not that numerous yet. Only three publications mentioned
that they want to use the historic data to forecast delivery times or to pre-
dict anomalies. Although the own survey (Mieth et al. 2019a) mentioned predictive
maintenance as a use case, it could not be found in any publication in the updated
review. The last and twelfth group is called advanced planning and control methods
and presents use cases where data is used in (real-time) production control,
digital twins, and simulations. Of the five publications that mention simulation as a
use case related to [[PS] three do this in combination with the digital twin concept,
which inherently has a model, here the simulation model, of the system built into
its definition. In the next section a closer look is taken on the publications where
are used for the simulation use case.

4.3.4 Publications on [IPS| for the Simulation Use Case

The first publication that considers data for simulation is from Véjar and Char-
pentier (2012). They implemented a generator to produce synthetic location data
streams representing product trajectories. The generated synthetic data (product
ID, location, and time) was then used to create queuing network simulation mod-
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els. The presented example considered only three product types on three machines.
Also, it is unclear how and if at all measurement uncertainties of were added
to the synthetic data, as was done in own research (Volk and Mieth 2022), where
a decline in the performance of algorithms determining lead times was shown when
the measurement error of the [[PS is increased. Moreover, their queuing networks
are an easier way to model a shop floor than with a discrete event simulation model.

Uhlemann et al. (2017)) is presenting a concept for a learning factory environment
where position data is gathered via a radio-based localization system to track hu-
mans and a camera-based system at each workstation. The aim is to automate the
static value stream mapping process with the help of a digital twin in Technomatix
Plant Simulation. The publication’s result is a qualitative comparison between the
characteristics of a digital twin versus classic value stream mapping, showing the
superiority of the digital twin concept. The last sentence in their publication states
that their next step is the physical implementation of this concept.

Ruppert and Abonyi (2020) utilize real-world data to parameterize a simula-
tion model of a conveyor-based wire-harness assembly line. [UWB| tags are mounted
to the flat wire harnesses. The simulation, developed with Siemens Technomatix
Plant Simulation software, incorporates data from the [PS, Manufacturing Execu-
tion System (MES]), and Enterprise Ressource Planning (ERPI). Process mining is
used to analyze localization data, determining the assembly time distribution for
the two products. Their analysis uses data spanning a month, with updates to the
model made once per shift, though no explanation is provided for this frequency
difference. While they say that they have derived a shop floor layout from the data,
specific details are lacking. What was interesting is that mobile and stationary
tags were used to infer the running times of the machines via vibration sensing. In
addition, this made it possible to link the data from mobile and stationary tags.
Presumably, the stationary tags were further used as reference points to generate
the hall layout in the virtual model and semantic details regarding station types at
respective locations were manually annotated. The use case’s complexity is notably
reduced due to the system’s limited product types and structured station workflow.
There is no mention of how outliers were handled during the analysis or how IPS
measurement errors were addressed. Furthermore, validation of trajectory analysis
and simulation accuracy is not done.

Zidek et al. (2020) present a digital twin implementation with a simulation model
in Siemens Tecnomatix Plant Simulation. They created an experimental setup of an
assembly system with a belt conveyor and a quality inspection station, which had
the size of a table. One reader checks the presence and identity of a part at the
end position. For the quality check, a camera-based system was used. The authors
show a consistent concept for a digital twin in their publication. Unfortunately,
however, the part on location data analysis is very simplified and needs to come
closer to the actual conditions in the industry: Analyzing localization data from
one RFID reader is trivial since no exact position has to be determined, but only
whether the part arrived, i.e., was close enough to the reader.

There is still no literature on methods and algorithms to derive input data for
a simulation from localization data. Own publications, like Mieth (2019)) and Volk
and Mieth (2022)) focus on process time determination, which is a complex task due
to a lack of standardized processes, measurement errors, and difficulties validating
developed algorithms in real-world settings because of missing ground truth data.
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4.3.5 Privacy Concerns in the Literature

During the literature search, each publication was reviewed for privacy concerns.
The results are shown in the last column of Table[4.3] Only 39% of the publications
mentioned privacy concerns, although 61% of the publications consider use cases
where humans are tracked. In most cases, the concerns were very general and
always a side note. Only in rare cases were recommendations given on how to cope
with data privacy issues.

A project report from the EU-funded project i-locate identified three main rea-
sons that impede the adoption of indoor location-based services (Conti et al. [2016]).
Next to the need for more standardization and IT integration, privacy was of major
concern. A more recent discussion initiated in Thiede et al. (2021)) with represen-
tatives from the industry revealed that their mainly perceived challenges with
adoption lie in the areas of costs, accuracy, and data privacy. Although privacy is a
valid concern from the practice, this aspect is not sufficiently addressed in research
on (Mautz 2012; Alarifi et al. 2016 Zafari et al. 2019; Farahsari et al. 2022;
Hayward et al. |[2022).

Privacy is a major concern (Zafari et al. 2019), especially when humans are
tracked (Thiede et al. 2022). Syberfeldt et al. (2016) point out that the integrity
of constantly monitored workers is breached. Valuable personal data is collected,
possibly without the individual’s knowledge (Zafari et al. |2019). Farahsari et al.
(2022), and Mier et al. (2019)) rightfully state that location data is sensitive data
that can compromise user privacy and security and therefore a strong access control
over personal data is crucial (Alarifi et al. 2016). Care must also be taken to ensure
that the data is not simply used for unintended purposes or even misused (Syberfeldt
et al. 2016).

Low acceptance for collecting personal data is one of the main reasons hindering
the adoption of localization-based services (Zafari et al. 2019; Hayward et al. 2022).
Often, users of understandably do not want to share their personal location
data (Zafari et al. 2019) and are concerned about disclosing too much information
(Mautz 2012). Mautz (2012) emphasize that consideration of privacy preferences
influences user consent, and Stephan and Heck (2010) further argue that user pri-
vacy requirements must be discussed upfront to implement industrial location-based
services successfully. Also, architectures should comply with regulations such as
General Data Protection Regulation (GDPRI) and the Data Protection Act, which
can only be achieved if this is already considered in the system design phase (Hay-
ward et al. 2022). The secure processing, storage, and interaction with data are
critical for IPS to be widely deployed and gain user adoption (Hayward et al. [2022]).
Mautz (2012)) is giving some guiding questions to elaborate on user acceptance:

« How comfortable are users with their data (e.g., trajectory) being stored?
» Do users have legal concerns about their privacy?
o Can private users be motivated to provide personal data?

Stephan and Heck (2010) think that analyzing location data, especially if conclu-
sions are drawn from it about personal movement profiles and work processes, causes
rationalization fears among users and, thus, low acceptance. In Thiede et al. (2021)),
the analysis focuses on the operational status of the worker and thus determines
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their break times which is a piece of sensitive information. There are even more pri-
vacy issues when an image-based system is used instead of a tag-based system
because it technically allows for even further analyses and also captures visitors or
external personnel (Thiede et al. 2021} Thiede et al. [2022)).

Some technical challenges complicate ensuring privacy in According to
Farahsari et al. (2022), these include database corruption, radio frequency interfer-
ence, malicious nodes, privacy protocols of devices, and network security. Mier et al.
(2019) highlight that security is crucial to protect data from intruders, theft, and
misuse. This is not only important for the collected data but also during data trans-
mission (Wu et al. |[2022)). Challenging are especially hardware limitations in energy
and computing power, as this often hampers the application of good cryptography
algorithms (Hayward et al. |2022; Farahsari et al. 2022)).

The authors have also listed some specific recommendations for improving user
privacy, which is now compiled here. A distinction is made between technical, orga-
nizational, and process recommendations. Suggestions for technical improvements
to privacy in include security mechanisms (Alarifi et al. 2016, anomaly detec-
tion algorithms (Farahsari et al. |2022)), and data access restrictions (Yassin et al.
2017). The architecture of the is decisive for privacy too. For example, self-
localization on edge devices ensures a higher level of privacy (Yassin et al. 2017}
Thiede et al. [2022). Another technical advice is to aggregate data, e.g., for a group
of people, so that conclusions about individual behavior cannot be drawn anymore.
This was done in Pilati et al. (2022) to provide the management of a manufacturer
with data on social distancing efforts during the COVID-19 pandemic. Organi-
zational recommendations on data privacy focus on raising awareness of the issue
among the workforce and establishing policies on what data is collected and for
what purpose, how it is stored and processed, how long it is retained, and who may
have access to it (Syberfeldt et al. 2016). Such policies should be developed in close
cooperation with worker unions or other important labor associations to increase
user acceptance (Stephan and Heck 2010; Thiede et al. [2021)). Approval could also
be improved by having the certified by a trusted authority (Mautz 2012). Last
but not least, clearly explaining and communicating the personal benefits to the
employee increases the acceptance of location data collection, e.g., when the data
is used to implement better security measures or reduce routine work (Stephan and
Heck 2010). Privacy can also be enhanced through well-thought-out processes. In
Tran et al. (2021), the localization of objects only takes place in production zones.
Pilati et al. (2022) use anonymous tags so that no conclusions can be drawn about
individual persons. Only the person can look up their COVID-19 risk score if they
are interested. Zafari et al. (2019) suggest designing as a location support sys-
tem, not as a tracking system, allowing users to choose to discover location-based
services rather than sharing their location automatically.

Protecting the privacy of users is a relevant research topic that needs to be
addressed at the legislative, regulatory, policy, and implementation level (Falkowski
et al. 2018a). Monitoring humans in a production environment needs further re-
search, especially in realistic scenarios to characterize the effect of dynamic environ-
ments and human activity on the appropriate function of (Hayward et al. 2022).
Zafari et al. (2019) see privacy and security concerns as the major challenges facing
research. Without new insights from research, the lack of trustworthiness between
users and IPS providers cannot be overcome.
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4.4 Today’s Use of IPS in the Investigation Envi-
ronment of [SMP|

Figure 4.2: Work accompanying documents on sheet metal parts. Image courtesy
of TRUMPF.

In SMP] there is a trend toward increasingly smaller lot sizes. As batch sizes de-
crease, the number of accompanying documents relatively increases. There are long
search times because the positions of the production orders are generally not known.
Each production order can only be identified by its accompanying papers contain-
ing the necessary work steps (see Figure . This makes it more difficult to find
an order. In addition, the documents are often misplaced, and after printing, they
can become outdated very quickly. To enable paperless production and reduce non-
value-adding search times, an was developed that replaces accompanying docu-
ments with markers. The markers have an e-ink display that shows the information
needed for production. At the start of production, the markers are linked to an
order via a user interface on the computer. For easier handling, there are handheld
scanners that can be used to scan a QR code on the marker’s display and barcodes
from the production papers. The setup for this task can be seen in Figure [4.3] With
this initialization, a unique object ID (IDgpjec¢) is assigned to the unique marker ID
(IDynarker)- Each event sample from the data is a state vector that is structured
as follows:

S(t) = (‘T(t)v y(t)v Z(t)a IDmarkeTa IDobject) (41)

where x(t), y(t), and z(t) are the Cartesian coordinates in the reference system of
the satellites. After the order has been produced, the marker is physically removed
and virtually decoupled from the order. The markers are collected and taken to
a charging station, where they are inductively charged and then returned to the
marker supply, from which an employee can pick a marker to initiate a new order.
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Figure 4.3: At the computer, the marker is linked with the production order within
the software. To accomplish this, the operator scans the code on the accom-
panying papers along with a QR code displayed on the marker. On the left side of
the screen, an input interface allows for manual data entry. Meanwhile, on the right
side, a portion of the hall layout is illustrated, indicating the locations of already
linked markers with small signs. Image courtesy of TRUMPF.
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4.5 Technical and Ethical Challenges of IPS| Us-
age in Production

Through observation and data analysis projects, technical and ethical challenges
associated with the use of in manufacturing were identified. The observations
were conducted over four consecutive days in 2019 at a single customer site where
the was deployed in production. For this purpose, four students and the author
accompanied the production team for a full workday. Five observation tasks were
assigned, with each person performing them at least twice on a rotating basis. One
of these tasks involved documenting marker handling and system usage. While it
is acknowledged that this specific company may not be representative of the
entire industry, fundamental technical and ethical issues were nevertheless discerned
from the observations. Additionally, further technical and ethical challenges emerged
during data analysis projects conducted by the author while working at TRUMPF.

4.5.1 Observed and Derived Technical Challenges

First, the focus was on analyzing the technical challenges of using in production,
and how this affects data quality. This is shown in an Ishikawa (cause-and-effect)
diagram in Figure [£.4]

measurements material humans

bias hardware handling

initilization
of orders

position of
satellites

frequency of
measurements

signal strength software version

-~ data
. ualit
objects used standards d Y
localization
metal surfaces method frequency of
. . h 1
other radio IPS internal changes
. . hall layout
signals processing
environment methods processes

Figure 4.4: Ishikawa diagram showing technical challenges and other causes that
contribute to data quality.

Data quality can be impacted by many factors. Measurements may have a
systematic bias reducing position accuracy. The frequency of the measurements can
be too low, affecting the system’s ability to track fast objects. Weak signals decrease
measurement accuracy, as distinguishing between direct and reflected signals is more
difficult. Technical issues can be caused by the material used, e.g., if the hardware
or software is defective or the marker battery is empty. Furthermore, proper satellite
mounting on walls is crucial for optimal positioning, ensuring that all tracked areas
have line-of-sight with at least three satellites.
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By handling the markers, humans have a decisive influence on the data acqui-
sition and, in the worst case, can even manipulate it. This already starts with the
initialization of the markers. If this is forgotten or carried out too late, valuable
data about the production process of an order is lost. During on-site observations,
it was noticed that each employee performs the marker initialization at different
times during the production process. Some do it before the order is started on the
first machine, others only after the first production step, and others even initialize
all orders in batches at the beginning of their shift. There were also some orders
in production without linked markers, which shows that some employees do not use
the system. At workstations, the markers are removed to process the workpiece and
each worker places the marker somewhere different. Since orders must be booked at
the time clock, workers walk the markers to the nearest terminal and back again.
After the last production step, some employees deactivate the marker, while others
bring them directly back to the loading station, collect them in boxes, or leave them
in the forklift cabin and drive them around all day.

The production environment can affect the system’s performance if there are
large objects, such as machines or warehouse racks, in the line of sight between the
satellites and markers. In the presentation of the positioning technologies, it was
already mentioned that metallic surfaces reflect and scatter radio frequency signals
and thus cause multi-path effects. Moreover, there can be interference with other
radio signals. The localization method has an impact on the data quality as well as
the proprietary internal methods (e.g., signal processing and filtering) implemented
by the IPS system developer. Last but not least, processes can impact data quality.
The more standardized processes are, the better they can be understood from the
data. Moreover, frequent changes in manufacturing layout pose technical challenges,
necessitating updates to the digital representation. The observations highlight a
direct causal relationship between technical challenges and poor data quality.

4.5.2 Observed and Derived Ethical Challenges

The examination of ethical challenges related to implementing an IPS in a produc-
tion system derives insights from observations made during the same period at the
aforementioned customer site. The first observation pertains to the acceptance and
utilization of the system. Only certain employees received training upon its intro-
duction. Notably, those who underwent training utilized the system more frequently
than those reliant on assistance. In addition, not every employee had the same ac-
cess to the system. For example, each machine operator had a PC to link orders.
All other workers did not have their interface to the system and, therefore, could
not use it on an equal basis. Those with limited interaction with the system missed
out on localization benefits, leading to higher skepticism compared to more frequent
users. There were also rare cases of employees reporting that the system was not
helpful when searching for orders, primarily due to measurement errors and unlinked
orders. Another issue is that employees responsible for linking the markers do not
typically search for orders themselves. The linking process occurs at the beginning
of production, and subsequent stations retrieve the cut sheet metal parts from in-
termediate storages. Only at these later stages do employees have the advantage of
using the to locate the orders. Therefore, initially, someone must perform the
additional task of linking a marker to facilitate later ease of use for others.
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The next observation is that the system allows for conclusions to be drawn about
the productivity of individual employees. Since specific tasks in production require
specialized training, many machines have fixed employee assignments documented in
shift plans. The inflow and outflow of markers at these workstations can be utilized
to derive worker productivity. However, a significant issue arises from the fact that
employees are often unaware of this potential monitoring, as the tracking system is
linked to the order rather than the individual.

Furthermore, employees routinely carry the marker to the time clock to input
the order number from the display into the terminal, allowing for the movement
data to be associated with them. During data analysis, it was also observed that
employees occasionally take markers with them when leaving the production hall.
Although tracking ceases outside the hall, familiarity with the layout enables the
determination of destinations, such as restrooms, smoking areas, or kitchens. The
duration of breaks can be easily calculated by analyzing the time difference between
the last measurement upon exiting the hall and the first upon re-entry.

The lack of awareness among employees regarding the potential for this analysis
is concerning. In many production environments, there exists a power asymmetry
wherein knowledge of individual productivity, facilitated by indirect tracking, can
be exploited due to the hierarchical relationship between managers and workers.

It is crucial to note that specific details pertain to this customer, yet the un-
derlying ethical concerns identified are fundamental and could manifest in other
manufacturing companies utilizing The following observations underscore the
need for a thorough assessment of the ethical aspects of data usage for the
identified simulation use case, which is provided in Chapter [6]

4.6 Summary

Section[4.I]introduced the basics of indoor positioning, while Section[4.2]outlined im-
portant requirements for utilizing IPS technology. A discussion on suitable technolo-
gies for concluded that [TWB] technology offers advantages due to its accuracy
and coverage properties. While systems primarily serve for object localization,
their collected data offer secondary benefits. Additionally, a structured literature
review identified potentials of usage in manufacturing, categorizing 51 use cases
into twelve groups. Following this review, Sections [£.4] and [.5] shifted focus to the
current use of in the investigation environment and the associated ethical and
technical challenges in [SMPL
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Chapter 5

Framework for the Usage of IPS
Data in Manufacturing Simulation

This chapter introduces a framework that uses an Indoor Positioning System (IPS)
as the central data harmonizer designed to streamline production data into a single
source for manufacturing simulation. It includes the development of a simulation
data model for Sheet Metal Processing (SMP)) (Section [5.1)), which forms the core
of the framework (Section [5.2)). The framework’s contribution to enhancing data
quality in manufacturing simulation is discussed in Section [5.3] Finally, Section
explores the framework’s application through socio-technical scenarios, illustrating
alternative implementations and the dynamic interaction between humans and tech-
nology within the production system.

5.1 Simulation Data Model for SMPI

In this section, essential inputs for simulating SMPlsystems are identified. Reviewing
existing data models and standards (Section revealed no direct applicability
to [SMPL Thus, this work extends existing data models to address domain-specific
data requirements. When referring to the VDI or CMSD standard in this chapter,
it is in reference to the following sources: (VDI - Association of German Engineers
2014}, Riddick and Lee [2010; Lee and Riddick 2010)).

5.1.1 Approach to Derive the Simulation Data Model

The three-step approach to derive the simulation data model for [SMP) is illustrated
in the flowchart of Figure and elaborated upon in the following. This approach
culminates in the simulation data model depicted in Table

STEP 1: Creation of a List of Simulation Inputs for the New Domain

In the initial step, a structured list of simulation inputs for is established,
utilizing the categorization from the VDI standard (see Figure , which classifies
inputs into technical, organizational, and system load data. Additional inputs not
covered in the VDI standard are sought from the technical documentation of the
CMSD standard and incorporated into the list. This list is further augmented with
domain-specific inputs for SMPl This extended list is reviewed independently by
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three simulation experts who are working in [SMP] the simulation team of a technical
consultancy, and the simulation team of a research institute. All involved experts
have deep domain knowledge gathered from conducting various simulation studies
in[SMPL Their feedback was incorporated, resulting in a refined list of 42 simulation
inputs. The origin of each input can be traced back to the standard mentioning
them via the crosses in column (a) in Table 5.1 Domain-specific inputs for
are written in italics and will be explained in the next section.

STEP 2: Categorization of [SMP| Simulation Inputs

The second step is performed separately for the 42 data inputs. For each, it is stated
in column (b) in Table whether it is used during the implementation/creation
of the simulation model, the parameterization of the simulation experiment, i.e.,
before its execution, or whether it is changed/updated during the run time of the
simulation experiment.

VDI 3633 CMSD \ experts /

— % ¥

derive from and compare existing standards add
v v v
set of inputs additional inputs domain specific inputs

STEP 2 for each input

used for
parameter-
ization?

used during
runtime?

used for model
creation?

add to add to add to

yes

category category category
STEP 3
initilize columns (¢) and (d) check whether input data can
with educated guesses be found in existing systems
update model simulation input under B

consideration of IPS and context data

Figure 5.1: Flow chart of the approach to derive the simulation data model shown in
Table[5.I] STEP 1: Creation of a list of simulation inputs for the new domain, here
SMPl STEP 2: Categorization of simulation inputs. STEP 3: Comparison of
data supply and demand for input modeling.
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STEP 3: Comparison of Data Supply and Demand for Input Modeling

Step three starts with the initialization of the data demand. An initial guess of what
[PS and context data is needed to derive the particular input is given in column (c)
and (d). For each simulation input, the data supply from existing systems like
Enterprise Ressource Planning and Manufacturing Execution System
is checked and noted in column (e). Crosses in parentheses refer to inputs that are
sometimes available in these systems, but are usually of low quality and, thus, not
of use for the simulation purpose. Lastly, the simulation input has to be modeled
using the and context data. If the analysis yields insights on which context data
has to be further enriched or else is maybe not needed, then columns (c) and (d)
are updated respectively.

5.1.2 Resulting Simulation Data Model

The outcome of the described approach is the data model presented in Table
In total, 42 simulation inputs were identified, comprising 13 inputs sourced from
the VDI standard and 27 from the CMSD standard, with an overlap of nine inputs.
The CMSD standard encompasses a broader range of inputs compared to the VDI
standard, reflecting its more detailed approach to simulation data. Additionally,
13 new domain-specific simulation inputs have been added to the list, which will
be elaborated upon here. They can be identified in Table by their italicized
formatting.

e Row 4: Departure point: In the VDI standard, transport orders are men-
tioned without specifying required input data further. Transport resources
receiving these orders must know the pickup location for materials. Departure
points specified in transport orders must align with the configured material
flow network (see Row 31).

o Row 5: Destination point: Similar to departure points but listed separately.
While a departure point can be identified in real-time upon departure, the des-
tination point cannot. However, both are essential specifications in transport
orders.

o Row 7: Sheet metal type: A refinement of the generic material type from
CMSD, specifying the type of sheet metal, including its thickness, which sig-
nificantly impacts processing times in [SMPL

e Row 10: Geometry: The CMSD standard provides a vague definition of part
size, potentially only considering a bounding box. Accurate geometry, includ-
ing cutting length and shape, is crucial in for nesting, processing time
calculation, and deriving required process steps.

o Row 24: Dispatching, priority, and picking rules: An extension of generic
strategies from the VDI standard, covering rules for dispatching, prioritizing,
and picking orders. These rules, detailed in Section [2.3.2] significantly affect
system performance (Mieth et al. 2019¢).

o Row 25: Warehousing and storage: In [SMP various strategies exist for ware-
housing and storage, such as sending parts to warehouses for made-to-stock
items or storing them between process steps to balance workload.
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Table 5.1:

Required simulation inputs for manufacturing simulation

in SM

P

Columns represent: (a) input origin; (b) input use; (c) input derivable using
data; (d) necessary context information to derive input; (e) input available in ex-
isting systems. Symbols in rows: X = found/required; (X) = input usually of low
data quality; RT = input derivable in real-time; H = input derivable using historical
data; O = optional input.
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o Row 27: Access permissions and quality assurance: This input further elabo-
rates on the subcategory restrictions outlined in the VDI standard for struc-
tural organization. It encompasses access permissions for specific areas or
machines on the shop floor and permissions related to parts designated for
processing, ensuring adherence to safety and quality standards.

o Row 28: Troubleshooting and rework rules: Incorporates failure management
into the simulation, including troubleshooting and rework rules. It considers
skilled labor requirements for problem resolution and specifies whether faulty
parts are repaired at a rework station or disposed of and reproduced.

e Row 33: Target material utilization: Needed during production planning and
job-to-sheet allocation to minimize material waste in the cutting process.

e« Row 34: Scrap and rework rates: The percentage of scrap and rework may
vary based on quality concepts and demands of the company. Scraped
parts require new orders to be released into production, sometimes as express
orders. Low-quality parts might undergo repair at a rework station. These
rates parameterize the implemented rules mentioned in Row 28.

o Row 36: Transported resources to routes: Essential for determining the mate-
rial flow system’s topology, indicating which transport resource follows which
route, and detailing the source-sink relationship (Row 31).

o Row 38: Battery life of transportation resource: Added due to the growing
importance of Automated Guided Vehicles (AGVK) in modern production sys-
tems. Considering [AGVk in simulations requires accounting for their charging
behavior.

o Row 39: Capacity for each transportation resource: Critical for determining
how frequently a transport resource needs to travel between departure and
destination points. Capacity is specified by maximum weight and dimensions.

5.1.3 Insights

A notable finding of this approach is that the majority of extensions to the standards
have been concentrated in the area of input data, traditionally gathered through
interviews, site visits, and work samplings. Specifically, four inputs have been added
in the realm of organizational data concerning structural organization (Rows 24, 25,
27, 28). Additionally, three inputs have been supplemented in the technical data
category concerning material flows (Rows 36, 38, 39). Furthermore, departure and
destination points have been incorporated as features of transport orders within
the system load data category (Rows 4 & 5). The remaining four inputs provided
(Rows 7, 10, 33, 34) are closely linked to the unique characteristics of SMPL

The majority of inputs (34-38) are essential for parameterizing the model, while
only 14 inputs are required for the initial implementation. Additionally, 10-12
inputs can be dynamically updated during runtime, depending on the simulation
study’s objectives. For instance, the destination point of a transportation order can
be adjusted based on queue conditions at stations capable of executing the next
process step. The majority of these inputs (36) can be derived from historical
data, with 11 of them also available in real-time.
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Context information is necessary for determining many of the inputs. For 22
inputs, layout information with geofences is needed, and in 13-14 cases, knowledge
about the production process in the form of a process sequence is required. Only
eight inputs could be found reliably in or [ERP] systems. However, due to
manual input of values or difficulties in determining them, 17 are usually of poor
quality. The lack of simulation data in ERP systems is already known and discussed,
for example, in (Moon and Phatak 2005).

There are many simulation inputs for which the consideration of data shows
great potential, especially when no information is available. In general, the inputs
can be derived more easily if the variable being searched for is position-related, e.g.,
the departure and destination points of transport orders (Rows 4 & 5). If there is
no position reference, this does not imply that the inputs cannot be derived. For
example, the quantities (Row 3) can be determined by counting trajectories with
identical order IDs. The inputs classified as not derivable from the must be
queried via interfaces or considering context data or information from additional
sensors. For example, the unique order ID cannot be derived and must therefore be
assigned to the respective marker ID via an interface at the beginning of production.

During the preparation of the table, recursions were noticed, e.g., in the deter-
mination of process plans and geofences. The process plan can be derived from
historical trajectories of the Ultra-Wideband (UWB]) data using geofences, whereas
the geofences can be approximated if the process plan is known. To resolve this
recursion, geofences should be defined so that a specific allocation of processes to
positions is possible. This will be especially important to identify strategies and
dispatching rules (Rows 25-28). Today, the definition of geofences is done manually
by experts drawing in the layout plan of the manufacturing system. However, in the
future, geofences could result from advanced analyses of the data.

There are some further remarks, which are given in the following list:

o Table was reviewed and published in a previous version for the CIRP
Conference on Manufacturing Systems (Mieth et al. 2019b)).

e Only some simulation models need exactly all 42 inputs. Selecting the required
inputs depends on the objectives of the respective simulation project.

o Availability A can be calculated with Mean Time To Repair (MTTR]) and
Mean Time Between Failures (MTBF]) according to

,_ _ MTBF 5.1
~ MTBF + MTTR’ ‘
All three inputs are included in Table to leave it open, which two values

are used.

o Weight is not listed as simulation input because it can be calculated with
knowledge of the material (Row 7) and part size (Row 10).

o The data model is specifically tailored for[SMPl However, for similar industries
and domains, the list can be easily adapted using the presented approach.

To conclude, the derived list of required simulation inputs from this section shows
that 38 of 42 inputs (90%) benefit from considering [PSl data during simulation input
modeling. Thus, this work puts in the center of the analysis and proposes an
framework which is presented in the next section.
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5.2 Framework

The framework is designed to enhance manufacturing simulation through the uti-
lization of data for input modeling and parameterization. To accomplish this,
emphasis is placed on ensuring that simulation data is stored in a single source
of truth, harmonized with the [PSl This harmonization enables advanced analytics
and facilitates straightforward control of data quality. Additionally, the framework is
tailored to accommodate real-world applications, which often involve heterogeneous
machine parks, a common scenario in production systems.

The realized framework for [PSFbased manufacturing simulation is shown in Fig-
ure In the core of the framework is an indoor positioning system which acts
as data harmonizer between corporate business systems, other data sources and the
simulation model. The framework consists of three parts, which will be described
in detail in the following sections.

1. Semantic enrichment (Section gray box in Figure
2. Data harmonization with [PS (Section blue box in Figure

3. Digital twin (Section [5.2.3} green box in Figure

1. Semantic
enrichment

(@) (b) ©
o TP O . (o>
o) o >3350
N B2
(d): (e):
v \ 4 \ 4 v v
2. Data harmonization with indoor positioning system
Real-time » Simulation | Input
parameterization system modeling
JL Adaptation
3. Digital twin Bz
system

Figure 5.2: framework for a manufacturing simulation based on an indoor po-
sitioning system. The acts as main data harmonizer (blue part). A semantic
enrichment process augments the localization data (gray part), which can then be
used in the digital twin of the manufacturing system (green part). The pieces of
context information depicted in the picture are (a) the geometry of parts, (b) the
manufacturing layout, (¢) process/production plans, (d) data, and (e) [ERP]
data.
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5.2.1 Semantic Enrichment

The upper part of the framework in Figure 5.2 shows the semantic enrichment which
refers to the process of attaching context information from heterogeneous sources to
a main type of data, in this case, the data. Examples of relevant context data in
manufacturing are e.g., the part’s geometry (a), the layout of the production shop
floor with geofences (b), process/production plans (c) that contain the sequence of
process steps, and different data storage and acquisition systems like (d) and
[ERPI (e) systems.

customer order ID

production order ID i process sequence ‘
1..% T 1..% / \ 1.*
part ID ‘ process step ID ‘ transport step ID ‘

1.1 1.1

1.1 1. T 1.2 /j

other ID geometry ID ‘ area of interest ‘

source ‘ sink ‘

11f/1“

point of interest

Figure 5.3: [UMI class diagram describing the relations between used for the
data enrichment.

Assigning context data during enrichment is realized with [Dk. In Figure [5.3]
the relations between the used [[Dk are presented in an Unified Modeling Language
(UMTJ) class diagram. It can be seen that a customer order consists of one-to-many
production orders and the latter of one-to-many parts. Each part has an associated
geometry. The object depends on the object being tracked and can either be
a production order, a worker [[D] or a tool [Dl Some of these unique object
have to be specified when setting up the system, and others can later be created
when adding new objects in the software on the computer. During production
planning, each production order is split into a sequence of process and transport
steps that have to be performed in manufacturing. Each process step can happen
at one or more points of interest or areas of interest. A point of interest refers to
a position z,y,z on the shop floor that has a semantic meaning, e.g., a machine
or a workplace. An area of interest, sometimes also called geofence, refers to an
arbitrarily shaped area on the shop floor that has a semantic meaning, e.g., the
work area around a machine or storage. Each transport step has a source and a
sink, defined as point of interest. The enrichment of the context data for the five
sources depicted in Figure is described below:

(a) Enriching information on part geometry relies on the utilization of unique[CAD]
file IDs. These IDs are utilized for part management within [CADIICAM]
systems, which are usually integrated with order management systems like
[ERPH/MES] systems. This integration facilitates associating geometry [D] with
production order IDs, which are utilized as link to the object
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(b) Enriching information on the manufacturing layout involves integrating two-
dimensional hall layouts with position data, which initially requires aligning
the coordinate systems of the hall layout and the positioning system. Typi-
cally, this alignment occurs during the installation of the [PS] where the layout
is incorporated into a dashboard. However, to analyze enriched positioning
data effectively, additional context information on specific points and areas of
interest is necessary. This entails assigning specific coordinates or areas on the
hall layout to the process steps associated with executing production orders.

(¢) Enrichment of information on process sequence requires access to production
plans typically available in the [MESl The process sequence (see Figure is
defined during production planning and linked to a production order [[DI

(d/e) Enrichment of context information from MES/ERP systems with IPS data is
accomplished through the production order [D] which is linked as an object
to the marker at the start of production, or via the object [Db associated
with workers, tools, etc.

5.2.2 Data Harmonization with [IPS!

The fundamental concept of the framework is to elevate from being just one
of many disparate data sources in production systems to a central role as the pri-
mary data harmonizer. Data is now centralized using the simulation data model
introduced in Section [.I] With this, real-time manufacturing simulation can be
conducted, ensuring that all input data is available and harmonized.

The is depicted in blue at the center of the framework in Figure
The framework is technology-agnostic, gathering position data via [UWB| Radio-
Frequency Identification (REIDI), and Inertial Measurement Unit (IMU) data, de-
pending on the IPS system employed. and [[MU] are represented in a lighter
shade of blue because not every [TWDBFbased includes these technologies. As
discussed in Section [4.2.2] is considered the most suitable technology for the
presented simulation use case. Additionally, while the is centrally displayed in
the image and position data is stored in a central database, its satellites are dis-
tributed throughout the production system, and markers are attached to tracked
objects. It is important to note that the decision whether the data is managed
locally or in the cloud is intentionally left open to maintain flexibility in later imple-
mentations, considering data compliance, regulations, and the preferences of
companies.

Data harmonization within the is achieved through the initialization of each
marker upon release to production, wherein a unique identifier ID . is assigned to
the object being tracked and linked to the unique marker identifier 1D, er. Each
event sample from the data is represented as a state vector s(t) (as shown in
Equation , enriched with context information C:

Senriched (t) = (S(t)7 C) - (I(t), y(t); Z(t), IDmarkem IDobject7 C) (52)

To enrich the data, the context information must reference either the position
x(t),y(t), 2(t), the marker identifier 1D, ker, Or the object identifier IDgpjecr. It is
important to note that the marker [Dlis unique for each piece of marker hardware.
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5.2.3 Digital Twin

The digital twin part of the framework is depicted in the green box in the lower part
of Figure 5.2l A digital twin of a manufacturing system is a combination of latter
with its simulation model through bidirectional real-time data parameterization and
control (Nikolakis et al. 2018). With the help of a digital twin, it is possible to
simulate and forecast production plans and processes (Tao et al. 2018). Digital
twins serve as a decision support system which decision-makers can use to play
through adaptation measures. The digital twin can use historical data from the
for input modeling and real-time data for parameterization. The simulation can
be enhanced with Artificial Intelligence (All), e.g., if machine learning methods are
used to model the behavior of complex system components (see also Section .
The insights from simulation experiments with the digital twin are used to improve
manufacturing operations by comparing different adaptation measures and applying
the most suitable one in the manufacturing system. Digital twins are thus very
useful in continuous improvement loops: Implemented adaptation measures will
influence the newly collected data, which is then used as input for another simulation
experiment from which new adaptation measures are derived and so on.

5.3 Contribution to Data Quality Improvement

The framework’s development was driven by the need to enhance data quality in
manufacturing simulation. This section represents an initial qualitative analysis
of the framework’s improvement on data quality, utilizing the eleven dimensions
outlined by Bokrantz et al. (2018)) and defined by Balci et al. (2000) (see also Sec-
tion [3.2.1). This analysis was also part of the initial paper that presented the
framework (Mieth et al. 2019b)).

o Accuracy and Precision: Enhancements in accuracy and precision are achieved
through the utilization of [[WBFbased [PS data, instead of inferior localization
technologies (as discussed in Section [4.2]) or relying solely on non-localization
data.

o Accessibility: All data necessary for the simulation is digitally accessible, struc-
tured in the simulation data model for and stored in a central database.
Access management is solely required for this repository, which may reside on
an on-site server or with a cloud provider. This marks a notable progression
from the distributed and non-harmonized data sources typically employed in
simulation projects.

o Currency: Real-time data from the [PS] complemented by the latest updates
from connected systems, accurately depict the current state of the production
system, ensuring the highest level of timeliness. However, when historical
data is employed for analysis, precautions must be taken to verify that no hall
layout changes have occurred, which could potentially skew the results.

o Completeness: The existing context data undergoes harmonization through
integration with location data, resulting in a comprehensive database tailored
for simulation purposes. Moreover, it was observed that most of the newly
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introduced domain-specific inputs focus on input data traditionally obtained
through interviews, site visits, and work samplings, which were only collected
when simulation data was initially incomplete.

o Relevance: The position data captures the dynamic behavior of the production
system, making it crucial for simulation purposes and enabling more sophisti-
cated analyses.

e Resolution: Objects in manufacturing move very infrequently and rarely be-
cause the average duration of processes is very long. All industrial [PSacquire
data in a sufficient resolution to detect the movement of objects.

o Clarity: Visualizing data on the shop floor layout facilitates trajectory
filtering and enables dynamic animation over time. Additionally, overlaying
trajectories with contextual information adds further depth and insight to the
analysis.

o Traceability: The data origin can be traced via the unique used for data
enrichment (see Figure |5.3).

» Reputation: [[PS data is automatically collected and harmonized, which makes
the simulation results based on this data more trustworthy.

o Consistency: The specification of the data model is a key element of the
framework that ensures data consistency.

5.4 Socio-Technical Scenarios for the Application
of the Framework

This section will explain how the framework can be applied in different socio-
technical scenarios. Socio-technical scenarios are structured narratives of plausible
future implementation that integrate social, political, and technological elements.
They are vital tools for engaging stakeholders in discussions, ensuring they are so-
cially acceptable, politically viable, and desirable. They assist in innovation manage-
ment by fostering knowledge integration, assessment, and strategy building among
experts and stakeholders. They differ from traditional approaches like quantita-
tive modeling by including socio-political developments and contextual descriptions.
(Magnusson et al. 2020)

Overview on Socio-Technical Scenarios

With the help of socio-technical scenarios, different implementation possibilities of
the framework will be described that illustrate how humans and technology inter-
act in the production system, commonly working towards a common goal like the
improvement of profitability (see target system in Figure . The scenarios are
summarized in Table For simplicity, categories (columns of the table) have
been introduced to show the main differences between the scenarios: tracking, data
analysis, simulation, and decision-making. Of course, the list of categories could be
further detailed and is thus neither exhaustive nor complete.
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scenario tracking data analysis simulation decision-

making
baseline orders predominantly predominantly human
scenario manual manual
future all objects automated automated automated
scenario and workers

Table 5.2: Continuum of socio-technical scenarios.

In this work, the focus is on the baseline scenario, which reflects the current
use of location systems in SMP] and the future scenario, which outlines the full
implementation of the framework. Between these scenarios, there is a continuum of
possible framework implementations. The idea is to span a solution space from the
status quo to the maximum possible.

Baseline Scenario

The baseline scenario describes how the localization system is used in today.
A marker is linked to the order upon production start and is disconnected before
shipping. Data scientists analyze the data recorded during this process. The pre-
processing is already automated, but the specific analyses are still being developed.
The results of the data analyses are made available to the simulation experts for the
parameterization of the simulation model. The simulation model is created manu-
ally based on the factory layout and a library of simulation building blocks. The
simulation results are interpreted by the simulation experts and presented to the
production managers or, depending on the simulation use case, to other decision-
makers.

Future Scenario

The future scenario is the target vision of the framework developed in this disser-
tation, introduced in the previous Section [5.2] Not only orders are being tracked
here, but also workers during their shifts and mobile objects of interest, such as
order papers, workpieces, pallets, hand trucks, forklifts, and tools. The data col-
lection and analysis is automated and enables Automated Simulation Model Gen-
eration (ASMG]), model parameterization and the deployment of Machine Learn-
ing (ML]) models. For this, [MI] pipelines are in place to monitor and update trained
models. In this scenario, models are used within the simulation to model the
behavior of entities, such as the input/output behavior of simulation modules, hu-
man behavior, or control decisions. In addition to the classical application fields
in factory and production planning, the simulation model is also used to (a) learn
policies via Reinforcement Learning (RL) that improve planning and control and
(b) train supervised models on the input/output behavior of the simulation with
the help of data farming. This surrogate model can provide answers faster than the
simulation (computation time advantages). Automated decisions are made based
on the simulation results.
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Intermediate Scenarios

There are several intermediate scenarios between the baseline and the future sce-
nario. Assuming that only two states exist for each category (columns) in Table|5.2
this already results in 14 intermediate scenarios. In reality, however, each category
consists not only of two levels but of partly discrete gradations. For example, in the
decision-making category, the decision can be proposed automatically and released
by a human. It quickly becomes apparent that evaluating each scenario individually
is very complex and a time-intensive task. The assessment in the next chapter will
focus on the future scenario, since it presents the most challenges. With the findings
from the analysis of this scenario, conclusions can be drawn in the further course of
this dissertation about possibly necessary gradations within the categories.

5.5 Summary

In Section [5.1] a data model tailored for simulation projects in [SMP| was meticu-
lously developed based on established industry standards. The presented approach
exhibits versatility, with the potential to stimulate further utilization of data in
simulation projects across diverse industries and domains. The presented data model
forms the core of the framework introduced in Section [5.2 wherein assumes the
pivotal role as the central data harmonizer, seamlessly channeling production data
into a manufacturing simulation.

Modeling simulation inputs with the help of data opens up a new and broad
field of research opportunities. In parallel research endeavors, the author directed
attention towards the critical task of determining process times, recognizing their
foundational importance in deriving other inputs. A first publication outlined the en-
richment of localization data (Mieth |2019). Collaborative efforts with student Max-
imilian Volk further advanced lead time determination from data. Comparative
analyses, conducted with a range of optimization approaches and heuristics on syn-
thetic data, yielded promising results in achieving precise lead time estimates (Volk
and Mieth 2022)). Regrettably, the reliance on synthetic data was necessitated by
the absence of actual times in real-world datasets.

The framework’s development was driven by the need to enhance data quality in
manufacturing simulation. The comprehensive analysis in Section [5.3] demonstrated
improvements across all eleven considered dimensions of data quality. This encour-
aging outcome lays a solid foundation for future research that can explore the full
potential of data in simulating and optimizing production systems.

Lastly, Section [5.4] illustrated how the framework could be implemented in dif-
ferent socio-technical scenarios. The description of interactions of humans and tech-
nology in the scenarios is fundamental for assessing the framework’s trustworthiness.
The presented future scenario will be examined thoroughly in the forthcoming chap-
ter.
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Chapter 6

Assessment of the Frameworks’
Trustworthiness

In this chapter, an ex-ante assessment for trustworthiness of the presented framework
from Chapter [5| is performed, i.e., the evaluation takes place before the system is
developed and deployed in production. This should ensure that the technology
is used in a responsible manner for improving manufacturing simulation.

6.1 On the Assessment of Trustworthiness

Trustworthiness has gained increasing prominence, propelled by the proliferation of
autonomous systems and Artificial Intelligence (AIl) in everyday life. This surge
encompasses various domains, including social media algorithms, the spread of fake
news, the emergence of deep fakes, social scoring mechanisms, targeted marketing
practices, advancements in ChatGPT, the development of self-driving cars, and
numerous other facets of modern technology.

Trust has been studied across disciplines such as social psychology, human fac-
tors, and industrial organization, with the aim to understand human relationships
and interactions with machines (Lewis et al. 2018)). There is a general consensus
that trust is a complex psychological attitude encompassing beliefs and expectations
regarding the trustworthiness of a trustee, influenced by experiences in situations
involving uncertainty and risk (Jones and George 1998). Trustworthiness is a char-
acteristic of an agent (or organization) that inspires trust for that agent in another
agent (Devitt [2018]).

The notion of Trustworthy [Allis intricately intertwined with the principles of Re-
sponsible or Ethical [All often used interchangeably due to their shared emphasis on
a common set of requirements for systems. These principles collectively contribute
to the development of systems that not only exhibit technical reliability but also
adhere to ethical considerations and societal values.

On April 21, 2021, the European Commission published a proposal for the regu-
lation and harmonization of rules for [AIf] The resulting legislation is now known as
the European Union’s Artificial Intelligence Act (Al Act). The European approach
to trustworthy Al involves a risk-based framework, categorizing Al systems into min-
imal, high-risk, and unacceptable risks. Minimal-risk applications, like Al-enabled

'https://digital-strategy.ec.europa.eu/en/library/proposal-regulation-laying-d
own-harmonised-rules-artificial-intelligence, publication 21 April 2021
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recommender systems, enjoy exemptions, while high-risk Al systems face stringent
requirements such as risk mitigation, robust data sets, and human oversight. Unac-
ceptable risk Al, posing threats to fundamental rights, will be prohibited, and fines
will be imposed for non-compliance. The AI Act introduces rules for general purpose
Al and governance will involve national authorities and a new European AI Office.
The political agreement awaits approval, with the AI Act becoming applicable in
two years, featuring a transitional period and the launch of an AI Pact for early

implementation. The EU will also engage internationally to promote trustworthy
Al standards [

6.1.1 Overview on Existing Guidelines, Principles and Rules

In recent years, the ethical and societal implications of deploying [All systems have
raised widespread concerns, leading to the emergence of numerous ethical guidelines.
Jobin et al. (2019)) identified 84 distinct guidelines for ethical Al, a number that has
increased since then due to the growing trend of companies, research associations,
and other organizations publishing their own sets of guidelines. AlgorithmWatch has
addressed this proliferation by initiating the Al Ethics Guidelines Global Inventory{’
a database project aimed at collecting various Al ethics frameworks. The database,
last updated in April 2020, encompasses a comprehensive list of 167 guidelines,
reflecting the expanding landscape of ethical considerations in Al development and
deployment. To facilitate further exploration, a curated excerpt of guidelines is
presented, offering readers a comprehensive yet not exhaustive overview of principles,
rules, and guidelines for Responsible, Ethical, and Trustworthy [AIl

Major technology corporations, including Googld!] Microsoft’] SAPf, IBM[} and
OpenAIﬁ, have individually released their ethical principles as a commitment to
fostering the development of responsible Al

Different research associations have published own guidelines, e.g, the IEEE
Global Initiative on Ethics of Autonomous and Intelligent Systems’} the Association
for Computing Machinery[l—_U], Fraunhofer E], and, the German Informatics Society [1—_7]

The statement of the European Group on Ethics in Science and New Technologies
on [AIl Robotics, and Autonomous Systemﬂ presents fundamental ethical princi-

Zhttps://ec.europa.eu/commission/presscorner/detail/en/ip_23_6473, press release, 9
December 2023

3https://inventory.algorithmwatch.org/, accessed February 2022

‘https://ai.google/responsibility/responsible-ai-practices/, accessed Febru-
ary 2022

Shttps://www.microsoft.com/en-us/ai/responsible-ai, accessed February 2022

Shttps://www.sap.com/documents/2018/09/940c6047-1c7d-0010-87a3-c30de2ffd8ff.ht
ml, as of October 2021

"https://www.ibm.com/policy/trust-transparency-new/, accessed February 2022

8https://openai.com/charter, published April 9, 2018

9https://standards.ieee.org/wp-content/uploads/import/documents/other/ead_v2.p
df) released 2019

https://www.acm.org/binaries/content/assets/public-policy/2017_usacm_stateme
nt_algorithms.pdf, published January 2017

“https://www.iais.fraunhofer.de/content/dam/iais/fb/Kuenstliche_intelligenz/k
i-pruefkatalog/Fraunhofer_IAIS_AI_ASSESSMENT_Catalog_Web.pdf, published July 2021

“https://gi.de/ethicalguidelines, published June 29, 2018

Bhttps://lefis.unizar.es/wp-content/uploads/EGE_Artificial-Intelligence_Statem
ent_2018.pdf
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ples and democratic prerequisites like human dignity and autonomy, responsibility,
justice, equity, and solidarity, democracy, rule of law and accountability, security,
safety, data protection and privacy, and, sustainability. These principles are taken
up and further developed in the EU Guidelines on [All and data protectionﬂ.

Although the guidelines can provide valuable guidance during the design of [A]l
systems, they were not designed to provide a structured process to assess the trust-
worthiness of an[Allsystem or be used in algorithmic or [Allaudits. Having identified
the lack of a structured process, Zicari et al. propose Z-Inspection®, a process
based on applied ethics that addresses the described downside of existing guidelines.
To the best of their knowledge, Z-Inspection® is the first process to assess trustwor-
thy AI in practice (Zicari et al. 2021). Therefore, the assessment in this chapter
is based on the Z-Inspection® process. Their approach will be presented in the
following section and then applied in the Sections [6.2H6.4]

6.1.2 Introduction to the Z-Inspection® Process

Phase 1: Set-up Phase 2: Assess Phase 3: Resolve
Section 6.2 Section 6.3 Section 6.4
(B ]
Pre-conditions Analyze socio-
Verify initial questions, technical scenarios . .
legal admissibility, Describe the aim of the Identify ethical
absence of conflict of Al system, actors, issues and tensions
interest expectations, Consensus building Resolve tensions
interaction, processes, Address ethical
technology and context tensions, resolve if
possible, give
Team recommendations
Form an initial team of B tolfeile\iznt
multi-disciplinary Mapping stakeholders
t Execute ST
experts Map ethical issues and
Choose a strategy to . .
erform the inspection tensions onto categories
pertor g established by the EU's
define and execute e
d ths, provide feedback guidelines for
Boundaries & context paths, p trustworthy Al
Define and agree upon

Continuous documention

Figure 6.1: Overview on the Z-Inspection® based on Zicari et al. (2021} Fig.1).

The Z-Inspection® process comprises three consecutive phases, illustrated in Fig-
ure 6.1l Each phase involves a documentation process, wherein a protocol is meticu-
lously crafted to record the outcomes. The framework developed in this dissertation
undergoes the execution of the three phases. The documentation for each phase is
presented in one of the subsequent Sections and [6.4, The phases will be
explained in the following based on the publication by Zicari et al. (2021)).

In the first phase, the project is set up, encompassing a thorough examination
of its preconditions to guarantee the absence of conflicts of interest and legal admis-

“https://rm.coe.int/2018-1ignes-directrices-sur-1l-intelligence-artificielle-e
t-la-protecti/168098e1b7, adopted by the Committee of the Convention for the Protection of
Individuals with regards to Processing of Personal Data (Convention 108) on 25 January 2019
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sibility. To achieve this, a predefined set of initial questions is rigorously assessed
with a team comprising experts from diverse disciplines. The team should be clear
about the boundaries and context of the project, which requires clear definitions
and agreements to be made before the evaluation begins. Additionally, the team
engages in discussions to determine the intellectual property owner and reaches a
consensus on the time frame for conducting the assessment.

The second phase, known as the assessment phase, encompasses four iterative
steps, denoted with the letters A to D in Figure [6.1] Initially, a socio-technical
analysis is conducted, focusing on the usage scenarios of the [All system. This en-
tails describing the system’s objective, the expected behavior it should exhibit, the
involved actors, their interactions through processes, the technology employed, and
the deployment context. The second step involves the identification of ethical, tech-
nical, and legal issues, highlighting any inherent tensions. Subsequently, the third
step maps the identified issues to the ethical principles (human autonomy, preven-
tion of harm, fairness, explainability) and requirements of trustworthy [All (see list
below). In the last step of the assessment phase, a strategy to perform the in-
spection is chosen and executed. The Z-Inspection® process suggests utilizing the
established requirements set by the independent High-Level Expert Group on [A]]
as instantiated by the European Commission. While not exhaustive, these require-
ments encompass systemic, individual, and societal aspects (European Commission
and Directorate-General for Communications Networks, Content and Technology
2019, p. 14):

e Human agency and oversight (including fundamental rights)

o Technical robustness and safety (including resilience to attack and security,
fallback plan and general safety, accuracy, reliability, and reproducibility)

o Privacy and data governance (including respect for privacy, quality and in-
tegrity of data, and access to data)

« Transparency (including traceability, explainability, and communication)

« Diversity, nondiscrimination, and fairness (including the avoidance of unfair
bias, accessibility, universal design, and stakeholder participation)

« Societal and environmental well-being (including sustainability and environ-
mental friendliness, social impact, society, and democracy)

 Accountability (including auditability, minimization, and reporting of negative
impact, trade-offs, and redress)

The final and third phase in the Z-Inspection® process focuses on resolving ethical
tensions, where feasible. A wide array of potential ethical tensions exists, arising
from the opposition between two ethical values. Moreover, feedback to the relevant
stakeholders is provided to improve the[Allsystem. As emphasized earlier, the entire
process, along with its outcomes and recommendations, is meticulously documented.
The following three sections serve as a protocol for the evaluation of the framework
presented in this dissertation and are named according to the three phases of the
Z-Inspection® process.

82



6.1.3 Deviations from the Z-inspection® Process

In specific instances, it was imperative to diverge from the proposed implementa-
tion of the Z-Inspection® process outlined in Allahabadi et al. (2022) and Zicari
et al. (2021) to tailor the process for the specific context of this dissertation. Conse-
quently, the author independently executed Phase 1, given that the preconditions,
boundaries, and context are inherently predefined within the scope of this disserta-
tion. The author also assembled the team in this step. The results from the set-up
phase including the developed socio-technical scenario was then communicated to
the investigators through a concise four-page workshop manual. Subsequently, the
experts conducted steps two and three of the evaluation phase in three identical
two-hour workshops, all of which were moderated and prepared by the author. Af-
ter each workshop, a dedicated brainstorming session was held to explore potential
solutions for the identified ethical issues. The author meticulously collected and
organized ideas from these three workshops and carried out the remaining steps of
the process. The following three sections provide a detailed presentation of the steps
taken, with any deviations from the standard procedure thoroughly described.

6.2 Phase 1: Set-Up Phase

This section explains the set-up of the project, covering the steps of the first phase
of the Z-Inspection® process (see Figure . Each aspect of the set-up phase is
subsequently detailed. In Section the project’s prerequisites are thoroughly
examined using a provided catalog of questions. Section introduces the team of
investigators. The last Section delimits the project’s scope, providing explicit
definitions for its boundaries and context.

6.2.1 Clarification of Preconditions

To elucidate the project’s preconditions, the provided catalog of questions from (Zi-
cari et al. 2021)) is utilized. The questions, verbatim excerpts from the source, are
presented in the following, accompanied by their respective answers from the author
below.

Who requested the inspection? The inspection was not formally requested;
rather, it originates from the author’s intrinsic commitment to develop a framework
characterized by trustworthiness. Motivated by the pursuit of excellence and ethical
standards in system development, the author initiated the inspection to proactively
ensure the framework’s integrity and alignment with ethical guidelines.

Why carry out an inspection? The author acknowledged the need for a thor-
ough inspection of her framework against ethical guidelines, motivated by the aim
of fostering a resilient and dependable solution. This strategic evaluation aims to
pinpoint potential ethical considerations, refine the framework’s design, and lay the
groundwork for responsible development. By systematically scrutinizing the frame-
work, the author aims to enhance its ethical integrity, and contribute to the broader
discourse on ethical development practices.
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For whom is the inspection relevant? The inspection holds relevance for var-
ious stakeholders:

« TRUMPF Machine Tools: The results can be utilized by TRUMPF Machine
Tools to enhance their Indoor Positioning System product and services
based on the insights gained.

e Scientific Community: The inspection provides an additional use case, con-
tributing to the improvement of processes in the domains of trustworthiness
assessments and production optimization.

o The Author: The inspection is crucial for the author to evaluate her frame-
work’s trustworthiness and derive potential avenues for future improvements.

Is it recommended or required (mandatory inspection)? The inspection
is neither recommended nor mandatory; it is conducted voluntarily. The author
undertakes this process driven by a personal commitment to ensuring the highest
standards of trustworthiness in the framework, exceeding any formal obligations.

What are sufficient versus necessary conditions that need to be analyzed?
This evaluation revolves around the comprehensive assessment of trustworthiness of
the framework proposed in this dissertation. It explicitly does not assume the sys-
tem’s development and focuses on an ex-ante assessment. However, it is assumed
that an will be employed, equipped with a comprehensive set of analysis func-
tions capable of providing all derivable simulation inputs.

How are the inspection results to be used? The inspection results hold signif-
icance for two primary purposes: first, to validate the proposed framework concern-
ing its design; and second, to derive recommendations for the future development
of [PSk, specifically those utilized for simulation input modeling.

Will the results be shared (public) or kept private? In the latter case,
the key question is why it is kept private. The assessment results will be
meticulously documented in this chapter, ensuring their open availability after the
publication of this dissertation. This transparency aligns with the commitment to
disseminate findings openly and contributes to the collective knowledge in the field
of trustworthy system development.

6.2.2 Set-up Team of Investigators

The author set up the team of investigators in May 2022, as detailed in Table [6.1]
She contacted 14 individuals from her LinkedIn network, comprising seven experts
in [ATl ethics and seven experts in manufacturing and digitization. The selection
process involved considering three criteria outlined in Zicari et al. (2021):

o Multi-disciplinary experts: For the [All ethics inspection of the based sim-
ulation system used in manufacturing, experts from all involved disciplines
are required, such as computer science, mechanical and electrical engineering,
production management, ethics, simulation engineering and similar.
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o Required skills: In the initial selection phase, the author prioritized individuals
with expertise in Al ethics and manufacturing, the intended domain of the
system. Additionally, consideration was given to candidates with proficiency
in machine learning, simulation, [PS] innovation management, and psychology.

o Interest to build knowledge in a new domain: All individuals approached ex-
hibit a high level of openness and curiosity. Many possess backgrounds in
research or consulting, professions that demand rapid adaptation to new top-
ics, involvement in innovative projects, and continuous self-education.
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Table 6.1: Overview of investigators and their knowledge in different fields relevant
to the interdisciplinary workshops. The names of the investigators were anonymized
while their gender was retained. The ratings are derived from the mean values of
both self-assessment and assessments by the author. Within each category, the op-
tions included no knowledge (O), medium knowledge (D), and advanced knowledge
(@). For a detailed breakdown of all assessments, please refer to Appendix [A.3]

Each investigator was informed that their participation in the Z-Inspection®
process meant a voluntary commitment to a two-hour online workshop in July 2022,
plus an additional hour of preparation reading a workshop manual that was provided
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to them in advance. Of 14 experts approached, 13 agreed to participate in the
workshops. These 13 people voted on possible dates for the online workshop. Their
availability was limited, so there had to be three workshop dates. Shortly before
the workshops, one person had to withdraw, leaving the author with 12 experts
who participated in three identical workshops with four participants each. The
author wanted to do more extensive workshops with more people first. However, in
retrospect, the group size of four proved to be an excellent number for the online
workshop setting since four people can cover the different professional backgrounds
needed while at the same time leaving enough time for discussion and contribution
of each expert. When assigning participants to workshops, the author ensured each
workshop had at least one person with expertise in simulation and [PSl She also
ensured that half of the participants were [All ethics experts and the other half were
manufacturing experts.

Check for Conflicts of Interest

Zicari et al. (2021)) underscore the substantial ethical implications of expert selection,
specifically in defining the skills, background, and roles involved in the investigation.
To address potential conflicts of interest, they have integrated a checklist into the
ethical verification of the team. This checklist, as outlined by Zicari et al. (2021)),
was used by the author after setting up the group of experts:

« No conflict of interest exists between the investigators and the entity or orga-
nization to be examined: When selecting the team, care was taken to ensure
that none of the investigators selected were currently employed by TRUMPF
or had a previous history with TRUMPEF. One investigator had already con-
ducted podcast interviews with TRUMPF employees in the past. However,
the risk of a conflict of interest is considered to be low as these interviews have
already taken place and no further collaboration is planned at the time of the
workshops.

« No conflict of interests exists between the investigators and vendors of tools,
tool kits, frameworks, data platforms to be used in the inspection: TRUMPF’s
indoor localization system or any competitor products are not utilized by any
of the selected individuals, nor do they have plans to integrate them in the
future. One person currently holds a position in a large company that provides
real-time indoor localization systems and had previously worked in the product
development of the[[PSl At the time of the workshop, there was no ongoing col-
laboration with the individual’s previous department. The person’s extensive
expertise in localization systems is considered an advantage, outweighing any
unlikely negative impact from their past position on the workshop’s conduct.

« Any potential bias of the team of investigators is assessed: A person is ac-
tively involved in the research and development of the Z-Inspection® process.
Consequently, there is a possibility that the person may exhibit less critical
judgment if issues arise during the execution of the process according to the
scheme. However, the prevailing advantage lies in the person’s expertise in
the field and their prior application of the process in other projects, which
enhances the overall value of their involvement.
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All three areas were thoroughly reviewed. The three named individuals in the con-
flict of interest analysis above are three different individuals. Importantly, it was
taken care of, that only one of these individuals was present at each workshop, en-
suring that there was never a majority in voting. In summary, the thorough analysis
of the investigators has identified no conflict of interest. Consequently, nothing im-
pedes the successful execution of the Z-Inspection® process with the selected experts.

Overview Investigators

Table [6.1] was created to provide a better overview of the experts involved. It lists
the twelve investigators and groups them according to their workshops number (see
the last column). The names have been anonymized, but the gender is correctly re-
flected. Four men and eight women participated in the workshops. The rating shown
in Table is the mean of the investigators’ self-assessment and the author’s assess-
ment. She made her assessment before she knew the investigators’ self-assessment
in order to avoid any influence. The investigators were not shown their external
rating for the same reason. For the assessment of the expertise, it was possible to
choose between no knowledge O, medium knowledge O, and advanced knowledge @.
The categories are listed as columns in Table [6.1) and include expertise in manufac-
turing, Al ethics, and the other skills that were considered important. Since many
investigators have a background in consulting or research, this was also included
as a category. In Table [6.1] one also sees quarter or three-quarter Harvey Balls,
which can be attributed to the averaging between the assessments. For the sake of
transparency, the self-assessment of the investigators and the authors’ assessment
are attached in Appendix [A.3]

6.2.3 Definition of Boundaries and Context

In the final step of Phase I, it is essential to define the boundaries and context of
the assessment. Additionally, considerations regarding intellectual property and the
investigation’s time frame need to be clarified.

The Z-Inspection® process can be used to assess a system ex-ante and ex-post
(Allahabadi et al. 2022, p.4). The system in question is evaluated ex-ante, i.e., the
evaluation takes place before it is developed. This offers the advantage of directly ad-
hering to the principles of trustworthiness during implementation, potentially avoid-
ing costs associated with revisions. However, a drawback of the ex-ante approach is
the lack of detailed system specifications, potentially leading to varied interpreta-
tions among investigators regarding the system’s final appearance and functionality.
Furthermore, a comprehensive review of the code and the database is not feasible,
so that such investigations must be carried out during the implementation of the
system. In this ex-ante assessment, the primary focus will be on identifying ethical
issues rather than technical or legal ones. Technical and legal aspects, while crucial,
demand distinct expertise not central to the scope of this dissertation. Nevertheless,
acknowledging their importance, these aspects should be addressed in future work
and during the actual implementation of such a system.

The investigation period aligns with the time frame for preparing this chap-
ter in 2022. Investigator involvement is confined to the execution of Phase II in
July 2022, necessitating their familiarity with socio-technical scenarios through a
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workshop manual and their subsequent participation in a workshop. The investi-
gators remain available for any ensuing queries. The investigators were explicitly
informed, both in writing and verbally, that their consent was required for the in-
tellectual property developed during the process to be used by the author for the
purpose of publishing the results in this dissertation. The investigators participated
voluntarily and thus had the option to withdraw their participation at any time
if they did not agree. In addition, the examiners were obliged to treat the con-
tents and results of the workshop confidentially until the official publication of the
dissertation.

6.3 Phase 2: Assess Phase

This section outlines the assessment of the system using the four steps from Phase I1
of the Z-Inspection® process depicted in Figure . In contrast to the original pro-
cess, Step D, involving the planning of the execution strategy, is addressed first
in Section [6.3.1] reflecting the actual sequence of how the assessment phase was
conducted. This adjustment was made when it became evident that planning the
execution strategy was a prerequisite for the subsequent steps. Section de-
tails Step A, covering the description and analysis of socio-technical scenarios. Sec-
tion [6.3.3] combines the presentation of Step B, identifying ethical issues and ten-
sions, with Step C, mapping them onto ethical values and requirements, showcasing
results from workshops with the team of investigators. After completing steps A-C,
and before initiating the next iteration, the execution strategy can be revised, and
feedback can be incorporated to enhance efficiency in subsequent iterations. In this
dissertation, only one iteration of the assessment phase was undertaken. Based on
the results, initiating another iteration is plausible, particularly if the socio-technical
scenario has been revised based on findings from the initial iteration. Subsequently,
investigators would need to conduct another assessment for the updated system.

6.3.1 Step D: Planning and Execution

The content of this section unfolds in three parts. Initially, the execution approach
from the literature is introduced. This is succeeded by a discussion of the necessity
to adapt it to the boundaries of this assessment. Lastly, the tailored execution
approach is presented.

Execution Approach from the Literature

Previous assessments conducted using the Z-Inspection® process were examined for
planning the conduct of the study, focusing on the recent publication by the de-
velopers and advocates of this process. Allahabadi et al. (2022)) assessed a deep
learning system predicting a multi-regional score for the degree of lung compro-
mise in COVID-19 patients. Their approach employed is summarized in Table [6.2]
outlining the roles responsible for specific actions in each step, the methodologies
employed, and the outcomes derived.

For Step A, an interdisciplinary team engaged with stakeholders, defined as
actors with direct ownership of the Al system’s development and deployment (Al-
lahabadi et al. [2022)). They collaboratively developed socio-technical scenarios in
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multiple online workshop meetings. The number of participants in these meetings
remains unclear.

For Step B, the interdisciplinary team splintered into eight intradisciplinary
working groups, with varying sizes from two to 21 experts. These groups assessed
the system based on their expertise during online workshops and generated prelim-
inary reports, which were shared among the groups to gather feedback and refine
them. Step two concluded with a final report listing identified risks and issues.

In Step C, the intradisciplinary working groups reconvened in multiple online
workshops to map the identified issues onto the four ethical principles and seven
requirements outlined by the High-Level Expert Group of [All Each working group
employed different mapping strategies. An example of such a mapping strategy
described by Allahabadi et al. (2022)) involved creating a list of key issues identified
in the initial meeting, distributing responsibilities for issue descriptions among group
members, and iteratively mapping these issues to ethical pillars and requirements
through discussions across multiple meetings. To consolidate the mappings from
each working group, an interdisciplinary team was formed, comprising one expert
from each working group. Discrepancies between the mappings of the working groups
were identified and attributed to the different backgrounds of the investigators, and
were resolved through group consensus. (Allahabadi et al. 2022)

WHO HOW WHAT
Step A interdisciplinary several online workshop socio-technical scenarios
teams + stake- meetings
holders
Step B intradisciplinary several online workshop each working group pre-
working groups  meetings pared preliminary report
each working group re- feedback on preliminary
viewed the reports of the reports for each working
other working groups group
each working group up- final reports with a list of
dates the reports with identified risks & issues
the feedback from other
working groups
Step C  intradisciplinary several online workshop mapping of issues on
working groups  meetings four ethical principles

interdisciplinary
team

several online workshop
meetings

and seven requirements
for each working group

consolidated mapping of
issues

list of recommendations

Table 6.2: Z-Inspection® execution approach from Allahabadi et al. (2022).
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Need for Adaptation

The execution approach presented in Allahabadi et al. (2022)) reflects a singular as-
sessment phase, while the process diagram from the underlying process by Zicari
et al. (2021) (see Figure suggests an iterative nature. Given the impracticality
of involving 58 investigators like Allahabadi et al. (2022) for every project, especially
in real-world industry applications, a streamlined execution approach is essential for
broader adoption. In this dissertation, with limited resources and voluntary inves-
tigators, a new execution approach for the Z-Inspection® process is derived. This
streamlined version aims to balance thorough assessment within time constraints,
facilitating practical applicability and encouraging assessments even with limited
resources.

Execution Approach in this Dissertation

The author tailored an own execution approach, depicted in Figure inspired by
the methodology outlined by Allahabadi et al. (2022)), but customized to suit the
project’s constraints. This approach streamlined investigator efforts by emphasizing
the identification and evaluation of ethical issues and the proposal of improvement
recommendations. The primary emphasis in this ex-ante assessment is on identifying
ethical issues rather than technical or legal ones, as the latter require specialized
expertise beyond the scope of this dissertation. The workshops were conducted
online to enhance accessibility for the experts, which was the same reason as in
Allahabadi et al. (2022).

Before the online workshop, the socio-technical scenarios were incorporated into
a workshop manual, serving as an introductory document outlining the workshop’s
objectives, the system to be assessed, and the assessment context. Distributed to
investigators beforehand, the manual aimed to familiarize them with the framework,
set expectations for the workshop, and act as an educational resource on less familiar
topics. Al ethics experts gained insights into the indoor-localization system, while
manufacturing experts delved into the ethical principles and trustworthy Al key
requirements relevant to the workshop. The manual also directed interested readers
to relevant literature. Feedback from investigators, sought on the scenarios and for
clarification questions, contributed to continuous improvement of the manual after
each workshop, with subsequent teams receiving an updated version.

Each of the three identical online workshop commenced with a 20-minute intro-
duction featuring participant introductions and a self-assessment of expertise. The
moderator (the author) presented the workshop agenda, emphasizing the recording
and use of results in the author’s dissertation. A recap covered the workshop goal,
framework, socio-technical scenarios, actors, and decision points. Despite repetition
from the workshop manual, feedback indicated that refreshing the content enhanced
understanding. Following this introduction, participants had an opportunity for
questions and additions, particularly regarding the mind map of actors.

The main workshop comprised three parts. The first part, lasting 60-80 min-
utes, focused on identifying ethical issues for the socio-technical scenario. For this
purpose, a table with four columns was prepared on the virtual whiteboard, each
representing one of the four ethical principles, but named oppositely: Disregard
for human autonomy, causing harm (psychological and physical damage to people),
treating people unfairly, and lacking explainability. Participants brainstormed on
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WHO HOW WHAT

before Carina Mieth writing based on the socio-technical scenarios
online author’s research
workshop manual
work-
shops investigators read workshop manual feedback on scenarios
and clarification ques-
tions
for each  Carina Mieth introduction: recap, an- recorded session (au-
of the swering questions, mod- dio & screen recording)
three eration, session recording
identi- interdisciplinary brainstorming and clus- list of identified issues as-
cal ) ) . ) .
online team tering ethical issues signed to the four ethical
cin]
work. principles
shops, each investigator silent work: mapping is- list of issues with four dif-
using sues onto Trustworthy AI ferent assignment sets
three key requirements
Vlri'zual interdisciplinary discussing outliers and mapping of ethical issues
white- . .
team find a consensus for the on 4 ethical principles
boards . .
mapping and 7 requirements
each investigator silent work: brainstorm- list of recommendations
ing on system improve-
ments
after Carina Mieth merge and consolidate consolidated list of eth-
online lists from different ical issues mapped on
work- workshops 4 ethical principles and
shops 7 requirements

consolidated list of rec-
ommendations

each investigator written communication  optional feedback

Table 6.3: Tailored execution approach derived by adapting the execution approach
from Allahabadi et al. (2022).

violations of these principles and recorded ideas on post-its. This was followed by a
group discussion, consolidation, categorization into the four ethical principles, and
addition of ethical tensions to the post-its. Clear categorization was recommended
to avoid overly abstract issues, with encouragement to split abstract issues for better
differentiation.

In the second part of the workshop, lasting between 30 and 45 minutes, the
identified issues were mapped to the seven requirements for operationalization (see
list in Section . The post-its with the issues were copied into a new table,
in which the columns were correctly named with the four ethical principles. The
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seven requirements were placed next to the table on the digital whiteboard and
numbered. Each investigator silently evaluated each issue, attaching a post-it with
the numbers of the key requirements, with a soft constraint of assigning a maximum
of three requirements. While the investigators evaluated, the moderator compared
assignments, marking numbers red that were assigned by only one investigator. In
the following consolidation performed as group discussion, the sole assigners had to
justify their assignment and try to convince others. Requirements were sometimes
accepted in the discussion and added to the set, otherwise deleted. The result at
the end of this part was a set of mapped issues on post-its.

In the third and final part of the workshop, investigators gathered their ideas for
system improvements on the digital whiteboard to eliminate or reduce ethical issues.
Due to tight time constraints, only about 10-20 minutes were available for this part.
Initially, the author intended to discuss the recommendations, but, unfortunately,
this part had to be skipped.

At the conclusion of each workshop, feedback on the process was gathered. The
feedback from the first two workshops was valuable for making minor improvements
to subsequent workshops. The initially planned two-hour duration for the workshop
proved overly optimistic, as each workshop extended beyond that time frame. It
would be advisable to allocate a half-day for the workshop if resources allow. Despite
the time constraints, the execution was successful, as investigators were able to
document and map every identified issue.

After the online workshops, the author consolidated and merged the three lists
of ethical issues from the different workshops as well as the recommendations. The
evaluation can be found in Section Based on these, a next iteration can
be started if implementing the improvement suggestions caused significant changes
to the system behavior and the socio-technical scenario. It is also conceivable to
conduct the next iteration with other experts to obtain a new and unbiased view
of the system’s weak points. An exciting approach is to focus no longer on ethical
issues in the next iteration but on legal or technical issues.

6.3.2 Step A: Socio-Technical Scenario

Step A of the Assess phase, as shown in Figure [6.1] presents the socio-technical
scenario, which consist of a sociological and a technical aspect. The sociological
aspect encompasses the presentation of various actors and their interactions within
the system. On the technical side, the focus is on the system’s decision points and
the data and information used in these processes.

As presented in Section multiple scenarios, ranging from a base scenario
to a future scenario, exist, but evaluating each individually with the Z-Inspection®
process is impractical due to time and workload constraints. Consequently, the as-
sessment zeroes in on the future scenario, where advanced technological integration
is expected to present the most ethical challenges. By evaluating the future scenario,
insights can be leveraged to fine tune the scenario for implementation. Addressing
ethical concerns may entail adjusting the degree of automation or limiting tracking
(see categories in Table to enhance the trustworthiness of the system. The
workshop manual and the introductory segment of the workshop provided investi-
gators with information on the baseline and future scenario, emphasizing that their
assessment should exclusively focus on the future scenario.
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Actors and their Relations

The implementation of the framework and the resulting consequences from design
decisions have a broad impact on various stakeholders. To comprehensively under-
stand the stakeholders involved, a stakeholder map was developed using a mind
map. The initial map created by the author served as a brainstorming tool during
the workshops, allowing investigators to contribute and identify any missing stake-
holders on the shared virtual whiteboard. The stakeholder map that resulted from
the workshops can be found in Appendix [A] The author organized the stakeholders
into distinct groups, presented in Figure and detailed here:

o Manufacturing company that deploys system (gray box in Figure :

— People with more power: Individuals higher up in the hierarchy, such as
forepersons, team leaders, and managers, who primarily use the system’s
results for evaluating others with less power. They typically have greater
access to the system’s outputs and information.

— People with less power: Individuals at the lower end of the hierarchy,
subject to evaluation based on the system’s outputs. They often have
limited decision-making power and may hold precarious job positions,
including workforce in plants, temporary workers, and external workers
in the supply chain.

— Other internal stakeholders: Divided into those involved in system imple-
mentation (e.g., I'T department, I'T security, legal department for General
Data Protection Regulation (GDPRI) compliance, and purchasing depart-
ment) and those protecting the rights of individuals with less power (e.g.,
works council and social responsibility team).

o Public, media, and politics: Refers to individuals and entities in the outer
sphere not directly affected by the system. Their opinions on the current
system may influence future use. Examples include local communities, news-
papers, influencers, courts, and governments.

o Customers: Individuals from the customers of the manufacturing company
deploying the system.

o Company developing the system: Individuals from the company that develops
the system, including management, project leads, and developers.

o External auditors: Individuals or entities assessing the company developing
the system and the manufacturing company deploying the system. Examples
include certification authorities and third-party investigators.

The numbered arrows in Figure delineate specific interactions among actors
within the socio-technical system. The first arrow (1) signifies hierarchical relation-
ships within the manufacturing company, representing the evaluation of employee
performance by higher-ups. The second arrow (2) denotes interactions essential for
system implementation and operation, often initiated by management, with the pur-
chasing department seeking offers from system-developing companies (6). Criteria
such as data protection and IT security, crucial for consultation with the developing
company, factor into the selection process (6). The works council, ensuring workforce
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Figure 6.2: Stakeholder map providing an overview of affected actors in the ecosys-
tem. The numbering of the arrows is used in the text to specify the interactions.

interests, participates in the roll out and gathers concerns of individuals with less
power (3). External audits by a third party may be conducted on both the manufac-
turing company deploying the system and the company developing the system (7,8).
Corporate social responsibility standards imposed by the manufacturing company’s
customers can influence system use (5). Conversely, customers receiving products
produced with the system are impacted by the system’s decisions regarding order
fulfillment. Finally, an outer sphere of stakeholders, including the general public,
media, and politics, indirectly influences system use (4). Notably, this overview is
applicable to all scenarios.

Decision-making

Following the description of actors in the socio-technical system, the focus shifts
to decision-making. The decision points within the evaluated system are the gray
starting points of the dashed arrows in Figure All instances where decisions are
made automatically by or with the assistance of the system will be considered in
the assessment. As depicted in Figure decisions can be based on:

e Processed and harmonized data

e Methods from descriptive statistics: measures of central tendency (e.g., mean,
mode, median), measures of variability (e.g., range, variance, dispersion), etc.

« Machine learning methods: unsupervised techniques (clustering, association,
anomaly detection), supervised techniques (linear/logistic regression, decision
trees, neural networks, Reinforcement Learning (RLI)), etc.

o Simulation experiments and respective analyses for determining Key Perfo-
mance Indicators (KPIE).

Note that statistical methods or machine learning may be used for data harmo-
nization, e.g., as presented by Nessa et al. (2020). The rectangle representing data
harmonization corresponds to the blue IPS layer in the framework from Figure [5.2]
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Figure 6.3: Overview of decision points (gray) within the evaluated system. Dashed
arrows represent decisions closing the data-information loops, while black arrows
illustrate the flow of data.

6.3.3 Step B and C: Identification of Ethical Issues and
Mapping

In Steps B and C of the Asess phase (see Figure , ethical issues were examined
within three identical workshops, focusing exclusively on ethical concerns and omit-
ting legal and technical considerations. A total of 40 ethical issues were identified
and categorized into four ethical principles, mapped subsequently to the seven re-
quirements for trustworthy AI. The breakdown per workshop and ethical principle

is detailed in Table [6.4]

Ethical principle 1 II III IV Double assigned Sum
Workshop1l 4 6 3 4 3 14
Workshop2 4 4 3 3 4 10
Workshop 3 4 7 7 4 6 16

Issues 12 17 13 11 - 40
Issue cluster 3 5 4 3 - 15

Table 6.4: Analysis of ethical issues across workshops: identification and mapping
on ethical principles: Respect for human autonomy (I), Prevention of harm (II),
Fairness (III), Explainability (IV). Ethical issues were double-assigned 13 times.
Ethical issues from the workshops were consolidated by the author into 15 clusters.

The original issue descriptions from the workshops with the assigned tension,
ethical principle, and trustworthy AI key requirements can be found in Appendix [B]
To enhance traceability, the person voting for an Al key requirement is indicated in
parentheses after the mapped requirements. The issues are categorized by ethical
principles, and if an issue is assigned to two ethical principles, it is listed under the
one deemed most relevant by the author to prevent duplication. A comprehensive
overview of ethical tensions, which arise when two ethical principles conflict, can be
found with examples in Whittlestone et al. (2019} p.20).
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Clusters were created based on similar issues to present them more coherently
in the following. While different workshops identified similar issues, they often em-
phasized different nuances. Clustering on a digital whiteboard was performed by
the author using a copy of the post-its from the workshops. Each cluster includes
information on the assigned issues, ethical principles, dominant tensions, and pri-
mary trustworthy Al key requirements. The dominant tension and trustworthy Al
key requirements are usually the most frequently named ones from the individual
issues. Occasionally, deviations are noted, particularly when a clear consensus is
lacking between workshops. A total of 40 ethical issues from the workshops were
consolidated by the author into 15 clusters. These clusters will be presented in the
following four sections, each corresponding to one of the four ethical principles.

Issue clusters regarding ethical principle respect for human autonomy

For the ethical principle respect for human autonomy, the investigators identified 12
issues in the workshops, and three clusters were created by the author.

Cluster [I] - Limitation of decision making - addresses shared concerns from all
three workshops regarding the complete automation of decisions by the system,
devoid of human involvement. Decision-making constraints were criticized for lim-
iting employees’ options and potentially causing issues, especially in emergencies.
The system’s takeover of decision-making authority from previous decision-makers,
particularly in middle management, raised concerns regarding processes. Criticisms
also extended to the limited decision-making of workers on the shop floor, impacting
their autonomy and ability to independently structure their work. This limitation,
coupled with the potential lack of comprehensibility of the system’s decisions, could
make employees feel patronized, affecting their self-efficacy.

Ethical Issue Cluster 1: Limitation of decision making

Ethical Issues: [1] 2] 3] 8] [LT]

Ethical Principle: Respect for human autonomy

Dominant Tensions: Autonomy vs. efficiency

Dominant Trustworthy AI Key Requirements: Human agency and oversight;
Accountability;

Cluster [2] - Against the will, self-assessment or personal preference - highlights
concerns about automated, data-driven decisions by the system restricting individu-
als” options and potentially conflicting with their preferred courses of action. Strict
system constraints limit the autonomy of individuals to plan their work indepen-
dently, sometimes leading to tasks being assigned against their will. This restriction
can impact work performance, especially when disliked tasks are performed reluc-
tantly. There is also a risk of assigning tasks that individuals may not be physically
able to perform, leading to psychological or physical stress (ergonomics problems),
detailed in Cluster [6] The common thread in this issue cluster is the deprivation of
employee autonomy in making independent decisions about their activities. The ef-
ficiency of system decisions takes precedence over individual autonomy, particularly
problematic in the system or simulation, where modeling simplifies reality and omits
personal preferences and characteristics of individuals. The tension satisfaction of
preferences versus equality was added to this cluster by the author.
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Ethical Issue Cluster 2: Against the will, self-assessment, or personal preference
Ethical Issues: [4] [ [10]

Ethical Principle: Respect for human autonomy

Dominant Tensions: Autonomy vs. efficiency, Satisfaction of preferences vs.
equality

Dominant Trustworthy AI Key Requirements: Human agency and oversight;

Cluster 3| - Transparent employee - centers around critical considerations of the
compromise of employee privacy to enhance system functionality. The investigators
express concerns about the system’s perpetual tracking of individuals, leaving no
room for employees to conceal their movements. The resulting transparency of all
employee activities and behaviors is viewed as a potential avenue for close control,
with individuals having insight into data evaluation possibly tempted to enforce
punitive measures for perceived misconduct. Additionally, the cluster highlights the
identified issue of "datafication of human performance,” (see Issue [7)) emphasizing
continuous employee tracking as the foundation for efficiency monitoring, compar-
isons, and the establishment of ambitious, and at times, unrealistic performance tar-
gets. This cluster sheds light on the delicate balance between system optimization
and the preservation of individual privacy, raising ethical considerations surrounding
constant surveillance in the workplace.

Ethical Issue Cluster 3: Transparent employee

Ethical Issues: [f] [6[i),

Ethical Principle: Respect for human autonomy

Dominant Tensions: Privacy vs. quality of service

Dominant Trustworthy AI Key Requirements: Privacy and data governance;
Human agency and oversight;

Issue clusters regarding ethical principle prevention of harm

Under the ethical principle of prevention of harm, the investigators identified 17
issues, leading to the formation of five clusters. Notably, two of them, Cluster [7| -
Technophobia, and Cluster |8 - Risk of cyber attacks, each contain only one issue.

Cluster 4| - Harm caused by surveillance - consists of two ethical issues, empha-
sizing the potential detrimental effects of continuous employee surveillance. The
dominant tension identified in both issues revolves around the delicate balance be-
tween privacy and efficiency, reflecting the ethical dilemma of leveraging surveillance
for operational optimization while safeguarding individual privacy. The key require-
ment central to this cluster is societal and environmental well-being, underscoring
the broader impact of surveillance practices on both individuals and the overall so-
cial fabric. The investigators express concerns about the potential psychological and
emotional toll on employees subjected to constant monitoring, highlighting concerns
about stress, pressure, mental well-being, and the risk of reduced cognitive abilities
leading to accidents over time.
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Ethical Issue Cluster 4: Harm caused by surveillance

Ethical Issues: [13] [17] (i)

Ethical Principle: Prevention of harm

Dominant Tensions: Privacy vs. efficiency

Dominant Trustworthy AI Key Requirements: Societal and environmental
well-being; Privacy and data governance;

Cluster [5]- Pressure to perform - delves into the psychological impact of sustained
performance pressure on individuals within the system. The automated decisions
and targets derived from the simulation maintain a high pace of work to ensure
efficiency in the production system. Individuals are constantly challenged to meet
these targets, engaging in an ongoing competition with their own past performance
metrics, and those of their colleagues. Over time, the sustained stress and perfor-
mance pressure may lead to burnout or depression, as highlighted by investigators
in Workshop 3. The perception of the "algorithm as a ruler' or self-reinforcing ef-
fects in the system can further intensify the pace of work, contributing to workers’
discomfort.

Ethical Issue Cluster 5: Pressure to perform

Ethical Issues: [I4] [16] [I§]

Ethical Principle: Prevention of harm

Dominant Tensions: Efficiency vs. Safety & Health

Dominant Trustworthy AI Key Requirements: Societal and environmental
well-being; Human agency and oversight;

Cluster [6]- Damage due to excessive or wrong demands - comprises three issues,
all featuring the tension between safety and efficiency. The key requirements across
all three issues are human agency and oversight and societal and environmental
well-being. Additionally, diversity, non-discrimination, and fairness is listed by the
author, particularly relevant in considering individual differences to prevent over-
strain. Moreover, frequent changes in work content by the system for optimization
purposes may overwhelm individuals, leading to potential mistakes due to inatten-
tiveness. Prolonged excessive demands create pressure that can result in burnout,
depression, or even physical accidents caused by lapses in attention. There is also
the risk of individuals not using the system as intended (e.g., removing a tracking
device), heightening the potential for accidents and personal injuries.

Ethical Issue Cluster 6: Damage due to excessive or wrong demands

Ethical Issues: [15] [17] (ii),

Ethical Principle: Prevention of harm

Dominant Tensions: Safety vs. efficiency

Dominant Trustworthy AI Key Requirements: Human agency and oversight;
Societal and environmental well-being; Diversity, non-discrimination and fairness;
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Cluster [7] - Technophobia - is a pseudo-cluster, as it consists of only one issue
that did not fit well enough with any other cluster. It directly inherits the tension
efficiency versus health named in the issue and the dominant requirement societal
and environmental well-being. The investigators consider the fears people may have
of technology, specifically the radiation from the In the vast majority of global
markets, are only approved if they comply with strict radiation limits that
are below the level that could be harmful to humans. The damage that could be
caused to people is only psychological, namely if there is an anxiety disorder against
radiation or technophobia.

Ethical Issue Cluster 7: Technophobia

Ethical Issues:

Ethical Principle: Prevention of harm

Dominant Tensions: Efficiency vs. health

Dominant Trustworthy AI Key Requirements: Societal and environmental
well-being;

Cluster [8| - Risk of cyber attacks - is another pseudo-cluster. It directly inherits
the tension efficiency versus safety named in the issue, as well as the two require-
ments technical robustness and safety and privacy and data governance that all
investigators agreed upon. At first glance, this is a technical, not an ethical, issue.
However, the investigators see an existing risk that sensitive information about the
employees could be stolen during a cyber attack, which could cause them anything
from discomfort to psychological damage. If the attackers gain access to systems
and machines, this could cause personal injuries if the equipment becomes a safety
risk.

Ethical Issue Cluster 8: Risk of cyber attacks

Ethical Issues:

Ethical Principle: Prevention of harm

Dominant Tensions: Efficiency vs. safety

Dominant Trustworthy AI Key Requirements: Technical robustness and
safety; Privacy and data governance;

Issue clusters regarding ethical principle fairness

For the ethical principle fairness, the investigators identified 13 issues in the work-
shops, and four clusters were created by the author.

Within Cluster [9] - Discrimination based on performance - investigators express
concern regarding the need to appropriately address the individuality of actors in the
system. As highlighted in Issue [26] this could involve differences in individual skill
levels, health, physical limitations, or language. Models abstract reality and may
not fully capture employees in all their facets, leading to a work process design that
disproportionately favors the majority (Issue . This implies that the system favors
individual workers based on certain criteria, such as quality, age, or speed, thereby
disadvantaging other workers (Issue . Investigators also perceive a problem with
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the potential misuse of the system to measure performance, such as by collecting
individual [KPIk on productivity (Issues and . In the discussion of Issue ,
Anna asserted that there is no tension because it is fundamentally wrong to use such
systems to monitor human performance, especially in cases of power asymmetry. Her
statement resonated with other investigators from that group.

Ethical Issue Cluster 9: Discrimination based on performance

Ethical Issues: 21} 22 26} 27] 29

Ethical Principle: Fairness

Dominant Tensions: Personalisation vs. solidarity, Efficiency vs. equality
Dominant Trustworthy AI Key Requirements: Diversity, non-discrimination
and fairness; Human agency and oversight; Transparency; Societal and environmen-
tal well-being;

In this Cluster - Fairness in decision-making, the tension between accuracy
and fairness arises as the system may produce precise decisions that systematically
disadvantage certain individuals. Another crucial tension emerges between individ-
uality and equality, prompting the system to navigate between addressing individual
needs and ensuring equal treatment. Investigators illustrate this dilemma through
considerations of workload distribution, which may not always be equitable. For
instance, one might argue that older individuals should not be assigned physically
demanding tasks or that younger individuals should not handle complex assem-
bly tasks. Such decisions may reflect an unequal allocation of work that accounts
for individual characteristics. Additionally, the issue of bias in data poses a signifi-
cant concern. Investigators highlight that unbalanced data can introduce biases into
decision-making processes, underscoring the importance of identifying and rectifying
such issues within the system.

Ethical Issue Cluster 10: Fairness in decision-making

Ethical Issues: 23] 2§

Ethical Principle: Fairness

Dominant Tensions: Accuracy vs. fairness; Individuality vs. equality
Dominant Trustworthy AI Key Requirements: Societal and environmental
well-being; Diversity, non-discrimination and fairness; Human agency and oversight;
Technical robustness and safety;

Cluster |11} delves into the delicate balance between safety and human autonomy
within the system. While prioritizing workplace safety, the system often imposes
limitations on personal autonomy. Additionally, the cluster introduces the tension of
accuracy versus fairness, noting that heightened monitoring accuracy may inadver-
tently expose workers to unfair judgments or reprisals in case of errors. Investigators
emphasize a significant concern regarding situations where an employee’s account
contradicts the data’s portrayal. They underscore the importance of ensuring that
data-supported allegations of misconduct do not automatically lead to punitive mea-
sures, especially when doubts persist regarding data accuracy.
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Ethical Issue Cluster 11: Fairness in case of mistakes

Ethical Issues: [24] [6[ii)

Ethical Principle: Fairness

Dominant Tensions: Safety vs. human autonomy; accuracy vs. fairness
Dominant Trustworthy AI Key Requirements: Human agency and oversight;
Privacy and data governance; Diversity, non-discrimination and fairness;

The final cluster under the ethical principle of fairness, Cluster explores the
equitable treatment of different groups within the system. This cluster addresses
scenarios where disparities between groups may arise, leading to mistreatment or
advantages for one group over another. Investigators cite instances across various
contexts, including on the shop floor (Issue , among customers (Issue , and
within different hierarchical levels of the company (Issue . For example, they
highlight cases where unfair actions are instigated by certain groups, such as ma-
nipulating the system to allocate more favorable work conditions to one shift over
another. Additionally, the system’s bias towards specific customers or groups may re-
sult in preferential treatment, sometimes unintentionally and without transparency.
Lastly, differential access to data among individuals in the system could exacerbate
power imbalances, potentially reinforcing the authority of those with greater access.

Ethical Issue Cluster 12: Fairness of different groups among each other
Ethical Issues: [25]

Ethical Principle: Fairness

Dominant Tensions: Efficiency vs. solidarity

Dominant Trustworthy Al Key Requirements: Accountability; Transparency;
Diversity, non-discrimination and fairness;

Issue clusters regarding ethical principle explainability

For the ethical principle explainability, the investigators identified 11 issues in the
workshops, and three clusters were created by the author.

Cluster [13] - Lack of acceptance - consists of four ethical issues. Three issues
originated from Workshop 1, in which the investigators distinguished between lack
of acceptance due to lack of transparency at the system level (Issue , about how
decisions are made (Issue [34)), and about what data are collected (Issue [35). Dur-
ing Workshop 2, investigators emphasized that a lack of transparency in decisions,
especially in task assignments and procedural guidelines, could result in diminished
system adoption rates. They stressed the importance of regularly sharing analysis
results of worker data with employees to ensure informational justice (Issue [38]).
The identified tensions in this context revolve around transparency versus privacy
and accuracy versus explainability. Enhancing transparency may require a deeper
exploration of data to comprehend decision-making, but this raises privacy concerns
for individuals whose data is scrutinized. The second tension highlights the chal-
lenge that more accurate algorithms may sacrifice transparency in decision-making.
Notably, [RI] a component mentioned to be used in the overall system, operates as
a black box, lacking the capacity for comprehensive explanations.
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Ethical Issue Cluster 13: Lack of acceptance

Ethical Issues: [33] [34] 35] 38

Ethical Principle: Explainability

Dominant Tensions: Transparency vs. privacy; accuracy vs. explainability;
Dominant Trustworthy AI Key Requirements: Transparency; Privacy and
data governance;

In Cluster [14] - Poor comprehensibility - three ethical issues are addressed. The
prevailing tension across all three issues is accuracy versus explainability. As sys-
tems and algorithms grow in complexity, explaining and understanding their de-
cisions becomes increasingly challenging. Investigators underscore the necessity of
accountability (Issue , highlighting the dilemma of individuals bearing responsi-
bility for decisions they cannot make or understand themselves. Particularly in the
case of complex simulations and if [RI]is used, decision-making processes lack trans-
parency to humans, a point of critique raised by the investigators. They emphasize
the difficulty of identifying causes in cases of deviations from standard processes or
errors.

Ethical Issue Cluster 14: Poor comprehensibility

Ethical Issues: [(32] [37]

Ethical Principle: Explainability

Dominant Tensions: Accuracy vs. explainability

Dominant Trustworthy AI Key Requirements: Transparency; Accountability;

Cluster [15] - Hidden Behavior Manipulation encompasses two issues highlighting
the imperative of preventing errors in the system and ensuring adequate data for
model training to avoid undesirable system behavior that lacks explanation. For
instance, workers aware of monitoring may purposefully reduce their work pace to
influence the system into assigning them less work.

Ethical Issue Cluster 15: Unnatural behavior change or manipulation difficult
to detect

Ethical Issues: [36] [40]

Ethical Principle: Explainability

Dominant Tensions: Accuracy vs. explainability.

Dominant Trustworthy AI Key Requirements: Technical robustness and
safety;

In this section, we have presented 15 issue clusters derived from the identified
ethical issues in the three workshops and their corresponding mappings (see Ap-
pendix [B| for complete list). With the assessment phase concluded, the next step is
the resolve phase.
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6.4 Phase 3: Resolve Phase

This section presents the Resolve phase of the project, wherein the steps outlined
in Phase III in Figure of the Z-Inspection® process are performed. It includes
an analysis of ethical tensions (Section , approaches to resolve them (Sec-
tion , and recommendations for improvement (Section .

6.4.1 Analyze Ethical Tensions

The aim of this section is to furnish an overview of the identified ethical tensions
to be able to mitigate them during the system’s development. Figure depicts
all tensions delineated in the workshops. Following the guidance from (Zicari et al.
2021)), the instruction in the workshops was that a tension may occur, emphasizing
that it is not obligatory. In the graph, nodes represent ethical values, while edges
illustrate tensions. The number of mentions is indicated on the edges, with vary-
ing thicknesses denoting frequency. Nodes are shaded according to the degree of
incoming edges, aiding in visual comprehension. The graph reveals three dominant
ethical tensions, discernible by the thickest edges. These dominant tensions will be
discussed in the following.
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Figure 6.4: Overview of the identified tensions. The thickness of the edges corre-
sponds to the frequency of mention. The shade of the node was set based on the
number of incoming edge weights (white < 3, light gray 4 — 6, dark gray 7 — 9,
black > 10).

1

Efficiency versus safety emerges prominently, occurring seven times across vari-
ous issues (Issues , , and . Six of these issues were attributed to the
ethical principle of prevention of harm. This underscores the frequent observation
by investigators regarding the potential conflict between production efficiency and
employee safety. It underscores the importance of prioritizing technical robustness
and safety as a key requirement in system development to safeguard employees.
Consequently, five of the issues involving the tension between efficiency and safety
were also associated with this requirement. During system development, all de-
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cisions should be contextualized within a safety framework, with critical decisions
receiving heightened human oversight. Moreover, the tracking process must not pose
any hazards, ensuring compliance with all relevant safety standards, such as those
pertaining to radiation levels. Consideration should also be given to psychological
integrity to mitigate potential safety risks.

Efficiency versus autonomy was mentioned in six issues (Issues , , , |§|,
and , all aligned with the ethical principle of respect for human autonomy. The
system described in the socio-technical scenario assumes full control over decision-
making, significantly restricting individual autonomy primarily for efficiency gains.
During system implementation, it is crucial to assess the impact of curtailing human
autonomy on efficiency. While the assumption of increased efficiency with more au-
tomated decisions is not absolute, empirical studies and data analysis are imperative
to quantify efficiency gains against autonomy restrictions. Transparent communi-
cation of these findings fosters understanding among stakeholders. Where human
decision-making proves superior, autonomy should be retained, unless otherwise
preferred by the individual. Balancing this tension during implementation poses
challenges, necessitating further investigation, such as interviews with stakeholders,
to delineate areas where autonomy transfer to the system is perceived negatively
or positively. Unsurprisingly, human agency and oversight were identified as key
requirements across all six issues.

Accuracy versus explainability emerged as a dominant tension in six issues (Is-
sues , and , which align with the ethical principle of explainability, with
transparency identified as a key requirement. The adoption of advanced techniques
like simulation and [RI] enhances system accuracy but complicates understanding
and traceability of automated decisions due to increased complexity. To address
the lack of explainability, it is crucial during implementation to ensure transparency
and design the system in a manner that elucidates decision-making processes. Clear
definition of responsibilities is also paramount, reflected in the emphasis on account-
ability. Comparing methods based on accuracy and transparency aids in resolving
this tension. Development efforts should prioritize achieving a balance between
complexity and accuracy requirements, ensuring compliance with legally mandated
traceability standards for automated decisions. Stakeholder involvement is essen-
tial to discern which decisions necessitate understanding, guiding the allocation of
resources towards enhancing explainability without compromising accuracy.

The three dominant tensions identified can be attributed to the ethical principles
of prevention of harm, human autonomy, and explainability. However, there is no
dominant tension associated with the ethical principle of fairness, which is inher-
ently multi-dimensional and requires consideration from various perspectives during
system implementation. A total of five issues were not assigned any tension. This
occurred, for instance, with Issue [22| because the investigators collectively deemed
the identified issue as fundamentally wrong. For Issue[2] the tension of efficiency ver-
sus autonomy could have been chosen, given its prominence as one of the top three
tensions in the system. Similarly, transparency versus accuracy seems appropriate
for Issue as decisions require high accuracy, leading to a more intricate system
that may compromise transparency. Despite the absence of tensions for Issue[33[and
Issue [24] they still require attention in the system’s development.Particular empha-
sis should be placed on ethical values frequently mentioned, depicted in black and
dark gray in Figure [6.4]
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6.4.2 Address Ethical Tensions

The previous analysis provides initial insights into which ethical tensions should
be addressed while updating the socio-technical scenario outlined in Table 5.2l To
mitigate tensions such as efficiency versus autonomy and efficiency versus privacy,
adjustments to the tracking approach are necessary, limiting tracking to what is
essential and legally permissible.

Concerning the data analysis category from Table [5.2] prioritizing the automa-
tion of deriving simulation inputs and generating simulation models is feasible. How-
ever, it is crucial to ensure fairness in algorithmic decisions and address any biases
in the data to prevent discrimination during the development of analytical methods.
Involving affected individuals in the development process can enhance acceptance
and understanding. Additionally, emphasizing transparency and traceability in sim-
ulation development helps alleviate tensions between accuracy and explainability.

The tension between efficiency versus autonomy can be positively influenced
via the decision-making category of the socio-technical scenarios, by transitioning
from fully automated decisions to human-involved decision support. Stakeholder
involvement during the implementation is key to determining which decisions are
suitable for system automation (e.g., tedious routine tasks) and which should remain
under human control (e.g., safety-critical tasks). Providing users with control over
their autonomy level within the system through customization can also enhance
acceptance and self-efficacy. This approach may involve sacrificing efficiency to
uphold human autonomy. Demonstrating the impact of user preferences on safety
can help balance the tensions of efficiency versus safety.

Lastly, deliberate decision-making to address ethical tensions and comprehen-
sive documentation of trade-offs are essential for improving transparency and ac-
countability throughout the development and implementation process. Next, the
workshop’s recommendations for further resolving ethical tensions will be examined,
providing a more comprehensive overview of the required adjustments.

6.4.3 Recommendations from the Workshops

At the end of each workshop, the investigators were asked for suggestions for im-
provement of the framework in the assessed future socio-technical scenario. They
were allowed to attach these to the digital whiteboard. There was also the possibility
of adding further ideas and recommendations after the workshop. The questioning
of the improvement suggestions took place without giving a predefined structure.

In the first workshop, there were 21 suggestions for improvement; in the sec-
ond workshop, 17; and in the third workshop, eight. Later, all 46 suggestions for
improvement were put onto a digital whiteboard, and the author started grouping
them. This yielded 19 groups. While grouping, it was noticed that it comes natu-
rally to structure the groups along the trustworthy Al key requirements, which also
became the structure of this section. The included recommendations are linked for
each group and can be found in their original version in Appendix [C| Whenever the
author added a personal recommendation to a group, this is indicated with a (C).
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Recommendations for Human Agency and Oversight

There are two groups of recommendations for human agency and oversight which
are Group [1|- Human in the loop, and Group [2[- Develop a decision support system.
These two groups contain seven out of 46 recommendations (15,2 %) which is close
to one-seventh (14.3 %).

Group of Recommendations 1 (Human in the loop): Humans should have
the ability to rate, ignore, and overrule decisions made by the system (C). This
functionality enables workers to report errors to the system (Rl and provide
feedback for system adaptation and optimization ( and . The inclusion
of an override option ( is crucial, allowing humans to deliberately ignore the
system’s decision.

Included Recommendations: [1] [3, 22] 23]

Group of Recommendations 2 (Develop a decision support system): The pro-
posed solution involves transitioning from the current automated decision system,
which heavily restricts human decision-making, to the development of a decision
support system (R41)). In this new system, decision-making authority should re-
main with humans (R40)), even in critical scenarios (R41). The system will pro-
vide decision-makers with recommendations, upon which they will base their deci-
sions (RI39).

Included Recommendations: [39] [40]

Recommendations for Technical Robustness and Safety

There are two groups of recommendations for technical robustness and safety which
are Group |3 - Ensure robustness of simulation, and Group {4 - Risk assessment.
These contain three out of 46 recommendations which are only 6,5 % of the overall
recommendations.

Group of Recommendations 3 (Ensure robustness of simulation): It is essential
to implement technical measures to prevent simulations from merely confirming
existing assumptions ( Additionally, having fallback solutions in place for
special situations where the system might respond incorrectly is necessary (R27)).

Included Recommendations: [27]

Group of Recommendations 4 (Risk assessment): Components of the system
that impact safety-related aspects need to undergo thorough risk assessments to eval-
uate the potential for causing harm. Anticipating future legislative requirements,
such as mandatory risk assessments for products incorporating [All for security pur-
poses, is essential (R46)).

Included Recommendations: 46
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Recommendations for Privacy and Data Governance

There are four groups of recommendations for privacy and data governance which
are Group [5] - Involve a data trustee, Group [6] - Privacy by preference, Group [7] -
Data governance, and Group [§|- Handling of sensitive data. These contain eight out
of 46 recommendations (17,4 %) which is still close to one-seventh (14.3 %).

Group of Recommendations 5 (Involve a data trustee): Partner with a data
trustee (R20] to safeguard personal data (R{42)), potentially serving as a
catalyst for revising the underlying business model (R42)).

Included Recommendations: 20} [42]

Group of Recommendations 6 (Privacy by preference): Implement a feature
in the localization system trackers that enables individuals to toggle localization
on and off ( Allow employees to personalize their data privacy settings, such
as when generating personal work instructions ( Monitor the utilization of
privacy preference features to gauge system acceptance (Ri32)).

Included Recommendations: [32]

Group of Recommendations 7 (Data governance): Develop data governance
frameworks that adhere to legal standards such as the and industry best
practices (C). This involves clearly delineating roles and permissions for system
interaction (R{35)). Define data handling and processing procedures comprehensively,
ensuring all employees are well-informed (R[17)).

Included Recommendations: [I7]

Group of Recommendations 8 (Handling of sensitive data): Yahel raised the
question of whether any personal data should be collected at all ( Article 6
of the GDPR stipulates that the processing of personal data is typically prohibited
unless expressly permitted by law or with the consent of the data subjectlﬂ. When
consent is given, it is essential to implement technical and organizational measures
to prevent unauthorized access to the data (C). Furthermore, the possibility of
anonymizing the data should be explored (R{19)).

Included Recommendations: [19]

Recommendations for Transparency

There are five groups of recommendations for transparency which are Group [9]- Data
transparency, Group [10]- Ensure explainablity of the Al system, Group [11]- Ensure
explainability of the simulation, Group [12]- Ensure explainability of automated de-
cisions, and Group [13|- Transparent communication. These contain twelve out of 46
recommendations (26,1 %), the biggest share amongst all key requirements. It was
important to the investigators that the system is transparent and explainable. Lat-
ter refers to the ability to understand and articulate the reasoning behind decisions
or behaviors in a clear and comprehensible manner, reflected in Group [10] and

https://gdpr-info.eu/issues/consent/
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Group of Recommendations 9 (Data transparency): The system must ensure
transparency regarding the collected data and how it is stored and processed. It
should tailor the presentation of data to the specific needs of the target audi-
ence (, such as providing tracked individuals with access to and understanding
of their data (RI18). The data foundation for a particular decision must be easily
accessible ( Accessibility serves as a prerequisite for decision explainability,
which is further elaborated in the following Groups [I0} [I1], and [I2]

Included Recommendations: [18] [36]

Group of Recommendations 10 (Ensure explainability of the AI system):
Decisions made by the systems should be explainable to ensure understanding
and foster trust in the system ( It is important that the influencing factors
contributing to these decisions are known and communicated transparently (R[12)).
Included Recommendations: [12] [37]

Group of Recommendations 11 (Ensure explainability of the simulation):
Ensuring accessibility of the simulation model for various groups of people is
essential (R[13), and employing visualization techniques can facilitate this accessi-

bility (RT4).
Included Recommendations: [I3]

Group of Recommendations 12 (Ensure explainability of automated decisions):
Charleen highlights the right to explanation enshrined in the [TDPR] which guar-
antees individuals the right to receive an explanation when automated decisions are
made about them ( Additionally, automated decisions made by the system
necessitate a data protection impact assessment to identify and evaluate all risks
associated with data processing (R45)).

Included Recommendations: [14]

Group of Recommendations 13 (Transparent communication): Anna suggests
initiating a project blog to facilitate communication about the project ( Fur-
thermore, it is recommended to transparently present the benefits of the sys-
tem (R[L6) and communicate the associated financial efficiency gains (R[L5)).
Included Recommendations: [15] [16] [2]]

Recommendations for Diversity, Non-Discrimination, and Fairness

There are three groups of recommendations for diversity, non-discrimination and
fairness which are Group - Work interdisciplinary, Group - Create trust-
worthy organizational structures, and Group [16] - Actively involve affected people.
These recommendations constitute nine out of 46 recommendations (19.6%), which
is higher than the expected distribution if recommendations were evenly distributed
(one-seventh, or 14.3%). This suggests that the investigators place significant im-
portance on ensuring that the system meets this key requirement.
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Group of Recommendations 14 (Work interdisciplinary): The development of
the system should involve an interdisciplinary team (7 comprising experts in
ethics, technology, law, and other relevant fields ( Collaboration with workers
is essential, as jointly developed solutions (co-creation) are likely to be more widely
accepted ( The development team should not work in isolation but actively

engage with the workers (R29, Ri43).
Included Recommendations: 28] [29] [43]

Group of Recommendations 15 (Create trustworthy organizational structures):
An employee representative body, such as a works council, should be actively
involved in the integration and use of the system and granted the necessary
rights (R@ This body serves as a point of contact for employees who have concerns
about the system or need to report issues (Ri24). Particularly during the system’s
introduction, trusted individuals should be designated in the affected areas to
facilitate easy communication and discussion (R[10]).

Included Recommendations: [9] [10]

Group of Recommendations 16 (Actively involve affected people): Employees
should be actively involved in the development, implementation, and operation of
the system (C). This can be achieved through information events, the appointment
of contact persons, and clear communication emphasizing the importance of their
concerns and ensuring that their worries are taken seriously ( Additionally,
processes should be established to allow employees to provide suggestions for im-
provement, feedback, and concerns anonymously (RS)). Establishing a stakeholder
association based on the principle of "nothing about us without us" (Anna) is an-
other effective measure for involving affected employees (R7)).

Included Recommendations: [7] [§] [L]]

Recommendations for Societal and Environmental Well-being

There are three groups of recommendations for societal and environmental well-
being which are Group [I7]- Ethics by design, Group [1§]- Keeping an eye on people’s
well-being, and Group [19|- Limit the speed of change. These contain seven out of 46
recommendations (15,2 %) which is close to one-seventh (14.3 %).

Group of Recommendations 17 (Ethics by design): Ethical principles should
be integrated into the system’s development process from the outset (R[31]). Before
deploying the system, a deliberate assessment should be conducted, weighing the
potential negative aspects like autonomy restrictions, residual risks of harm, unequal
treatment of employees, and lack of transparency in complex systems, against the
positive aspects such as enhancing competitiveness and job security through more
efficient processes (R31)).

Included Recommendations: [6]
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Group of Recommendations 18 (Keeping an eye on people’s well-being):
Implementing a learning phase that familiarizes new employees with the system
through diverse everyday scenarios can prevent overwhelming them ( Addi-
tionally, considering the workforce’s well-being by monitoring employees’ health
with the system can be instrumental in long-term target planning (Ri)).

Included Recommendations: [2] [5]

Group of Recommendations 19 (Limit the speed of change): Establishing guide-
lines for the maximum rate of change that the system can introduce in processes is
essential, particularly in areas like work instructions that directly affect humans (R
and . Additionally, the [RI] policy should consider human adaptability lim-

its (R4)).
Included Recommendations: [4] 25

Recommendations for Accountability

The investigators did not propose any improvement suggestions directly addressing
the ethical principle of accountability. While Recommendation Group [2| does touch
upon aspects related to decision-making, it primarily focuses on the allocation of
decision-making authority rather than on accountability itself. However, critical
questions arise regarding accountability in the event of erroneous system outputs.
Should a human be held responsible for decisions based on incorrect system outputs?
Is the system manufacturer liable for inaccurate predictions, or does the responsi-
bility lie with the company utilizing the system? These questions underscore the
importance of establishing accountability frameworks proactively, particularly in
anticipation of potential mishaps. Veronika’s Recommendation |35 which suggests
specifying user group interactions, could be expanded to incorporate accountability
considerations. Clear communication of accountability roles is crucial for ensuring
transparency and responsibility in decision-making processes.

Legal uncertainties regarding liability for unforeseeable damage caused by
systems make it challenging to discuss accountability for the companies developing
them. Erdélyi and Erdélyi (2020)) note that the unpredictable nature of court rulings
in such cases often hinders the use of [All systems and stifles innovation. To tackle
this issue, Erdélyi and Erdélyi (2020)) suggest implementing measures from financial
regulation, such as deposit guarantees, insurance guarantees, and investor compen-
sation schemes, for [All systems. This proposal, termed a system of AI guarantee
schemes, could provide a framework for addressing liability concerns. It is essential
to consider these legal aspects in further assessments of the system.

6.5 Analysis of Issues, Issue Clusters and Recom-
mendations
The data for the analysis in this section can be found in Appendix and was

analyzed with Microsoft Excel. The most frequently cited requirement was human
agency and oversight, mentioned 24 times, while the least cited was technical ro-
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Figure 6.5: Comparison of the relative frequency of key requirements mentioned
in issues, issue clusters, and recommendations. Dashed lines are included solely to
facilitate the identification of deviations. Data can be found in Appendix [A.4]

bustness and safety, mentioned 9 times. All other requirements were mentioned
with quite similar frequency (15-19 times) as listed in Table [A.4] The frequency of
mentioned requirements broken down by the four ethical principles is depicted for
issue clusters in Table [A.5] and for recommendations in Table [A.6l

Figure illustrates the comparison of relative frequency of key requirement
mentions in issues, issue clusters, and recommendations. It is crucial to note that
issues and issue clusters may be associated with multiple key requirements, unlike
recommendations assigned to groups, which are linked to only one key requirement.
On average, there were 2.9 requirements mentioned per issue and 2.26 requirements
per issue cluster. The frequency of requirement mentions for issues, and issue clus-
ters has been normalized in the figure to enable comparison with the frequency
distribution of recommendations.

The Pearson correlation coefficient (Pearson 1895) was used to analyze correla-
tions between the frequency distributions because it is a measure of linear correlation
between two data sets{r_gl. The special case of the Steigers Z—testE] (Steiger [1980) was
used with the hypothesis Hy : p = 0 (no correlation) vs. H — 1 : p # 0, where the
test statistic is t-distributed with n — 2 degrees of freedom (p is the correlation coef-
ficient of the underlying distribution). The t-score!?, in this case, can be calculated
by

rvn —2

t= /—1 — 2 ) (61)
where 7 is the correlation coefficient for the sample of size n. A prerequisite for using
this test is that the underlying data are normally distributed. For this purpose, the
Jarque-Bera test{®| for normal distribution was used (Jarque and Bera [1980). The
results are in Table Since the p-value was never less than 0.05, we do not
reject the null hypothesis (Hy: The data are normally distributed.) Thus, there is
no evidence that the data are not normally distributed.

Yhttps://en.wikipedia.org/wiki/Pearson_correlation_coefficient

"https://de.wikipedia.org/wiki/Korrelationskoeffizient_nach_Bravais-Pearson#T
est_des_Korrelationskoeffizienten_/_Steigers_Z-Test

®https://de.wikipedia.org/wiki/Jarque-Bera-Test
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The analysis shown in Table reveals a robust positive correlation (Pearson
correlation coefficient r = 0.784) between the frequency of requirements across all
issues and their occurrence as the dominant tension within the issue clusters. This
correlation proves statistically significant with a p-value of 0.037, leading to the
rejection of the null hypothesis (Hy : p = 0). Consequently, it can be inferred
that clustering the issues does not distort the underlying distribution of the named
requirements. This finding aligns with the fact that the frequency of mentions was
taken into account during the selection of dominant requirements. The outcome
also underscores the effectiveness of the author’s approach to issue clustering as a
suitable method for synthesizing the inputs from the various workshops.

Furthermore, an examination was conducted to assess whether there exists a
relationship between the average number of votes and the relative variance in the
frequency of mentions per issue cluster compared to all issues. The hypothesis
posited that higher average agreement (i.e., more investigators voting for a require-
ment on an issue) would result in a smaller deviation between the relative frequency
of mentions for all issues versus issue clusters. However, despite a small negative
correlation (Pearson correlation coefficient r = —0.26), this relationship was not sta-
tistically significant (p-value = 0.57). Similarly, there was no correlation between
the average voting and the overall frequency of mention in the issues (r = 0.43 and
p-value = 0.34). Referring to Figure[6.5] it was anticipated that there would not be
a statistically significant correlation between issues and recommendations (r = 0.5
and p-value = 0.25), as well as issue clusters and recommendations (r = 0.39 and
p-value = 0.38).

Notably, transparency was recommended almost twice as often in the recom-
mendations (26%) compared to its average appearance in the issues or issue clusters
((16,4%+11,8%)/2 = 14, 1%), suggesting its significant importance to the investiga-
tors. Another notable discrepancy was observed in the case of accountability, which
was mentioned 3 times in the issue clusters and on average 10, 9% ((12.9%+8.8%)/2),
yet no recommendations were made regarding it. This discrepancy prompts specu-
lation as to why investigators did not provide recommendations in this area. It is
plausible that accountability closely relates to legal matters that may be beyond the
expertise of the investigators. Moreover, legal ambiguities may have hindered clear
recommendations in this domain, even among experts.

6.6 Feedback on the Z-Inspection® Process

During the execution of the process, several noteworthy aspects emerged, both pos-
itively and negatively. These are discussed in the following.

Flexibility and versatility: Focusing solely on ethical issues proved to be effi-
cient, although it was observed that some issues encompassed not only ethical but
also legal or technical dimensions. This overlap is beneficial as it provides insights
for future iterations of the Z-Inspection® process focusing on legal or technical as-
pects. Moreover, different expert groups can be convened based on the specific focus
of each run. The versatility of the Z-Inspection® process, capable of both ex-ante
and ex-post assessments, offers significant advantages for product development. For
instance, in the conceptual phase, an ex-ante assessment can focus on ethical issues.
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Later during the product implementation, emphasis can be shifted towards address-
ing legal and technical concerns. Identifying issues early in the product life cycle
can mitigate subsequent costs. Employing the Z-Inspection® process thus serves as
a proactive measure, reducing downstream expenses.

Involvement of affected groups: The Z-Inspection® process exhibits a notable
limitation by not involving the affected groups, leading to discussions that speculate
about individuals who are not present. Furthermore, no main tension was identified
regarding fairness. To address this gap, involving stakeholders through interviews
or workshops could be instrumental. This approach facilitates the integration of
their perspectives on fairness into the development process, making it more robust
and inclusive. In contrast to the scenario depicted by Allahabadi et al. (2022),
which discusses the impact of an Al system on patients, the production context
examined in this thesis may be less relatable to many participants. While everyone
has experienced being a patient, not everyone has firsthand experience working in
production. Individual investigators may possess manufacturing experience, but
often at managerial or consulting levels, creating challenges in empathizing with
manufacturing workers.

Victim narrative versus empowerment: Moreover, it is crucial to avoid fram-
ing individuals affected by Al systems as victims. Discussions often revolve around
how these systems diminish autonomy, cause harm, and treat people unfairly. How-
ever, this overlooks the possibility that affected individuals may perceive certain
aspects of the system positively. People may willingly sacrifice autonomy or ac-
cept less decision transparency if they perceive benefits. This trade-off is frequently
made subconsciously in everyday interactions with digital services. Empowering af-
fected individuals through participation in assessments is essential to address these
concerns effectively.

Alignment with AI ethics principles: Another advantage of the Z-Inspection®
process is its alignment with the results of the High-Level Expert Group on [A]
using the four ethical principles and seven ethical requirements for trustworthy Al
During the workshops, it became apparent that navigating through each principle to
identify relevant issues was straightforward. All ethical issues raised during the three
workshops could be attributed to one or two of the four ethical principles, suggesting
comprehensive coverage of relevant aspects. The same level of clarity applies to the
key requirements. While investigators without a background in Al ethics initially
found interpreting the abstract requirements challenging, they quickly grasped their
significance during the mapping process.

Prioritizing ethical issues: The Z-Inspection® process has identified 40 ethical
issues in this study. The system design must now undergo a thorough review. How-
ever, with this multitude of issues, practitioners face the challenge of determining
where to begin. Which issue holds the highest priority and should be addressed first?
Conversely, which issues are merely theoretical constructs that can be temporarily
set aside? One limitation of the Z-Inspection® process is its lack of provision for
weighting the identified issues. In practical application, experts could reassess the
issues based on severity and likelihood of occurrence. High-severity issues with a
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high probability of occurrence should be addressed as a priority, while those with
weaker implications and lower probabilities can be deferred. Additionally, some is-
sues may be interdependent, meaning that resolving one could also address others.
Further exploration and experience are necessary to refine this approach.

Execution approach: There is no template for an execution approach. During
the Z-Inspection® process, it became apparent that planning the execution approach
is crucial at the outset of the assessment phase. However, in the official process,
the Execute step typically marks the final stage of the Assess phase, which, in
the author’s opinion, is too late to choose an execution strategy. The remaining
tasks, such as providing feedback, are more suited for a later stage when the system
has been implemented. In this ex-ante investigation, feedback on the implemented
system could not be collected. In a real development project, this stage could provide
an opportunity to involve potential users of the system, refining the system through
interviews and workshops.

Involving investigators: From the publication Allahabadi et al. (2022), it was
laboriously worked out who cooperated in which phase and how (see Table .
The number of people involved in the assessment in Allahabadi et al. (2022) was 58
versus 12 investigators in this study. An evaluation process should also be able to get
by with fewer people since, in practice, it is impossible to involve so many resources
in every assessment project. The execution with 12 experts worked out very well.
While the different groups formulated different issues and recommendations in the
three workshops, the last workshops rarely identified fundamentally new issues but
rather nuances of them. This is why it was possible to summarize them so well later.

Socio-technical scenarios: Maintaining the focus on a single socio-technical sce-
nario during the assessment proved useful. Analyzing multiple scenarios concur-
rently could lead to confusion about which scenario is being referred to at any given
time. Starting with a scenario that encompasses all technical possibilities and grad-
ually narrowing down to scenarios with fewer issues proves to be efficient.

Consolidation of results: Employing majority voting within interdisciplinary
teams proved effective in streamlining workshops and discussions. This method
was utilized in the workshop for mapping issues and identifying dominant tensions
and requirements. By analyzing the frequency of mentions of various tensions and
requirements, the need for additional consolidation workshops was circumvented.

Issue Clusters: Establishing issue clusters, where different thematic issues are
grouped, proves to be a meaningful step. Brusseau (2020) and Allahabadi et al.
(2022) highlight that consolidating issues requires considerable effort and discussion
to reach a consensus and merge issues from different working groups. The presented
approach of using issue clusters, involving either a single person or four individu-
als (one per principle), could significantly expedite the consolidation process. As
demonstrated in Section issue clusters can be formed without compromising the
underlying frequency of mentions of respective trustworthy AI key requirements.
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Establish best practices: More comprehensive guidance and best practices
would facilitate the adoption of ethics assessments using the Z-Inspection® process.
It is crucial to tailor these practices to fit the specific resources available in each
project. The author has often grappled with questions about documenting essential
aspects, such as defining boundaries and context in Phase I or describing socio-
technical scenarios. Clear guidelines, checklists and templates on what aspects to
include in the documentation would be beneficial. In Phase 3, there was a lack of
examples demonstrating how ethical tensions can and should be resolved. While
it is acknowledged that some tensions may be unsolvable, it is essential to engage
in discussions to balance these tensions. Clear recommendations or findings from
practice regarding the frequency and timing of the process are still lacking. Zicari
et al. (2021, p.90) propose the concept of ethical maintenance to ensure ongoing
adherence to ethical principles during product use. Further research is necessary to
effectively integrate this concept into existing practices.

6.7 Summary

In this chapter, the framework proposed for trustworthy usage of data in sim-
ulation input modeling underwent assessment using the Z-Inspection® process. All
three phases of the process (Set-up, Assess, and Resolve) were executed. Through
three workshops, a total of 40 ethical issues were identified and subsequently grouped
into 15 clusters. These issues and clusters were mapped to the four ethical principles
(human autonomy, prevention of harm, fairness, and explainability). Analysis of the
ethical tensions revealed key conflicts, including efficiency vs. safety, efficiency vs.
autonomy, and accuracy vs. explainability. Recommendations were gathered and
consolidated to address the identified ethical issues, resulting in 46 recommendations
categorized into 19 groups.

The analysis demonstrated that clustering ethical issues did not alter the under-
lying frequency of mentions, effectively facilitating consolidation across the expert
workshops. Interestingly, recommendations to enhance transparency outweighed
the frequency of issues in this domain, suggesting a perceived importance of trans-
parency as a solution. Conversely, accountability received fewer recommendations
despite being mentioned in discussions, possibly due to uncertainties in legal respon-
sibilities within such systems and the lack of legal expertise.

Overall, the chapter and its findings validate the effectiveness of the Z-Inspection®
process for assessing the framework. Moreover, insights and recommendations were
gathered to improve the development of the process and promote wider adoption of
trustworthiness assessments in [All and simulation system design and development.
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Chapter 7

Conclusion

This chapter concludes this dissertation’s work. It summarizes the findings con-
cerning the research questions and emphasizes the primary outcomes in the first
Section [7.I} The relevance and impact of the results for practice and research are
discussed in Section [7.2] Last but not least, an outlook on future research direction
is provided in Section [7.3]

7.1 Summary of Research Findings

In this dissertation, the following three research questions were examined and a
summary on the research findings is provided here.

Research Question 1: Which are the usage potentials of Indoor Position-
ing System (IPS)) and their data in manufacturing? (Chapter {4))

This research underscores the extensive yet largely unexplored potential applications
of in manufacturing, a gap addressed by systematically gathering and organizing
use cases to facilitate their practical implementation in industry. The initial step
involved a structured literature review, aimed at revealing the diverse potentials of
in manufacturing settings.

The literature review categorized identified papers based on the primary focus
of usage, such as logistics, production, or other domains, and assessed the
maturity level of each implementation. This analysis yielded 51 distinct use cases,
subsequently classified into twelve thematic groups, ranging from basic applications
to advanced methods.

In addition to the literature review, this research conducted an on-the-ground
examination of an application within a Sheet Metal Processing (SMP)) envi-
ronment, identifying associated challenges through shop-floor observations. These
challenges encompassed both ethical and technical dimensions, and motivated the
trustworthiness assessment of data usage in this dissertation.

Building upon these observations, the already identified literature on use
cases was reviewed for ethical challenges associated with [PSl The analysis revealed
privacy concerns as the primary ethical issue raised, mentioned by only 39% of the
examined papers. This underscores the critical need for more comprehensive explo-
ration and consideration of ethical issues and privacy implications in the deployment
of technologies.
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The overall findings of this dissertation underscore the significant value of
data across manifold use cases in manufacturing. Beyond mere localization, the
analysis of movement data offers secondary benefits that greatly enhance operational
excellence, decision-making processes, and manufacturing simulation.

Research Question 2: How can [[PS| data be used for manufacturing sim-
ulation? (Chapter [5))

The dissertation findings demonstrate the utilization of IPS data for real-time pa-
rameterization and simulation input modeling within the developed framework. A
tailored data model for the sheet metal industry was developed to address the ab-
sence of directly applicable standards in the domain. The developed approach fo-
cused on extending existing data models to meet industry specific data demands
and was methodically codified to ensure applicability and transferability to other
industries and domains.

The developed data model offers a comprehensive overview of required inputs for
simulating [SMP] systems. Each of the 42 simulation inputs underwent meticulous
analysis to determine the incorporation of IPS data and specify necessary contextual
data. Notably, in 38 cases, historical or real-time IPS data proved beneficial for
manufacturing simulation, particularly in discerning organizational and technical
inputs.

A qualitative analysis presents how the framework enhances overall data quality
in manufacturing simulation across eleven different dimensions. Due to the absence
of relevant data sets, the analysis remained qualitative. The research findings under-
scored that classical data sources (such as ERP, MES, etc.) lack crucial information
for the simulation use case compared to IPS, as latter provide information on ma-
terial flows and as-is process sequences and times. The spatio-temporal nature of
IPS data presents untapped potential for improving data quality in manufacturing
simulation. Future research opportunities lie in quantitative analysis to delve deeper
into how IPS data enhances data quality in simulation projects.

Research Question 3: How can the trustworthiness of a framework for
utilizing data in manufacturing simulation be assessed and ensured?

(Chapter [6])

The proposed framework for utilizing IPS data in simulation input modeling under-
went evaluation using the Z-Inspection® process. Since the framework was not yet
implemented, the assessment was conducted ex-ante. However, the Z-Inspection®
process can also be employed later in development and during the life-cycle to ensure
trustworthiness.

An execution approach tailored to the scope of this research project was devel-
oped and used in the process’ execution. The efforts invested, including time and
personnel, were reasonable (three 2-hour online workshops with 12 involved inves-
tigators) and aimed at achieving practicality for industrial trustworthiness assess-
ments. All three phases of the process (Set-up, Assess, and Resolve) were executed.
A total of 40 individual issues emerged from the workshops, subsequently grouped
into 15 issue clusters in Section [6.3.3] These issues and clusters were mapped to
the four ethical principles, with slightly more issues identified for the principle of
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prevention of harm (17) than for respect for human autonomy (12), fairness (13),
and explainability (11). An overview of all forty issues is provided in Appendix

Ethical challenges were identified where tensions arose between different val-
ues. These tensions were pinpointed for each issue during the expert workshops and
subsequently analyzed to determine the predominant ethical tensions for this frame-
work: efficiency vs. safety, efficiency vs. autonomy, and accuracy vs. explainability.

The analysis of issues and tensions in the ex-ante assessment forms the founda-
tion for updating the socio-technical scenario to minimize potential negative impacts
and enhance the framework’s trustworthiness. Ideas for addressing identified eth-
ical issues and recommendations for improving the framework were gathered from
investigators at the end of each workshop and subsequently consolidated by the au-
thor. In total, 46 recommendations emerged from the workshops, categorized into
19 groups and presented in Section [6.4.3] There is an overview of all recommen-
dations in Appendix [C] The recommendations advocate for responsible and ethical
development and deployment of the presented simulation framework through various
measures summarized below:

 Ensure human oversight (Rec. Group

 Transition to a decision support system (Rec. Group

 Ensure robustness of simulation (Rec. Group

« Conduct risk assessment (Rec. Group

« Implement data governance (Rec. Group

 Ensure privacy and transparency (Rec. Groups ,

 Provide explainability (Rec. Groups

o Foster interdisciplinary collaboration in the development (Rec. Groups

o Integrate ethical principles (Rec. Groups [17H19))

7.2 Discussion of Impact and Relevance
The results of this work can be divided into three major contributions:

1. A comprehensive overview and categorization of the potential benefits and use
cases of localization systems in production systems.

2. Development of a codified procedure for the domain-specific creation of
a data model, demonstrated for SMP| and integrated into a simulation
framework utilizing localization data for parameterization and input data
modeling.

3. Ethical assessment of the trustworthiness of the framework utilizing the
Z-Inspection® process, including the introduction of a new execution approach
tailored for industry applicability.
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The first contribution represents an overview and comprehensive categorization
of the potential benefits and use cases of localization systems in manufacturing,
production, and logistics, as detailed in Chapter [l Through a thorough literature
review and the meticulous categorization of 41 papers based on application area,
use case, maturity level, and tracked object, this work provides researchers and
practitioners with unparalleled insight into implemented ideas and ongoing research
in this domain. Furthermore, Section underscores the significance of different
requirements for selecting an IPS. This analysis holds practical relevance as it signif-
icantly aids in the procurement process, empowering decision-makers to select the
most suitable IPS for their specific use case.

The second contribution is the development of a simulation framework that lever-
ages localization data for parameterization and input data modeling. By refining
existing data models and standards, this work determined the data requirements for
simulating [SMP] providing a structured approach that can be transferred to similar
discrete industries and production systems (e.g., process optimization in logistics
and healthcare simulations). The developed data model provides a comprehensive
understanding of the input data essential for simulating factory operations within
[SMPl Each of the 42 identified input variables was assessed for its role in param-
eterization and input modeling of the simulation. The innovative contribution of
enriching localization data with contextual information for input modeling in fac-
tory simulations, as presented in this work, was previously published by the author
in Mieth et al. (2019b). The key advantage of this enrichment lies in enabling more
advanced analyses. Contextual information enhances the understanding of spatio-
temporal trajectories and aids in precise determination of input data. Prior studies,
such as Mieth (2019)) and Volk and Mieth (2022), have demonstrated the effective-
ness of utilizing target processes from ERP data to accurately segment trajectories.
Section underscores the positive impact of integrating IPS data on data quality
in simulation projects through a qualitative analysis. This research lays the ground-
work for further quantitative studies aimed at improving manufacturing simulation
methodologies.

The third scientific contribution involves an ex-ante trustworthiness assessment
of the presented framework. Expert workshops were employed to identify ethi-
cal issues and tensions associated with using an IPS-based simulation system in
manufacturing, facilitating preemptive addressing during implementation. Despite
utilizing the existing Z-Inspection® process, a customized execution approach was
developed, requiring less time and expert availability, thereby enhancing its practi-
cality for industry application. Suggestions for improving the Z-Inspection® process
were gathered during the assessment, aiming to provide feedback to its developers
and encourage broader adoption. The results from using the process enable a more
conscientious use of simulation data in future simulation projects.

Other research from the author, not directly related to the focus of this disser-
tation, include IPS data analysis (Mieth 2019; Volk and Mieth 2022), automated
simulation model generation (Kallat et al. [2020; Mages et al. 2022)), production con-
trol and optimization (Rinciog et al. 2020; Mieth et al. 2019¢; Pfitzer et al. 2018),
quantification of flexibility potentials (Miiller et al. 2018), and simulation model
validation (Tjaden and Mieth 2021)).
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7.3 Future Work

Based on this work, several areas for further research emerge. The different ideas
are categorized and presented below.

Further Use Case Exploration

Research on is ongoing, particularly with the increasing adoption of [PS in
production. As this trend persists, novel use cases will arise, and existing ones will
mature. Advancements in camera-based and hybrid systems show promise for en-
abling sophisticated applications like scene analysis. It is crucial to consider these
advancements while developing a technology-agnostic framework, allowing for the
integration of diverse tailored to specific simulation use cases. Further research
could explore additional industries like healthcare, retail, and smart cities to demon-
strate the benefits of for simulations and investigate the transferability of the
presented approach to derive the underlying data model.

Implement and Optimize Simulation Framework

Conducting real-world experiments and case studies to assess the effectiveness of the
simulation framework would provide valuable insights into its practical applicability,
performance, scalability, usability and further optimization potentials. Additionally,
performing a quantitative analysis of the quality improvements derived from utilizing
IPS data in simulation, would offer a more comprehensive understanding of the
benefits and limitations of integrating IPS data into simulation frameworks.

Further research is warranted to explore novel approaches for the verification
and validation of simulation models that incorporate data. Investigating how
real-time data streams from can be integrated into simulation frameworks for
dynamic parameterization and adaptation would also be beneficial in enhancing the
accuracy and responsiveness of simulations to real-world conditions.

Advanced techniques for automated simulation model generation can be re-
searched and developed, leveraging domain-specific knowledge to streamline the
modeling process for the framework. The integration of ML methods for gener-
ating and optimizing simulation models with IPS data can be further explored.

Advancing Data Modeling and Analysis Techniques

Further research is required to develop data analytics methods for deriving simula-
tion inputs from data. This work identified forty-two essential inputs for simu-
lation in [SMP], necessitating analytical methods to calculate these inputs accurately.
Initial investigations into process and lead time estimation have been undertaken in
Mieth (2019) and Volk and Mieth (2022)). However, these studies highlight the non-
trivial nature of the analyses due to the complexity of the production environment
and compromised positional accuracy.

Furthermore, it is crucial to investigate the hierarchical relationships among sim-
ulation inputs. Previous efforts in deriving input data have revealed interconnected
dependencies between variables. For instance, analyzing the battery life of a trans-
port system requires knowledge of its speed and traveled distances, which in turn
relies on departure and destination locations. These dependencies exist across all
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input variables and should be made transparent, potentially by visualization as a
hierarchical graph to enhance understanding and facilitate modeling.

Another research task involves pattern recognition in spatio-temporal production
data to derive workflows and underlying rules. It is hypothesized that standardized
processes are more easily identifiable from the data. However, an essential question
is how effectively data analysis can handle non-standardized processes. Investigat-
ing the capacity of analysis methods to accommodate varying degrees of process
deviations is paramount for understanding the robustness and limitations of pattern
recognition approaches in real-world production environments.

Exploring the integration of contextual information with data warrants fur-
ther research on methods for effectively merging both and on quantifying the impact
of contextual data on simulation outcomes and decision-making processes within di-
verse production environments.

Standardize Trustworthiness Assessment

The feedback on the Z-Inspection® process suggests promising research directions,
including refining and standardizing execution approaches for deployment in indus-
trial settings. Investigating how different execution approaches impact the results
of the process, such as the quantity and quality of identified issues, is crucial. Re-
search could also delve into prioritizing ethical issues and enhancing stakeholder
involvement to foster fairness and inclusivity. Additionally, overcoming barriers and
increasing the dissemination of ethical assessment practices is important.

Exploration is also needed to determine the extent to which data privacy chal-
lenges can be addressed with technological solutions. Processes should be designed
to ensure that data analysis does not allow conclusions to be drawn about the
performance of specific workers. For instance, measures could be implemented to
automatically cease storing movement data once the marker is detected to be
worn by a human instead of being attached to material.

Additionally, during the development of IPS data analyses for simulation pur-
poses, compliance with the General Data Protection Regulation (GDPRI) and rel-
evant legislation is essential. The purpose of data analysis must be transparently
communicated, and only necessary data for simulation input analysis should be
tracked to adhere to the principle of data minimization. The system must also pro-
vide an option to object to the processing of personal data to comply with
requirements.

Quantify and Ensure Trustworthiness

The determination of precisely when a system is trustworthy is complex. Trustwor-
thiness might be achieved when all issues are resolved or when a trustworthiness
assessment is completed. Ethical tensions may remain unresolved, complicating the
matter. A classification method akin to the risk levels outlined in the Furopean
AT Act might be one approach to quantify trustworthiness. Future research should
focus on practical approaches to continuously ensure and monitor trustworthiness
in the systems’ life cycles.

Further workshops with law experts, utilizing the Z-Inspection® process, should
be conducted to assess the framework and its simulation system during development,
addressing legal issues and upcoming regulations such as the European Al Act.

122



Bibliography

Akhavian, Reza and Amir Behzadan (Jan. 2018). “Coupling human activity recog-
nition and wearable sensors for data-driven construction simulation.” In: Journal
of Information Technology in Construction 23, pp. 1-15. 1SSN: 1874-4753. URL:
itcon.org/2018/1 (visited on 03/12/2024).

Alarifi, Abdulrahman, AbdulMalik Al-Salman, Mansour Alsaleh, Ahmad Alnafes-
sah, Suheer Al-Hadhrami, Mai Al-Ammar, and Hend Al-Khalifa (May 2016).
“Ultra wideband indoor positioning technologies: Analysis and recent advances”.
In: Sensors 16.5, p. 707. DOI: 10.3390/s16050707.

Allahabadi, Himanshi, Julia Amann, Isabelle Balot, Andrea Beretta, Charles Bink-
ley, Jonas Bozenhard, Frédérick Bruneault, James Brusseau, Sema Candemir,
Luca Alessandro Cappellini, Genevieve Fieux Castagnet, Subrata Chakraborty,
Nicoleta Cherciu, Christina Cociancig, Megan Coffee, Irene Ek, Leonardo
Espinosa-Leal, Davide Farina, Genevieve Fieux-Castagnet, Thomas Frauen-
felder, Alessio Gallucci, Guya Giuliani, Adam Golda, Irmhild van Halem, Elisa-
beth Hildt, Sune Holm, Georgios Kararigas, Sebastien A. Krier, Ulrich Kiihne,
Francesca Lizzi, Vince I. Madai, Aniek F. Markus, Serg Masis, Emilie Wiinblad
Mathez, Francesco Mureddu, Emanuele Neri, Walter Osika, Matiss Ozols, Ce-
cilia Panigutti, Brendan Parent, Francesca Pratesi, Pedro A. Moreno-Sanchez,
Giovanni Sartor, Mattia Savardi, Alberto Signoroni, Hanna Sormunen, Andy
Spezzatti, Adarsh Srivastava, Annette F. Stephansen, Lau Bee Theng, Jesmin
Jahan Tithi, Jarno Tuominen, Steven Umbrello, Filippo Vaccher, Dennis Vetter,
Magnus Westerlund, Renee Wurth, and Roberto V. Zicari (Dec. 2022). “As-
sessing Trustworthy Al in Times of COVID-19: Deep Learning for Predicting a
Multiregional Score Conveying the Degree of Lung Compromise in COVID-19
Patients”. In: IEEE Transactions on Technology and Society 3.4, pp. 272-289.
DOI: 110.1109/TTS.2022.3195114.

Andreasson, Hannes, John Weman, Daniel Nafors, Jonatan Berglund, Bjorn Jo-
hansson, Karl Lihnell, and Thomas Lydhig (Dec. 2019). “Utilizing discrete event
simulation to support conceptual development of production systems”. In: Pro-
ceedings of the Winter Simulation Conference. WSC ’19. National Harbor, USA:
IEEE, pp. 2073-2084. DOTI: 10.1109/WSC40007.2019.9004943.

Balci, Osman, William Ormsby, John Carr, and Said Saadi (Dec. 2000). “Planning
for verification, validation, and accreditation of modeling and simulation applica-
tions”. In: Proceedings of the Winter Simulation Conference. WSC ’00. Orlando,
USA: IEEE, pp. 829-839. DOI1: 10.1109/WSC.2000.899881.

Banks, Jerry, John Carson, Barry Nelson, and David Nicol (2005). Discrete-Event
System Stmulation. 4th ed. Pearson Prentice Hall. 1ISBN: 9780131446793.

Barlas, Panagiotis, Georgios Dagkakisa, Cathal Heaveya, Brendan Gaffneyb, Paul
Younge, and John Geraghty (2014). “Test Implementation and Initialisation of

123


itcon.org/2018/1
https://doi.org/10.3390/s16050707
https://doi.org/10.1109/TTS.2022.3195114
https://doi.org/10.1109/WSC40007.2019.9004943
https://doi.org/10.1109/WSC.2000.899881

a Simulation Model Using CMSD”. In: Procedia CIRP 25. 8th International
Conference on Digital Enterprise Technology, pp. 276-282. DOI: [10.1016/7 .
procir.2014.10.0309.

Barlas, Panagiotis and Cathal Heavey (Mar. 2016). “Automation of input data to
discrete event simulation for manufacturing: A review”. In: International Journal
of Modeling, Simulation, and Scientific Computing 7.01, p. 1630001. DOI: 10.
1142/51793962316300016.

Bérring, Maja, Bjorn Johansson, Erik Flores-Garcia, Jessica Bruch, and Mats
Wahlstrom (Dec. 2018). “Challenges of data acquisition for simulation models
of production systems in need of standards”. In: Proceedings of the Winter Sim-
ulation Conference. WSC ’18. Gothenburg, Sweden: IEEE, pp. 691-702. DoT1:
10.1109/WSC.2018.8632463.

Batisti¢, Luka and Mladen Tomic (May 2018). “Overview of indoor positioning
system technologies”. In: International Convention on Information and Com-
munication Technology, FElectronics and Microelectronics. MIPRO 41. Opatija,
Croatia: IEEE, pp. 473-478. DOI: 10.23919/MIPRO.2018.8400090.

Bergmann, Séren (Nov. 2013). “Automatische Generierung Adaptiver Modelle zur
Simulation von Produktionssystemen”. PhD thesis. Technische Universitéit I1-
menau. URL: db-thueringen .de/receive/dbt _mods _00023106 (visited on
03/12/2024).

Bergmann, Soren, Niclas Feldkamp, and Steffen Strafiburger (Dec. 2015). “Approx-
imation of dispatching rules for manufacturing simulation using data mining
methods”. In: Proceedings of the Winter Simulation Conference. WSC ’15. Hunt-
ington Beach, USA: IEEE, pp. 2329-2340. DOTI: [10.1109/WSC.2015.7408344.

Bergmann, Soren, Soren Stelzer, and Steffen Strassburger (2014). “On the use of
artificial neural networks in simulation-based manufacturing control”. In: Journal
of Simulation 8.1, pp. 76-90. DOI: 10.1057/jos.2013.6.

Bergmann, Séren and Steffen Strafiburger (2015). “On the use of the Core Manufac-
turing Simulation Data (CMSD) standard: experiences and recommendations”.
Research rep. URL: db-thueringen.de/receive/dbt_mods_00026816 (visited
on 03/12/2024).

Bokrantz, Jon, Anders Skoogh, Dan Lamkull, Atieh Hanna, and Terrence Per-
era (2018). “Data quality problems in discrete event simulation of manu-
facturing operations”. In: Simulation 94.11, pp. 1009-1025. por: 10 . 1177 /
0037549717742954.

Brena, Ramon F, Juan Pablo Garcia-Vazquez, Carlos E Galvan-Tejada, David
Munoz-Rodriguez, Cesar Vargas-Rosales, and James Fangmeyer (Mar. 2017).
“Evolution of indoor positioning technologies: A survey”. In: Journal of Sensors
2017, 2630413:1-2630413:21. pOI1: 10.11565/2017/2630413.

Brenner, Beate and Vera Hummel (2017). “Digital twin as enabler for an innovative
digital shopfloor management system in the ESB Logistics Learning Factory at
Reutlingen-University”. In: Procedia Manufacturing 9, pp. 198-205. por: 10 .
1016/j.promfg.2017.04.039.

Brusseau, James (Dec. 2020). “What a philosopher learned at an Al ethics evalua-
tion”. In: Al Ethics Journal 1.1, pp. 1-8. DOI: 10.47289/AIEJ20201214.

Buchfink, Gabriela (Dec. 2005). Faszination Blech. Ed. by Nicola Leibinger-
Kammiiller. 1st ed. Vogel Communications Group. ISBN: 3834330515.

124


https://doi.org/10.1016/j.procir.2014.10.039
https://doi.org/10.1016/j.procir.2014.10.039
https://doi.org/10.1142/S1793962316300016
https://doi.org/10.1142/S1793962316300016
https://doi.org/10.1109/WSC.2018.8632463
https://doi.org/10.23919/MIPRO.2018.8400090
db-thueringen.de/receive/dbt_mods_00023106
https://doi.org/10.1109/WSC.2015.7408344
https://doi.org/10.1057/jos.2013.6
db-thueringen.de/receive/dbt_mods_00026816
https://doi.org/10.1177/0037549717742954
https://doi.org/10.1177/0037549717742954
https://doi.org/10.1155/2017/2630413
https://doi.org/10.1016/j.promfg.2017.04.039
https://doi.org/10.1016/j.promfg.2017.04.039
https://doi.org/10.47289/AIEJ20201214

Chan, Ka, Marsel Rabaev, and Handy Pratama (June 2022). “Generation of syn-
thetic manufacturing datasets for machine learning using discrete-event simu-
lation”. In: Production & Manufacturing Research 10.1, pp. 337-353. DOI: 10.
1080/21693277.2022.2086642.

Cheng, Long, Chengdong Wu, Yunzhou Zhang, Hao Wu, Mengxin Li, and Carsten
Maple (Dec. 2012). “A survey of localization in wireless sensor network”. In:
International Journal of Distributed Sensor Networks 8.12, p. 962523. DOI: 10.
1165/2012/962523.

Chowdhury, Bijoy Dripta Barua, Young-Jun Son, Chieri Kubota, and Russell Tron-
stad (Mar. 2022). “Automated workflow analysis in vegetable grafting using an
Ultra-Wide Band based real-time indoor location tracking system”. In: Comput-
ers and FElectronics in Agriculture 194, p. 106773. DOI: 10.1016/j . compag .
2022.106773.

Conti, Guiseppe, Fabio Malabocchia, Ki-Joune Li, George Percivall, Kirk Burroughs,
and Stuart Strickland (May 2016). “Benefits of Indoor Location, Use Case Sur-
vey of Lessons Learned and Expectations”. In: Open Geospatial Consortium,
pp. 1-84. URL: opengis.net/doc/dp/benefits0f IndoorLocation (visited on
03/12/2024).

Corsten, Hans and Ralf Géssinger (July 2012). Produktionswirtschaft. Einfihrung in
das industrielle Produktionsmanagement. Vol. 13. De Gruyter Oldenbourg. ISBN:
3486705695.

Cwikla, Grzegorz, Cezary Grabowik, Krzysztof Kalinowski, Iwona Paprocka, and
Wactaw Banas (Aug. 2018). “The initial considerations and tests on the use of
real time locating system in manufacturing processes improvement”. In: IOP
Conference Series: Materials Science and Engineering 400.4, p. 042013. DOTI:
10.1088/1757-899x/400/4/042013.

Dardari, Davide, Pau Closas, and Petar Djuri¢ (2015). “Indoor Tracking: Theory,
Methods, and Technologies”. In: IEEE Transactions on Vehicular Technology
64.4, pp. 1263-1278. por: [10.1109/TVT. 2015 . 2403868

De Koster, René, Tho Le-Duc, and Kees Jan Roodbergen (Oct. 2007). “Design and
control of warehouse order picking: A literature review”. In: Furopean Journal of
Operational Research 182.2, pp. 481-501. DOI: 10.1016/j.ejor.2006.07.009.

Deja, Mariusz, Mieczystaw S. Siemigtkowski, George-Ch. Vosniakos, and Gerasi-
mos Maltezos (2020). “Opportunities and challenges for exploiting drones in ag-
ile manufacturing systems”. In: Procedia Manufacturing 51. 30th International
Conference on Flexible Automation and Intelligent Manufacturing (FAIM2021),
pp- 527-534. 1SSN: 2351-9789. pOI: 10.1016/j.promfg.2020.10.074.

Devitt, Kate (Jan. 2018). “Trustworthiness of Autonomous Systems”. In: ed. by Hus-
sein Abbass, Jason Scholz, and Darryn Reid. Springer International Publishing,
pp. 161-184. por: [10.1007/978-3-319-64816-3_9.

Dunke, Fabian and Stefan Nickel (Feb. 2020). “Neural networks for the metamodel-
ing of simulation models with online decision making”. In: Simulation Modelling
Practice and Theory 99, p. 102016. DOI: 10.1016/j.simpat.2019.102016.

Erdélyi, Olivia J. and Gabor Erdélyi (2020). “The Al Liability Puzzle and A Fund-
Based Work-Around”. In: Proceedings of the AAAI/ACM Conference on Al
FEthics, and Society. ATES "20. Association for Computing Machinery, pp. 50-56.
DOI: 10.1145/3375627.3375806.

125


https://doi.org/10.1080/21693277.2022.2086642
https://doi.org/10.1080/21693277.2022.2086642
https://doi.org/10.1155/2012/962523
https://doi.org/10.1155/2012/962523
https://doi.org/10.1016/j.compag.2022.106773
https://doi.org/10.1016/j.compag.2022.106773
opengis.net/doc/dp/benefitsOfIndoorLocation
https://doi.org/10.1088/1757-899x/400/4/042013
https://doi.org/10.1109/TVT.2015.2403868
https://doi.org/10.1016/j.ejor.2006.07.009
https://doi.org/10.1016/j.promfg.2020.10.074
https://doi.org/10.1007/978-3-319-64816-3_9
https://doi.org/10.1016/j.simpat.2019.102016
https://doi.org/10.1145/3375627.3375806

Erol, Selim, Andreas Jager, Philipp Hold, Karl Ott, and Wilfried Sihn (2016). “Tan-
gible Industry 4.0: A Scenario-Based Approach to Learning for the Future of
Production”. In: Procedia CIRP 54. 6th CIRP Conference on Learning Facto-
ries, pp. 13-18. DOI: [10.1016/j.procir.2016.03.162.

European Commission and Directorate-General for Communications Networks, Con-
tent and Technology (2019). Ethics Guidelines for Trustworthy Al Publications
Office. DOI: 10.2759/346720.

Falkowski, Tommy, Matthias Giinther, Christoph Jiirgenhake, Harald Anacker, and
Roman Dumitrescu (2018a). “Toward A Design Approach For Industrial Indoor
Location-Based Services (I?LBS)”. In: Proceedings of the 15th International De-
sign Conference. DESIGN 2018, pp. 1043-1054. DOI:|10.21278/idc.2018.0149.

Falkowski, Tommy, Christoph Jiirgenhake, Harald Anacker, and Roman Dumitrescu
(2018b). “Feature model for the specification of industrial indoor location-based
services”. In: Procedia Manufacturing 24, pp. 141-146. DOI1:/10.1016/j .promfg.
2018.06.048.

Farahsari, Pooyan Shams, Amirhossein Farahzadi, Javad Rezazadeh, and Alireza
Bagheri (2022). “A Survey on Indoor Positioning Systems for IoT-Based Appli-
cations”. In: Internet of Things Journal 9.10, pp. 7680-7699. pDOI: 10.1109/
JIOT.2022.3149048.

Farid, Zahid, Rosdiadee Nordin, and Mahamod Ismail (Sept. 2013). “Recent ad-
vances in wireless indoor localization techniques and system”. In: Journal of
Computer Networks and Communications 2013. DOI: 10.1155/2013/185138.

Flossdorf, Jonathan, Anne Meyer, Dmitri Artjuch, Jaques Schneider, and Carsten
Jentsch (Aug. 2021). Unsupervised movement detection in indoor positioning sys-
tems. arXiv: 2109.10757.

Gerwin, Linn, Julian Schneider, and Dieter Uckelmann (Feb. 2022). “Potenzialanal-
yse eines Standards fiir Ortungssysteme zum Einsatz in der Produktion und
Logistik”. In: Zeitschrift fiir wirtschaftlichen Fabrikbetrieb 117.1-2, pp. 56-60.
DOI: 10.1515/zwf-2022-1012.

Gu, Jinxiang, Marc Goetschalckx, and Leon McGinnis (Feb. 2007). “Research on
warehouse operation: A comprehensive review”. In: Furopean Journal of Opera-
tional Research 177.1, pp. 1-21. DOI: 10.1016/j.ejor.2006.02.025.

Gutewort, David, Arlett Semm, and Christian Erfurth (May 2021). “Raising Aware-
ness of SMEs for Real-Time Locating Systems (RTLS) in Intralogistics”. In:
Innovations for Community Services. Ed. by Udo R. Krieger, Gerald Eichler,
Christian Erfurth, and Giinter Fahrnberger. Springer International Publishing,
pp- 223-236. DOI: 10.1007/978-3-030-75004-6_15.

Hauser, Matthias, Daniel Ziigner, Christoph Flath, and Frederic Thiesse (Dec. 2015).
“Pushing the limits of RFID: empowering RFID-based electronic article surveil-
lance with data analytics techniques”. In: ICIS 2015 Proceedings 11. URL: aisel.
aisnet . org/icis2015 / proceedings / DecisionAnalytics / 11 (visited on
03/12/2024).

Hausladen, Iris (2016). “Geschéftsprozessgestaltung in der IT-gestiitzten Logistik”.
In: IT-gestiitzte Logistik: Systeme - Prozesse - Anwendungen. Springer, pp. 235—
281. DOT: 10.1007/978-3-658-13080-0_5.

Hayward, Steven, Katherine van Lopik, Christopher Hinde, and Andrew West (Nov.
2022). “A Survey of Indoor Location Technologies, Techniques and Applications

126


https://doi.org/10.1016/j.procir.2016.03.162
https://doi.org/10.2759/346720
https://doi.org/10.21278/idc.2018.0149
https://doi.org/10.1016/j.promfg.2018.06.048
https://doi.org/10.1016/j.promfg.2018.06.048
https://doi.org/10.1109/JIOT.2022.3149048
https://doi.org/10.1109/JIOT.2022.3149048
https://doi.org/10.1155/2013/185138
https://arxiv.org/abs/2109.10757
https://doi.org/10.1515/zwf-2022-1012
https://doi.org/10.1016/j.ejor.2006.02.025
https://doi.org/10.1007/978-3-030-75004-6_15
aisel.aisnet.org/icis2015/proceedings/DecisionAnalytics/11
aisel.aisnet.org/icis2015/proceedings/DecisionAnalytics/11
https://doi.org/10.1007/978-3-658-13080-0_5

in Industry”. In: Internet of Things 20, p. 100608. DOI: [10.1016/j.iot.2022.
100608.

Heger, Jens, Torsten Hildebrandt, and Bernd Scholz-Reiter (Aug. 2015). “Dispatch-
ing rule selection with Gaussian processes”. In: Central European Journal of
Operations Research 23.1, pp. 235-249. DOI: 10.1007/s10100-013-0322-7.

Heger, Jens and Thomas Voss (Dec. 2020). “Dynamically Changing Sequencing
Rules with Reinforcement Learning in a Job Shop System With Stochastic Influ-
ences”. In: Proceedings of the Winter Simulation Conference. WSC "20. Orlando,
USA: IEEE, pp. 1608-1618. DOI: [10.1109/WSC48552.2020.9383903.

Herrmann, Frank (2011). Operative Planung in 1T-Systemen fir die Produktionspla-
nung und-steverung: Wirkung, Auswahl und FEinstellhinweise von Verfahren und
Parametern. Vieweg+Teubner Verlag. DOI: 10.1007/978-3-8348-8172-4.

Hesslein, Niklas, Mike Wesselhoft, Johannes Hinckeldeyn, and Jochen Kreutzfeldt
(June 2021). “Industrial Indoor Localization: Improvement of Logistics Processes
Using Location Based Services”. In: Advances in Automotive Production Tech-
nology — Theory and Application. Ed. by Philipp Weiigraeber, Frieder Heieck,
and Clemens Ackermann. Springer Berlin Heidelberg, pp. 460-467. DOI: 10 .
1007/978-3-662-62962-8 53.

Hiibl, Alexander, Herbert Jodlbauer, and Klaus Altendorfer (Aug. 2013). “Influence
of dispatching rules on average production lead time for multi-stage production
systems”. In: International Journal of Production Economics 144.2, pp. 479-484.
DOI: [10.1016/7.1jpe.2013.03.020.

Ionescu, Laurentiu, Nadia Belu, Nicoleta Rachieru, Alin Mazare, and Daniel-
Constantin Anghel (2016). “Monitoring of manufacturing processes in the
automotive industry using indoor location system”. In: IOP Conference Se-
ries: Materials Science and Engineering. Vol. 145. 2. IOP Publishing, p. 022020.
DOI: 10.1088/1757-899X/145/2/022020.

Jain, Sanjay and David Lechevalier (Dec. 2016). “Standards based generation of
a virtual factory model”. In: Proceedings of the Winter Simulation Conference.
WSC ’16. Washington, USA: IEEE, pp. 2762-2773. DOI: [10.1109/WSC. 2016.
7822313

Jarque, Carlos and Anil Bera (1980). “Efficient tests for normality, homoscedastic-
ity and serial independence of regression residuals”. In: Economics Letters 6.3,
pp- 255-259. DoI: 10.1016/0165-1765(80)90024-5.

Jiang, Xiaowei, Yaxian Zhou, Yuankai Zhang, Lijun Sun, and Xiangpei Hu (2018).
“Order batching and sequencing problem under the pick-and-sort strategy in
online supermarkets”. In: Procedia Computer Science 126, pp. 1985-1993. DOTI:
10.1016/j.procs.2018.07.254.

Jobin, Anna, Marcello Lenca, and Effy Vayena (Sept. 2019). “The global landscape
of AI ethics guidelines”. In: Nature Machine Intelligence 1, pp. 389-399. DOI:
10.1038/s42256-019-0088-2.

Jones, Gareth and Jennifer George (July 1998). “The experience and evolution of
trust: Implications for cooperation and teamwork”. In: Academy of Management
Review 23.3, pp. 531-546. DOI: |10.5465/amr . 1998.926625.

Kallat, Fadil, Carina Mieth, Jakob Rehof, and Anne Meyer (2020). “Using Component-
based Software Synthesis and Constraint Solving to generate Sets of Manufac-
turing Simulation Models”. In: Procedia CIRP 93. 53rd CIRP Conference on
Manufacturing Systems, pp. 556-561. DOI: [10.1016/j.procir.2020.03.018.

127


https://doi.org/10.1016/j.iot.2022.100608
https://doi.org/10.1016/j.iot.2022.100608
https://doi.org/10.1007/s10100-013-0322-7
https://doi.org/10.1109/WSC48552.2020.9383903
https://doi.org/10.1007/978-3-8348-8172-4
https://doi.org/10.1007/978-3-662-62962-8_53
https://doi.org/10.1007/978-3-662-62962-8_53
https://doi.org/10.1016/j.ijpe.2013.03.020
https://doi.org/10.1088/1757-899X/145/2/022020
https://doi.org/10.1109/WSC.2016.7822313
https://doi.org/10.1109/WSC.2016.7822313
https://doi.org/10.1016/0165-1765(80)90024-5
https://doi.org/10.1016/j.procs.2018.07.254
https://doi.org/10.1038/s42256-019-0088-2
https://doi.org/10.5465/amr.1998.926625
https://doi.org/10.1016/j.procir.2020.03.018

Kashid, Sachin and Shailendra Kumar (2012). “Applications of Artificial Neural
Network to Sheet Metal Work - A Review”. In: American Journal of Intelligent
Systems 2.7, pp. 168-176. DOT: 10.5923/j.ajis.20120207.03.

Kim, Yun Geon, Seokgi Lee, Jiyeon Son, Heechul Bae, and Byung Do Chung (Oct.
2020). “Multi-agent system and reinforcement learning approach for distributed
intelligence in a flexible smart manufacturing system”. In: Journal of Manufac-
turing Systems 57, pp. 440-450. DOI: 10.1016/7j. jmsy.2020.11.004.

Koch, Christian, Matthias Neges, Markus Ko6nig, and Michael Abramovici (Dec.
2014). “Natural markers for augmented reality-based indoor navigation and fa-
cility maintenance”. In: Automation in Construction 48, pp. 18-30. DOI: [10.
1016/j.autcon.2014.08.009.

Kiick, Mirko, Jens Ehm, Torsten Hildebrandt, Michael Freitag, and Enzo Frazzon
(Dec. 2016). “Potential of data-driven simulation-based optimization for adaptive
scheduling and control of dynamic manufacturing systems”. In: Proceedings of
the Winter Stmulation Conference. WSC’ 16. Washington, USA: IEEE, pp. 2820—
2831. DOI:110.1109/WSC.2016.7822318.

Law, Averill and David Kelton (2015). Simulation Modeling and Analysis. Vol. 5.
McGraw Hill. 1sSBN: 9780073401324.

Lee, Yung-Tsun and Frank Riddick (2010). Core Manufacturing Simulation Data -
UML Model Standard. URL: tsapps.nist.gov/publication/get _pdf.cfm?
pub_1d=907352 (visited on 03/12/2024).

Lewis, Michael, Katia Sycara, and Phillip Walker (Jan. 2018). “The Role of Trust in
Human-Robot Interaction”. In: ed. by Hussein Abbass, Jason Scholz, and Darryn
Reid. Springer International Publishing, pp. 135-159. DO1:/10.1007/978-3-319-
64816-3 8.

Li, Maojia, Prashant Sankaran, Michael Kuhl, Raymond Ptucha, Amlan Ganguly,
and Andres Kwasinski (Dec. 2019). “Task selection by autonomous mobile robots
in a warehouse using deep reinforcement learning”. In: Proceedings of the Winter
Stmulation Conference. WSC’ 19. National Harbor, USA: IEEE, pp. 680-689.
DOI: 10.1109/WSC40007.2019.9004792.

Li, Xjaonan and Sigurdur Olafsson (Dec. 2005). “Discovering Dispatching Rules
Using Data Mining”. In: Journal of Scheduling 8, pp. 515-527. DOI: [10.1007/
s10951-005-4781-0.

Li, Yaliang, Jing Gao, Chuishi Meng, Qi Li, Lu Su, Bo Zhao, Wei Fan, and Jiawei
Han (Feb. 2016). “A Survey on Truth Discovery”. In: SIGKDD Explorations
Newsletter 17.2, pp. 1-16. DOI: 10.1145/2897350.2897352.

Liu, Chiun-Ming (Sept. 1999). “Clustering techniques for stock location and order-
picking in a distribution center”. In: Computers ¢ Operations Research 26.10-11,
pp. 989-1002. DOTI: [10. 1016/50305-0548 (99) 00026-X.

Liu, Hui, Houshang Darabi, Pat Banerjee, and Jing Liu (Oct. 2007). “Survey of
Wireless Indoor Positioning Techniques and Systems”. In: IEEE Transactions
on Systems, Man, and Cybernetics, Part C (Applications and Reviews) 37.6,
pp. 1067-1080. po1: 10.1109/TSMCC. 2007 .905750.

Liu, Junjie (May 2014). “Survey of Wireless Based Indoor Localization Technolo-
gies”. In: Department of Science & FEngineering, Washington University. URL:
cs.wustl.edu/~jain/cse574-14/ftp/indoor.pdf (visited on 03/12/2024).

128


https://doi.org/10.5923/j.ajis.20120207.03
https://doi.org/10.1016/j.jmsy.2020.11.004
https://doi.org/10.1016/j.autcon.2014.08.009
https://doi.org/10.1016/j.autcon.2014.08.009
https://doi.org/10.1109/WSC.2016.7822318
tsapps.nist.gov/publication/get_pdf.cfm?pub_id=907352
tsapps.nist.gov/publication/get_pdf.cfm?pub_id=907352
https://doi.org/10.1007/978-3-319-64816-3_8
https://doi.org/10.1007/978-3-319-64816-3_8
https://doi.org/10.1109/WSC40007.2019.9004792
https://doi.org/10.1007/s10951-005-4781-0
https://doi.org/10.1007/s10951-005-4781-0
https://doi.org/10.1145/2897350.2897352
https://doi.org/10.1016/S0305-0548(99)00026-X
https://doi.org/10.1109/TSMCC.2007.905750
cs.wustl.edu/~jain/cse574-14/ftp/indoor.pdf

Madu, Christian (1990). “Simulation in manufacturing: A regression metamodel
approach”. In: Computers € Industrial Engineering 18.3, pp. 381-389. DOI: 10.
1016/0360-8352(90) 90060-Y.

Mages, Alexander, Carina Mieth, Jens Hetzler, Fadil Kallat, Jakob Rehof, Christian
Riest, and Tristan Schéfer (Dec. 2022). “Automatic Component-Based Synthesis
of User-Configured Manufacturing Simulation Models”. In: Proceedings of the
Winter Simulation Conference. WSC’ 22. Singapore: IEEE, pp. 1841-1852. DOTI:
10.1109/WSC57314.2022.10015425.

Maghazei, Omid and Torbjgorn Netland (Sept. 2019). “Drones in manufacturing:
Exploring opportunities for research and practice”. In: Journal of Manufacturing
Technology Management 31.6, pp. 1237-1259. por: 10.1108/ IJMTM-03-2019-
0099.

Magnusson, Thomas, Stefan Anderberg, Sofia Dahlgren, and Niclas Svensson (May
2020). “Socio-technical scenarios and local practice — Assessing the future use
of fossil-free alternatives in a regional energy and transport system”. In: Trans-
portation Research Interdisciplinary Perspectives 5, p. 100128. DOI: 10.1016/j.
trip.2020.100128.

Mainetti, Luca, Luigi Patrono, and Ilaria Sergi (2014). “A survey on indoor position-
ing systems”. In: 22nd International Conference on Software, Telecommunica-
tions and Computer Networks (SoftCOM), pp. 111-120. por: 110.1109/S0FTCOM.
2014.7039067.

Mautz, Rainer (2012). Indoor positioning technologies. Habilitation, ETH Zurich,
Department of Civil, Environmental and Geomatic Engineering. Schweizerische
Geodétische Kommission. DOI: 20.500.11850/54889.

Mier, Jaime, Angel Jaramillo-Alcdzar, and José Julio Freire (Jan. 2019). “At a
Glance: Indoor Positioning Systems Technologies and Their Applications Ar-
eas”. In: Information Technology and Systems. Ed. by Alvaro Rocha, Carlos Fer-
ras, and Manolo Paredes. Springer International Publishing, pp. 483-493. DOI:
10.1007/978-3-030-11890-7 47.

Mieth, Carina (Dec. 2019). “Semantic enrichment of spatio-temporal production
data to determine lead times for manufacturing simulation”. In: Proceedings
of the Winter Simulation Conference. WSC’ 19. National Harbor, USA: IEEE,
pp. 2061-2072. DOI: 10.1109/WSC40007.2019.9004753.

Mieth, Carina, Philipp Humbeck, and Georg Herzwurm (Feb. 2019a). “A Survey on
the Potentials of Indoor Localization Systems in Production”. In: Advances in
Production, Logistics and Traffic. Ed. by Uwe Clausen, Sven Langkau, and Felix
Kreuz. Springer International Publishing, pp. 142-154. por: 10.1007/978-3~-
030-13535-5 11|

Mieth, Carina, Anne Meyer, and Michael Henke (2019b). “Framework for the usage
of data from real-time indoor localization systems to derive inputs for manufac-
turing simulation”. In: Procedia CIRP 81. 52nd CIRP Conference on Manufac-
turing Systems, pp. 868-873. DOI: 10.1016/j.procir.2019.03.216.

Mieth, Carina, Nicole Schmid, Lutz Sommer, and Anne Meyer (2019c¢). “Sim-
ulationsbasierte Untersuchung von Prioritats-und Kommissionierregeln zur
Steuerung des Materialflusses in der Blechindustrie”. In: Simulation in Pro-
duktion und Logistik, pp. 370-379. URL: asim-fachtagung-spl.de/asim2019/
papers/36_Proof_157.pdf (visited on 03/12/2024).

129


https://doi.org/10.1016/0360-8352(90)90060-Y
https://doi.org/10.1016/0360-8352(90)90060-Y
https://doi.org/10.1109/WSC57314.2022.10015425
https://doi.org/10.1108/JMTM-03-2019-0099
https://doi.org/10.1108/JMTM-03-2019-0099
https://doi.org/10.1016/j.trip.2020.100128
https://doi.org/10.1016/j.trip.2020.100128
https://doi.org/10.1109/SOFTCOM.2014.7039067
https://doi.org/10.1109/SOFTCOM.2014.7039067
https://doi.org/20.500.11850/54889
https://doi.org/10.1007/978-3-030-11890-7_47
https://doi.org/10.1109/WSC40007.2019.9004753
https://doi.org/10.1007/978-3-030-13535-5_11
https://doi.org/10.1007/978-3-030-13535-5_11
https://doi.org/10.1016/j.procir.2019.03.216
asim-fachtagung-spl.de/asim2019/papers/36_Proof_157.pdf
asim-fachtagung-spl.de/asim2019/papers/36_Proof_157.pdf

Montevechi, José Arnaldo Barra, Afonso Teberga Campos, Gustavo Teodoro
Gabriel, and Carlos Henrique dos Santos (Dec. 2021). “Input data modeling: an
approach using generative adversarial networks”. In: Proceedings of the Winter
Sitmulation Conference. WSC’ 21. IEEE, pp. 1-12. DOI: 10.1109/WSC52266 .
2021.9715407.

Moon, Young and Dinar Phatak (Dec. 2005). “Enhancing ERP system’s functional-
ity with discrete event simulation”. In: Industrial Management € Data Systems
105.9, pp. 1206-1224. DOT: [10.1108/02635570510633266.

Mourtzis, Dimitris, Michael Doukas, and Dimitra Bernidaki (2014). “Simulation in
Manufacturing: Review and Challenges”. In: Procedia CIRP 25. CIRP Sponsored
DET 2014 Conference, pp. 213-229. DOI: 10.1016/j.procir.2014.10.032.

Miiller, Daniel (June 2020). “Flexibilitatsorientierte Selbststeuerung - eine Methode
fiir die dezentral-myopische Reihenfolgebildung in frei verketteten Montagesyste-
men unter Verwendung von Arbeitsplanflexibilitat”. PhD thesis. TU Dortmund
University. ISBN: 3869751541.

Miiller, Daniel, Carina Mieth, and Michael Henke (Oct. 2018). “Quantification of
Sequencing Flexibility Based on Precedence Graphs for Autonomous Control
Methods”. In: Proceedings of the 4th International Conference on Industrial
and Business Engineering. ICIBE "18. Association for Computing Machinery,
pp- 211-220. poI1: 10.1145/3288155.3288162.

Miiller, Daniel and Florian Vogelsang (2021). “Towards smart manufacturing logis-
tics: A case study of potentials of smart label data in electronics manufacturing”.
In: Procedia CIRP 104. 54th CIRP CMS 2021 - Towards Digitalized Manufac-
turing 4.0, pp. 1741-1746. DOI: 10.1016/j.procir.2021.11.293|

Nessa, Ahasanun, Bhagawat Adhikari, Fatima Hussain, and Xavier N. Fernando
(2020). “A Survey of Machine Learning for Indoor Positioning”. In: IEEE Access
8, pp. 214945-214965. pOT: 10.1109/ACCESS.2020.3039271.

Niehues, Michael Richard (Oct. 2016). “Adaptive Produktionssteuerung fiir Werk-
stattfertigungssysteme durch fertigungsbegleitende Reihenfolgebildung”. PhD
thesis. Technische Universitat Miinchen. URL: d-nb . info /1121780113 /34
(visited on 03/12/2024).

Nikolakis, Nikolaos, Kosmas Alexopoulos, Evangelos Xanthakis, and George Chrys-
solouris (Oct. 2018). “The digital twin implementation for linking the virtual
representation of human-based production tasks to their physical counterpart in
the factory-floor”. In: International Journal of Computer Integrated Manufactur-
ing 32.1, pp. 1-12. DOI: 10.1080/0951192X.2018.1529430.

Pearson, Karl (1895). “Note on regression and inheritance in the case of two parents”.
In: Proceedings of the Royal Society of London 58.347-352, pp. 240-242. URL:
royalsocietypublishing.org/doi/pdf/10.1098/rspl.1895.0041.

Pfitzer, Florian, Julien Provost, Carina Mieth, and Wolfgang Liertz (2018). “Event-
driven production rescheduling in job shop environments”. In: Proceedings of the
14th International Conference on Automation Science and Engineering. CASE
2014. Munich, Germany: IEEE, pp. 939-944. por: |10 . 1109 / COASE . 2018 .
8560523.

Pilati, F., A. Sbaragli, M. Nardello, L. Santoro, D. Fontanelli, and D. Brunelli (2022).
“Indoor positioning systems to prevent the COVID19 transmission in manufac-
turing environments”. In: Procedia CIRP 107. 55th CIRP Conference on Manu-
facturing Systems 2022, pp. 1588-1593. DOTI: |10.1016/j.procir.2022.05.195.

130


https://doi.org/10.1109/WSC52266.2021.9715407
https://doi.org/10.1109/WSC52266.2021.9715407
https://doi.org/10.1108/02635570510633266
https://doi.org/10.1016/j.procir.2014.10.032
https://doi.org/10.1145/3288155.3288162
https://doi.org/10.1016/j.procir.2021.11.293
https://doi.org/10.1109/ACCESS.2020.3039271
d-nb.info/1121780113/34
https://doi.org/10.1080/0951192X.2018.1529430
royalsocietypublishing.org/doi/pdf/10.1098/rspl.1895.0041
https://doi.org/10.1109/COASE.2018.8560523
https://doi.org/10.1109/COASE.2018.8560523
https://doi.org/10.1016/j.procir.2022.05.195

Pitkaaho, Tomi, Tero Kaarlela, Sakari Pieskd, and Sami Sarlin (2021). “Indoor posi-
tioning, artificial intelligence and digital twins for enhanced robotics safety”. In:
IFAC-PapersOnLine 54.1. 17th IFAC Symposium on Information Control Prob-
lems in Manufacturing, pp. 540-545. DOI: 10.1016/j.ifacol.2021.08.062.

Rabe, Markus, Sven Spieckermann, and Sigrid Wenzel (2008). Verifikation und Va-
lidierung fir die Simulation in Produktion und Logistik: Vorgehensmodelle und
Techniken. Springer Berlin, Heidelberg. DOI: [10.1007/978-3-540-35282-2.

Reinhardt, Heiner, Marek Weber, and Matthias Putz (2019). “A Survey on Auto-
matic Model Generation for Material Flow Simulation in Discrete Manufactur-
ing”. In: Procedia CIRP 81. 52nd CIRP Conference on Manufacturing Systems,
pp- 121-126. pOI1: |10.1016/j.procir.2019.03.022.

Reinhart, Gunther and Tobias Gyger (Dec. 2008). “Identification of implicit strate-
gies in production control”. In: Proceedings of the International Conference on
Industrial Engineering and Engineering Management. Singapore: IEEE, pp. 302—
306. DOI: 10.1109/IEEM.2008.4737879.

Riddick, Frank and Yung-Tsun Lee (2010). Core Manufacturing Simulation Data
(CMSD): A Standard Representation for Manufacturing Simulation-related In-
formation. URL: tsapps .nist . gov/publication/get pdf .cfm?pub_id=
906307/ (visited on 03/12/2024).

Rinciog, Alexandru and Anne Meyer (2022). “Towards Standardising Reinforcement
Learning Approaches for Production Scheduling Problems”. In: Procedia CIRP
107. 55th CIRP Conference on Manufacturing Systems, pp. 1112-1119. DOI:
10.1016/5 . procir.2022.05.117.

Rinciog, Alexandru, Carina Mieth, Paul Maria Scheikl, and Anney Meyer (Mar.
2020). “Sheet-Metal Production Scheduling Using AlphaGo Zero”. In: Proceed-
ings of the Conference on Production Systems and Logistics. Ed. by Peter Nyhuis,
David Herberger, and Marco Hiibner. CPSL 2020. Stellenbosch, South Africa: In-
stitutionelles Repositorium der Leibniz Universitdat Hannover, pp. 342-352. DOI:
10.15488/9640.

Robertson, Neil and Terrence Perera (May 2002). “Automated data collection for
simulation?” In: Simulation Practice and Theory 9.6-8, pp. 349-364. DOTI: |10.
1016/50928-4869(01) 00055-6.

Ruiz-Lopez, Tomas, José Luis Garrido, Kawtar Benghazi, and Lawrence Chung
(2010). “A Survey on Indoor Positioning Systems: Foreseeing a Quality Design”.
In: Distributed Computing and Artificial Intelligence. Ed. by Andre Ponce de
Leon F. de Carvalho, Sara Rodriguez-Gonzélez, Juan F. De Paz Santana, and
Juan M. Corchado Rodriguez. Springer Berlin Heidelberg, pp. 373-380. DOTI:
10.1007/978-3-642-14883-5 48.

Ruppert, Tamas and Janos Abonyi (Dec. 2020). “Integration of real-time locating
systems into digital twins”. In: Journal of Industrial Information Integration 20,
p- 100174. por: 10.1016/j.jii.2020.100174.

Sahinoglu, Zafer, Sinan Gezici, and Ismail Guvenc (Oct. 2008). Ultra-wideband Posi-
tioning Systems: Theoretical Limits, Ranging Algorithms, and Protocols. Ed. by
Phil Meyler. Cambridge University Press. 1ISBN: 9780521873093.

Sanchez, Susan (Apr. 2018). “Data Farming: Reaping Insights from Simulation Ex-
periments”. In: CHANCE 31.2, pp. 45-52. DOI: |10 . 1080 /09332480 . 2018 .
1467638.

131


https://doi.org/10.1016/j.ifacol.2021.08.062
https://doi.org/10.1007/978-3-540-35282-2
https://doi.org/10.1016/j.procir.2019.03.022
https://doi.org/10.1109/IEEM.2008.4737879
tsapps.nist.gov/publication/get_pdf.cfm?pub_id=906307
tsapps.nist.gov/publication/get_pdf.cfm?pub_id=906307
https://doi.org/10.1016/j.procir.2022.05.117
https://doi.org/10.15488/9640
https://doi.org/10.1016/S0928-4869(01)00055-6
https://doi.org/10.1016/S0928-4869(01)00055-6
https://doi.org/10.1007/978-3-642-14883-5_48
https://doi.org/10.1016/j.jii.2020.100174
https://doi.org/10.1080/09332480.2018.1467638
https://doi.org/10.1080/09332480.2018.1467638

Schmitt, Robert, Susanne Nisch, Alexander Schonberg, Francky Demeester, and
Steven Renders (Sept. 2010). “Performance evaluation of iGPS for industrial
applications”. In: Proceedings of the International Conference on Indoor Posi-
tioning and Indoor Navigation. Zurich, Switzerland: IEEE, pp. 1-8. poI: 10.
1109/IPIN.2010.5647630.

Scholz-Reiter, Bernd, Jens Heger, and Torsten Hildebrandt (Oct. 2009). “Analysis
and comparison of dispatching rule-based scheduling in dual-resource constrained
shop-floor scenarios”. In: Proceedings of the World Congress on Engineering and
Computer Science. Vol. 2. WCECS 2009. San Francisco, USA. URL: iaeng.org/
publication/WCECS2009/WCECS2009_pp921-927.pdf (visited on 03/12/2024).

Schroeer, Guido (Nov. 2018). “A Real-Time UWB Multi-Channel Indoor Positioning
System for Industrial Scenarios”. In: International Conference on Indoor Posi-
tioning and Indoor Navigation. IPIN 2018. Nantes, France: IEEE, pp. 1-5. DOTI:
10.1109/IPIN.2018.8533792.

Schuh, Giinther, Peter Nyhuis, Christian Reuter, Annika Hauptvogel, Stefan
Schmitz, Johannes Nywlt, Felix Brambring, F Schulte, and J Hansen (2015).
“Produktionsdaten als Enabler fiir Industrie 4.0: Gemeinsame Studie der pro-
duktionstechnischen Institute IFA, IPMT, Fraunhofer IWU und WZL”. In: wt
Werkstattstechnik online 105.4, pp. 200-203. URL: web . archive . org /web /
20211207085103id_/https://elibrary.vdi-verlag.de/10.37544/1436-
4980-2015-04-42.pdf (visited on 03/12/2024).

Skoogh, Anders and Bjorn Johansson (Dec. 2008). “A methodology for input data
management in discrete event simulation projects”. In: Proceedings of the Winter
Simulation Conference. WSC’ 08. Miami, USA: IEEE, pp. 1727-1735. DOI: 10.
1109/WSC.2008.4736259.

Skoogh, Anders, Terrence Perera, and Bjorn Johansson (Dec. 2012). “Input data
management in simulation: Industrial practices and future trends”. In: Simula-
tion Modelling Practice and Theory 29, pp. 181-192. DoI1: 10.1016/j .simpat.
2012.07.009.

Sobottka, Thomas, Felix Kamhuber, Mohammadali Faezirad, and Wilfried Sihn
(Aug. 2019). “Potential for Machine Learning in Optimized Production Plan-
ning with Hybrid Simulation”. In: Procedia Manufacturing 39. 25th International
Conference on Production Research Manufacturing Innovation: Cyber Physical
Manufacturing, pp. 1844-1853. DOI: 10.1016/j.promfg.2020.01.254.

Steclik, Tomasz, Rafal Cupek, and Marek Drewniak (July 2022). “Automatic group-
ing of production data in Industry 4.0: The use case of internal logistics systems
based on Automated Guided Vehicles”. In: Journal of Computational Science 62,
p. 101693. po1: 10.1016/j.jocs.2022.101693.

Steiger, James (1980). “Tests for comparing elements of a correlation matrix”. In:
Psychological Bulletin 87.2, pp. 245-251. DOI: |10.1037/0033-2909.87.2.245.

Stephan, Peter and Ines Heck (2010). “Using Spatial Context Information for the Op-
timization of Manufacturing Processes in an Exemplary Maintenance Scenario”.
In: IFAC Proceedings Volumes 43.4. IFAC Workshop on Intelligent Manufactur-
ing Systems, pp. 228-233. DOI: [10.3182/20100701-2-PT-4011 . 00040.

Swamidass, Paul (Sept. 2000). Encyclopedia of Production and Manufacturing Man-
agement. Vol. 1. Springer Science & Business Media. DOI: [10. 1007 /1-4020-
0612-8.

132


https://doi.org/10.1109/IPIN.2010.5647630
https://doi.org/10.1109/IPIN.2010.5647630
iaeng.org/publication/WCECS2009/WCECS2009_pp921-927.pdf
iaeng.org/publication/WCECS2009/WCECS2009_pp921-927.pdf
https://doi.org/10.1109/IPIN.2018.8533792
web.archive.org/web/20211207085103id_/https://elibrary.vdi-verlag.de/10.37544/1436-4980-2015-04-42.pdf
web.archive.org/web/20211207085103id_/https://elibrary.vdi-verlag.de/10.37544/1436-4980-2015-04-42.pdf
web.archive.org/web/20211207085103id_/https://elibrary.vdi-verlag.de/10.37544/1436-4980-2015-04-42.pdf
https://doi.org/10.1109/WSC.2008.4736259
https://doi.org/10.1109/WSC.2008.4736259
https://doi.org/10.1016/j.simpat.2012.07.009
https://doi.org/10.1016/j.simpat.2012.07.009
https://doi.org/10.1016/j.promfg.2020.01.254
https://doi.org/10.1016/j.jocs.2022.101693
https://doi.org/10.1037/0033-2909.87.2.245
https://doi.org/10.3182/20100701-2-PT-4011.00040
https://doi.org/10.1007/1-4020-0612-8
https://doi.org/10.1007/1-4020-0612-8

Syberfeldt, Anna, Magnus Holm, Oscar Danielsson, Lihui Wang, and Rodney Lind-
gren Brewster (2016). “Support Systems on the Industrial Shop-floors of the
Future — Operators’ Perspective on Augmented Reality”. In: Procedia CIRP 44.
6th CIRP Conference on Assembly Technologies and Systems (CATS), pp. 108—
113. por: 10.1016/j.procir.2016.02.017.

Tao, Fei, Jiangfeng Cheng, Qinglin Qi, Meng Zhang, He Zhang, and Fangyuan Sui
(Feb. 2018). “Digital twin-driven product design, manufacturing and service with
big data”. In: International Journal of Advanced Manufacturing Technology 94,
pp- 3563-3576. DOI: 10.1007/s00170-017-0233-1,

Thiede, Sebastian, Poorya Ghafoorpoor, Brendan P. Sullivan, Sebastian Bienia,
Michael Demes, and Klaus Dréder (2022). “Potentials and technical implica-
tions of tag based and Al enabled optical real-time location systems (RTLS) for
manufacturing use cases”. In: CIRP Annals 71.1, pp. 401-404. DOI: [10.1016/j .
cirp.2022.04.023.

Thiede, Sebastian, Brendan Sullivan, Roy Damgrave, and Eric Lutters (2021). “Real-
time locating systems (RTLS) in future factories: technology review, morphology
and application potentials”. In: Procedia CIRP 104. 54th CIRP Conference on
Manufacturing Systems, pp. 671-676. DOI: [10.1016/j.procir.2021.11.113.

Tjaden, Greta and Carina Mieth (2021). “Entwicklung und Erprobung eines
Vorgehens zur Validierung von Simulationsbausteinen komplexer Werkzeug-
maschinen”. In: Simulation in Produktion und Logistik, pp. 641-651. URL:
asim- fachtagung - spl . de /asim2021 /papers /Proof 148 . pdf| (visited on
03/12/2024).

Tran, Tuan-Anh, Tamas Ruppert, and Jdnos Abonyi (June 2021). “Indoor Position-
ing Systems Can Revolutionise Digital Lean”. In: Applied Sciences 11.11, p. 5291.
DOI: [10.3390/app11115291.

Uhlemann, Thomas H.-J., Christoph Schock, Christian Lehmann, Stefan Freiberger,
and Rolf Steinhilper (2017). “The Digital Twin: Demonstrating the Potential of
Real Time Data Acquisition in Production Systems”. In: Procedia Manufacturing
9. Tth Conference on Learning Factories, pp. 113-120. DOI: 10.1016/j .promfg.
2017.04.043.

Van Brackel, Thomas (2009). Adaptive Steuerung flexibler Werkstattfertigungssys-
teme: Nutzung moderner Informations-und Kommunikationstechnologien zur ef-
fizienten Produktionssteuerung unter Echtzeitbedingungen. Springer-Verlag. DOTI:
10.1007/978-3-8349-8066-3.

VDI - Association of German Engineers (2014). VDI-Guideline 3633 (Sheet 1) Sim-
ulation of systems in materials handling, logistics and production: Fundamentals.
URL: vdi.de/en/home/vdi-standards/details/vdi-3633-simulation-of-
systems-in-materials-handling-logistics—and-production-terms—and-
definitions (visited on 03/12/2024).

Véjar, Andrés and Patrick Charpentier (Dec. 2012). “Generation of an adaptive sim-
ulation driven by product trajectories”. In: Journal of Intelligent Manufacturing
23, pp. 2667-2679. DOT: [10.1007/s10845-011-0504-x.

Vernickel, Kilian, Laura Brunner, Georg Hoellthaler, Giuseppe Sansivieri, Christian
Hérdtlein, Ludwig Trauner, Lukas Bank, Jan Fischer, and Julia Berg (2020).
“Machine-Learning-Based Approach for Parameterizing Material Flow Simula-
tion Models”. In: Procedia CIRP 93. 53rd CIRP Conference on Manufacturing
Systems, pp. 407-412. DOI: 10.1016/j.procir.2020.04.018.

133


https://doi.org/10.1016/j.procir.2016.02.017
https://doi.org/10.1007/s00170-017-0233-1
https://doi.org/10.1016/j.cirp.2022.04.023
https://doi.org/10.1016/j.cirp.2022.04.023
https://doi.org/10.1016/j.procir.2021.11.113
asim-fachtagung-spl.de/asim2021/papers/Proof_148.pdf
https://doi.org/10.3390/app11115291
https://doi.org/10.1016/j.promfg.2017.04.043
https://doi.org/10.1016/j.promfg.2017.04.043
https://doi.org/10.1007/978-3-8349-8066-3
vdi.de/en/home/vdi-standards/details/vdi-3633-simulation-of-systems-in-materials-handling-logistics-and-production-terms-and-definitions
vdi.de/en/home/vdi-standards/details/vdi-3633-simulation-of-systems-in-materials-handling-logistics-and-production-terms-and-definitions
vdi.de/en/home/vdi-standards/details/vdi-3633-simulation-of-systems-in-materials-handling-logistics-and-production-terms-and-definitions
https://doi.org/10.1007/s10845-011-0504-x
https://doi.org/10.1016/j.procir.2020.04.018

Vieira, Anténio Amaro Costa, Luis S Dias, Maribel Yasmina Santos, Guilherme
Pereira, and José A Oliveira (2018). “Setting an industry 4.0 research and devel-
opment agenda for simulation - a literature review”. In: International Journal of
Simulation Modelling 17. DOI: [10.2507/IJSIMM17(3)429.

Volk, Maximilian and Carina Mieth (2022). “Offline segmentation of spatio-temporal
order trajectories by mixed-integer linear programming for determining process
times in production systems”. In: Procedia CIRP 107. 55th CIRPConferenceon-
ManufacturingSystems, pp. 712-717. DOI: 10.1016/j.procir.2022.05.050.

Whittlestone, Jess, Rune Nyrup, Anna Alexandrova, Kanta Dihal, and Stephen Cave
(2019). “Ethical and societal implications of algorithms, data, and artificial in-
telligence: a roadmap for research”. In: London: Nuffield Foundation. 1SSN: 978-
1-9160211-0-5. URL: nuffieldfoundation.org/sites/default/files/files/
Ethical-and-Societal-Implications-of-Data-and-Al-report-Nuffield-
Foundat .pdf (visited on 03/12/2024).

Wiendahl, Hans-Peter (2014). Betriebsorganisation fir Ingenieure. Carl Hanser Ver-
lag GmbH & Co. KG. DOI: |10.3139/9783446460614 . fm.

Wu, Wei, Zhiheng Zhao, Leidi Shen, Xiang Kong, Daqiang Guo, Ray Y. Zhong, and
George Q. Huang (Apr. 2022). “Just Trolley: Implementation of industrial IoT
and digital twin-enabled spatial-temporal traceability and visibility for finished
goods logistics”. In: Advanced Engineering Informatics 52, p. 101571. DOI: [10.
1016/j.aei.2022.101571.

Xianjia, Yu, Li Qingqing, Jorge Pefia Queralta, Jukka Heikkonen, and Tomi West-
erlund (July 2021). “Applications of UWB Networks and Positioning to Au-
tonomous Robots and Industrial Systems”. In: Mediterranean Conference on
Embedded Computing. MECO 2021, pp. 1-6. bor: 10.1109/MEC052532. 2021 .
9460266.

Yassin, Ali, Youssef Nasser, Mariette Awad, Ahmed Al-Dubai, Ran Liu, Chau Yuen,
Ronald Raulefs, and Elias Aboutanios (Nov. 2017). “Recent Advances in Indoor
Localization: A Survey on Theoretical Approaches and Applications”. In: IFEFE
Communications Surveys & Tutorials 19.2, pp. 1327-1346. DO1:/10.1109/COMST .
2016.2632427.

Zafari, Faheem, Athanasios Gkelias, and Kin Leung (Apr. 2019). “A survey of indoor
localization systems and technologies”. In: IFEE Communications Surveys &
Tutorials 21.3, pp. 2568-2599. DOI: [10.1109/COMST.2019.2911558.

Zhan, Xuegang, Wei Wu, Leidi Shen, Wangyunyan Liao, Zhiheng Zhao, and Jing
Xia (Aug. 2022). “Industrial internet of things and unsupervised deep learning
enabled real-time occupational safety monitoring in cold storage warehouse”. In:
Safety Science 152, p. 105766. DOI: 10.1016/j.ssci.2022.105766.

Zhong, Ray (2019). “RFID Data Driven Performance Evaluation in Production Sys-
tems”. In: Procedia CIRP 81. 52nd CIRP Conference on Manufacturing Systems,
pp. 24-27. DOI: 10.1016/j.procir.2019.03.005.

Zhou, Junyi and Jing Shi (Dec. 2009). “RFID localization algorithms and applica-
tions - a review”. In: Journal of Intelligent Manufacturing 20, pp. 695-707. DOI:
10.1007/s10845-008-0158-5.

Zhuang, C., J. Liu, and H. Xiong (Feb. 2018). “Digital twin-based smart production
management and control framework for the complex product assembly shop-
floor”. In: The International Journal of Advanced Manufacturing Technology 96,
pp. 1149-1163. po1: 10.1007/s00170-018-1617-6.

134


https://doi.org/10.2507/IJSIMM17(3)429
https://doi.org/10.1016/j.procir.2022.05.050
nuffieldfoundation.org/sites/default/files/files/Ethical-and-Societal-Implications-of-Data-and-AI-report-Nuffield-Foundat.pdf
nuffieldfoundation.org/sites/default/files/files/Ethical-and-Societal-Implications-of-Data-and-AI-report-Nuffield-Foundat.pdf
nuffieldfoundation.org/sites/default/files/files/Ethical-and-Societal-Implications-of-Data-and-AI-report-Nuffield-Foundat.pdf
https://doi.org/10.3139/9783446460614.fm
https://doi.org/10.1016/j.aei.2022.101571
https://doi.org/10.1016/j.aei.2022.101571
https://doi.org/10.1109/MECO52532.2021.9460266
https://doi.org/10.1109/MECO52532.2021.9460266
https://doi.org/10.1109/COMST.2016.2632427
https://doi.org/10.1109/COMST.2016.2632427
https://doi.org/10.1109/COMST.2019.2911558
https://doi.org/10.1016/j.ssci.2022.105766
https://doi.org/10.1016/j.procir.2019.03.005
https://doi.org/10.1007/s10845-008-0158-5
https://doi.org/10.1007/s00170-018-1617-6

Zicari, Roberto, John Brodersen, James Brusseau, Boris Diidder, Timo Eichhorn,
Todor Ivanov, Georgios Kararigas, Pedro Kringen, Melissa McCullough, Flo-
rian Moslein, Naveed Mushtaq, Gemma Roig, Norman Stiirtz, Karsten Tolle,
Jesmin Jahan Tithi, Irmhild van Halem, and Magnus Westerlund (June 2021).
“Z-Inspection®: A Process to Assess Trustworthy AI”. In: IEEE Transactions
on Technology and Society 2.2, pp. 83-97. DOI: |10.1109/TTS.2021.3066209.

Zidek, Kamil, Jan Pitel, Milan Addmek, Peter Lazorik, and Alexander Hogovsky
(May 2020). “Digital Twin of Experimental Smart Manufacturing Assembly
System for Industry 4.0 Concept”. In: Sustainability 12.9. por: 10 . 3390 /
sul2093658.

135


https://doi.org/10.1109/TTS.2021.3066209
https://doi.org/10.3390/su12093658
https://doi.org/10.3390/su12093658

136



Appendix A

Tables and Figures

A.1 User Requirements for Indoor Positioning

System (IPS]) Selection

The literature reveals twenty user requirements essential for the comparison and
evaluation of [PSk. These requirements, as defined in Mautz (2012) and Alarifi et
al. (2016)), are given below:

The accuracy of an [[PS is the degree of correspondence of measured to the
actual position and is usually expressed as absolute deviation referred to as
measurement uncertainty or error.

The cost of an accumulate in different phases, e.g., system installation,
operation, expansion, and maintenance for hardware, software, and services,
and can be measured in money, time, space and energy, according to Alarifi
et al. (2016)). Mautz (2012) distinguishes between unique system set-up costs,
per-user device costs, per-room costs, and maintenance costs.

The coverage area of an [[PY includes the space in which an asset can be
located by the system. It also indicates whether there are restrictions to a
specific area, like single rooms, buildings, or cities or if it has global coverage.

The update rate of an [PS] sometimes also referred to as responsiveness,
describes when the position of the located objects is updated. This update can
be triggered by an event, on request, or periodically on a specified frequency.

The scalability of an includes the ability to expand the localization space
and increase the number of trackable objects. When scaling a system, con-
sideration should be given to whether the system is scalable with an area-
proportional number of reference nodes and whether this involves a loss of
accuracy.

The robustness and security of an[[PSlis given when the system is not vul-
nerable to physical damage and theft on the hardware side and not susceptible
to malfunction caused by jamming or unauthorized access on the software side.

The precision of an [[PS| refers to the degree of consistency or reproducibility
of measurements, indicating how close repeated measurements are to each
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other, opposed to accuracy, which is the closeness of a measurement to the
true value, representing how well the measurement reflects reality.

o The required infrastructure of an is a requirement that looks mainly
into the hardware side of things: Is new infrastructure needed, or can existing
infrastructure be reused? For example, the open localization standard OM-
LOXE| is working towards a more open localization ecosystem where new de-
vices can be located with already existing infrastructure from another system
provider (Gerwin et al. |2022). Under this requirement also falls the decision
of whether the system should use active or passive markers.

o The privacy of an [[PS depends on the extent to which access to the data is
secured, how well (personal) data is protected, and how the further use and
analysis of data are transparently regulated.

o The availability of an [PS denotes the duration the system is operational,
normalized over the observation period. Prospective installers of an [P find
this metric crucial as it reveals the likelihood and maximum duration of system
outages.

o The adaptiveness of an [[PS describes how well the [[PS can be deployed in
different environments with their typical interference factors.

o The market maturity of an [[PS indicates the product’s position in its life
cycle, whether it is still in development or an established product.

e The intrusiveness of an describes how seamlessly the system can be
integrated into the target environment. User acceptance also plays a role in
this requirement because the system should not hinder users from performing
their activities.

e The number of users of an [[PS is important for sizing the system to the
intended use case.

e The output data of an becomes a relevant requirement when users en-
gage in data analysis for their use cases. While all inherently provide
data on tracked device positions over time, the specifics can vary significantly.
Systems may offer two-dimensional or three-dimensional coordinates, and the
position may be relative or absolute, with potential symbolic representations.
Dynamic parameters, such as object speed, heading direction, and measure-
ment uncertainties, can also be of interest in certain cases.

o The interface of an can take on different forms known from other human-
machine interfaces. It can be text-based or graphical on display. It can include
audio and voice interfaces and digital interfaces for data exchange and com-
munication, either wire- or hardware-based, or wireless.

o The system integrity of an [[PS denotes the functionality according to the
technical specifications. Some systems monitor integrity in operation and re-
port when there is a failure.

"https://omlox.com/
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o The approval of an [[PS refers to the legal permission to run the [PS| system
in the considered environment. In some applications and countries, the system
must be certified by authorities.

e The energy consumption of an is a selection criterion to be considered
if the system’s energy efficiency is important in the application. For example,
some systems are powered by batteries and should be used over a specific time
horizon without recharging. On the other hand, some users are interested in
low overall energy consumption to meet their sustainability goals.

A.2 Stakeholder Map

Group 6

local
communities

op floor
Group 1 corporate social ‘ workforce i Group 2
responsibility

management

from company )
using the system customer of public

company
middle operating the

management actors and people Group 3 factory

(foremen and affected media
team leaders) d certification
authorities
department management inspectors (e.g. politics
(GDPR) from company TOV / DEKRA)
department; developing the
espec[a!ly IT purchasing of system Group 5
security the factory project leads legislative
operator developer of DE/EU
the system —
Group 4

Figure A.1: Stakeholder map providing an overview of actors in the ecosystem
around the assessed system, which could presumably be affected.

The stakeholder map in Figure reflects the status after the third workshop in
the assessment phase of the Z-Inspection® process and was further refined, yielding
Figure 6.2l The different colors represent the different stakeholder groups:

o Group 1: people employed at manufacturing company that deploys system

o Group 2: people working in the supply chain for the company that deploys
the system

e Group 3: customers of the manufacturing company
o Group 4: people from the company that develops the system
o Group 5: external auditors

« Group 6: social, medial, and political spheres
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A.3 Assessment of Investigators
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Table A.1: Assessment of the investigators from Workshop 3, which took place on
July 14, 2022. The first row shows the self-assessment of the investigators. The
second line (C) shows the author’s assessment. The last line is the average of self-
assessment and third-party assessment.
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Table A.2: Assessment of the investigators from Workshop 2, which took place on
July 19, 2022. The first row shows the self-assessment of the investigators. The
second line (C) shows the author’s external assessment. The last line is the average
of self-assessment and third-party assessment.
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Table A.3: Assessment of the investigators from Workshop 3, which took place on
July 22, 2022. The first row shows the self-assessment of the investigators. The
second line (C) shows the author’s assessment. The last line is the average of self-
assessment and third-party assessment.
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A.4 Data on the Analysis of Issues, Issue Clus-
ters, and Recommendations

in ethical principle issues

I IT 11 IV count 40
human agency and oversight 10 7 6 1 24 60,0%
technical robustness and safety 1 3 3 2 9 22.5%
privacy and data governance 4 4 4 4 16 40,0%
transparency 2 2 7 8 19  475%
diversity, non-discrimination and fairness 3 3 10 1 17 425%
societal and environmental well-being 2 8 6 0 16 40,0%
accountability 3 3 6 3 15 375%

25 30 42 19 116
21,6% 259% 36,2% 16,4%

Table A.4: Frequency of key requirements mentioned in issues broken down by the
four ethical principles.

in ethical principle clusters

I IT 1T v count 40
human agency and oversight 3 2 3 0 8 53,3%
technical robustness and safety 0 1 1 1 3 20,0%
privacy and data governance 1 2 1 1 5 33,3%
transparency 0 0 2 2 4 26,7%
diversity, non-discrimination and fairness 0 1 4 0 5 33,3%
societal and environmental well-being 0 4 2 0 6 40,0%
accountability 1 0 1 1 3 20,0%

5 10 14 5 34

14,7% 294% 412% 14,7%

Table A.5: Frequency of key requirements mentioned in issue clusters broken down
by the four ethical principles.
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recommendations

human agency and oversight 7 15,2%
technical robustness and safety 3 6,5%
privacy and data governance 8 17,4%

transparency 12 26,1%

diversity, non-discrimination and fairness 9 19,6%
societal and environmental well-being 7 15,2%
accountability 0 0,0%

46

Table A.6: Frequency of key requirements mentioned in recommendations.

issues issue clusters recommendations

sample skewness -0,037 0,800 -0,574

sample kurtosis 1,827 0,440 0,214
Jarque-Bera test statistic 0,975 0,803 0,398
p-value 0,614 0,670 0,819

Table A.7: Results of the Jarque-Bera test for normal distribution. The number
of observations for each test is seven because of the seven key requirements. Since
this p-value is not less than 0.05, the null hypothesis is not rejected. There is not
sufficient evidence to suggest that the dataset is not normally distributed. (Hy: The
data are normally distributed. H4: The data are not normally distributed.)

Pearson correlation t-score p-value

average vote to deviation -0.261 -0.605  0.572

issues to issue clusters 0.784 2.826 0.037

issues to recommendations 0.503 1.301 0.250

issue clusters to recommendations 0.394 0.959  0.382
issues to average voting 0.428 1.058  0.339

Table A.8: Analysis of Pearson correlation coefficients, Z-Steiger t-scores (see Equa-
tion , and p-values. Only the correlation between the frequency of mentions of
issues and issue clusters is statistically significant (p-value of 0.037 < 0.05).
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Appendix B

Ethical Issues

This chapter presents the ethical issues as identified during the workshops. The
description of the issues was only linguistically revised and then translated from
German into English. For each issue, it is indicated in which workshop it was
identified, to which ethical principles it was categorized, and whether a tension was
named. For the trustworthy Al key requirements, the person who voted for the
mapped requirement is indicated in parentheses. The issues are listed according to
ethical principles. If an issue was assigned to two ethical principles, it is only listed
under the ethical principle deemed more appropriate to avoid duplication.

B.1 Respect for Human Autonomy

Ethical Issue 1: Employees have their decisions taken by the system
Identified in: Workshop 1

Issue Cluster: Limitation of decision making - Cluster

Ethical Principles: Respect for human autonomy

Tension: Autonomy vs. efficiency

Trustworthy AI Key Requirements: Human agency and oversight (all four)

Ethical Issue 2: No more operational decision-making authority in middle man-
agement (foremen, team leaders). This means no emergency action can be taken
(e.g., if the system makes the wrong decision).

Identified in: Workshop 1

Issue Cluster: Limitation of decision making - Cluster

Ethical Principles: Respect for human autonomy

Tension: -

Trustworthy AI Key Requirements: Human agency and oversight (all four);
technical robustness and safety (Tom & Anna)

Ethical Issue 3: The simulation model can limit options for action.

Identified in: Workshop 1

Issue Cluster: Limitation of decision making - Cluster

Ethical Principles: Respect for human autonomy

Tension: Autonomy vs. efficiency

Trustworthy AI Key Requirements: Human agency and oversight (all four);
accountability (Sabeth & Anna)
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Ethical Issue 4: Strict system specifications with no possibility of human influence:
Orders may be assigned, or decisions may be made against the will of the person
performing the work. A data-driven work instruction may contradict the predefined
procedure, and one cannot independently schedule one’s s work. The system dictates
movement.

Identified in: Workshop 2

Issue Cluster: Against the will, self-assessment or personal preference - Cluster
Ethical Principles: Respect for human autonomy

Tension: Autonomy vs. efficiency

Trustworthy AI Key Requirements: Human agency and oversight (all four);
transparency (Yahel & Thorsten, after discussion all four)

Ethical Issue 5: Transparent employee: "Observation" of every movement. Activi-
ties can only take place if they are located on the shop floor. Only some movements
are relevant to the functioning of the system. What happens to the remaining
recorded movements? The restriction of the movement radius makes a person feel
unfredl]

Identified in: Workshop 2

Issue Cluster: Transparent employee - Cluster

Ethical Principles: Respect for human autonomy

Tension: Privacy vs. quality of service

Trustworthy AI Key Requirements: Privacy and data governance (all four);
transparency (Tom & Yahel)

Ethical Issue 6: (i) Worker data reveals too many conclusions about their behavior
and enables too close control. (ii) The data also allows conclusions to be drawn about
incorrect behavior by persons involved (e.g., speeding forklifts).

Identified in: Workshop 3

Issue Cluster: Transparent employee - Cluster [3} Fairness in case of mistakes -
Cluster [1]

Ethical Principles: Respect for human autonomy, Fairness

Tension: Safety vs. autonomy

Trustworthy AI Key Requirements: Human agency and oversight (all four),
privacy and data governance (all four)

Ethical Issue 7: Datafication of human performance: worker data allows conclu-
sions to be drawn about the worker’s efficiency. How good was the factory planner’s
planning variant compared to the proposal from the system?

Identified in: Workshop 3

Issue Cluster: Transparent employee - Cluster

Ethical Principles: Respect for human autonomy

Tension: Quality of service vs. dignity; accuracy vs. fairness

Trustworthy AI Key Requirements: Human agency and oversight (all four);
privacy and data governance (Lynn, Ute); diversity, non-discrimination, and fairness
(Lynn, Ute, Flemming), Societal and environmental well-being (Flemming, Ute)

!'Note: Investigators think that the observation will restrict the movement radius because people
do not dare to deviate from the prescribed tasks and thus locations.
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Ethical Issue 8: The system restricts the decision-making authority of the previous
decision-makers, such as managers, suppliers, and external partners. Examples:
(1) Production controller is overridden by simulation decision or cannot comprehend
it. (2) Worker receives real-time instructions via an interface. Now, the system
patronizes him.

Identified in: Workshop 3

Issue Cluster: Limitation of decision making - Cluster

Ethical Principles: Respect for human autonomy, Explainability

Tension: Autonomy vs. efficiency

Trustworthy AI Key Requirements: Human agency and oversight (all four);
diversity, non-discrimination and fairness (all four); accountability (all four)

Ethical Issue 9: Assignment to a work and break schedule: instead of human
decision, there is only limited job rotation based on performance metrics or by
system restrictions. (Variety pleases the employees). The system enforces optimal
break times, e.g., when the employee can go to the bathroom.

Identified in: Workshop 1

Issue Cluster: Against the will, self-assessment or personal preference - Cluster
Ethical Principles: Respect for human autonomy, Prevention of harm

Tension: Autonomy vs. efficiency, efficiency vs. health

Trustworthy AI Key Requirements: Human Agency and oversight (Johannes
& Tom), societal and environmental well-being (Sabeth & Johannes)

Ethical Issue 10: The employee is deprived of autonomy to assess their abilities
and needs: When modeling people in simulation, all individual abilities and needs
can never be considered. Automated decision-making will, therefore, not be able to
consider these individual abilities and needs. An example is that people work slower
in heat or due to disabilities. Nevertheless, the simulation predicts more produc-
tivity, and such deviation can lead to anger. Also, assigning a task to somebody
unable to perform it physically or only with difficulty leads to psychological and
physical stress. Performance-based assignments of employees without consideration
of ergonomic aspects can cause harm.

Identified in: Workshop 2

Issue Cluster: Against the will, self-assessment or personal preference - Cluster
Ethical Principles: Respect for human autonomy, Prevention of harm

Tension: Privacy vs. accuracy

Trustworthy AI Key Requirements: Human agency and oversight (Veronika,
Thorsten, Yahel); Diversity, non-discrimination, and fairness (Sandra, accepted in
discussion)

Ethical Issue 11: Little influence on direct decision-making (self-efficacy). Exam-
ple: Continuous improvement processes: How can a person influence that a better
decision is made next time?

Identified in: Workshop 2

Issue Cluster: Limitation of decision making - Cluster

Ethical Principles: Respect for human autonomy, Fairness

Tension: Simplicity vs. dignity

Trustworthy AI Key Requirements: Human agency and oversight (all four);
privacy and data governance (Sandra, Veronika); Accountability (Yahel, Thorsten,
Veronika)
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B.2 Prevention of Harm

Ethical Issue 12: Fear of radiation: if technically everything is okay, then no
physical damage is to be expected, but purely psychological.

Identified in: Workshop 1

Issue Cluster: Technophobia - Cluster [7]

Ethical Principles: Prevention of harm (psychological)

Tension: Efficiency vs. health

Trustworthy AI Key Requirements: Societal and environmental well-being (all
four)

Ethical Issue 13: Emotional stress / over time mental illness due to monitoring
Identified in: Workshop 1

Issue Cluster: Harm caused by surveillance - Cluster

Ethical Principles: Prevention of harm (psychological)

Tension: Privacy vs. efficiency

Trustworthy AI Key Requirements: Societal and environmental well-being (all
four)

Ethical Issue 14: Self-amplifying effects (e.g., in the RL policy) steadily increase
the work rate.

Identified in: Workshop 1

Issue Cluster: Pressure to perform - Cluster

Ethical Principles: Prevention of harm (psychological)

Tension: Efficiency vs. health

Trustworthy AI Key Requirements: Societal and environmental well-being (all
four), human agency and oversight (Sabeth, Anna, Johannes)

Ethical Issue 15: Frequent changes in work instruction or workflow: Is new
Al-generated work instruction feasible for the worker, or does it overwhelm
him/her? Error-proneness increases if new things have to be done frequently. The
short-term change increases stress levels and may reduce the time for compensation.
Identified in: Workshop 2

Issue Cluster: Damage due to excessive or wrong demands - Cluster [§]

Ethical Principles: Prevention of harm (physical & psychological)

Tension: Efficiency vs. safety

Trustworthy Al Key Requirements: Human Agency and oversight (all four);
technical robustness and safety (Sandra & Thorsten); diversity, non-discrimination,
and fairness (Veronika & Sandra); Societal and environmental well-being (Veronika,
Sandra, Yahel)

Ethical Issue 16: Psychological pressure to do more to "improve the algorithm."
For planners: Constant competition with the system (optimum) can lead to psycho-
logical stress (e.g., burnout, depression, etc.).

Identified in: Workshop 3

Issue Cluster: Pressure to perform - Cluster

Ethical Principles: Prevention of harm (psychological)

Tension: Accuracy vs. solidarity; privacy vs. efficiency; efficiency vs. safety;
Trustworthy Al Key Requirements: Human agency and oversight (all four);
Privacy and Data Governance (Lynn, Ute); Transparency (Charleen, Flemming);
societal and environmental well-being (all four); accountability (Charleen, Lynn)
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Ethical Issue 17: (i)ﬂFor workers: Tracking workers can create psychological
pressure that can lead to accidents, for example. (ii)? Increased efficiency of ma-
chines does not necessarily lead to more efficient behavior of people. It may lead to
burnout, depression, and an increased risk of accidents.

Identified in: Workshop 3

Issue Cluster: (i) Harm caused by surveillance - Cluster [ (ii) Damage due to
excessive or wrong demands - Cluster [0]

Ethical Principles: Prevention of harm (psychological & physical)

Tension: Privacy vs. efficiency; efficiency vs. safety;

Trustworthy AI Key Requirements: Human agency and oversight (Lynn,
Charleen, Flemming); Privacy and Data Governance (Ute, accepted in discussion);
diversity, non-discrimination, and fairness (Ute, accepted in discussion); societal and
environmental well-being (Lynn, Ute); accountability (Lynn, Charleen, Flemming)

Ethical Issue 18: The permanent knowledge that the simulation makes decisions
can lead to psychological stress for all persons. The psychological pressure of auto-
mated decisions - the algorithm as the "ruler."

Identified in: Workshop 3

Issue Cluster: Pressure to perform - Cluster 5}

Ethical Principles: Prevention of harm (psychological)

Tension: convenience vs. dignity

Trustworthy Al Key Requirements: Human agency and oversight (Lynn,
Charleen); Privacy and Data Governance (Ute, Flemming, Charleen); transparency
(Charleen, Lynn); diversity, non-discrimination, and fairness (Ute, Lynn, Flem-
ming); societal and environmental well-being (Lynn, Ute, Flemming); accountability
(Lynn, Charleen)

Ethical Issue 19: Autonomous faulty control of machines or Automated Guided
Vehicles (AGVE) can lead to physical accidents, e.g., if safety circuits are bypassed
or because the tracking device is put down on a day or the battery is empty.
Identified in: Workshop 3

Issue Cluster: Damage due to excessive or wrong demands - Cluster [6}

Ethical Principles: Prevention of harm (physical)

Tension: Efficiency vs. safety

Trustworthy AI Key Requirements: Human agency and oversight (all four);
technical robustness and safety (all four); societal and environmental well-being
(Lynn, accepted after discussion)

Ethical Issue 20: Fear of cyber-attack or actual cyber-attack due to weak cyber-
security.

Identified in: Workshop 3

Issue Cluster: Risk of cyber attacks - Cluster

Ethical Principles: Prevention of harm (physical & psychological)

Tension: Efficiency vs. safety

Trustworthy AI Key Requirements: Human agency and oversight (Ute, Flem-
ming, Lynn); technical robustness and safety (all four); privacy and data governance
(all four)

2Issue was split into two parts (i) and (ii), one for each cluster it was assigned to.

149



B.3 Fairness

Ethical Issue 21: Trained models generalize performance: particularly "strong" or
"weak" employees are not modeled appropriately and have to live with the conse-
quences of poor modeling. The machine learning system cannot be adapted fast
enough to unexpected dynamics/fluctuating performance levels.

Identified in: Workshop 3

Issue Cluster: Discrimination based on performance - Cluster [J

Ethical Principles: Respect for human autonomy, Fairness

Tension: Convenience vs. fairness; safety vs. efficiency; autonomy vs. efficiency
Trustworthy AI Key Requirements: Human agency and oversight (all four);
Technical robustness and safety (Charleen, Ute, Flemming); Transparency (Lynn,
accepted after discussion); diversity, non-discrimination, and fairness (Ute, accepted
after discussion)

Ethical Issue 22: The system is misused for performance measurement (power
asymmetry).

Identified in: Workshop 1

Issue Cluster: Discrimination based on performance - Cluster [J

Ethical Principles: Prevention of harm (psychological), Fairness

Tension: none, because it is "fundamentally wrong' (Anna)

Trustworthy Al Key Requirements: privacy and data governance (Johannes,
Tom), transparency (Johannes, Sabeth), diversity, non-discrimination and fairness
(Sabeth, Johannes), accountability (Anna, Sabeth, Tom)

Ethical Issue 23: The load of activities is unevenly distributed in the workforce.
Identified in: Workshop 1

Issue Cluster: Fairness in decision-making - Cluster

Ethical Principles: Prevention of harm (physical), Fairness

Tension: Individuality vs. equality

Trustworthy Al Key Requirements: Diversity non-discrimination and fairness
(all four), societal and environmental well-being (all four)

Ethical Issue 24: "Testimony against testimony": the credibility of people may be
questioned in case of different representations of reality by measured data. Example:
Errors in tracking may be mistaken for errors made by employees.

Identified in: Workshop 2

Issue Cluster: Fairness in case of mistakes - Cluster [11]

Ethical Principles: Prevention of harm (physical), Fairness

Tension: -

Trustworthy AI Key Requirements: Transparency (Veronika, Thorsten); di-
versity non-discrimination and fairness (Yahel, accepted after discussion); account-
ability (Veronika, Yahel, Sandra)
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Ethical Issue 25: Hijacking the algorithm: Weaknesses of the ML system are ex-
ploited to gain advantages at the expense of colleagues (my efficiency score gets
better, and one of the colleagues gets worse). All subsequent shifts must work faster
based on the top performer’s time.

Identified in: Workshop 3

Issue Cluster: Fairness of different groups among each other - Cluster
Ethical Principles: Prevention of harm, Fairness

Tension: Efficiency vs. safety; solidarity vs. efficiency

Trustworthy AI Key Requirements: technical robustness and safety (all four);
privacy and data governance (Ute, Charleen, Flemming); accountability (Lynn, ac-
cepted after discussion)

Ethical Issue 26: The individuality of the employee is not taken into account (e.g.,
skill level / health / physical limitation / language)

Identified in: Workshop 1

Issue Cluster: Discrimination based on performance - Cluster [J

Ethical Principles: Fairness

Tension: Individuality vs. equality

Trustworthy Al Key Requirements: Human agency and oversight (Sabeth,
Anna), Diversity, non-discrimination and fairness (all four), societal and environ-
mental well-being (Anna, Sabeth, Johannes)

Ethical Issue 27: Calculation of individual productivity: for example, the process-
ing speed of people is compared: Disadvantages of less "efficient" people (physically,
mentally). Work processes are designed in favor of the "majority ."A worker’s
performance is measured over time, leading to performance expectations in specific
contexts. Example: Using data to customize pay (Where is one’s sphere of influence?
What can be positively influenced by employees?)

Identified in: Workshop 2

Issue Cluster: Discrimination based on performance - Cluster [9)

Ethical Principles: Fairness

Tension: Efficiency vs. equality, personalization vs. solidarity

Trustworthy AI Key Requirements: Human agency and oversight (Veronika,
Yahel); privacy and data governance (Thorsten, Veronika); diversity non-discrimi-
nation and fairness (Yahel, Sandra), societal and environmental well-being (Veronika,
Yahel)

Ethical Issue 28: Error-proneness of machine learning leads to unpredictable con-
sequences. Example: unbalanced data leads to bias in the system. The model learns
something that it should not represent.

Identified in: Workshop 3

Issue Cluster: Fairness in decision-making - Cluster

Ethical Principles: Prevention of harm (psychological), Fairness

Tension: Convenience vs. safety; convenience vs. security; convenience vs. fairness
Trustworthy AI Key Requirements: Human agency and oversight (all four);
technical robustness and safety (all four); privacy and data governance (Charleen,
Flemming, Lynn); Transparency (Ute, Lynn); diversity, non-discrimination, and
fairness (Ute, Lynn); societal and environmental well-being (Lynn, accepted after
discussion)
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Ethical Issue 29: The system favors individual workers according to certain cri-
teria, e.g., quality, age, speed, etc., and thus disadvantages other workers.
Identified in: Workshop 3

Issue Cluster: Discrimination based on performance - Cluster [J

Ethical Principles: Fairness

Tension: Efficiency vs. personalisation vs. solidarity

Trustworthy AI Key Requirements: Human agency and oversight (all four);
Transparency (all four); diversity, non-discrimination, and fairness (Ute, accepted
after discussion); societal and environmental well-being (all four); accountability
(Charleen, Lynn)

Ethical Issue 30: Execute the production order from one customer faster than
another (simulation prefers customer A over B).

Identified in: Workshop 3

Issue Cluster: Fairness of different groups among each other - Cluster
Ethical Principles: Fairness

Tension: Fairness vs. efficiency; quality of service vs. fairness

Trustworthy AI Key Requirements: Human agency and oversight (Charleen,
Lynn); Transparency (Charleen, Ute, Lynn); diversity, non-discrimination, and fair-
ness (Ute, Flemming); societal and environmental well-being (Charleen, Flemming,
Lynn); accountability (all four)

Ethical Issue 31: The system’s complexity (factory example) only allows one actor
to understand some of the conditions for the decisions being made. More information
could be available at a higher level or for privileged groups of people than at a lower
level or for a less privileged group. The transparency of what data is collected and
where is not the same for everyone.

Identified in: Workshop 3

Issue Cluster: Fairness of different groups among each other - Cluster
Ethical Principles: Fairness, Explainability

Tension: Accuracy vs. explainability

Trustworthy AI Key Requirements: Transparency (all four); diversity, non-
discrimination and fairness (Ute, Flemming); accountability (Charleen, Lynn)

B.4 Explainability

Ethical Issue 32: Bearing responsibility without assessing the decision’s impact (if
the decision is not comprehensible). The production manager does not understand
AT advice but must instruct people to follow it and assumes responsibility. How are
questions of guilt clarified? Especially if someone is harmed.

Identified in: Workshop 2

Issue Cluster: Poor comprehensibility - Cluster

Ethical Principles: Prevention of harm, Explainability

Tension: accuracy vs. explainability; convenience vs. responsibility
Trustworthy AI Key Requirements: Transparency (Sandra, Veronika); Ac-
countability (Sandra, Veronika, Thorsten)
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Ethical Issue 33: System Transparency: Lack of acceptance by workers due to lack
of information about what happens to the collected data (feedback on the result is
missing)

Identified in: Workshop 1

Issue Cluster: Lack of acceptance - Cluster

Ethical Principles: Explainability

Tension: -

Trustworthy AI Key Requirements: privacy and data governance (Sabeth,
Anna, Johannes), Transparency (all four)

Ethical Issue 34: Decision transparency: Lack of acceptability for decisions. Sys-
tem acceptance becomes difficult, especially for long-term employees, and thus the
knowledge transfer into the system.

Identified in: Workshop 1

Issue Cluster: Lack of acceptance - Cluster

Ethical Principles: Explainability

Tension: -

Trustworthy AI Key Requirements: privacy and data governance (Sabeth,
Anna, Johannes), Transparency (all four)

Ethical Issue 35: Data transparency: lack of acceptance of what data has been
collected.

Identified in: Workshop 1

Issue Cluster: Lack of acceptance - Cluster

Ethical Principles: Explainability

Tension: Transparency vs. Privacy

Trustworthy AI Key Requirements: privacy and data governance (Sabeth,
Anna, Tom), Transparency (all four)

Ethical Issue 36: Information about monitoring leads to conscious slowing down
of the work pace.

Identified in: Workshop 1

Issue Cluster: Behaviour change and manipulation - Cluster

Ethical Principles: Explainability

Tension: Transparency vs. accuracy

Trustworthy AI Key Requirements: technical robustness and safety (Sabeth,
Anna)

Ethical Issue 37: The development of simulations based on data is not necessarily
comprehensible for humans (deviations from the happy path: approximately 5% of
my processes are, e.g., not explainable)

Identified in: Workshop 2

Issue Cluster: Poor comprehensibility - Cluster

Ethical Principles: Explainability

Tension: Accuracy vs. explainability

Trustworthy AI Key Requirements: Transparency (all four)
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Ethical Issue 38: Automated decisions without traceability are unlikely to be
accepted without appropriate guidance. Changed work instructions without justi-
fication, which represents why it comes to this change and why an adjustment of
the proceeding is meaningful. (informational justice relevant in change processes).
Following the new instructions is questioned: Evaluation of measured data would
need to be shared with all staff regularly if it results in adjustments to planning and
processes.

Identified in: Workshop 2

Issue Cluster: Lack of acceptance - Cluster

Ethical Principles: Explainability

Tension: Efficiency & accuracy vs. explainability

Trustworthy AI Key Requirements: Transparency (all four)

Ethical Issue 39: Reinforcement Learning (RIL) policies allow little transparency
in explaining individual decisions in practice. The ML system is very complex. Due
to the lack of explainability, errors cannot be easily detected.

Identified in: Workshop 3

Issue Cluster: Poor comprehensibility - Cluster

Ethical Principles: Explainability

Tension: Convenience vs. transparency; accuracy vs. explainability
Trustworthy AI Key Requirements: Transparency (all four); accountability
(all four)

Ethical Issue 40: Errors in the application or data, which are then used for training
the models, cannot be easily controlled. The explainability of the resulting model
suffers from this. Example: Marker is forgotten or even manipulated, etc.
Identified in: Workshop 3

Issue Cluster: Behaviour change and manipulation - Cluster

Ethical Principles: Explainability

Tension: Accuracy vs. explainability

Trustworthy AI Key Requirements: Human agency and oversight (all four);
technical robustness and safety (all four); privacy and data governance (Charleen,
Lynn); Transparency (all four); diversity, non-discrimination, and fairness (Ute,
Lynn, Charleen); accountability (all four)
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Appendix C

Recommendations from the
Workshops

In this chapter, the recommendations are presented as formulated by the investiga-
tors. Since the recommendations were given in German, the author has translated
them as directly as possible into English, making only minor improvements in ex-
pression and grammar to facilitate better understanding. The recommendations are
listed here in sections corresponding to the three workshops. For each recommenda-
tion, it is indicated who identified it, to which recommendation group it is assigned
in Chapter [6] and which key requirement it supports. In some cases, the author has
added notes under the recommendation if she felt that the recommendation could
not be clearly understood without them.

C.1 Recommendations from Workshop 1

Recommendation 1: Possibility of feedback for potential wrong decisions of the
Artificial Intelligence ([AI).

Identified by: Tom

Recommendation Group: Human in the loop - Group

Trustworthy AI key requirement: Human agency and oversight

Recommendation 2: [ATllearning phase for new employees/new products/processes
in defined scenarios!T]

Identified by: Tom

Recommendation Group: Keeping an eye on people’s well-being - Group
Trustworthy AI key requirement: Societal and environmental well-being

Recommendation 3: Offer override option[]

Identified by: Anna

Recommendation Group: Human in the loop - Group
Trustworthy Al key requirement: Human agency and oversight

! Author’s note: In the learning phase, the employee familiarizes themselves with the tasks per-
formed by the system /AT and how to interact with it. This involves engaging with various scenarios
to understand how to communicate feedback to the system/Al, such as expressing dissatisfaction
with its decisions.

2 Author’s note: Humans should have the option to disregard the AI’s decision.
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Recommendation 4: Insert human limits in Reinforcement Learning (RL) policyﬂ
Identified by: Anna

Recommendation Group: Limit the speed of change - Group

Trustworthy AI key requirement: Societal and environmental well-being

Recommendation 5: Health monitoring of employees. Use as a target variable in
decision making.

Identified by: Tom

Recommendation Group: Keeping an eye on people’s well-being - Group
Trustworthy AI key requirement: Societal and environmental well-being

Recommendation 6: Strengthening the competitive position means job preserva-
tion (more efficiency, better prices...), weighing up with negative system aspects,
and making a holistically optimized system design decision.

Identified by: Johannes

Recommendation Group: Ethics by design - Group

Trustworthy AI key requirement: Societal and environmental well-being

Recommendation 7: Involve the affected persons’ advisory board ("nothing about
us without us").

Identified by: Anna

Recommendation Group: Actively involve affected people - Group
Trustworthy AI key requirement: Diversity, non-discrimination and fairness

Recommendation 8: Establish continuous improvement processes where employ-
ees can anonymously share their feedback, concerns, etc.

Identified by: Sabeth

Recommendation Group: Actively involve affected people - Group
Trustworthy AI key requirement: Diversity, non-discrimination and fairness

Recommendation 9: Involvement and rights for works council or other kinds of
employee representation.

Identified by: Tom

Recommendation Group: Create trustworthy organizational structures-Group [I5]
Trustworthy Al key requirement: Diversity, non-discrimination and fairness

Recommendation 10: Involve persons of trust per area in the roll-out of the
system (employees, works council, coach).

Identified by: Sabeth

Recommendation Group: Create trustworthy organizational structures-Group [15]
Trustworthy AI key requirement: Diversity, non-discrimination and fairness

Recommendation 11: Involve employees in system development and implemen-
tation: inform, name contact persons, show interest in concerns and take them
seriously.

Identified by: Johannes

Recommendation Group: Actively involve affected people - Group
Trustworthy AI key requirement: Diversity, non-discrimination and fairness

3 Author’s note: Otherwise, the algorithm may continue optimizing to the extent that humans
reach their physical and mental limits, resulting in overwhelming situations.
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Recommendation 12: Communicate as transparently as possible about decision-
making factors for Al

Identified by: Sabeth

Recommendation Group: Ensure explainability of the Al system - Group
Trustworthy Al key requirement: Transparency

Recommendation 13: How accessible is or can the digital twin be made for dif-
ferent user groups? (transparency)

Identified by: Johannes

Recommendation Group: Ensure explainability of the simulation - Group
Trustworthy Al key requirement: Transparency

Recommendation 14: Visualization of the simulation model to support trans-
parency.

Identified by: Tom

Recommendation Group: Ensure explainability of the simulation - Group
Trustworthy AI key requirement: Transparency

Recommendation 15: Clarify what gains in efficiency mean financially.
Identified by: Johannes

Recommendation Group: Transparent communication - Group
Trustworthy Al key requirement: Transparency

Recommendation 16: Transparent presentation of system benefits.
Identified by: Tom

Recommendation Group: Transparent communication - Group
Trustworthy AI key requirement: Transparency

Recommendation 17: Define clear rules when which data is deleted. Where data
is no longer needed or required, it should be deleted as soon as possible. Employees
need to be educated about this. Don’t store all routes and tracked trajectories
forever.

Identified by: Johannes

Recommendation Group: Data governance - Group

Trustworthy AI key requirement: Privacy and data governance

Recommendation 18: Transparent presentation of anonymized tracking data
("Look, this is how the data is stored!").

Identified by: Tom

Recommendation Group: Data transparency - Group [

Trustworthy AI key requirement: Transparency

Recommendation 19: Maximum anonymization of data to prevent misuse.
Identified by: Tom

Recommendation Group: Handling of sensitive data - Group
Trustworthy Al key requirement: Privacy and data governance
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Recommendation 20: Possibly work with the data trustee?
Identified by: Anna

Recommendation Group: Involve a data trustee - Group
Trustworthy Al key requirement: Privacy and data governance

Recommendation 21: Project blog as a source of information.
Identified by: Anna

Recommendation Group: Transparent communication - Group
Trustworthy AI key requirement: Transparency

C.2 Recommendations from Workshop 2

Recommendation 22: Feedback mechanisms (for any situation).
Identified by: Sandra

Recommendation Group: Human in the loop - Group
Trustworthy AI key requirement: Human agency and oversight

Recommendation 23: Integrate feedback loops and feedback options for employ-
ees (if necessary, suggest options for the integration of further variables).
Identified by: Veronika

Recommendation Group: Human in the loop - Group

Trustworthy Al key requirement: Human agency and oversight

Recommendation 24: Create organizational structures where employees can go
for issues or unethical observations/concerns.

Identified by: Sandra

Recommendation Group: Create trustworthy organizational structures-Group |15
Trustworthy AI key requirement: Diversity, non-discrimination and fairness

Recommendation 25: Define change cycles, e.g., how often/quickly a system-
driven adjustment to the work instruction occurs.

Identified by: Veronika

Recommendation Group: Limit the speed of change - Group

Trustworthy AI key requirement: Societal and environmental well-being

Recommendation 26: A maximum number of changes to the process (to be de-
termined) must not be exceeded.

Identified by: Yahel

Recommendation Group: Limit the speed of change - Group

Trustworthy AI key requirement: Societal and environmental well-being

Recommendation 27: Fallback solutions for extreme situations.
Identified by: Thorsten

Recommendation Group: Ensure robustness of simulation - Group
Trustworthy AI key requirement: Technical robustness and safety
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Recommendation 28: Co-creation of [All solutions instead of leaving the field to
data scientists. This helps employee adoption.

Identified by: Sandra

Recommendation Group: Work interdisciplinary - Group

Trustworthy AI key requirement: Diversity, non-discrimination and fairness

Recommendation 29: Interdisciplinary Teams.

Identified by: Sandra

Recommendation Group: Work interdisciplinary - Group

Trustworthy Al key requirement: Diversity, non-discrimination and fairness

Recommendation 30: Self-affirmation of simulation feared at low autonomy level
(self-fulfilling prophecy). A technical consideration is necessary.

Identified by: Sandra

newline Recommendation Group: Ensure robustness of simulation - Group
Trustworthy Al key requirement: Technical robustness and safety

Recommendation 31: Ethics by Design (consider ethical aspects already in the
design process).

Identified by: Sandra

Recommendation Group: Ethics by design - Group

Trustworthy AI key requirement: Societal and environmental well-being

Recommendation 32: The on/off button on the marker explicitly allow employees
to work without tracking at certain times. The data| could also be evaluated as an
acceptance indicator (how willing employees are to use the marker because they see
the added value).

Identified by: Sandra

Recommendation Group: Privacy by preference - Group [0]

Trustworthy Al key requirement: Privacy and data governance

Recommendation 33: Is personal data allowed to exist at all?E]
Identified by: Yahel

Recommendation Group: Handling of sensitive data - Group
Trustworthy Al key requirement: Privacy and data governance

Recommendation 34: Deliberate disclosure of information in order to receive per-
sonally tailored work instructions that are more compatible with one’s preferences.
Identified by: Veronika

Recommendation Group: Privacy by preference - Group [0]

Trustworthy AI key requirement: Privacy and data governance

4Author’s note: Data refers to data on the use of the on/off button
5 Author’s note: This question is intended to explicitly address the question of what data may
actually be collected.
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Recommendation 35: Interaction possibilities between Al systems and user
groups, e.g., shop floor, management, and others, should be detailed. Different
levels: Who can have which influence on the system?

Identified by: Veronika

Recommendation Group: Data governance - Group

Trustworthy AI key requirement: Privacy and data governance

Recommendation 36: The data basis for changes must be visible to every-
oneff|(data transparency law?)

Identified by: Yahel

Recommendation Group: Data transparency - Group [9)

Trustworthy Al key requirement: Transparency

Recommendation 37: Explanation of decisions.

Identified by: Sandra

Recommendation Group: Ensure explainability of the Al system - Group
Trustworthy Al key requirement: Transparency

Recommendation 38: Data preparation: How can the data/information be pre-
pared and presented by the Al system in a target group-specific way?

Identified by: Veronika

Recommendation Group: Data transparency - Group [9)

Trustworthy Al key requirement: Transparency

C.3 Recommendations from Workshop 3

Recommendation 39: Instead of automatic decisions, the decision-makers (pro-
duction planners and controllers, factory managers) are given recommendations from
which to choose.

Identified by: Flemming

Recommendation Group: Develop a decision support system - Group2|
Trustworthy AI key requirement: Human agency and oversight

Recommendation 40: The system should be a decision support system that sup-
ports people. The decision-making authority still lies with each person him or
herself.

Identified by: Lynn

Recommendation Group: Develop a decision support system - Group|
Trustworthy Al key requirement: Human agency and oversight

Recommendation 41: Do not develop a system with purely automated decision-
making; instead, develop a decision support system for people. Human oversight,
especially in critical situations.

Identified by: Ute

Recommendation Group: Develop a decision support system - Group2|
Trustworthy AI key requirement: Human agency and oversight

6 Author’s note: The data basis on which decisions are made that lead to changes.
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Recommendation 42: Use of data trustees to protect personal data. This could
also result in a new business model.

Identified by: Lynn

Recommendation Group: Involve a data trustee - Group

Trustworthy Al key requirement: Privacy and data governance

Recommendation 43: Develop a system with ethics and tech experts, lawyers,
and best, together with workers.

Identified by: Ute

Recommendation Group: Work interdisciplinary - Group

Trustworthy AI key requirement: Diversity, non-discrimination and fairness

Recommendation 44: There is a "right to explainability” in the General Data
Protection Regulation (GDPRI), which states that any data subject can obtain an
"explanation" (whatever that means) when an automated decision is made about
him/her.

Identified by: Charleen

Recommendation Group: Ensure explainability of automated decisions - Group|[12]
Trustworthy Al key requirement: Transparency

Recommendation 45: In the[GDPRI there is also an obligation to conduct a data
protection impact assessment for automated decisions, identifying and assessing all
data processing risks. Performance evaluation and modeling would be such a case.
Identified by: Charleen

Recommendation Group: Ensure explainability of automated decisions - Group|[12]
Trustworthy Al key requirement: Transparency

Recommendation 46: The Al Act (not yet passed but in the works) would classify
a product with [All used as a "security component' as high-risk and impose some
requirements (risk assessment, etc.).

Identified by: Charleen

Recommendation Group: Risk assessment - Group

Trustworthy AI key requirement: Technical robustness and safety
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