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Abstract

To mitigate the effects of global warming, governments worldwide have set tar-
gets for reducing greenhouse gas emissions. Achieving these targets necessitates
a socio-ecological transformation in the industrial sector, shifting from the lin-
ear "take, make, waste" model to a circular economy. Remanufacturing, one of
the end-of-life strategies, is often considered to be the most effective strategy
for saving materials and energy (Nasr and Thurston 2006). However, economic
barriers at both the supply chain and factory levels hinder the broader implement-
ation of remanufacturing across various industries. The primary challenge is the
high level of uncertainty associated with returned products, requiring signific-
ant process flexibility that current automation approaches cannot accommodate.
Industry 4.0 methods are frequently proposed as a solution to reduce this un-
certainty in remanufacturing processes. Nonetheless, there is a notable scarcity
of implementations that effectively demonstrate these benefits, highlighting a
critical research gap.

In this thesis, we contribute to closing this gap by demonstrating a real-world
application of a flexible, digital twin-driven object transfer system. Our contri-
butions are four-fold. First, we propose a non-hierarchical Digital Twin archi-
tecture. Second, we develop a formal description model for a generalised object
transfer system. Third, we implement both the architecture and the model in
a real-world cyber-physical system for object transfer within a remanufacturing
demonstration environment. Finally, we conduct an application study using the
proposed system, where digital twins are employed to forecast the most prom-
ising pre-transfer states for starter motor cores that have never been physically
transferred.



Abstract

The proposed Digital Twin architecture is characterised by a non-hierarchical
co-existence of both physical and logical assets (including virtual models) that
form a cyber-physical system through the interconnection of their virtual repres-
entations. The architecture emphasises decentralised interactions and ensures
semantics through the integration of a knowledge graph.

The description model of a generalised object transfer system centers around a
description of the object state. We describe the requirements for the formation
process of the an object transfer system and the process itself through a state
transition function. The process is driven by continuous evaluation of the object
state. We introduce several important sets of states and demonstrate how the
approach can be utilized in different object transfer scenarios.

We implemented an object transfer system based on a vision-controlled autonom-
ous mobile robot and stationary transfer units to realise the flexible transfer of
a wide range of objects without the need for a load handling device. The
physical assets are also virtually modeled in a physics-engine-based simulation
environment.

In our application study, we conduct an extensive set of both real-world and
virtual experiments for transferring a 37 unique starter motor cores. The virtual
models were initially calibrated using a small set of real-world experiments,
resulting in a Fy 5 score of 0.84 when comparing the binary predictions between
the virtual and physical systems. Subsequently, the calibrated models are used
as digital twins to predict the most promising pre-transfer state for each indi-
vidual starter motor core. We validated the results through additional real-world
experiments. Despite some inaccuracies, the results successfully demonstrate
the potential of digital twins for predicting probabilistic object transfers in a
remanufacturing use-case.
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Kurzfassung

Um die Auswirkungen der globalen Erwidrmung zu mildern, haben Regierungen
weltweit Ziele zur Reduktion der Treibhausgasemissionen festgelegt. Um diese
Ziele zu erreichen, ist eine sozial-okologische Transformation des Industriesek-
tors von einem "take, make, waste"-Ansatz hin zu einer Kreislaufwirtschaft er-
forderlich. Das Remanufacturing, eine der so genannten End-of-Life-Strategien,
wird hdufig als die effektivste Moglichkeit zur Material- und Energieeinsparung
angesehen (Nasr and Thurston 2006). Wirtschaftliche Hiirden auf Lieferketten-
und Fabrikebene verhindern jedoch eine breitere Anwendung in verschiedenen
Industrien. Eine der grofiten Herausforderungen beim Remanufacturing ist der
Umgang mit der hohen Unsicherheit {iber den Zustand der zuriickgegebenen
Produkte. Remanufacturing-Prozesse erfordern eine hohe Prozessflexibilitit,
die mit den derzeitigen Automatisierungsansétzen nicht erreicht werden kann.
Industrie 4.0 Methoden werden héufig als Losungsansitze zur Reduzierung der
Unsicherheiten angefiihrt. Aus Sicht der Forschung besteht jedoch eine Liicke in
der erfolgreichen Demonstration von Implementierungen, die die Vorteile dieser
Methoden aufzeigen.

Diese Arbeit trigt dazu bei, diese Forschungsliicke zu schliefen, indem sie
eine reale Anwendung von digitalen Zwillingen im Kontext eines flexiblen
Ubergabesystems fiir eine Remanufacturing-Anwendung demonstriert. Der
Forschungsbeitrag gliedert sich in vier Teile. Im ersten Schritt wird eine nicht-
hierarchische Architektur fiir digitale Zwillinge vorgestellt. Darauf folgt die Ein-
fithrung eines generalisierten Beschreibungsmodells eines Ubergabesystems. Im
dritten Schritt wird die reale Implementierung eines Ubergabesystems als cyber-
physisches System vorgestellt, das sowohl die Architektur als auch das formale
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Beschreibungsmodell in einer Demonstrationsumgebung umsetzt. In einer um-
fangreichen Anwendungsstudie werden die digitalen Zwillinge hinsichtlich ihrer
Vorhersagefihigkeit fiir die Ubergabe gebrauchter Startermotoren evaluiert.

Die vorgestellte Architektur zeichnet sich durch eine nicht-hierarchische Koex-
istenz von physischen und logischen Assets (einschlieBlich virtueller Modelle)
aus, die durch die Verkniipfung ihrer virtuellen Reprédsentationen ein cyber-
physisches System bilden. Die Architektur ermoglicht dezentrale Interaktionen
zwischen allen Assets und stellt eine gemeinsame Semantik durch die Integration
eines Wissensgraphen sicher.

Das verallgemeinerte Beschreibungsmodell eines Ubergabesystems basiert im
Wesentlichen auf der Beschreibung des Objektzustandes. Zunichst wird der
Formierungsprozess des verallgemeinerten Ubergabesystems dargestellt. Der
Ubergabeprozess selbst wird als Funktion von Zustandsiibergingen des Ob-
jekts abgebildet. Wihrend des Ubergabeprozesses wird der Objektzustand
kontinuierlich validiert. Dazu werden mehrere kritische Zustandsmengen einge-
fithrt, die zur Steuerung des Ubergabesystems verwendet werden. Anhand von
Beispielen wird gezeigt, dass das Beschreibungsmodell auf verschiedene Uber-
gabeszenarien angewendet werden kann.

In einer realen Demonstrationsumgebung fiir die Erforschung von neuen Meth-
oden im Remanufacturing wird ein flexibles Ubergabesystem implementiert,
das aus einem autonomen mobilen Roboter und mehreren stationiren Trans-
fereinheiten besteht. Das System ermoglicht die Ubergabe einer Vielzahl von
Objekten, ohne dass ein Behilter oder ein anderes Lastaufnahmemittel benétigt
wird. Die umgesetzten physischen Assets werden zusitzlich in einer physikalis-
chen Simulationsumgebung modelliert und im cyber-physischen System mit den
realen Assets verkniipft.

In einer umfangreichen Anwendungsstudie werden sowohl reale als auch vir-
tuelle Experimente fiir den Transfer von insgesamt 37 verschiedenen gebrauchten
Startermotoren durchgefiihrt. Zunéchst werden die virtuellen Modelle anhand
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einer kleinen Anzahl realer Experimente kalibriert. Dabei ergibt sich ein Fy5-
Score von 0,84 fiir die virtuelle Vorhersage iiber den Erfolg einer Objektiiber-
gabe. Anschliefend werden die kalibrierten Modelle als digitale Zwillinge ver-
wendet, um den vielversprechendsten initialen Zustands jedes Startermotors vor
der Ubergabe vorherzusagen. Die Ergebnisse dieser Vorhersagen werden durch
zusitzliche reale Experimente validiert. Trotz einiger Ungenauigkeiten zeigen
die Ergebnisse erfolgreich das Potential fiir den Einsatz digitaler Zwillinge zur
Vorhersage unsicherer Objektiibergaben in einem Remanufacturing-Szenario.
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1 Introduction

Our world is warming, with far-reaching consequences for the environment,
ecosystems, economies, and human societies. (UNEP 2020). In the renewed
Federal Climate Change Act of 2021, Germany set its greenhouse gas reduction
target to at least 65% by 2030 compared to 1990, with the long-term goal of
achieving greenhouse gas neutrality by 2045 (Frenz 2022).

To achieve this goal, the industrial sector needs a socio-ecological transforma-
tion. The common "take, make, waste" approach of the linear production, see
grey path in Figure 1.1, must be transformed into a holistic circular economy that
decouples resource consumption from economic growth (Kadner et al. 2021).
Figure 1.1 shows different recovery strategies for used products, some of which
can be classified as value retention strategies. The common objective of these
strategies is either to extend the use phase beyond the intended end of use (EoU)
through repair, upgrade or reuse, or to create additional service life beyond the
expected end of life (EoL) through remanufacturing or refurbishment. Remanu-
facturing is often considered to be the most superior strategy in terms of overall
material and energy savings (Nasr and Thurston 2006). Today, remanufacturing
is a standardised value retention process in which a remanufactured product is
created from restored components of one or more used parts as well as new
components. Remanufactured products provide at least the functionality and
performance of the original product (DIN SPEC 91472:2023-06 2023). The en-
vironmental benefits of remanufacturing are embedded in the delay in disposal,
the reduction in resource consumption and the savings in embodied energy to
manufacture new products (Sundin and Lee 2012).
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1.1 Problem Description

Figure 1.2 illustrates the remanufacturing process chain. The primary input to
the remanufacturing process are used or non-functional products, assemblies or
components. In the manufacturing domain, these used products are commonly
referred to as cores. The remanufacturing process chain is characterised by a
high degree of uncertainty compared to traditional linear production schemes.
The core acquisition and collection process is challenged by uncertainty in
the timing and volume of returns, as well as uncertainty in the quality of the
returned products due to their individual use phases (Wei et al. 2015, Gu and
Tagaras 2014). The inherent uncertainty of the product leads to individual
process sequences with highly variable lead times, making it difficult to balance
returns and demand (Guide 2000). Coping with the variability in quality and
quantity requires a high degree of process flexibility at all levels, which until
now could only be achieved by a high degree of manual labour with expert
knowledge. According to the study by Parker et al. 2015, in 2015, the global ratio
of remanufacturing to new manufacturing was only about 1.9% across various
industries. Customer recognition, the availability of cores, their quality and high
labour costs are mentioned as the main barriers. Researchers generally suggest
that increased automation and the implementation of Industry 4.0 methods to
reduce costs and improve productivity and quality are potential drivers for the
wider application of remanufacturing (Kurilova-Palisaitiene et al. 2018, S. Yang
et al. 2018, Kerin and Pham 2019, Teixeira et al. 2022). However, traditional
automation methods, which rely on a high degree of determinism, are not feasible
due to the uncertainty inherent in the product and processes. As a result, most
of the research in this context has been conceptual. The lack of real-world
demonstrations that show the benefits of applying advanced methods that can
cope with the uncertainty in remanufacturing is subsequently identified as a
research gap (Kerin and Pham 2019, Tiwari et al. 2021, Teixeira et al. 2022).
This thesis aims to contribute in filling this research gap. As part of the overall
contribution, we demonstrate how to implement and successfully use digital
twins, one of the key Industry 4.0 technologies, to reduce process uncertainty
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for a real-world use case. In the following, we briefly introduce the contributions
and research questions addressed in this thesis:

As an initial contribution, we propose a generic digital twin architecture em-
bedded in a cyber-physical system. The architecture is characterised by a non-
hierarchical network of smart, encapsulated assets and their corresponding vir-
tual models, as well as a semantic description layer to ensure interoperability.
The corresponding research question is:

How can we design a digital twin architecture that emphasises
decentralised machine-to-machine interactions?

In our application study, we investigate the process of transferring cores without
any load carriers. Since the variant of the returned core is uncertain, this object
transfer process is a suitable example to demonstrate the prediction capabilities of
digital twins in a remanufacturing use case. Since, to the best of our knowledge,
there is no common description of an object transfer system, we formulate an
abstract, system-independent one. The corresponding research question is:

How can we formally describe an object transfer system?

We combine both the digital twin architecture and the object transfer descrip-
tion in the real-world implementation of a cyber-physical system in which the
implemented assets physically realise the object transfers in a remanufacturing
demonstration environment. The related research question is the following:

How can we implement a cyber-physical system that allows the
automated object transfer in a remanufacturing environment?

We use the implemented cyber-physical system in an extensive application study
to explore the capabilities of the digital twins in predicting the probability of
success for the object transfer of a set of starter motor cores. The corresponding
research question is:

How can we utilize digital twins to predict the probability of
success for the object transfer of used starter motor cores?
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1.2 Scope of the Thesis

This thesis is divided into seven chapters. Following the motivation and problem
description in Chapter 1, Chapter 2 provides an overview on digital twins and
their applications in production logistics and material handling. In a structured
literature review, we analyse the state of the art of digital twins used in reman-
ufacturing and disassembly automation. Chapter 3 presents a non-hierarchical
digital twin architecture that emphasises decentralised machine-to-machine in-
teractions. Chapter 4 introduces a formal description of an object transfer system
and provides illustrative examples. Chapter 5 presents the implementation of
a cyber-physical system to realise both real-world and virtual object transfers
as part of a remanufacturing demonstration environment. Chapter 6 covers an
extensive application study in which we calibrate the virtual models and validate
their predictive capabilities. Finally, Chapter 7 summarises the contributions
and provides an outlook for future research.
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In this chapter, we first review different definitions of digital twins in Section 2.1
and summarise functions of digital twins in Section 2.2. We examine examples in
the production logistics domain in Section 2.3 and conduct a structured literature
review on digital twins in remanufacturing and automated disassembly in Section
2.4. Finally, we summarise the review results in a Section 2.5.

2.1 Definition of Digital Twins

The general concept of a Digital Twin (DT) was introduced in the work of Grieves
(2005) in the context of Product Lifecycle Management. In his work, Grieves
describes the Mirrored Space Model, which consists of three elements, the real
space, the virtual space(s), and a bidirectional linking mechanism in between.
One of the first mentions of the term Digital Twin appeared in a NASA roadmap
where it was used as a synonym for an integrated multiphysics, multiscale,
probabilistic simulation of an as-built system with the goal of mirroring the
real system in the best possible way (Shafto et al. 2012, Glaessgen and Stargel
2012). Over the years, the increased interest in DTs in different domains has
led to many different definitions as well as an increasing number of reviews that
try to give a clear overview of the existing ones. For example, VanDerHorn
and Mahadevan (2021) compared 46 definitions found in the literature over a
period of 10 years and proposed a consolidated definition that describes a DT as
"a virtual representation of a physical system (and its associated environment
and processes) that is updated through the exchange of information between
the physical and virtual system" (VanDerHorn and Mahadevan 2021). The
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growth in different definitions is driven by the usage of the term Digital Twin
as a marketing buzzword for any technology that relies on simulations. To
date, most definitions are unified by the same three concepts that make up
a digital twin, a physical system/entity/asset, a virtual representation/model
and a bidirectional information transfer between them. Kritzinger et al. 2018
emphasise this bidirectional information transfer as the main characteristic that
distinguishes a DT from the closely related concepts of a digital model and
a digital shadow. In the manufacturing domain, another commonly referred
definition is given by Tao et al. 2018, who extends the triple concept by two
additional dimensions, a data model and a service mode. Standardisation efforts
towards a common understanding of digital twins are still at an early stage (Ferko
et al. 2023).

In this thesis, we use the terms physical twin and physical asset interchangeably
to refer to the real-world system and virtual model to refer to its virtual twin.
We agree with Tao et al. 2018 that the simple triple concept does not satisfy the
expected functionality of a digital twin and refer to a DT as a:

virtual model of a physical twin, coupled with an analytics engine
that influences the decision-making process of the physical twin
through bidirectional communication.

This DT concept is visualised in Figure 2.1.

Physical Twin Digital Twin

Observations o
. Phy!ical @:‘; E
nvironment

© -

Actions . ‘
|

Y

Analytics Engine Virtual Mode!

Figure 2.1: Digital Twin concepts: A physical twin observes and acts in its physical environment.
The digital twin consists of a virtual model that mimics its physical twin and an analytics
engine that provides decision-making capabilities. The digital twin is directly connected
to its physical twin in a bidirectional manner.
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2.2 Functions of DTs

A DT is primarily used as a decision support tool. As illustrated in Figure 2.1,
a digital twin consists of a virtual model and an analysis engine that controls
the interface between the physical and the digital twin based on the desired
functionality. We distinguish three main functions of a DT, similar to Glatt
etal. 2021:

* Diagnosis: During diagnosis, the DT reconstructs past states of the phys-
ical twin to better understand and re-evaluate past decisions or to re-tune
its virtual models to improve their quality.

* Monitoring: During monitoring, the virtual model is used as a shadow of
the physical twin and mirrors the state of the physical twin. Besides being
used as a visualisation tool for human supervision, intelligent algorithms
can use the mirrored state to detect anomalies and influence the behaviour
of the physical twin.

* Forecasting: Forecasting generally involves predicting future states of
the physical twin. These predictions can be based purely on past states
of the physical twin, or by using the virtual model to calculate future
states based on expected future input values. Examples include predicting
the probability of a mission success, or evaluating system responses to
possible scenarios before they become critical to the physical twin.

2.3 DTs in Production Logistics

In this section we review some selected publications on DTs in production lo-
gistics that relate to the later chapters of this thesis. Kaiblinger and Woschank
(2022) and Zhu et al. (2023) both provide recent comprehensive literature re-
views on the application of DTs in production logistics and we refer to them
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for a broader overview. In general, Zhu et al. (2023) distinguishes five dif-
ferent application scenarios of DTs in the production logistics process, namely
transportation, packaging, warehousing, material distribution and information
processing. Hauge et al. (2020) shows how digital twins can help in the decision-
making process of selecting and comparing the appropriate equipment for a given
task. In one example, the authors compare the paths generated by different types
of Automated Guided Vehicles (AGVs) to decide on which vehicle is best suited
to the layout. Staczek et al. (2021) lists several benefits of using digital twins for
Autonomous Mobile Robots (AMRs) and AGVs, e.g., for developing navigation
and localisation algorithms, testing safety functions, predicting reliability, etc.
In a case study, the authors show how an AMR system can be virtually tested
for a new scenario at an early stage of a new integration project. Vachilek
et al. (2021) builds a virtual model of a conveyor belt feeding three workstations
with the aim of using the digital twin as a test platform for newly developed
control algorithms. The authors verified the implementation in a simple real-
world test environment. Kaiblinger and Woschank (2022) conducted a full-text
analysis of 24 papers on digital twins in the context of production logistics.
Among other things, the authors compared the technologies used to implement
the virtual models of the DTs. While the majority relied on Discrete Event Sim-
ulation (DES), only three papers made use of a physical simulation in which the
virtual models are embedded. C. Hu et al. (2020) conceptually explores different
application areas of DTs in the manufacturing of complex electronic equipment
while considering the entire product life cycle. However, the use of physical
simulation is only mentioned during the operation and maintenance phase of the
products under consideration. Zheng et al. (2019) virtually models a welding
production line using physical and kinematic models. The study mainly focuses
on the data transfer and mapping from the physical twin to to the virtual model.
Tao et al. (2018) is mentioned as the third study using physical models, but as
it’s not directly related to production logistics, it will not be further discussed
here.

A closely related contribution was proposed by Glatt et al. (2021). The authors
implemented a DT of a material handling system that moves workpieces placed

10
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on a workpiece pallet along a single axis. The virtual model is used to estimate
appropriate control parameters to ensure a disturbance-free motion. In a prelim-
inary study, the authors compared the fidelity of the Bullet physics engine with
an analytical model of a workpiece tipping due to the braking deceleration of an
AGYV (Glatt et al. 2019).

2.4 Digital Twins in Remanufacturing and
Disassembly Automation

The content of this section extends upon a working paper titled “A Study
on the Predictive Capabilities of Digital Twins for Object Transfers in Fluid
Automated Remanufacturing” (Klein and Furmans 2025). The author of
this thesis was responsible for the conceptualisation, methodology, software
programming, validation, formal analysis, writing, and visualisation of the
research presented in this section.

This section presents a structured literature review at the intersection of DTs,
remanufacturing and disassembly automation. The review covers the state-of-the
art on existing approaches of DT in the remanufacturing context. The process of
selecting the reviewed literature is illustrated in a PRISMA chart in Figure 2.2.
We conducted a full-text review of 21 of the initial 42 identified records given
the query displayed in the figure caption. We structured the reviewed records
according to the following four characteristics:

e Contribution Type: Contributions in the field of DTs can take various
forms. We evaluate the contribution type by assigning one or more of the
following aspects: "Review", "Model", "Product Model" and "Algorithm".

» Assets: The reviewed publications address various physical assets. During
the review, we found three main types of assets, namely "Core"”, "Waste"
and "Resources”. A category assigned to a record in brackets refers to
only a minor contribution to that assets type.

11
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Figure 2.2: PRISMA chart of the structured literature review. The records were retrieved from
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Scopus on the 26th of March 2024 using the query (digital AND twin*) AND ((reman-

ufactur®) OR (disassembly AND automation)).

e Scope: DTs can be implemented with varying levels of granularity. We
differentiate the scope of the DTs into the following categories: "Life
Cycle", "Supply Chain", "Reconditioning", "Disassembly", and "Shop

Floor".

* Real-World Demonstration: The lack of real-world demonstrations of
Industry 4.0 methods in remanufacturing is frequently identified as a re-
search gap (Kerin and Pham 2019, Tiwari et al. 2021, Teixeira et al. 2022).
Therefore, we rate each record based on its real-world demonstration using
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a scale from "-" to "+++". A "-" indicates no real-world demonstration,
while "+++" signifies an extensive application study.

Table 2.1 shows the classification results based on our analysis. In the follow-
ing, we briefly discuss each publication. We structured the discussion of the
individual records according to the different scopes.

Table 2.1: Categorised research publications on digital twins in the context of remanufacturing and
disassembly automation.

Reference Contribution Type Assets Scope Real-World
Demonstra-
tion
Wang and Wang 2019 Architecture, Core Life Cycle +
Product Model
Rocca et al. 2020 Type Core, Resources Disassembly ++
Tozanli et al. 2020 Model Core Life Cycle -
Wang et al. 2020 Architecture Core, (Resources) Life Cycle -
Chen and Huang 2021 Review Core, Waste Supply Chain -
Shrivastava et al. 2021 Analysis Core, Resources Reconditioning -
Y. Yang et al. 2021 Model Waste Shop Floor +
Zacharaki et al. 2021 Architecture Core, Resources Life Cycle -
Assuad et al. 2022 Architecture Core Shop Floor, +
Reconditioning
Ghorbani and Khameneifar Model, Core Reconditioning +
2022 Algorithm
Guo and Han 2022 Model Core Supply Chain -
Y. Hu et al. 2022 Architecture Core, Resources Shop Floor -
Lanza et al. 2022 Architecture Core, Resources Shop Floor -
Wiesner et al. 2022 Model Core Life Cycle +
Elsner et al. 2023 Architecture Core, (Resources) Life Cycle -
Ke et al. 2023 Architecture, Model ~ Core Life Cycle +
Kerin, Hartono et al. 2023  Model Core Life Cycle, -
Shop Floor
Kerin, Pham et al. 2023 Product Model Core Life Cycle -
Klein and Furmans 2023 Architecture, Model ~ (Core), Resources Shop Floor +
Sun et al. 2023 Architecture (Core), Resources Supply Chain +
Liet al. 2024 Architecture, Model ~ (Core), Resources Disassembly ++
This thesis Architecture, Model, (Core), Resources Shop Floor +++
Algorithm
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Life Cycle

The majority of the literature reviewed focuses on DTs from a life cycle per-
spective. Wang and Wang 2019 propose a system architecture for a digital
twin-enabled Cyber-Physical System (CPS) and a data model that considers
data from the design phase through manufacturing, use phase and recovery over
multiple life cycles. An exemplary implementation shows a cloud-based sys-
tem where core data can be accessed via a web-based front-end by scanning
an attached QR code. Tozanli et al. 2020 propose a digital twin-based model
to estimate an accurate take-back price for a core based on historical data. A
discrete event simulation is used to compare different trade-in policies. Wang
et al. 2020 provide a holistic architecture that covers multiple product life cycles
and attempts to include all stakeholders involved in the remanufacturing process,
with the aim of demonstrating a big data application. However, the architecture
is highly conceptual and the application scenario as well as the assumption of
the potential benefits of applying the architecture are not based on real-world
data. Similarly, Zacharaki et al. 2021 present the RECLAIM (REmanufaCturing
and Refurbishment LArge Industrial equipment) architecture of the EU Factory
of the Future project. While the holistic architecture is not discussed in greater
detail, the publication emphasises the decision support framework based on a
digital twin of the machinery with the aim of optimising maintenance activit-
ies. Wiesner et al. 2022 present a data-driven approach to assessing the health
of a machine component. For their use case, the authors developed a custom
sensor box to predict the remaining time to failure of a spindle bearing. Another
architecture with life cycle perspective is proposed by Elsner et al. 2023. The
goal of the architecture is to enable dynamic life cycle assessment in the reman-
ufacturing of battery modules. Ke et al. 2023 present an intelligent redesign
methodology for used products and applies it to clutch case study to find the
optimal clutch redesign scheme. Kerin, Hartono et al. 2023 propose a decision
making model that optimises the remanufacturing planning while using data
from different stages in a product’s life cycle. The authors use a neural network
to predict the remaining useful life and a bees algorithm to plan the disassembly
sequence. In another publication Kerin, Pham et al. 2023 propose a generic
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product model. After defining the requirements for a product DT, the authors
propose a UML class diagram and instantiate it for a single example product.

Supply Chain

Three publications examine DTs in the context of remanufacturing from a supply
chain perspective. Chen and Huang 2021 review the problem of information shar-
ing and examines information asymmetries in remanufacturing supply chains.
Guo and Han 2022 propose a closed-loop digital twin supply chain framework
and evaluates the impact of digital twins on the bullwhip effect. Sun et al. 2023
propose an architecture for a digital reverse logistics twin in the context of re-
manufacturing network design. The architecture is evaluated in a case study of
a remanufacturing design problem in Norway.

Reconditioning

A further three reviewed publications focus on reconditioning. Shrivastava et
al. 2021 address the challenges of additive manufacturing in remanufacturing.
The authors mention digital twins in combination with other data-driven models
as a possible solution to limit the initial process parameter space and reduce of
trial-and-error testing. Assuad et al. 2022 propose a decision framework for a
remanufacturing system based on a laboratory use case, while emphasising the
reconditioning process chain. However, the utility and the interface to specific
virtual models of a DT is not further explained. Ghorbani and Khameneifar
2022 propose a methodology to construct accurate, damage-free digital twins
of defective turbine blades and an algorithm to register noisy scanned data to
achieve accurate repair volumes for the additive manufacturing process.
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Disassembly

Rocca et al. 2020 provide a comprehensive study of Industry 4.0 technologies
in the context of circular economy. The authors developed two simulation
models, one to optimise the design of the manufacturing system and a second
to optimise the energy consumption during the disassembly process. They also
practically demonstrated the capabilities of the DT in a laboratory experiment. Li
et al. 2024 implemented a human-robot collaboration system and demonstrated
the prototype on an electric vehicle battery disassembly task. The system is
based on a visual reasoning module that infers task planning strategies while
respecting safety and ergonomic rules.

Shop Floor

Y. Yang et al. 2021 propose a model to dynamically forecast the amount and tim-
ing of waste generated during the disassembly process. The model incorporates
a digital twin learning loop, in which the model is continuously updated based
on new information. The architecture of Y. Hu et al. 2022 is the closest to the one
presented in the following chapter. The authors propose a three-layer architec-
ture for a cyber-physical remanufacturing system, consisting of a physical layer,
an edge layer and a cloud service layer. In contrast to the architecture proposed in
Chapter 3, the framework provides an hierarchical approach in which the digital
twins are on the edge layer and the logical assets that control the processes are
on the top cloud service layer. The proposed architecture by Y. Hu et al. 2022
is conceptual only, with no real-world implementation or application provided.
Both Lanza et al. 2022 and Klein and Furmans 2023 are directly related to this
dissertation and will be discussed and referenced in the later chapters.
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2.5 Chapter conclusion

The content of this section extends upon a working paper titled “A Study
on the Predictive Capabilities of Digital Twins for Object Transfers in Fluid
Automated Remanufacturing” (Klein and Furmans 2025). The author of
this thesis was responsible for the conceptualisation, methodology, software
programming, validation, formal analysis, writing, and visualisation of the
research presented in this section.

As one of the key technologies of the Industry 4.0 era, digital twins have received
a lot of research attention over the last decade. The inflationary use of the term
makes it difficult to provide a consistent definition and to distinguish it from
well-known and much older concepts. We refer to a DT as a virtual model of
a physical twin, coupled with an analytics engine that influences the decision-
making process of the physical twin through bidirectional communication. In
the production logistics, most existing DT applications are demonstrated from
a system-level perspective, where a single virtual model is used to abstract the
entirety of a production logistics system. The majority of conducted research on
DTs in the remanufacturing and disassembly automation domain focuses on the
life cycle and supply chain perspective, there are only a few application studies
at the shop floor level. As noted in (Chen and Huang 2021) and confirmed by
the conducted analysis, there is only little applied research on digital twins in
remanufacturing that has been validated in a real-world application. As indicated
in the last row of Table 2.1, this thesis contributes in closing this research gap
by providing a real-world implementation and an extensive application study to
validate the capabilities of the DTs.
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There is a wide variety of different DT architectures proposed in the scientific
literature. While patterns are emerging, there is still no commonly accepted
architecture yet (Karabulut et al. 2024, Ferko et al. 2023). The architecture
proposed by Ashtari Talkhestani et al. 2019 consists of a unique ID, models and
associated interfaces to tools, version management, operation data of the physical
twin, organisational and technical data, information about the relations to other
DTs and a communication interface. The authors further define an extension
of the aforementioned components, which they refer to as an infelligent DT.
The additional modules include model comprehension, algorithms to implement
intelligent functionality, a service and a feedback interface. In the architecture
proposed by Souza et al. 2019, the authors emphasise an IIoT gateway between
the physical and digital twins, as well as different views for different end users.
(Minerva et al. 2020) review different IoT architectures and how they can be
beneficially used to enable digital twins. Redelinghuys et al. 2020 introduce a
six-layer architecture that ranges from the physical system or physical twin to the
cloud while emphasising the non-hierarchical connection of the emulation and
simulation layers. Steindl et al. 2020 present a simple, technology-independent
architecture based on the 5D architcture by Tao et al. 2018, that is aligned with
the RAMI 4.0 metamodel. The architecture includes a shared knowledge base
as a central point of information and the Asset Administration Shell (AAS) as a
promising way to standardise data representation.

Unlike the architectures described above, the architecture presented in this
chapter has a different focus. The architecture is based on the vision of a
fully autonomous, intelligent and self-reconfiguring factory. In this vision, in-
dividual, autonomous assets form a loosely interconnected CPS. The physical
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assets have the ability to autonomously sense, analyse their surroundings, and
respond to changes in their environment. The assets synergise their capabilities
to collaborate through decentralised interactions, much like human workers on
the shop floor who have their own goals and tasks, but who coordinate and
support each other when facing uncertainties. The CPS as a whole aims to
optimise value creation processes. The reconfigurability of the CPS enables it
to implement constantly changing master production schedules. The following
characteristics were driving the architecture design:

* Asset-centered: Physical and logical assets are in the core of the archi-
tecture, they coexist without a hierarchy.

* Decentralised: Assets are able to establish communication channels
among each other without a central entity, enabling decentralised decision
making.

* Enriched by semantics: A descriptive layer ensures semantic consist-
ency and allows assets to reason about the data models of other virtual
representations.

The above characteristics enable a dynamic CPS with plug-and-play capabilities
in which assets continuously being able to join and leave the system. The
proposed architecture in this chapter is not holistic in the sense that it does not
necessarily encompass the entire lifecycle of the assets and does not explicitly
consider organisational interfaces. We model the architecture in a step-by-step
approach in the following sections which expands our previous work in (Enke et
al. 2022) and (Klein and Furmans 2023). Section 3.1 introduces the concepts of
physical assets and virtual representations. Section 3.2 continues by introducing
logical assets and virtual models. Section 3.3 gives an insight into the descriptive
layer and its connection to the virtual representations of the assets. Section 3.4
concludes the chapter.
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3.1 Physical Assets .A” and Virtual
Representations

Combining the definitions in (Plattform Industrie 4.0 2022) and (Qi et al. 2021),
we define a physical asset as a real-world object that

* obeys physical laws and rules and is surrounded by uncertainties,
* is owned by or under the custodial duties of an organisation,

* has perceived or actual value to the organisation.

In the manufacturing and logistics domain, physical assets include, e.g., machines
or workstations on a shop floor, material handling systems, and infrastructure
such as laboratories, offices or open space on a factory floor. The Virtual
Representation of an asset represents the asset at the cyber layer and provides the
interfaces for digital interaction with the asset. Multiple assets providing a virtual
representation can form a CPS (Monostori et al. 2016). Communication in a
CPS is typically achieved by using either a request-response or publish-subscribe
pattern to exchange data following one of several industrial communication
protocols (Wollschlaeger et al. 2017). The virtual representation serves two
primary functions. It allows other assets to read information from the asset or
to actively impact the asset, e.g, by writing a variable, triggering of a method or
starting an event. We distinguish between five types of physical assets based on
their relationship to their virtual representation, see also Table 3.1:

* Type A: These assets have no virtual representation and are not digitally
connected. Examples may include e.g. infrastructure components, such
as pillars or simple doors on the factory floor

* Type B: These assets have a virtual representation but cannot synchronise
dynamic state information on their own. Examples may include work-
pieces, workpiece carriers, or containers.
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Table 3.1: Comparison of different asset types.

Type Virtual State Synchronization = External Control
Representation Interface

A no

B yes external no

C yes internal no

D yes external yes

E yes internal yes

* Type C: These assets are able to synchronise dynamic state information
on their own. Examples include smart shelves that use sensors to detect
their contents, or manually operated forklifts that continuously update
their current position.

* Type D: These assets provide an external control interface and but are un-
able to synchronise dynamic state information on their own. An example
is a stationary conveyor module that provides its speed control externally,
but has no information about whether an object is currently present on the
module.

e Type E: These assets are capable of both self-synchronising dynamic
state information and providing an external control interface. An example
would be an AMR that updates its pose information and provides interfaces
to queue a transport task.

Figure 3.1 visualises the different asset types including their virtual representa-
tions, their ability to synchronise their state and the provided control interfaces.

In recent years, there have been increased standardisation efforts to define a
common data structure for virtual representations. A common approach for
the implementation of a virtual representation is the Asset Administration Shell
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=3 Control Interface
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.’ Virtual Representation
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Physical Asset

physical space

Figure 3.1: Different types of physical assets and their virtual representations.

(AAS) (Plattform Industrie 4.0 2022). The AAS defines a technology independ-
ent data model which increases the interoperability between different assets by
defining a standardised data structure (Bader and Maleshkova 2019). Each AAS
consists of a header containing identification details and a body which comprises
one or more submodels that encapsulate specific aspects of an asset. Each sub-
model is made up of one or more so-called submodel elements. Different types
of submodel elements are specified, ranging from a single property data fields
to file exchange methods or triggerable events.

Encapsulating a physical entity, such as a mechatronic system, into a physical
asset raises the question of how to define system boundaries. From our experi-
ence, this decision must be made anew for each individual system and use case.
Taking an AMR as an example, on the one hand, we could define the entire AMR
as a physical asset, or break it down into individual components, such as the
laser scanner, or the drives. While both approaches are valid, a separation seems
only useful if other assets exist that need to directly interact with the component.

We split the physical asset into four different layers which are interconnected by
an internal communication scheme, see Figure 3.2. The bottom layer consists
of the physical components of the asset, which may include actuators, sensors
and other devices. The Hardware Abstraction Layer (HAL) separates core
functionality from hardware details, hides differences in hardware and improves
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portability (Jorg et al. 2014). With regards to our AMR example, the HAL
abstracts sensors and actuators like motors, encoders, bumpers or lasers (Pont
et al. 2005). The Control Layer provides basic functionality for applications. In
case of an AMR, this may include software modules for path planning, motion
control or localisation. The Application Layer is the main interaction gateway
to the virtual representation of the asset. It provides advanced functionalities,
that combine the basic functions provided on the control layer. In the case of an
AMR, this layer may provide the functionality to move to a specific target position
or to fulfil a transport task. The Modular Material Handling Framework, see
(Furmans and Gue 2018) defines a set of elementary functions for decentralised
material handling systems that, when combined, can map the majority of material
handling activities. These functions can also be seen as examples for both,
standardisation efforts for virtual representations and executable functions on
the application layer. A detailed implementation examples of a physical asset
and its virtual representation is presented in Chapter 5.
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Virtual
Representation:

Submodel
"My Submodel 1" Asset
(Compr o) Administration
Shell (AAS)
i —
' i
1
| 1 —
1
. v

Application Layer

Physical Asset

Control Layer (Type E)

Hardware Abstraction Layer (HAL)

] — ] |

physical space

Figure 3.2: Detailed view of a type E asset and its virtual representation.
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3.2 Logical Assets .A* and Virtual Models 4

Unlike physical assets, logical assets are not real-world objects, but software
modules that exist as independent entities in the CPS. Referring back to Section
2.2, a minimum set of logical assets is required to implement a DT:

* avirtual model, a digital clone of the physical twin,

¢ alogical asset that implements the analysis engine, manages the interaction
between the physical asset and the virtual model, and ensures the desired
function of the DT,

* alogical asset that models the interaction between the physical twin and
its environment, this includes simulating time.

Figure 3.3a shows four logical assets. Two of them are virtual models, embedded
in the logical space. In general, logical assets can implement many different
functions in a CPS. Examples include high-level process controllers, analysis
tools, human-machine interfaces or databases. We define virtual models as a
special subset of the logical assets (AY C AF). Since a virtual model is a
digital clone of a physical asset, it is highly recommended that the virtual model
is structured as identically as possible to its physical twin. In the best case
scenario, the virtual representation and a large number of asset-specific software
modules can be used for both the physical asset and its virtual model. Figure
3.3b illustrates this case where only the lowest layer of the asset is different. For
the AMR example, this can be achieved by virtually simulating all necessary
sensor data as well as the movement of the vehicle over time, given the calculated
control signals.
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logical space physical space logical space

(a) Logical assets and virtual models (b) Virtual model and physical twin

Figure 3.3: Logical Assets.

3.3 Descriptive Layer

The descriptive layer is the semantic backbone of the architecture. In a distrib-
uted environment, the data provided or expected by the virtual representations of
two unrelated assets may be heterogeneous in syntax, schema or semantics (Cho
et al. 2019). In the presented architecture, the main objective of the descriptive
layer is to support machine-to-machine interaction, which is particularly import-
ant to enable plug-and-play capabilities where the entities of the CPS are able
to automatically reason about the functionality of other assets. The descriptive
layer is usually implemented as a Knowledge Graph (KG). A KG is a directed
graph composed of nodes and edges, where a node represents an entity, that
is either a real object or an abstract concept, and an edge that represents the
semantic relationship between the two entities (Peng et al. 2023). The schema
for a KG is commonly defined as an ontology, which is a concrete, formal rep-
resentation of what terms mean in the context in which they are used (Hogan et
al. 2021). Karabulut et al. 2024 recently conducted a structured literature review
to better understand how ontologies are used in the context of DTs. The authors
conclude that ontologies are becoming increasingly popular for facilitating KGs
in DTs. Future research directions include deeper integration of ontologies in
DTs, adoption of ontologies across domains, using a KG as a state graph rather
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then simply for storing metadata, and increased use of KGs as part of reasoning
processes.

3.4 Chapter conclusion

Figure 3.4 shows the combined DT architecture. The architecture distinguishes
between two main types of assets, physical assets and logical assets, with virtual
models being a special type of logical assets. All assets form a CPS by exposing
their virtual representation on the cyber layer and allow to establish commu-
nication channels in between them. Assets can be distinguished by their ability
to synchronise their state and exposing a control interface. A knowledge graph
on the descriptive layer acts as the semantic backbone of the architecture and
is used to establish semantic relationships between the information provided on
the virtual representations. Chapter 5 provides a detailed implementation case
of the architecture.

— KG Relation
@  KG Concept
+ Semantic Link
.’ Virtual Representation
<«—> Communication Channel
== Control Interface

—> State Synchronisation

() Physical Asset
() togicalasset
() virtual Model

Virtual
Models

physical space logical space

Figure 3.4: The proposed Digital Twin architecture.
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An object transfer describes a special type of material handling operation. The
main characteristic of an object transfer operation is the change of possession of
the object under consideration. From a human perspective, an object transfer is a
special form of a joint action, in which two or more individuals coordinate their
actions in space and time to bring about a change in the environment (Sebanz
et al. 2006). In the field of robotics, there is a branch of research that focuses on
object handovers from robot to human or from human to robot. This interaction
is described as a sophisticated joint action of a giver transferring an object to
a receiver, involving many different aspects such as communication, planning,
grip release, etc. (Ortenzi et al. 2021). In the field of material handling, there
exists only a few contributions that touch the concept of an object transfer.
Furmans and Gue 2018 introduce the Modular Material Handling Framework
which specifies a set of elementary physical functions that, when combined,
can cover the majority of material handling operations. The fransfer function
describes the movement of an object from one module to another and differs
from the move function due to its implication of a changing possession. Elfaham
and Epple 2020 define the handover concept. Handover abilities include put,
pick, pass, receive, release and retrieve. The authors list conditions that must be
met to initiate a handover. The conditions include a position overlap, matching
of handover abilities by the partners involved, and the matching of physical
parameters. Both of these meta-models only superficially describe concepts
related to object transfer. In this chapter we introduce a generic description
model that can be used as a basis for many different object transfer applications.
We use the model in the chapters 5 and 6 for a specific use case.
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The chapter is organised as follows. Section 4.1 introduces a formal description
for an object transfer system in its simplest form. Section 4.2 shows three
different examples in which we apply the description to real-world systems.
Section 4.3 concludes the chapter.

4.1 Formal Description

We define an Object Transfer System (OTS) as a System of Systems (SoS). In its
simplest form, the system consists of three assets (o, Qpre, apost):

* 0 € O C A describes a single object to be transferred. We assume the
existence of various object instances that can be transferred. We denote
the set of all these objects as O.

* an asset ape € A\ O that initiates the transfer and is in possession of o at
the time the OTS is formed,

* an asset apoy € A\ O which is supposed to possess o after a successful
transfer.

For each individual transfer, the OTS is re-initiated, meaning that the triplet
(o, Qpre, apost) is formed, and the system boundaries are established accordingly.
However, this does not entail a physical rearrangement of assets. For example,
in the case of continuous handling equipment, the system remains stationary,
and no physical relocation is necessary for each transfer. Once the transfer is
complete, the OTS is dissolved. The initiation process for forming the OTS is
typically, but not always, carried out by apre.

We describe the transfer process itself by means of the state of 0. The state
definition of o can be multidimensional and can vary greatly depending on the
system under consideration. We define the state of o as a vector s consisting
of n components denoted as x;, where i = 0,1, 2,...,n. The first component
represents the asset in possession of o (zg = a), and the remaining components,
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T1,T2,...,Tn, Mmay vary depending on the system. These components may
include numerical values such as pose information or categorical data. The set
S, comprises all possible states of o during the lifetime of the OTS.

T

So _ s = X9 ca € {apre,apost} (4.1)

In
We divide S, into two exclusive subsets based on their ownership property:
Sgpre = {(apreaxlvx%"wxn)} (42)

Sg.posl — {(apost7$1,$2,...,xn)} (43)

Before the object transfer process can be started, o must be in a valid starting
state. We further call these valid states Pre-Transfer States. Formally, we say
that there exists a predicate Py (s) which evaluates whether a state s satisfies
all conditions to be considered a pre-transfer state for the OTS.

S = {s€ Sg™ : PP™(s)} 4.4)

Figure 4.1: Euler diagram to visualise the relationship of different object state subsets.
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We further assume that the object transfer process can either succeed or fail. We
therefore define that the existence of two predicates, Py (s) and P_(s), that can
evaluate if the object is either in a success or a failure state.

SH={se 8™ . Pt(s)} 4.5)

S;=1{seS,: P (s)} (4.6)

Note that a success state always implies that the ownership has been changed to
apost While failure states can be reached even before the ownership changed. We
further define the set of all non terminal state as S;, which is visualized by the
grey area in Figure 4.1.

S, =8,\(SFuSs;) (4.7)

During the object transfer process, the state of the object o changes over time.
The function s(t) represents this temporal relationship. We define s(¢) in the
closed time interval between tg and t.,,.

s(t) : [to, tena) — So  with s(tg) € SP™ (4.8)

We define t.,q4 as the time at which the object enters a success or a failure state
for the first time.

tena = min{t : s(t) € (S US, )} 4.9)

In addition, we define a state transition function w. This function describes
the state change of o during the object transfer. The resulting state depends on
factors which, for the general case, are combined in the set /. These factors may
include parameters such as control signals as well as uncertain and unmeasured
parameters, e.g. environmental factors affecting the transfer process.

uw:S, xU— S, (4.10)
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If we discretise time, we can interpret the object transfer process as a discrete
sequence of states in the interval [tg, tepnq) as follows:

u(s[ti,l]) ifti S tend

Figure 4.2 shows a schematic representation of the object transfer process of
an object 0. At time %, the object is in a valid pre-transfer state and is moved
according to its state transition function u. Between ¢; and ¢y the possession
of the object changes to apost. At time t.,q, the object reaches a terminal state
which is evaluated as belonging to the success states. In the application study
in Chapter 6, we will use digital twins to estimate p* (s[to]), the probability for
an object in a given pre-transfer state to complete the transfer process in a state
se S .

IS [tend]

Figure 4.2: Schematic representation of an exemplary object transfer process.

4.2 Examples

In this section, we examine three different OTS examples which can described
by the model proposed in Section 4.1. These include:
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§\i\\\\\\\\\\\\\\\\\

(a) Decentralised Conveyor Grid (b) Pick & Place (¢) Urban Delivery Robot
Manipulator

Figure 4.3: Exemplary object transfer systems scenarios.

¢ A decentralised conveyor grid, see Figure 4.3a,
e apick & place manipulator, see Figure 4.3b,

 and an urban delivery robot 4.3c.

Figure 4.3a shows a decentralised controlled conveyor grid (Mayer and Furmans
2010). After an initial object identification by one of the conveyor modules, a
route to the final destination is reserved and the object is gradually transferred
to its destination module. In terms of our proposed description model, an
OTS is initiated once before each transfer between two successive modules.
Each module has a simple sensor setup based on an RFID reader for object
identification and light barriers on all outer edges, which are used to detect the
displacement of incoming and outgoing objects. In a valid pre-transfer state,
the object ID is readable and all of the module’s light barriers are uninterrupted
(s[to] € SF). During a transfer, the drives of both involved conveyor modules
are activated. When the object’s ID is readable on the second module and the
light barriers of the second module’s light barriers are not interrupted, the object
has reached a success state and the transfer is complete (s[tenq] € Sj ).

Figure 4.3b shows a manipulator performing pick & place operations to rearrange
objects on a shelf. According to our description model, a pick & place operation
is a concatenation of two OTS. In the first transfer, the manipulator detects and
identifies the object and validates whether its state is a valid pre-transfer state.
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After grasping and lifting the object, the ownership of the object changes from
the shelf (ap) to the manipulator (apos). The success state of the first transfer
becomes the pre-transfer state of the second transfer. If the object is successfully
placed in the designated shelf space, the transfer is complete.

The last example in Figure 4.3c shows an urban delivery robot transporting two
boxes filled with parcels. The object transfer involves clipping the box to a fixture
by means of a vertical downward lift. We could define valid pre-transfer states
when the mobile robot successfully docked to the bracket with an acceptable
docking error. After the box is lowered and physical contact is lost, the ownership
of the object is changed a successful object state is reached.

4.3 Chapter Conclusion

In this chapter we have presented a formal description model for the simplest
form of an Object Transfer System (OTS). In this form, an OTS consists of
three assets, an asset that possesses the object to be transferred, an asset that
is intended to possess the object after the transfer process, and the object to be
transferred itself. The core of the model evolves around a state description of
the object to be transferred. During a transfer, the state of the object changes
over time. We therefore model the object transfer process as a state transition
function. We define several important sets of states that are used to control the
object transfer process including the pre-transfer states Sh°, the success states
S, the failure states S, and the non-terminal states S,,. In addition, we have
provided three examples to show that the model is applicable to different object
transfer scenarios.

35






5 Implementation of an Object
Transfer System in a
Remanufacturing
Demonstration Environment

The content of this chapter extends upon sections of a working paper titled
“A Study on the Predictive Capabilities of Digital Twins for Object Transfers
in Fluid Automated Remanufacturing” (Klein and Furmans 2025). The
author of this thesis was responsible for the conceptualisation, methodology,
software programming, validation, formal analysis, writing, and visualisation
of the research presented in this chapter.

This chapter presents a real-world implementation of an Object Transfer System
(OTS) that follows the description model introduced in Chapter 4 and at the
same time, represents an implementation of the DT architecture introduced
in Chapter 3. The OTS was developed as part of the AgiProbot project (Agile
Production System using Mobile, Learning Robots with Multisensor Technology
for Uncertain Product Specifications), funded by the Carl Zeiss Foundation.
The interdisciplinary project was carried out by a collaboration of different
institutes at the Karlsruhe Institute of Technology (KIT) from 2019 to 2024.
In general, the AgiProbot project aims to develop new methods to increase the
level of automation in remanufacturing, with a focus on disassembly processes
(Lanza et al. 2022). The methods are physically demonstrated using automotive
servomotors, which are commonly used as seat adjuster or windshield wiper
motors, and starter motors, which are currently remanufactured by Bosch as
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Figure 5.1: Main research areas of the AgiProbot project.

part of the "Bosch eXchange program" (Tolio et al. 2017). Figure 5.1 gives an
overview on the project’s main research areas, product core diagnostics (Kaiser et
al. 2022), learning from human demonstration (Dreher and Asfour 2022, Leven
and Heizmann 2022), autonomous learning for robotic systems (Wu et al. 2023,
Mangold et al. 2022, Cebulla et al. 2023), plug-and-produce production systems
(Wurster et al. 2021), production planning and control (Wurster et al. 2022) as
well as autonomous intralogistics (Klein et al. 2021).

The chapter is structured as follows. Section 5.1 gives a detailed description of
the implemented physical assets. Section 5.2 continues with the implemented
logical assets including the virtual models. Section 5.3 gives a complete overview
of the implemented CPS. Section 5.4 describes how the presented assets form
an OTS and the process flow of a transfer execution. After discussing challenges
of the implementation in Section 5.5, we conclude the chapter in Section 5.6.
Note that the object transfer process, in particular the incorporation of the virtual
models, is examined in the following application study in Chapter 6.



5.1 Physical Assets A"

(a) Total view of the AgiProbot demonstration production system including four (b) Transport Module,
stations and the transport module, see Klein et al. 2021. see (Klein et
al. 2021).

T MR
Process Unit 3| |Process Unit 2
)

P

AN
- Buffer Unit
/ s Handling Unit Aq
Transfer Unit A

(¢) The Fluid Automation Station (Station C) of the Agi- (d) Transfer Unit: Two separated controlled
Probot project: A realisation of the Fluid Automation conveyor belts with two light barriers, see
Framework, see Wurster et al. (2021). (Klein et al. 2021).

Figure 5.2: The AgiProbot production system, see (Wurster et al. 2021, Klein et al. 2021).

5.1 Physical Assets A"

The AgiProbot production system is an implementation of the Fluid Automation
Framework, which defines a highly reconfigurable and service-oriented produc-
tion system (Wurster et al. 2021). At the top level, the system is divided into
Stations, each of which consists of at least one Station Module. Station modules
provide standardised interfaces for power, communication and compressed air
for up to four so called Elementary Units. In the Fluid Automation Framework,
elementary units are the smallest described entities, each of which provides spe-
cific capabilities as services to the overall system (Wurster et al. 2022). The fluid
automation design allows for rapid reconfiguration, which is part of the solution
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set to cope with the inherent uncertainties of remanufacturing systems. For
more information on the Fluid Automation Framework and its use in production
planning and control, please refer to (Wurster et al. 2021, Wurster et al. 2022).

The AgiProbot demonstration system comprises a total of four stations each of
which is used to explore the different research areas shown in Figure 5.1. Figure
5.2ashows all four stations on the common shop floor. A close-up view of Station
C is shown in Figure 5.2c. This station best illustrates the implementation of
the Fluid Automation Framework. The station consists of two station modules
with a total of six elementary units currently mounted. Each elementary unit is
a self-contained system that can be easily mounted on a station module thanks
to standardised hardware interfaces. Figure 5.2d and Figure 5.2b show the two
main asset types that are used to form the object transfer systems, namely the
Transfer Unit and the Transport Module. Both assets were first introduced in
Klein et al. 2021 and are explained in detail in the following subsections. In
addition, we describe the set of starter motor cores, which we consider as the set
of physical objects to be transferred.

5.1.1 Transfer Units 7"

Transfer units are elementary units and are used as stationary transfer points.
Given the formal model of an OTS introduced in Section 4.1, transfer units can
act both as apos When an object is being transferred to a station module and as
apre When an object is being collected by the transport module. The AgiProbot
demonstration system includes a total of four real-world transfer units, one
mounted on each station.

TU" = {TUf, TUL , TUE, TUE} (5.1)

In the rest of this thesis, we use the superscript ©” to refer to implemented physical
assets. Figure 5.3 shows a view on the layered asset implementation. On the
lowest layer, a transfer unit consists of a single-board computer which controls
two independently actuated conveyor belts. The HAL includes interfaces to
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set and read the conveyor speed and read the light sensors, which create light
barriers on both outer edges of the conveyor belts. We classify the transfer unit
as a mixed type D/E physical asset. Compared to a full type E asset, the transfer
unit is not able to perform all aspects of its state synchronisation. For example,
while the current speed of the conveyors is updated by the unit itself, the transfer
unit is not able to observe if any object is placed on its conveyor belts. This
part of the state synchronisation must be performed by another asset, as the
transfer unit lacks the necessary sensors to perform this function independently.
The functionality to be updated externally is provided on the application layer.
The external communication is implemented as an OPC UA server that uses the
structure of an AAS as its information model.

5.1.2 Transport Modules 7 M?”

The transport module implemented in the AgiProbot project is an enhanced
mobile robot, which is used to connect the different transfer units mounted on
the stations in a flexible way. A single transport module has been implemented
for the AgiProbot demonstration system. We refer to this transport module as
TMP.

TMP = {TMPY (5.2)

Figure 5.4 shows the layered asset implementation of the transport module.
Starting from the bottom layer, the transport module consists of three main
subsystems, a laser-based AMR as a mobile platform, a transfer unit as a load
handling module and a vision system which is used to detect and track objects
during object transfers. The vision system combines a Microsoft Azure Kinect
RGB-D camera and a small servo motor that allows the camera to be rotated
to change its view. The HAL provides interfaces to the various sensors and
actuators. The control layer includes software modules to solve specific tasks,
such as the object detector and tracker or AMR-related modules for localisation
and path planning. The application layer consists of modules for setting and
executing drives to a target pose on a pre-mapped occupancy grid, docking to a
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Figure 5.3: A transfer unit, a mixed type D/E physical asset.
transfer unit or initiating an object transfer process. The various capabilities of
the transport module and its interaction with a transfer unit and its environment

are discussed in detail in Section 5.4 as part of the object transfer process. We
classify the transport module as an asset of type E.

5.1.3 Objects O”

As described in the formal model in Section 4.1, an OTS consists of three
involved assets. Besides the transfer unit and the transport module as the
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5.1 Physical Assets A"

possessing assets, we need to define the objects to be transferred. Although the
described OTS is capable of transferring a wide range of different objects, we
consider a fixed set of 37 real-world starter motor cores as the set of objects to
be transferred.

={oF,...,0l} (5.3)

Each core considered is not only unique in its degree of wear, but also originates
from a different product variant. Besides being unique, the starter motors share
the same product family, which makes them similar in terms of their overall
design scheme. Figure 5.5 shows images of the set O. The influence of the
object’s shape on the success probability of the object transfer is further explored
in the DT application study in Chapter 6. In the CPS, the objects are implemented
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Figure 5.4: A transport module, a type E physical asset.
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as assets of type B, which are incapable of internal state synchronisation and

11
b
L)
i

have no external control interfaces.

ofy
P
024

~y

P
02 .
1 22

P P
031 033

of;

of} of, oly

Q Q
n ) @ww

ol o, ofy

L4

b
fr
»

o

P P P P
033 034 .‘- 035 i 036

Figure 5.5: Set of unique starter motor cores O .

5.2 Logical Assets A"

Besides the physical assets, we implemented several logical assets that provide
additional services in the CPS:

e The Transport Module System, previously mentioned in Klein et al. 2021,
represents the global interface to the production control. It allows the
placement of transport operations, which can be distributed to the transport
modules with the help of task allocation procedures.

* PropS is a logical asset which is used to fuse distributed pose information
to enable collaborative localisation. The system structure and a proof of
concept implementation were presented in Klein et al. 2022. Based on
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a unified AAS submodel, we demonstrated how PropS can be used to
reason about the docking pose of an AMR in a dynamically changing
environment. Although the docking pose is unknown to the robot itself, it
can be inferred from multiple cameras distributed across multiple assets.

 For the application study presented in Chapter 6, we implemented an
Experiment Manager. This asset manages the planning and execution of
object transfer experiments for both physical assets and virtual models.
This includes creating of virtual environments, instantiating of virtual
models, interacting with the assets involved, storing the results in a data-
base and handling of tasks related to post-processing of the results.

5.2.1 Virtual Models AV

The virtual models are the core of the digital twin implementation. Instances
of virtual models are created and used in a virtual environment, which provides
the framework for simulating space and time. As a virtual environment we
use NVIDIA Isaac Sim, a popular multi-body simulator that uses NVIDIA’s
physics engine PhysX (NVIDIA Cooperation 2024). For each physical asset
introduced in Section 5.1, we consider a corresponding virtual model. We use
the superscript V' to refer to the virtual models. Figure 5.6a shows an instance of

(a) Instance of a virtual transfer unit 77U ¥ (b) Instance of a virtual transport module 7" M v

Figure 5.6: Virtual models in an NVIDIA Isaac simulation environment.
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the virtual transfer unit (TU") and Figure 5.6b shows an instance of the virtual
transport module (7'A/"). For details on the modeling procedure, we refer to
(Klein and Furmans 2023). When implemented as an asset in the CPS, the
virtual models reuse most of the software models shown in the corresponding
figures in Section 5.1. As the hardware layer is completely replaced by the virtual
sensors and actuators, the components on the HAL are adapted in terms of their
interface to the lower layer. The control layer remains unchanged compared
to the physical assets. In addition to the virtual transfer units and transport
modules, we consider a set of virtual objects models @V which matches the
physical object set OF. Figure 5.7 shows the virtual object models. For the DT
application study, the virtual object models are simulated as simple rigid body
with uniformly distributed mass and a high resolution STL model as a collision
shape. The STL models were generated by scanning O with a ZEISS T-Scan
industrial laser at the AgiProbot diagnostic station.

Compared to the physical assets, the number of virtual model instances is easily
scalable, limited only by the available computing capacity. The virtual models
can be instantiated in a single virtual environment or in multiple virtual envir-
onments across a distributed system of computing nodes. Given the forecasting
function of a DT, this allows to parallelise the prediction to achieve significant
results in a shorter period of time.
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Figure 5.7: Set of virtual starter motor cores OV,

5.3 The Cyber-Physical System

Based on the architecture introduced in Chapter 3, Figure 5.8 shows the im-
plemented CPS to enable DT-based object transfers as part of the AgiProbot
demonstration system. It includes the physical assets T4, TMT and OF,
three logical assets, namely the Transport Module System, PropS and the Ex-
periment Manager and a varying number of virtual models, 7U V. TMV and
OV All assets have a virtual representation which data structure is based on the
AAS specification and use OPC UA as their external communication interface.
In principle, all assets can establish communication channels to all other assets.
However, in practice, only a small subset of communication channels is needed
to realise an object transfer, for the physical assets as well as the virtual models.
The transport module is the main actor during the object transfer process. It
uses the control interface of the transfer units and updates information on the
objects to be transferred. Please note that the illustrated communication chan-
nels in Figure 5.8 are not complete. PropS, e.g., establishes connections to all
virtual representations to update its internal pose graph. The interaction of the
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assets with the knowledge graph is not explored as part of this thesis, but will
be explored in future work.
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5.4 Obiject Transfer System

Through cooperation, the introduced assets enable the material flow between
the four stations of the AgiProbot demonstration system by executing transport
operations. We define a transport operation as a transport task which has already
been matched and scheduled on a specific resource, see (Pfrommer et al. 2022).
Figure 5.9a shows a flowchart of the execution of a transport operation. The
transport operation, which is initially received by the Transport Module System
is passed to the idle transport module. As explained in (Zhou et al. 2023), the
transport module first performs a global navigation process to the target pose
of the transfer unit, which is extracted from a pre-generated hypermap. Once
TMTY reaches the coarse target pose, the navigation method is switched to a
custom laser-based method that uses the cuboid shape of the station modules as
a reference to estimate the docking pose. Figure 5.9b shows a specific scenario
in which T M successfully docked at TUJ. Next, the OTS is being initiated
by TM{ who establishes a connection to the virtual representation of a transfer
unit TUP. The transport operation can contain one of two different transfer
sequences:

e olis being transferred from TMlP toTUP, Qpre = TMlp, Apost = TUF

* o is being transferred from TU to TMT, ayre = TUY  apost = TMT

Before the actual transfer process begins, T'M{ uses its vision system to perform
a full scan of the surface of its own conveyors and those of the docked TU* to
match detected objects with the information available on the virtual represent-
ations. The OTS is successfully formed when all requirements for starting the
execution of an object transfer are met. This includes, e.g., that no other object
is already occupying the target conveyor belt. Next, TM{ evaluates whether
the object is in a valid pre-transfer state. If the state is valid, the transfer process
loop starts by constantly monitoring if the object state s is still a non-terminal

P

state. Once 0" reaches either a success or failure state, the OTS gets resolved.

50



5.4 Object Transfer System

Initiate object |
transfer system|

Waitto receive Global navigation|
Start transport of T to global AMR d“:k‘"g
operation ltarget pose of TU procedure
a
o

‘Object Transfer System (OTS)

(a) Flowchart of the transport operation execution. (b) Docked transport module.

Figure 5.9: The transport module (7'M 1P ) after a successful docking.

If the transfer was successful, TM{ can continue with further sub-operations
or TMY returns to its idle state and waits for further transport operations.

The following subsections provide additional implementation details. First, in
Section 5.4.1, we present details of the global navigation and docking process.
Section 5.4.2 describes the system-dependent definition of the object states.
Section 5.4.3 introduces the implemented object detector and tracker, and Section
5.4.4 provides further details on the applied visual servoing method.

5.4.1 Global Navigation and Docking Process

During the global navigation process, T'M{ plans a collision-free path to a
preliminary docking pose in front of the target station. The generated path is
adapted by the motion planning module to be able to avoid dynamic objects
during the execution. Figure 5.10a shows a top view of the TM{ on the
pre-mapped occupancy grid after generating a path to Station C.

Once the transport module has reached its coarse target pose, a laser-based
method is used to estimate the final docking pose. The procedure takes advantage
of the cuboid shape of the station modules. First, line candidates are segmented
in the raw laser data, red lines in Figure 5.10a, and the closest line that matches
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(a) Global navigation of T M7 on the AgiProbot demon- (b) Laser-based pose estimation of the docking
stration shop floor. After undocking from Station D, an pose associated with the transfer unit, see
initial path (green line) is planned to the coarse docking (Zhou et al. 2023).

pose of Station C.

Figure 5.10: Navigation modes of the implemented transport module 7'M lp .

the configuration of the target station is selected. Based on the outer edge of
the selected line, a docking pose is estimated. Figure 5.10b shows the matched
line candidates and the estimated docking pose. For more details on the docking
procedure, we refer to (Zhou et al. 2023).

Table 5.1: Overview of the relevant coordinate frames in a formed OTS.

Frame Description

Fr Fixed frame defined at the front tip of TM{".

Fg Fixed frame defined at the mounting point of the servo module.
Fy Rotatable frame defined in the axis of rotation of the servomotor.
Fe Fixed camera frame with z-axis as optical axis.

Fpp  Frame at the centre of an Axis Aligned Bounding Box.

Fo Object specific frame for the starter motor set. The positive x-axis
points towards the starter pinion, the positive y-axis points in the
opposite direction of the engagement relay.
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5.4.2 Object States Definition

In Section 4.1 we introduced a formal description of an object transfer system.
The object transfer process itself is described in terms of state changes of the
considered object o’. The object state s is generally defined by the possessing
asset and additional, system-dependent components, see Equation 4.1. For the
case of the object transfer system introduced in this chapter, we define s € S,
as follows:

So ={(a,2,y,2,52,5y,5:,0, f,c,t)} (5.4)

Fr
(a) Overlayed coordinate frames on a docked (b) State parameters related to an Axis Aligned Bounding
transport module. Box (AABB): The AABB is fully described by its
centre point (x, ), and the half extents (s, sy, s2)

of the box.

Figure 5.11: Coordinate frames as listed in Table 5.1 and state parameters associated with an Axis
Aligned Bounding Box (AABB).

As defined in Equation 4.1, a refers to the asset in possession of 0. The com-
ponent subset (z,y, 2, Sz, Sy, 5-) is associated with the pose of 0. In our case,
the transport module uses its vision system to estimate this pose by computing
an Axis Aligned Bounding Box (AABB) for each tracked object. Figure 5.11b
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shows a schematic of a bounding box detected on the conveyor belt pair. As
the bounding box is axis aligned, it does not provide any information about the
orientation of the tracked object. We define 6 as the yaw angle rotation of the
object. Although the orientation of the object cannot be estimated during the
transfer process, it is an important value for defining the pre-transfer state of an
object. Specifically for the starter motor set, we assign a right-handed coordinate
frame (Fp) with the positive x-axis pointing towards the starter pinion and the
positive y-axis pointing in the opposite direction of the engagement relay.

We further define f, the face on which the object is placed on. This parameter
is specifically defined for the starter motor set. During initial testing we found
that all starter motors, due to their shape, can only be safely placed on either one
of two faces:

f € {front’, "back’} (5.5)

Figure 5.12a and 5.12d show the object on the *front’ face, with the engagement
relay pointing to the left side with respect to the object’s centre and the z-axis
of the object frame pointing upwards. Figure 5.12b and Figure 5.12¢ show the
object on the opposing "back’ face.

In addition, we define three different conveyor positions, see Figure 5.12:
¢ € {’left’, ’right’, "both’ } (5.6)

The conveyor parameter c is set depending on whether there is an overlap of the
tracked AABB with the corresponding conveyor. c is used during the transfer
process to decide which conveyor belt needs to be active. In the Figures 5.12a
and 5.12b, the object occupies both conveyor belts, in Figure 5.12c¢, the object is
placed on the left belt, and in Figure 5.12d on the right belt.

The last component of the state vector is the time ¢, which describes the elapsed
time since the OTS was formed. Figure 5.12 shows four different examples of
object states. In each sub-figure, of is located on a transport module 7'M/, but
in a different pose (z,y, ). Note that even though the object is identical, the
dimensions of the AABB vary due to the different orientations of the object.

54



5.4 Object Transfer System

A A A
Y ~ Y 2 ) Y
N i
TMYF T™F TMF T™F
—0.3m —0.2m —0.325m —0.325m
0.0m 0.02m 0.094m —0.094m
0.11m 0.11m 0.13m 0.13m
0.10m 0.10m 0.08m 0.08m
b d
@1 0.00m ® 1 o.07m © 1 0.0mm @1 0.00m
30° —135° 0° 180°
*front’ ’back’ "back’ *front’
“both’ "both’ left’ 'right’
to to to to

Figure 5.12: Examples of different pre-transfer states: Each schematic shows the top view of a
transport module with a single object located on its conveyor belts. The green square
visualises the AABB.

As introduced in Section 4.1, we further define the state subsets S5, S\, S
and S(;. Before an object transfer system process is initated, the object must be
in a valid pre-transfer state s € Sh*:

a = Gpre
t=t
s —lses, 0 (5.7)
(x — sy > —0.65m) A (x + s, < 0.0m)

(y— sy > —=0.2m) A (y + s, < 0.2m)

We have defined four conditions that all must be met to limit the state space to
the pre-transfer states. First, ay. must be in possession of o. Since the transfer
process has not yet started, ¢ is still set to ¢g. The remaining two conditions make
sure that AABB does not overlap with the area outside the conveyor belts of ape.
All exemplary states visualised in Figure 5.12 are valid pre-transfer states.
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S describes the set of states that an object is in when a transfer process has
been completed successfully

a = Qpost
t < tmax
SH=<s¢€S8, x> 0.2m (5.8)
(x — s, > 0.0m) A (x4 s, <0.5m)
(y — sy > —0.2m) A (y + s, < 0.2m)

We have defined a total of five conditions that must all be met for an object
state to be in Sj . First, the possession must have changed t0 apes. For our
object transfer system, we have defined a timeout time ¢,,,,, until the transfer
process must be completed. For a transfer to be successful, the object must be
safely moved to apos. To ensure this, we set a threshold value for x which is the
minimum translation of the object along the direction of the transfer unit. 0.2m
was evaluated as a suitable value, based on the dimensions of the transfer unit
and the average length of the considered starter motor cores.

The remaining two conditions make sure that AABB does only overlap with the
belts of ay and not with any area outside of the conveyor belts.

In contrast, the set S~ holds all states that are associated with a failed transfer
process.

s-=lses, (t > tmaz) V ((x — s2 < —0.65m) A (z + sz > 0.5m))
(t > tmaz) V ((y — sy < —0.2m) A (y + sy > 0.2m))
(5.9)
An object is in a failure state if either the timeout ¢,,,,,. has passed, or the AABB
of the tracked object does overlap with the area outside of any of the conveyor
belts. Figure 5.13 shows four object state examples after the completion of the
object transfer process. The AABBs of objects in Figure 5.13a and 5.13b both
overlap with the area outside the conveyors. In Figure 5.13c, the object has not

surpassed the threshold value of = > 0.2m. Figure 5.13d shows a successful
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Figure 5.13: Examples of success and failure states.

object state. Finally, S(l) describes all non terminal states. The object transfer
process continues (u(s(t))) as long as the object is in a state s € S,,.

S, =38\ (SFUS;) (5.10)

For our use case, we interpret the OTS as a binary function returning a boolean
value depending if the transfer was successful or not:

1 if S(tend) S 8;_

(5.11)
0 if S(tend) esS,;

OTS(O» Gpre apost) = {

In the following, the detection and tracking method is presented. This method
outputs the AABBs.

5.4.3 Detector and Tracker

The actuated vision system is used to detect and track objects during an object
transfer process. The detection pipeline is shown in Figure 5.14. The pipeline
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runs continuously and processes each captured point cloud by the RGB-D cam-
era. During the preprocessing steps, the raw point cloud is transformed into the
fixed frame Fp after an initial removal of invalid points. Next, the dimensions
of the OTS workspace are calculated. The workspace describes the space in
which objects are expected. If T M/ is not docked to any TU*, the workspace
includes only the two conveyor belts of TM{". If TM{ is already docked, the
workspace is extended to include the conveyor belts of TU . The point cloud is
filtered based on this workspace. To reduce the computational load in the sub-
sequent steps, we apply a voxel grid filter to downsample the point cloud. Since
the points corresponding to the conveyor belts can be represented as a plane, we
use plane segmentation to eliminate them. A widely used approach for plane
segmentation in point clouds is the RANdom SAmple Consensus (RANSAC)
algorithm, which has been successfully applied in similar contexts, as demon-
strated in (Navarro et al. 2014, Bras and Neto 2018). Next, we use a statistical
outlier algorithm based on k-nearest neighbours to remove any remaining out-
liers. For the classification step, we first perform a euclidean cluster extraction
to distinguish between different objects placed on the conveyors. Finally, for
each cluster, we compute an axis-aligned bounding box (AABB).

The tracker uses the stream of states for OQgerecteq to track the movement of
individual objects. The tracker tries to match each element of Ogetecteq With its
stored set Oypqckeq- The matchmaking algorithm uses the centre point of the
bounding boxes. In some cases, the object may not be detected or the detection
may be inaccurate. If an object is not detected in several consecutive frames
while the conveyor belt is moving, the matchmaking between Ogetecteq and
O¢rackea becomes difficult. To avoid this scenario, we use a Kalman filter to
estimate the position, taking into account the speed of the conveyor belts.

The proposed method allows the detection and tracking of arbitrary objects.
However, the method does not allow any form of object recognition. It only
detects the existence of an object, not its identity. The ability to detect and track
multiple objects simultaneously allows the transport module to buffer multiple
objects and to chain transport operations. Combined with the design decision to
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Figure 5.14: Implemented detection pipeline.

use two separate conveyor belts for the transfer unit, objects placed on one belt
can be transferred without affecting other objects on the other belt.
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5.4.4 Visual Servoing

During the object transfer process, the vision system must ensure that the object
is always visible to the camera sensor. This is achieved by dynamically adjusting
the rotation of the camera to keep the optical axis of the camera pointing at the
centre of the object as the conveyor belts move the objects linearly. This can
be described as a case of visual servoing (Janabi-Sharifi et al. 2011). Given the
geometric constraints of our OTS, the task is to determine the servo angle « to
achieve this alignment. Since the camera can only rotate around one axis, the
3D problem can be simplified to a 2D one, as shown in Figure 5.15a. For the
camera (F¢) to focus the object (Fp), two conditions must be met, see Figure
5.15a:

* The x-component of the homogeneous vector d'from Feto Fpp expressed

in FC is 0.
0
cdcps = |d. (5.12)
1
¢ When transformed to Fgp, d'is zero.
0
BBJCBB =10 (5.13)
1

The transformation can be expressed by the following transformation chain:
padepp = Trp Trs Tsa(a) Tac cdoss (5.14)

We can solve this equation for the two unknown values (d.,«). Figure 5.15
shows results for the servo angle « given different object positions (x, z). At
a = 0°, the camera’s optical axis is pointing straight downwards. One can
observe, that at this angle, the function is independent of the value of z.
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(a) Simplified 2D sketch of the (b) Results for solving Equation 5.14: Given the 2D object (z, z) in Fip,
coordinate frames shown in the plot shows the servo angle « that needs be set for the camera to be
Figure 5.11a focused on the object.

Figure 5.15: Visual servoing results.

5.5 Challenges

In this section, we summarise some of the challenges related to the assets and
the methods used to implement the object transfer system.

Global Navigation

As shown in figure 5.10a, the target pose of the global navigation is defined at
a certain distance in front of the transfer unit. As the mobile platform relies
on non-holonomic kinematics based on a differential drive, the platform is not
free to move in any direction. It is therefore important to ensure that the coarse
target pose of the platform after the global navigation process completed is not
too close to the station module. Otherwise there may be no feasible path to the
docking pose given the curvature constraints.

Docking

As the docking method used is based solely on laser data, there is no need for
any infrastructure intervention, such as the placement of fiducial markers. This
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increases the flexibility and reduces the effort required to reconfigure the system.
However, the accuracy of the method varies depending on the station module
configurations and the location of the transfer unit. Figure 5.16 shows two
different configurations. In Figure 5.16a, the transfer unit is mounted at the front
left mounting position of a station module. In this configuration, the outer edge,
which is the key feature of the pose estimator, is aligned with the laser scanner,
which is located at the front left corner of the transport module (symbolised by
circle). In this case, the edge detection is most accurate, which directly leads to
increased accuracy in the docking pose estimate. In Figure 5.16b, the transfer
unit is mounted at the right mounting position of the station module. Due to
the relative translation of the laser scanner to the edge of the station module,
the edge detection is less accurate, resulting in a less accurate docking pose
estimation. The docking error has a significant impact on the transferability
of certain objects which is investigated as part of the DT application study in
Chapter 6.

Detection and Tracking

When TM{ is docked to TUT, the designated workspace of the OTS combines
both the conveyor belt pairs of TM{ and TU*. Due to its narrow field of view,
the depth camera is unable to capture the entire workspace in a single frame.

Station Module | Station Module Station Module

TU TU
<& <5

T™ T™
Lidar O L O
(a) Configuration 1 (b) Configuration 2

Figure 5.16: Schematic view on different transfer unit configurations.

62



5.5 Challenges

Therefore, as a first sub-process, we perform a full scan of the workspace by
moving the camera to two different viewpoints («; = 20°, as = —30°). During
this initial workspace scan, the information of all detected objects is compared
with the information available on the virtual representations of TM{ and TU
respectively. The detection method uses a cluster algorithm with the assumption
that a cluster of close points belongs to a single object. When objects are placed
close together, the clustering algorithm may not be able to distinguish between
the objects. This challenge is illustrated in Figure 5.17. In Figure 5.17a, both
objects are placed far enough away from each other and can be reliably detected
as two separate clusters. In Figure 5.17b, the objects are placed too close to
each other and are detected as a single object. The required distance between
the objects for successful clustering increases as the camera angle increases, due
to more undetected points on the uncaptured back of the objects.

(a) Two objects that can be sufficiently distinguished. (b) Two objects that are too close together to be
distinguished by the clustering algorithm.

Figure 5.17: Multi object detection challenges.

Object Transfer Process

During the design phase of the transfer unit, our aim was to be able to transfer
a wide variety of objects without the need for a container or other form of
load carriers. In principle, a conveyor belt can achieve this for objects that
physically fit onto the belt and create enough friction to cause the object to take
on the linear motion of the rotating belt (Pati and Majumdar 2020). When two
separate conveyor belts are aligned, such as when the transport module docks
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to a transfer unit, the goal is to position the outer pulleys of the belts as close
together as possible without creating physical contact. The circular shape of the
pulleys creates a gap between the flat surfaces of the conveyor belts that any
object must overcome to move from one belt to the other. Figure 5.18 shows the
minimum gap area for two perfectly aligned conveyor belts. The size of the gap
increases with imperfect alignment, e.g., due to a less accurate docking process.
Depending on the shape of the objects, this gap can affect the motion of the
object during transfer and, in the worst case, result in an object getting stuck and
unable to clear the gap. In the DT application study in Chapter 6, we investigate
how the gap affects the transfer of starter motor cores O

gap area

conveyor belt conveyor belt

Figure 5.18: Gap area between two aligned conveyor belts, see (Klein and Furmans 2025)

5.6 Chapter conclusion

In this chapter we have described details of an implemented CPS for realising
object transfers as part of the AgiProbot demonstration system. After a short
introduction to the AgiProbot project, we presented the implemented physical
assets, the transport unit, a vision-enhanced AMR, the transfer units, station-
ary transfer points at each station, and a set of starter motor cores, which we
consider to be the set of objects to be transferred. We further introduced three
implemented logical assets, namely the Transport Module System, PropS and the
Experiment Manager. For each physical asset, we presented the virtual models
that complete the implementation of the CPS based on the architecture described
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in Chapter 3. Through interaction, these assets enable the flexible material flow
in the AgiProbot demonstration system. The transport module handles transport
operations that first require the execution of a global navigation and docking
process to a target transfer unit. Once docked, the transport module forms an
OTS with the transfer unit, which we described based on the formal description
introduced in Chapter 4. We further provided implementation details of the
detection and tracking method and the visual servoing approach. Finally, we
discussed several challenges and limitations of the implemented system. The
challenges include inaccuracies in the docking process which result in a gap
between the conveyor belts of the docked transport module and the transfer unit
which the objects must be able to overcome. In the following chapter, we invest-
igate how these challenges affect the object transfer process and how we can use
the virtual models to reduce the imposed uncertainty with respect to successful
transfer processes.
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The content of this chapter extends upon sections of a working paper titled
“A Study on the Predictive Capabilities of Digital Twins for Object Transfers
in Fluid Automated Remanufacturing” (Klein and Furmans 2025). The
author of this thesis was responsible for the conceptualisation, methodology,
software programming, validation, formal analysis, writing, and visualisation
of the research presented in this chapter.

In the previous chapter we presented the implementation of a CPS in which a
physical transport module (7'M{") navigates and docks to a transfer unit (TU " €
TUP) to initiate an OTS to transfer an object, in this case one of the starter
motor cores (of € OF). Due to the challenges outlined in Section 5.5, the
object transfer process must be regarded as probabilistic. The success of an
object transfer depends on several factors. Based on our preliminary study, the
following three factors are the most influential (Klein and Furmans 2023):

* The docking pose quality: The quality of the docking process directly
defines the shape and size of the gap between the transport module and
the transfer unit.

* The object to be transferred o”: Since the objects are transferred without
the aid of a container or any other form of load carrier, the interaction
between the contour of the object and the gap area between the conveyor
belts may result in an object being unable to clear the gap.
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* The pre-transfer object state sP°: The pre-transfer state of 0! defines
which part of the contour enters the gap at which point in time. A carefully
chosen pre-transfer state may avoid any issues during the transfer.

In general, it is not the effects of a single of these factor, but the combination of
factors that determines whether a transfer is successful or not. The goal of this
application study is to use our DTs to predict a single pre-transfer state for each
physical o’ that promises to have the highest probability of success. Our DT
application study is structured as follows:

1. Calibration Experiments: We perform an initial set of physical experi-
ments on a small set of starter motor cores.

2. Virtual Model Calibration: We use these results to calibrate our virtual
models. In addition, we use the measured docking pose errors to build
a synthetic docking pose generator which allows us to sample realistic
docking pose errors for further virtual experiments.

3. Full State Experiments: We conduct a large series of virtual experiments
in which we estimate the probability of success, denoted as p"', for each

pre-transfer state of each virtual starter motor core 0" .

4. Determine Best Pre-Transfer State: Through a series of transformations,
we identify the pre-transfer state with the highest probability of success,

denoted as s”; . for each virtual object 0. We use this state as an

o,best
estimate for the best state for the corresponding real-world object o”’. To
gain additional intuition about the capabilities of our DTs, we similarly

determine s\, Which is the state with the lowest probability of success.

pre

5. Validation: We validate the estimated probabilities of success for s, .

and s} o by an additional set of real-world experiments.

The chapter is structured as follows. Section 6.1 describes some application
study-specific adaptations, including pre-transfer state restrictions and the im-
plementation of docking pose error measurements. Section 6.2 formally de-
scribes the real and virtual experiments performed. We discuss the results of
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a first set of calibration experiments in Section 6.3 and the proposed method
to synthetically generate docking error poses in 6.4. We use the results of the
calibration experiments to evaluate and calibrate our virtual models in Section
6.5. In Section 6.6, we conduct a series of virtual full-state experiments using
our DTs to estimate the probability of success for each pre-transfer state for the
full set of starter motor cores. Finally, we validate and discuss the results by
performing an additional set of physical experiments in Section 6.7.

6.1 System Adaptations

In this section we introduce some relevant system adaptations specific to this
application study. In Section 6.1.1 we restrict the previously defined set of
pre-transfer states to a smaller, discrete set. In Section 6.1.2, we introduce the
method for estimating the docking pose error.

6.1.1 Pre-Transfer State Restrictions
In Equation 5.7 we have defined the set of pre-transfer states as follows:

a = Qpre
t=1
sre—Jses, 0 (6.1)
(x — s; > —0.625m) A (x + s, < 0.0m)

(y — sy > —0.2m) A (y + s, < 0.2m)

This set contains an infinite number of possible pre-transfer states. For the
experiments in this application study, only a limited set of pre-transfer states
can be practically evaluated. Therefore, we define the application study specific
subset “SP' in the following.

Egpre — gpre 6.2)
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First we restrict the position of o, (x, y) to three fixed positions:

Dieft = (—O.325m,0.094m),
Pmiddle = (—0.325m,0.0m), (6.3)
Pright = (—0.325m, —0.094m)

We have marked the three possible positions in Figure 6.1a. Next, we discretise
the object orientation 6 to a set of fixed integers that cover a full rotation:

Eo={0|0cz,—179 <6 <180} (6.4)

If the object is placed in pief; OT Prighi, SOme values in 2O would cause the object
to collide with the area outside the conveyor belts. This is shown in Figure
6.1b. The object is placed with a yaw angle of § = 15°. An angle of e.g.
6 = 90° in the given position would not be feasible without exceeding the width
of the conveyor belt. We therefore split PO into two different subsets: * Osingle
for objects states which refer to a single conveyor position (pies; and prign) and
E Opom for objects placed in the centre that can cover the full rotation range.

EQngte = [—179.. — 155] U [—25..25] U [155..180] (6.5)

E@both = E@ \ E@single (6.6)

Next, we define three pre-transfer state subsets, the union of which is £S5, the
full set of restricted pre-transfer states used in this application study.

ESEre _ ESpre

E opre E opre
o,leflU So,bothU S

o,right (67)
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E opre
So,left -

E opre _
So,both -

E gpre _
So,righl -

s€E S

s €S

s € S

a = Gpre
t=to
(7,9) = Plett
0 € ©Ogingle
c ="left’

a = Gpre
t=t,
(7,Y) = Pmiddie
0 e E@both
¢ = both’

a = Qpre
t=to
(z,y) = Pright
0 € ©Ogingle
¢ = ’right’

6.1.2 Docking Pose Error Measurement

(6.8)

(6.9)

(6.10)

Combined, the pre-transfer set “S5™ consists of 924 possible states for each
object o. Figure 6.1 shows some examples of included pre-transfer states.

During the initial calibration experiments, we measure the docking error £ each
time TMlp docks to one of the transfer units, see Section 5.4.1. To measure
the docking error, we mount a stationary camera on each of the four transfer
units and attach a 5x5 ChArUco board to the transport module. Using a fiducial
marker or an array of markers for pose estimation is a widely used method in
robotics and VR applications (Kalaitzakis et al. 2021). Figure 6.2 shows the
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1

Dieft Pright
X X
Puifidle 4
(a) Pre-transfer positions, (b) s € FsPre (c) sP° ¢ Bsre @) s’ e Fsrre

o,left o0,both o,right

see equation 6.3

Figure 6.1: Pre-transfer state examples sP® € £8P,

installed setup with the overlayed coordinate frames as listed in Table 6.1. To
estimate the docking pose error, we need a reference goal pose against which we
can compare the currently measured pose. Therefore, we measure an individual
reference pose T, B, for each transfer unit after manually docking the transport
module using its joystick. After completion of each individual docking process,
we measure the current pose of the ChArUco board, T, 5. To make the values
easier to interpret, we solve Equation 6.11 and extract the relevant docking error
components from T, .

651
&= |c& | « Toep =Toone T s, Tews Thp (6.11)

eg(i
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Table 6.1: Overview of the relevant coordinate frames used to measure the docking error of 7'M f’ .

Frame Description

Fe, Fixed frame in the camera module to evaluate the docking pose error,
z-axis as optical axis.

Fp Frame defined at the corner of the detected 5x5 ChArUco board
Fp Fixed frame defined at the goal pose of the ChArUco board.

Fp Fixed frame centered on the transport module.

G

Fp, Frame at the goal docking pose.

Figure 6.2: Camera-based set up to evaluate the docking pose error.

6.2 Experiment Descriptions

This application study includes several series of real-world and virtual exper-
iments. We describe the standardised process of a single experiment for the
real-world case in Section 6.2.1 and for the virtual case in Section 6.2.2.
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6.2.1 Real-world Experiment Description

We define a real-world experiment as E¥" which consists of the following steps:

1.

Global navigation of TM{ to the stored coarse navigation pose of the
requested target transfer unit TUF € T14”, as described in Section 5.4.1.

Execution of the docking procedure and subsequent measurement of the
docking pose error £, see Section 6.1.2.

We manually place the object of € OF in a desired pre-transfer state
sPe ¢ FSP see Section 6.1.1.

The OTS is being initiated and the object transfer process is executed.
First o is transferred from TM{ to TUT:

y =oTrS(o", TMF, TUT) (6.12)

If the transfer was successful (yf = 1), the object is transferred back to
TME.
yr =orS(”, TUr, TMI) (6.13)

Finally, we set the overall result of the experiment:

y' = (6.14)

p 1 ifyl =landyl =1
0 otherwise

To summarise, in a real-world experiment £, after navigation and docking of

the transport module 7'M7{, the manually placed object o’ in a pre-transfer state

sP* is first transferred to a transfer unit 7UT, and, if the transfer is successful,
returned to TM{. The returned results include the overall transfer result y and

the measured docking error:
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The individual steps of E¥ are visualized in Figure 6.3

Figure 6.3: Procedure of a real-world object transfer experiment.

6.2.2 Virtual Experiment Description

Compared to the real-world experiment description, the virtual experiment £
differs in some steps. Since we are not trying to virtually replicate the docking
process directly, we immediately set the virtual transport module to a docking
pose with with a predefined docking error. A virtual experiment consists of the
following steps:

1. Instantiate a virtual transport module 7M" and a virtual transfer unit
TUV.

2. Set the docking pose of TM "V and apply a defined docking pose error .&.

3. Instantiate a virtual object 0V € OV and set it to the desired pre-transfer
state sP.
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4. Perform an object transfer process

yW =018V, TMV, TUV) (6.16)

5. If the transfer was successful (y; = 1), the object is transferred back to
TMY.
yy =018V, TUV, TMV) (6.17)

6. Evaluate overall result, see Equation 6.14.

To summarise, in a virtual experiment £, after setting the docking pose and
applying a defined docking pose error .&, the object 0¥ in state sP™ is first
transferred to the transfer unit 7U ", and, if the transfer is successful, transferred
back to TMV:

y" =EY (0¥, TM"Y,TUY s, &) (6.18)

The individual steps of E" are visualized in Figure 6.4.

Figure 6.4: Procedure of a virtual object transfer experiment.

76



6.3 Calibration Experiments

6.3 Calibration Experiments

As a first step in this application study, we conduct an initial set of 200 real-world
object transfer experiments, see Table 6.2. The results of these experiments are
used for two purposes:

* We use the measured docking pose errors to train a synthetic docking
error generator to be used in further virtual experiments.

 We use the results y* to calibrate our virtual models to reduce the existing
sim-to-real gap.

For a real-world experiment, we need to define the transfer units to dock to,
the objects to transfer and the pre-transfer states of the objects, see Equation
6.15. For the Calibration Experiments, we use T' M 1P to dock to all four transfer
units in 7UT. We do not consider the full set of objects, but limit the set to
four randomly selected objects. The flowchart in Figure 6.5 shows the process
used to generate the necessary experimental parameters. Before discussing the
quantitative results in Section 6.3.2, we first present and explain the result plots
in the following section.

6.3.1 Result Plot Introduction

Figure 6.6 introduces the result plot that is used in the following sections. The
centre of the plot shows an image of o. If the engagement relay is on the right
side, o has been placed on the face f = ’front’. In general, the binary result y

Table 6.2: Experiment description: Calibration Experiments.

Name: Calibration Experiments Number of runs: 1
Type: physical (ET) Number of experiments per run: 200
Transport Module(s): | 7'M lp Total number of experiments: 200
Transfer Unit(s): TUY € TUP}

Objects: of € {of | oFy, 0fy, 0F,1)
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( ~
Tes| Mgt ot Randornly select Randonly select
TU? € TUT of € {of', 01y, 03, 05} f € {’front’, "back’}
- 7
M c Zagqggtn’ly’iieéﬁ’} 0e Eesingle ? Randomly select § € £©
s

—

Add experiment entry i(— Set ¢ = {"both’} False

Figure 6.5: Flowchart for generating the Calibration Experiments.

of an experiment F is represented by a coloured dot. A green dot indicates a
successful transfer experiment (y = 1), a red dot indicates an unsuccessful one
(y = 0). The result dot of an experiment is placed on the figure at a specific
position based on the object’s pre-transfer state sP. The figure illustrates three
pre-transfer state components, (6, f, ¢). Since ¢ implies (x, y), this is sufficient
for the restricted set introduced in Section 6.1.1. We apply the angles 6 € Eg
to a circular band surrounding the image of o. For the angles 6 € B Ogingle, We
divide the circle into an inner and outer one. In this angle range, two conveyor
positions are possible. The outer circle covers results where ¢ = ’left’ and the
inner circle where ¢ = ’right’.

6.3.2 Quantitative Results and Discussion

Figure 6.7 shows the binary results of the calibration experiments. Table A.1
shows the results in tabular form.

Each visualised data point represents the result of a single experiment E¥" in
which T M7 docked to a specific transfer unit 7U ¥ with a unique docking error,
see Equation 6.15. The result of this data point is therefore only certain under
the specific conditions of the experiment performed. If 7'M had docked in
a slightly different way, the result might have been the opposite. Based on the
results shown in Figure 6.7, the following general observations can be made:
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10 . 5° -5° <, y = O
sPre — | *front’ s s =1
right’ > .

Face view image of o
here front’

93°
sPre = | front’
both’

Figure 6.6: Exemplary labeled result plot for of .

155°

s i —156°
sPr¢ = | ’front’
> 165° 1750 1750 -165“‘1550 ’left’

* Each core o behaves differently during transfer, presumably due to its
unique shape and the interaction of the shape with the gap area between
the conveyor belts, as previously mentioned in Section 5.5.

* One can observe some unique patterns for each individual core. For
example, the evaluated states of the back face of ol and o, were all
successful. The majority of failed transfers for the front face of o’ and
053 occur for angles 6; € E@Single. There is no intuitive pattern that
applies to all four motor cores.

* The majority of the failed object transfers are due to the object not being
able to pass the gap between the conveyors. Figure 6.8 shows a series of
images from four different calibration experiments. In all four depicted
cases, the object got stuck and was unable to pass the gap between the
belts.

Overall the calibration experiments include (135/200) positive examples and
(65/200) negative examples.
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Figure 6.7: Real world experiment results for four different starter motor core variants
{oF,of;, oF, oL} }. Each subfigure shows the results for (f = *front’) on the left and
(f = ’back’) on the right.

Docking Error

For each individual experiment we measured the docking error of TM{, as
explained in Section 6.1.2. The docking error plays an important role on the
transfer results, since it influences the size of the gap between the docked
conveyor belts. Figure 6.9 shows the measurement results. The top row shows
the accumulated histograms for all three measured docking error components
(eéw eéy, eé@). The histograms of all three components are approximately bell-
shaped. For &y and eéy, the values are in an expected range. The histogram
of 659 is shifted towards positive yaw angle errors. This implies that the gap
between the conveyors belts is not equally wide and that objects in a pre-transfer
state with ¢ = ’left’ have to overcome a larger gap compared to objects with
¢ = 'right’. The four rows below show the measured errors for each individual
transfer unit. Here we can observe the difference in the docking quality based on

80



6.3 Calibration Experiments

(a) o (b) ofy (c) oby (d) ok,
—52° 57° 88° —2°
sP = | *back’ s = [ *back’ sP = | *front’ sP = | *front’
’both’ ’both’ “both’ *left’

Figure 6.8: Images series of selected Calibration Experiment result states: The lower row shows
the pre-transfer states at tg, the upper row shows the final transfer state at ¢, 4. For
all selected experiments, the transfer failed: s(tenq) € So . The binary result is also
shown in Figure 6.7

the station module configuration, as discussed previously in Section 5.5. While
<£p 1s similarly distributed across all transfer units, there is a clear difference in
&, between TUY and TU S compared to TUL and TUL .

The three docking pose error components are not independent. This can be
observed in the 3x3 correlation matrix shown in Figure 6.10 with the largest
correlation between the x-translation and the y-translation.
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Figure 6.10: Correlation matrix of the measured docking errors.
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6.4 Synthetic Docking Error Generator

In the real-world object transfer system, the docking process is not perfectly
accurate. T'M{ stops in front of a transfer unit with a certain docking error eé ,
whose measurements we evaluated in the previous section. Since we are more
interested in the transfer process itself, we do not simulate the docking process
virtually but abstract it by directly setting the final docking pose of a virtual
transport module 7'MV, see step 2 in the virtual experiment description in Sec-
tion 6.2.2. Therefore, we want to be able to synthetically generate new docking
errors from a distribution similar to the distribution of the real docking error.
Since the docking pose error components (&, &y, §g) are not independent,
the synthesiser needs to capture the joint distribution.

To achieve this, we use the Synthetic Data Vault, an open source framework for
training generative models based on tabular data (Patki et al. 2016). The approach
constructs a Gaussian copula that is able to describe the dependence structure
between random variables while preserving their marginal distributions. The
Gaussian copula for our case of three random variables is defined as follows
(Kéchele 2023): Let ®, be the Cumulative Distribution Function (CDF) of
a multivariate normal distribution with standard normal margins and a 3 x 3
correlation matrix p, and ¢! the inverse of the univariate standard normal CDF.
The Gaussian copula is then given by

Cluy,ug,uz) = @,{¢"  (u1), ¢ (ua), ¢ *(uz)} with w; = Fi(X;)
(6.19)

In a first step, the approach tries to fit a set of distribution functions (Gaussian,
truncated Gaussian, Beta, Student t, etc.) to obtain an estimated marginal
distribution for each random variable F;(X;). These marginal distributions are
then transformed using the inverse CDF of the standard normal distribution
gzﬁ’l, resulting in three standard normal distributed variables. These are then
combined into a multivariate normal distribution in which the correlation matrix
p describes the dependence structure between the variables. By inverting the
process, samples from the multivariate distribution can be transformed back into
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their original form. For a detailed description of copulas, see (Durante and
Sempi 2016).

Figure 6.10 shows the results for synthetically generated samples. Figure 6.11a
shows histograms for each marginal distribution. The shapes are similar to the
measured ones, see Figure 6.9. We can see that the correlation between the
variables has also been accurately preserved , see Figure 6.11b and Figure 6.11a.

&Y [mm] £/ [mm] 501
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0
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(a) Histogram of 20000 synthetic generated docking pose errors
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(b) Correlation matrix between the individual docking (¢) Correlation matrix between the individual docking
pose error components pose error components

Figure 6.11: Synthetically generated docking pose errors.

Synthetically generated docking errors are used in the virtual Full State experi-
ments in Section 6.6.
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6.5 Virtual Model Tuning and Evaluation

To enable the forecasting function of our DTs, we use our virtual models intro-
duced in Section 5.2.1 to simulate object transfer processes. The transferability
of the results of the virtual object transfers to the real-world is highly dependent
on the quality of the virtual models. Our goal in this section is to find suit-
able parameters for the virtual models to mimic the real-world object transfer
sufficiently to allow us to use the results in the decision-making process of our
real-world system.

Table 6.3 summarises the experiments that we refer to as Virtual Calibration
Experiments. In a single Virtual Calibration Experiment EV (see Equation
6.18) we replicate the Calibration Experiments ET:

» We instantiate a virtual transport model 7MY and transfer unit 7U"
that form an OTS to transfer a virtual starter motor 0" placed with the
pre-transfer state sP used in the Calibration Experiments.

* We use the measured docking error ef of the corresponding real-world
experiment £ and apply it to £V .

We define a Virtual Calibration Run as a set of experiments { £}, EY . ..., EY,o}
with a fixed set of parameters. Due to the inherently non-deterministic behaviour
of physics engines, we cannot rely on the results of a single Virtual Calibration
Run. This variability can be due to several factors, such as the internal handling
of floating-point arithmetic, the order of operations within the engine, or the use

Table 6.3: Experiment description: Virtual Calibration Experiments.

Name: Virtual Calibration Experiments | Number of parameter combina- | 79
tions:

Type: virtual (EY) Number of runs: 30

Transport Module(s): | 7'M, 1V e TMY Number of experiments per run: 200

Transfer Unit(s): TUiV eTU Total number of experiments: 474.000

Objects: 0V € {0}, 015,055,055}
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of random number generators for certain calculations. These factors introduce
small variations into the simulation, leading to slightly different outcomes each
time the experiment is conducted. This is also the case with PhysX, the engine
used by NVIDIA Isaac Sim, which we use as the environment in which our
virtual models exist (NVIDIA Cooperation 2024). During initial virtual exper-
iments, we found that by starting the simulation with the same input and seeded
random number generators, we could generate deterministic results. However,
running the same simulation on a different machine or changing the order of
the experiments can lead to slightly different behaviour, which subsequently can
lead to different experimental results. To obtain reliable results it is essential to
run a Virtual Calibration Run several times and analyse the distribution of the
results.

We treat the comparison between a Virtual Calibration Run and the corres-
ponding real-world experiments as a binary classification problem. Due to class
imbalances in the calibration experiment results, using accuracy as the main
metric can be misleading. Therefore, we use the Fy 5 score as our main metric to
evaluate the fit. The Fy s score is a weighted harmonic mean between precision
and recall, with precision weighted twice as much as recall. By choosing this
metric, we want to ensure that the virtual models are tuned more conservatively,
as more emphasis on precision reduces the number of false positives. Since the
virtual models should act as a predictor for the real-world system, we would
rather underestimate the outcome of an object transfer than incorrectly predict
a false positive. Appendix A.2 derives the Fy5 score based on the confusion
matrix.

We divide the general tuning process in two subsequent steps. We first examine
a general set of physics-engine specific parameters and their influence on the
virtual object transfer results in Section 6.5.1. We then tune two parameters
specific to our case in Section 6.5.2. We do a final comparison of the virtual
object transfer results and conclude the tuning process in Section 6.5.3.
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6.5.1 Simulation Parameter Tuning

We initially selected 16 different simulation parameters that may have an in-
fluence on the virtual transfer results. All of the parameters are specific to the
physics engine PhysX. During a pre-study, 7 of the 16 parameters were found
to have no direct influence on the object transfer results. We listed these para-
meters and their default values which are used in the following in Table A.3.
Since we do not explain each individual parameter here, we provide hyperlinks
in the referenced tables which link to the engine’s documentation.The PhysX
version used in this application study is 5.3.1. For the remaining 9 parameters,
we conducted sets of controlled experiments, in which we only varied a single
parameter under consideration. In total, we evaluated 20 parameter combina-
tions. We assigned a key (ID-S) to each parameter set. Table A.4 shows this
set. Due to the non-determinsitic behaviour, each Virtual Calibration Run for
a given parameter combination was repeated 30 times. Figure 6.12 and Table
A.6 show the results. With regards to the Physics Step Frequency, lead, for our
case to higher F 5 score means with the cost of increased computational efforts.
With the regards to the Collision System, PCM leads to a higher score. For the
Solver Type, TGS is prefarable. GPU Dynamics enabled has a negative impact
on the Fj 5 score. A negative impact can also be observed for a disabled Stabil-
ization. For the Broadphase Type, Min Velocity Iteration Count, Friction Offset
Threshold, and Friction Type, no significant differences in the parameter values
could be observed. Based on the results, we decided to further use parameter
set ID-S 2, which features all benefitially evaluated parameters.

6.5.2 Instance Parameter Tuning

While the parameters evaluated in the previous section were rather general with
respect to PhysX, in this section we evaluate two parameters that are particularly
important for the object transfer system under consideration. We will therefore
call them instance parameters. In our pre-study we analysed the behaviour of a
small set of wooden objects with a simple shape during object transfer (Klein
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Figure 6.12: Results of Virtual Calibration Experiments for different simulation parameters, see
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Table A.6. Each parameter set (ID-S X) has been simulated 30 times. The red cross
shows the estimated mean Fy 5 value. The box extends from the first quartile (Q1) to
the third quartile (Q3) of the data. The whiskers extend from the box to the furthest
data point within 1.5x the interquartile range (IQR) of the box. Flier points are those
beyond the end of the whiskers. The overlayed violin plot shows the result of a kernel
density estimation which estimates the probability density function of the score value.
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and Furmans 2023). The study was carried out on the same conveyor belts that
are used on the transport module and the transfer unit in this application study.
We found that two parameters had a significant effect on the transferability of
the objects:

* Dynamic Friction Coefficient (1;): Friction is the main reason why
objects move on a conveyor belt. When the objects need to overcome the
conveyor belt gap, the amount of friction force generated might decide if
the object is able to overcome the gap or not.

* Initial Gap Distance (d,,;,): In Section 6.1.2, we explained that the
docking pose error is measured relative to a manually set goal pose (Fig,,).
dgap 1s used to initially set the virtual conveyor belts apart before applying
a docking pose error. Figure 6.13 illustrates the parameter.

dgap

conveyor belt conveyor belt

Figure 6.13: Visualisation of the Inital Gap Distance parameter.

To get an intuition of the influence of both parameters on the object transfer
results, we performed a series of virtual experiments in which we varied each
parameter individually. Figure 6.14a shows the results for p;. As expected, at
a value of 0.0, no object can be transferred as the object is not sufficiently set
in motion due to the limited friction. By increasing j, more and more object
transfers are successful, with the number of positive experiments exceeding the
real world results at a value of around 0.6. Figure 6.14b shows the results for a
varied dgqp. As expected, an increased gap distance leads to fewer successful
object transfers.

To find a suitable set of values, we used a Latin hypercube design to generate
parameter tuples with a sample size of 20 data points, see table A.5. Figure 6.15a
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Figure 6.14: Experiment results for single instance parameter variations

visualises the results. Given the results, we repeated the procedure by generating
a second design based on a limited parameter range for both parameters. Table
A.7 presents the results in tabular form including standard deviations for all
computed metrics. Based on the results, we find the parameter set (ID-1 23) as
the set with the highest mean F 5 score. The tuple (ID-S 2, ID-I 23) forms the
combined selected parameter set that is used for all following virtual experiments.
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Figure 6.15: Results for different instance parameter combinations. The blobs represent the mean
F.05 score for the given set of parameters.
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6.5.3 Sim-to-Real Comparison

Table 6.4 shows the numerical results for the selected parameter set (ID-S 2,
ID-I 23). We obtain a mean score of Fps ~ 0.84 with a higher precision than
recall, indicating a more conservative model in predicting positive results. This
is underlined by the number of False Positives (FP) being lower then the False
Negatives (FN). The accuracy is still reasonably high (a 0.76), suggesting that
the virtual models are performing well overall in simulating object transfers.

Table 6.4: Metrics of a single series of Virtual Calibration Runs with the selected parameter sets
(ID-S 2, ID-1 23).

PP PN FP FN TP TN accuracy precision recall Fos

123.5 76.5 18.0 29.5 105.5 47.0 0.7627  0.8548  0.7815  0.8389
+4.3 +4.3 +2.8 +3.1 +3.1 +2.8 +0.021 £0.019 =+£0.023 =+0.017

Figure 6.16 shows the comparison of a single Virtual Calibration Run with the
Calibration Experiment results. Besides some inaccuracies, we can observe that
the transfer results of the virtual models are similar to the results of the real-
world experiments. Some greater differences can be observed with a number
of neighbouring inaccuracies, e.g. for f = ’front’ of 0,5, see Figure 6.16c.
The Calibration Experiments include three experiments for ¢ = ’left’ with § =
{163°,176°, —174°}. All three transfers were successful during the real-world
experiments but failed virtually. Similarly, for f = "back’ of 023, see Figure
6.16f, we can observe a set of inaccuracies in the angle range ¢ = {90°, ..., 120°}.
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Figure 6.16: Sim-To-Real result comparison for a single virtual calibration run with parameter set

(ID-S 2, ID-I 23). Each row shows the real and the simulated results for f = ’front
(left) and f = ’back’ (right).
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6.6 Virtual Full-State Experiments

In this section, we use our virtual models to simulate the object transfer of the
object set OV. For each object we simulate the transfer for each pre-transfer
states Z sPe € PSP Table 6.5 summarises the set of experiments which we refer
to as the Full State Experiments. For each experiment, we use a synthetically
generated docking pose as described in Section 6.4. We repeat each Full State
Run 50 times. Therefore, this section contains the results of 1.709.400 virtual
object transfer experiments.

|EV| = |0Y|-| ESPe| . 50 = 37 - 924 - 50 = 1.709.400 (6.20)
We first introduce four different pre-transfer state subsets:

= "front’
E opre E opre f
s —{scBsp (6.21)
Jfront, left c= {’both” ’left’}

= front’
E ¢pre FE opre f
S trontright = | S €~ So (6.22)
o front right ? ¢ = {’both’, 'right’ }
re " f = "back’
Esg,back,left =q¢se s (6.23)

¢ = {"both’, "left’}

Table 6.5: Experiment description: Full State Experiments.

Name: Full State Experiments Number of runs: 50

Type: virtual (EY) Number of experiments | 924
per run:

Transport Module(s): | 7'M VeTmY Total number of exper- | 1.709.400
iments:

Transfer Unit(s): TUY € TUY

Objects: Full virtual set ©Y

93



6 Digital Twin Application Study

Esprz - _ ‘e Esgre f = ’baCk’ (6.24)
0,back,rig c= {’both” ’right’}

Each of the subsets comprises exactly 360 states and covers a full rotation of
the object (9 € ¥©). The subsets differ with respect to the face on which the
object is placed and the single conveyor which is being used for 6 € E@single-
For each of the introduced subsets and each run r, we can describe the results

V" as series of pairs (y"', 0):

y e{0,1}
0e o

for the virtual motor core o

Yov,r,from,left = {(yva 0) (625)

Figure 6.17 shows the plotted results for Y,v 1 gongres-

Oy ,

-179 -155 —-90 25 0 25 90 155 180
6171

Figure 6.17: Binary results for a single Full State Run: Y v | ¢ 10
1 »1,front,

Next, we can calculate the mean values of yV over all 50 runs:

_ 50
yV = % Zr:l y'r"/}

(6.26)
0eto

?ov,fronl,left = { (?V7 9)

Figure 6.18 shows the mean results for o} . The plot shows values of 3" € [0, 1]
which we can interpret as the estimated probability of an object transfer success
for the given pre-transfer state.

pre
To select s o,best>

of 7V. At the same time we want to avoid choosing a state with a high value of

our goal is generally to find a pre-transfer state with a high value

7" which is surrounded by states with low values of 7. There are two practical
reasons for this:
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-179 -155 -90 -25 0 25 90 155 180

Figure 6.18: Mean transfer results YOY front left"

¢ In the real-world case, a handling robot, which is controlled to place of
in a proposed pre-transfer state may not achieve the required accuracy.

* Since we know that there is a sim-to-real gap, a wider range of neighbour-
ing states (in terms of @) with high values for 77" suggests that the real
probability for the given state is indeed high.

To inherently cope with this reason we smooth the data series by applying a
centred moving average filter with a window size of 21:

7J\4A
VA Yi =1 Zg——lo Yitj
Yo oniers = § (74, 65) 0; € £o (6.27)
i=1,2,...,360

Figure 6.19 shows the resulting plot after applying the filter. A value of 74 = 1
means that all pre-transfer state in an angle range [0 — 10°, 0 + 10°] have a value
of 7V = 1. Figure 6.19 shows the smoothed curve. In the above example we

-179 -155 -90 -25 0 25 90 155 180

Figure 6.19: Results with applied moving average filter v O}/ front left-

were only considering the results for pre-transfer states s € ESgrgom left- e
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however apply the same procedures to three other subsets as well. For each
object 0¥ we have a set of four data series:

—MA —MA —MA —MA
YOV = {YOV Jfront,left> YoV Jfront,rights YoV,back,ler YoV ,back,right} (6.28)

We can visualise the full result set similar to the plots introduced in Section
6.3.1 by transforming the flat plots to a circular space. Figure 6.20 shows the
combined plots for the resulting data series. Each subplot shows two of the
four result series. For angles 6 € B Opom, both result plots are similar and
overlaying. For angles § € ¥ Ogingle, the plot divides. The thick dashed plot

SMA SMA . .
refers 10 Y jv gongier @0d Y ,v paci e TESPectively. The thin dotted plot refers to
—SMA

, —MA .
Yov front,right and Y ;v ,back right respectively.

The plots allows a quick intuition on the overall results. In general, when the
plot touches the outer circle, then 74 = 1 for the respective value of #. As
closer the plot is to the center, the smaller the value of yM A For the front side
(Figure 6.20a), we can e.g. observe promising pre-transfer states in the angle
ranges [110°,125°] or [—137°, —128°]. We can also observe that all states of
o} placed on the back side are not promising due to their low values. In the
following section we introduce our method to use the results to determine the
most promising pre-transfer state that we would us as a proposed state for the
real-world system.

6.6.1 Determining Best Pre-Transfer State

As introduced in Section 2.2, a DT is primarily used as a decision support tool.
In our application case we aim to use our DTs to suggest, for a given object o, a
single pre-transfer that has the most promising probability of success. We define

. pre
this state as s, .-
to the procedure that we use to determine it. To find s

Note that this state is only arguably the "best" state according

pre

o.best> WE UsSE a two-step

approach:
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-165* 165°

165% -165°

175° -175° 175° -175°

vMA vMA

(a) {YoV front,left? Y from.righ(} (b) {Yov back,left? Y V back,righ!}

Figure 6.20: Exemplary result plot for the Full State Experiments of 0V . The left plot shows the
results for pre-transfer states with f = ’front’, the right side for f = "back’.

. . —=MA
» We first determine the best local state for each data series Y v € Y, v,
see algorithm 1.

* We use the local results and compare them to find the global best state,
see algorithm 2.

. . . —=MA
Given a single result series Y v € Y,v, we first filter for all states that share
the maximum value of 77 4. Taking the example plot for o} in Figure 6.21a,

several states were estimated with 74 = 1.

If only a single state has the
maximum value, we would be done and have found the best local state. For this
example case we enter the nested while loop. We take each of the states with the
maximum value and perform a moving average filter similar to Equation 6.27.
In essence, we are comparing the value of neighbouring states to evaluate their
combined values of 7™ 4. We only keep state entries if they still have equally
high values. With each repetition of this procedure we increase the window size,
so that more and more neighbouring states are taken into account. We end up

with a single state s*">_ which not only has the highest value for 74 but also

o, best
the most neighbouring states with equally high values.
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Figure 6.21: Examples for s and sP

i v
o.best o,worst determined for oy .

. . oMA o
We repeat this procedure for each data series Y v € Y,v resulting in four local

. pre
candidates for s, ..

select the one with the highest value of

In algorithm 2, we compare these four candidates and
yM A and, if multiple states share this
value, we select the one with the highest value of the applied window size during

the calculation. The star in Figure 6.21a indicates the determined best global
pre

state S0 best*

A similar procedure can be performed to determine s} .. We provide the

algorithm to determine s} in the appendix, see algorithm 3 and 4.

Figure A.1 shows the result plots for all objects 0¥ € OV. The plots show
unique results for each of the objects which demonstrates the complexity and
difficulty in predicting the behaviour of each individual starter motor core. We
validate the Full State Experiment results in the following section.
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6.6 Virtual Full-State Experiments

Algorithm 1 Find Best Pre-Transfer State (Local)

Input: Single result set yMa € Y, v, see Equation 6.28.
Output: BestStateLocal, AppliedHalfWindowSize
MaxValue < —o0
MaxEntries < ()
for each (7"4,0) € Y
if 74 > MaxValue then
Max Value + 54
MaxEntrles — {@M4,0)}

A

elseif y yl = MaxValue then
Add (yf” A 0;) to MaxEntries
end if
end for

HalfWindowSize < 1

while [MaxEntries| > 1 do
MaxFilteredValue < —oco
FilteredEntries < ()
for each (74, 0) € MaxEntries do

Apply moving average filter on initial set v
FilteredValue < m Z?ﬂmﬁf(xﬁggw&ze yz-‘r}4
if FilteredValue > MaxFilteredValue then
MaxFilteredValue < FilteredValue
FilteredEntries « {(7™*,0)}
else if FilteredValue = MaxFilteredValue then
Add (74, 6,) to FilteredEntries
end if
end for
MaxEntries < FilteredEntries
HalfWindowSize < HalfWindowSize + 1
end while
assert |MaxEntries| = 1
BestStateLocal <~ MaxEntries[1]
AppliedHalfWindowSize + HalfWindowSize[1]

99
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Algorithm 2 Find Best Pre-Transfer State (Global)

Input: Full result set Y, v, see Equation 6.28.

Output: BestStateGlobal
BestStateGlobal <— (—1, —1) > Initialize BestStateGlobal with a placeholder
MaxValueGlobal <+ —oo
MaxHalfWindowSize < 0

forallY "' €Y, do

LocalResult < Call Algorithm 1 with ¥ as input .
BestStateLocal < LocalResult[1]
AppliedHalfWindowSize <— LocalResult[2]
if BestStateLocal[1] > MaxValueGlobal then
BestStateGlobal «+— BestStateLocal
MaxHalfWindowSize <— AppliedHalfWindowSize
else if BestStateLocal[1] = BestStateGlobal then
if AppliedHalfWindowSize > MaxHalfWindowSize then
BestStateGlobal <— BestStateLocal
MaxHalfWindowSize +— AppliedHalfWindowSize
end if
end if
end for

6.7 Validation

In this section, we perform a series of real-world experiments E* to validate

pre
o,best

and sgfim for each virtual object 0. For each of these pre-transfer states,

the results generated by the DTs. In the previous section, we determined s

we determined 77" as the mean result of binary object transfer experiments £
based on 50 repetitions with uniquely sampled docking errors using our synthetic
generator. Since each repetition is statistically independent, we can treat 7" as
an estimate of the probability of success (¥ = 7") and the repeated object
transfer experiments as Bernoulli trials, a series of success—failure experiments.
Note that 5" is only an estimate of the true probability p"". One can calculate a
confidence interval which encloses p"” with a given confidence level. We use the
Clopper—Pearson interval (Clopper and Pearson 1934) which is known to be a
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rather conservative method of calculating the confidence interval for a binomial
distribution (Orawo 2021). In Figure 6.22 we have plotted the values p"" and

pre
o,best

0¥'. We can observe that most of the determined s},

the calculated 95% confidence intervals for s for each of the virtual objects
have a value of p¥ ~ 1
indicating that the object can be virtually transferred with a high probability of
success given the pre-transfer state and is not prone to various docking errors.
We can observe that s}y .

(¥ = 0.52) suggesting that the object is generally difficult to transfer.

of 0} has only a medium high probability of success

orx p4 p4 T X Y X p4 b p4 p4 T x p4 T p4 p 4 T p4
0.8
0.6
a
0.4
0.2
0.0
o o o o o o o of o oly o o o o o o o o o
Y Y i pa 4 4 T 4 4 b4 4 4 4 4 p4 b4 T
0.8
0.6
o
0.4
0.2

v v v v v V. v v v v, v v v V. v v v v
% on 0% o5 0% o5 o o5 %5 o %% o5 o5 0% 0% 035 %6 oy

pre

Figure 6.22: 95% confidence intervals including the estimated probability of success p" for S0 best

for each oV

pre

1%
o,worst Of €ach 0"

Figure 6.23 shows p"" and the 95% confidence intervals for s
For the majority of objects, sp . has a probability of success p*" ~ 0. This
indicates that in this given state, the object cannot be successfully transferred
by the DTs. Some objects, e.g. 0y, 05, 05= or 0¥ have considerable higher
probabilities for s75,,. The object oY has a probability of p¥ = 1.0 for its
worst state. This indicates that the object could be successfully be transferred by
the DTs for all pre-transfer states ESP see Figure A.lab for the corresponding

full-state plot.

To be able to validate the predictions by the DTs, we conducted an additional

set of real-world experiments, which we refer to as Validation Experiments. In

these experiments, see Table 6.6, we physically transfer each object o € OF by

setting both sp'y . and s, as determined in the virtual experiments. Figure
pre

6.24 summarises the combined results for s, ;. The blue confidence intervals
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6 Digital Twin Application Study

Table 6.6: Experiment description: Validation Experiments.

Name: Validation Experiments Number of runs: 20

Type: physical (EY) Number of experiments | 74 (37 for best state, 37 for
per run: worst state)

Transport Module(s): | 7'M 1P Total number of exper- | 1480
iments:

Transfer Unit(s): TUY ¢ TUP

Objects: Full physical set O
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o o5 oh o o 0% o5 05 035 04 o3 o o5

pre

Figure 6.23: 95% confidence intervals including the estimated probability of success p" for s o, worst

for each oV .

refer to the Validation Experiments results. Due to limited set of available phys-
ical assets and the long duration of a single physical experiment E¥ (= 3min),
we only repeated each run 20 times which subsequently leads to wider confid-
ence intervals compared to the virtual full-state experiments (50 repetitions). To
compare the confidence intervals, we use the conservative Newcombe Hybrid
Score confidence interval (Newcombe 1998) for the difference (p" — p’). This
is one of the recommended methods by (Fagerland et al. 2015) for comparing
the results of two independent Bernoulli experiments. For (12/37) objects a
significant difference between the confidence intervals exists. In Figure 6.24, we

marked these objects with a red background color in their respective columns.

Figure 6.25 shows the combined results for s .. Here (17/37) objects have
significant different confidence intervals for the virtual and the physical results.
The overall results suggest some sources of error that prevent the DTs from
estimating the transfer probabilities more accurately. These errors can be either:

102



6.7 Validation

1o Ix = {x. =

=

Ix

lx.

I.‘L

lx

l:l.

lx

Fio

PoV  ofof  of.of  ofof  of.ol
of.of  ofof ofoY ofof ofof

PV of oV
of.of  of.of

P oV
of.0f

of.0f

P oy
0o 0o

oV
ofy. 0%y

P oV,
ol 01

P oV,
of5.0f;

P o,
s ols.ols

e oV,
0fe: 0

ofy.0fy

P oV of. oV,
s 0fy 05,015

lx Y3

II.

7

I.‘[

lx.

Ix

I.‘L

Ix

l:l.

{I

257

I

02 I
00

P oV of oV of of  of. oY OF, ob,
0500 05,0y 05.0f 0530 05.0%

Figure 6.24: Confidence

10

P oV of oY  of oY
055,055 0603 0570,

interval comparison between virtual and physical results for s

P oV o oV of oY  of oV  of o¥ of. oV, of, oY,
0s0fs  010:0fy 003 005 0%0% of; 0% of0l

2oV of oV  of oV
055,035 0% 0% 0.0,

pre
o,best"

I

L

!

QEE Iz L il

I I iz T3 I3
ofof ofof ofoy ofof ofof ofof of.of ofof ofof ofgoly ofyofy ofof; ofyofy ofuoly ofols ofuols ofof; ofyofy ofyofy

1.0 Y

e I 71 71 f 5
E 0.6 E
w04 I I { 1

Lot bl 0L 1l

00 I i Iz Iz b Iz i Iz Iz I 1 I H

P oV of oV of. ol of. o o, ol
0f0i0%s 050y 050f 0fyofy 0f.0%

Figure 6.25: Confidence interval comparison between virtual and physical results for s

P oV of oY of oY of ol of oY of oY of oV of. oY of. oV of. oY of oY of ol of oY
ofs.0fy 0l 0%y o0l ofsofy ol0fy ool ofof of0% ool ofof, ool ool ofof

pre
0,worst"

e asset-related, meaning that the virtual models of the transport module,

transfer unit or the considered objects do not sufficiently model the real

system,

* or physics-engine related, meaning that the engine is either not sufficiently

calibrated or in general not sufficient enough to capture the physical inter-

action during the object transfers.

Defining the exact reason for each individual case is a difficult task as many

errors may overlap and lead to the individual results.

In the following, we

give three implications for sources of error using examples from the Validation

experiments:

e Mass Distribution Approximation: The virtual object models are all ap-

proximated with a uniform mass distribution across the collision volume.
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6 Digital Twin Application Study

This approximation does not accurately reflect the true mass distribution
of the objects, leading to incorrect calculations of forces and during the
transfer process. For the object transfer example, the real objects may
have different contact points during the process compared to the virtual
one. For some objects, we can observe this difference in the distribution
of mass already during the pre-transfer state. Figure 6.26 visualises two
cases for 014 and 025.

* Unstable Physics Simulation: We are experiencing issues with the phys-
ics engine during some object transfers, where objects are unexpectedly
catapulted into the air. This problem occurs when the physics simulation
fails to correctly handle the contact transition, causing objects to experi-
ence excessive and unintended forces, disrupting the expected behaviour
and stability of the simulation. We have observed this issue for sp . for
objects o} , 0}~ and o0Y,. Figure 6.26 shows two examples for o} and 0.

¢ Inaccurate Collision Shapes: We have observed two cases, where the
virtual (scanned) model of the starter motor core is not accurate. Figure
6.27 shows both cases. ol has an elastic part, which is rigid for the
scanned virtual model oYy, see Figure 6.27a. For sgtiest, this affects the
contact points during the object transfer process. ok, has a cable tie that

was included in the scan is rigid in the collision model.

In summary, while the estimates of the DTs are promising, additional modelling
efforts may be required to further improve the prediction quality. Future studies
could explore the effect of additional object knowledge (e.g. about the correct
mass distribution) on the estimate results.

re \%4 P . pre
(b) 055 and 05, in S0, best

1% P D
(a) oy, and 074 in S best

Figure 6.26: Examples for an inaccurate mass distribution: The virtual models have different contact
points compared to their physical twins.
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. . . v . . . P . pre
(a) Marked el:%}snc part, which is (b) 07y Lr}econtact with this part (€) 015 NS, pogr-
rigid for 0. for s, e

|

(d) 0¥4 includes flexible cable (e) o;/4 fails for sf;eworsl due to (f) 054 can be transferred
. .. . N o e
tie. collision with the marked successfully for sE’,)W‘m
part.

Figure 6.27: Examples for inaccurate virtual object models: OYS and ogz both include rigid parts,
which for the physical twin are flexible.

(a) oy in 8™ (b) 0y in 7

o, worst o, worst

Figure 6.28: Examples for an unstable physics simulation: The motor models are launching into the
air after entering the conveyor gap.
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7 Conclusion

This chapter summaries the most important results of this thesis and presents an
outlook on further research topics.

7.1  Summary

Remanufacturing, one of the end-of-life strategies, is often considered to be the
most effective strategy for saving materials and energy. At present, the high level
of uncertainty in remanufacturing, in addition to economic reasons, hinders its
wider adoption across various industries. Industry 4.0 methods are frequently
proposed as a solution to reduce this uncertainty in remanufacturing processes.
As one of the key technologies of Industry 4.0, Digital Twins (DTs) have re-
ceived a lot of research attention over the last decade. We define a DT as a
virtual model of a physical twin, coupled with an analytics engine that influ-
ences the decision- making process of the physical twin through bidirectional
communication. Based on a structured literature review, we found that in the
remanufacturing and disassembly automation domain, the majority of research
on DTs focuses on a life cycle and supply chain perspective. There are only few
contributions at the shop floor level. In addition, there is little applied research
on DTs in remanufacturing that has been validated in a real-world application.
This is commonly referred to as a current research gap in the remanufacturing
community. This thesis contributes in closing this gap by providing a real-world
implementation and an extensive application study to validate the capabilities of
the DTs. The four contributions of this thesis are summarised below.
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Digtial Twin Architecture

The proposed Digital Twin Architecture is based on the vision of a fully autonom-
ous, intelligent and self-reconfiguring factory in which autonomous assets form
an interconnected Cyber-Physical System (CPS) to solve collaborative tasks. The
architecture is non-hierarchic with all physical and logical assets existing on the
same level. All assets expose their virtual representation that allow to establish
communication channels in between them. We define five different types of
physical assets based on their ability to synchronise their states and provided
external control interfaces. Virtual Models, a subset of the logical assets are
the main building block of the DTs. On the cyber layer, the virtual models
look identical to their physical counterpart. Finally, a knowledge graph on the
descriptive layer acts as the semantic backbone of the architecture.

Formal Object Transfer System

We present a formal description model for the simplest form of an Object
Transfer System (OTS). In this form, an OTS consists of three assets, an asset
that possesses the object to be transferred, an asset that is intended to possess the
object after the transfer process, and the object to be transferred itself. The core
of the model evolves around a state description of the object to be transferred.
During a transfer, the state of the object changes over time. We therefore model
the object transfer process as a state transition function. We define several
important sets of states that are used to control the object transfer process. In
addition, we have provided three examples to show that the model is valid in
different object transfer scenarios.

Implementation of an Object Transfer System in a
Remanufacturing Demonstration Environment

We present details of an implemented CPS for realising object transfers as part
of the AgiProbot demonstration system. The system includes three types of
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physical assets, the transport unit, a vision-enhanced AMR, the transfer units,
stationary transfer points at each station, and a set of starter motor cores, which
we consider to be the set of objects to be transferred. The implementation
further includes three logical assets, namely the Transport Module System, PropS
and the Experiment Manager. For each physical asset, we have implemented
virtual models that complete the overall CPS based on the proposed Digital Twin
Architecture. Through interaction, these assets enable the flexible material flow
in the AgiProbot demonstration system. The transport module handles transport
operations that first require the execution of a global navigation and docking
process to a target transfer unit. Once docked, the transport module forms an
OTS with the transfer unit. The vision system of the transport module is used
to detect and track various objects and to control the object transfer process.
Challenges in the implemented system arise from the accuracy of the docking
procedure, the discrimination of different objects and a physical gap between the
conveyor belts of the docked transport module and the stationary transfer unit,
which can result in objects without a container not being able to be transferred.

7.1.0.1 Digital Twin Application Study

We use the implemented CPS in a series of experiments to test the ability of
the implemented digital twins to predict the probability of success of an object
transfer process for each of the considered starter motor cores, given different
pre-transfer states. In a five-step process, we first perform a limited set of
real-world experiments using only four different starter motor cores. We use
these results to calibrate our virtual models and to train a synthetic generator
which we further use to sample synthetically generated docking pose errors. The
virtual models achieve a Fy5 score of ~ 0.84 compared to the results of the
calibration experiments. We then conduct a large series of virtual experiments,
which we use to estimate the probability of success for each pre-transfer state
for each of the starter motor cores. Based on the results, we propose a method to
determine the arguably best and worst pre-transfer states. Finally, we perform an
additional set of real-world experiments to validate the estimates of the DTs. For
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the best states, (12/37) and for the worst state, (17/37) objects show significant
differences between the virtual and the real-world results based on the calculated
confidence intervals. We have discussed several sources of error, including the
mass distribution approximation, unstabilities in the physics simulation and
inaccurate collision shapes. Further experiments are needed to investigate the
effect of increased modeling effort on the estimation results.

7.2 Outlook

Based on the results, we identify future research perspectives that go beyond the
scope of this thesis but which we believe should be further explored.

We investigated the predictions of the DTs of an object transfer system detached
from its integration in a higher-level system, such as a production control system
that schedules tasks and allocates resources. Further research based on a (sim-
ulated) production control system that integrates these predictions would allow
for a quantification of improvements in terms of factory-level Key Performance
Indicators (KPIs).

In the proposed DT architecture, we have only briefly mentioned the use and
application of a knowledge graph as the semantic backbone of the CPS. Detailed
research should therefore be carried out on its implementation as a runtime
system on the shop floor and its overall capabilities for inferring information
on about different concepts and relations. This includes the plug-and-play
capabilities of the CPS and further research on asset discovery and reasoning
about each asset’s capabilities.

In our application study, we investigated the implementation of a single, specific
object transfer system that is capable of transferring containerless objects using
conveyor belts. Further research can be conducted on the implementation of
the proposed concepts for different object transfer scenarios. We have discussed
a closely related scenario in (Behrendt et al. 2023), where we describe the
reconfiguration approach of the fluid automated station (Station C) as part of the
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AgiProbot demonstration system. The material handling operations performed
by a collaborative robot could also be described by the formal description model
and embedded in the DT-based CPS. The pick-and-place operations in this case
are also probabilistic and a similar approach to predicting the probability of
success of these operations is conceivable.
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A Appendix

A1

Calibration Experiments

Table A.1: Quantitative calibration experiment results

Pre-transfer state sP™® ‘ ‘ ‘ e§
ID-E TUY  oF 0 f c Yy |ebe by ebo A
[mm]  [mm]  [°] [em®]

0 TUE  of -11 front  right 1 855 284 1.44 13.41
1 TULY  of -4 front  left 0 641 9.97 23 28.09
2 TUl  of 2 front  left 0 064 -1538  0.93 6.96
3 TUS  of -140  front  both 1 1342109 1.62 33.15
4 TUE  of -173  front  right 0 507 -1731 1.87 3.21
5 TUE  of 29 front  both 1 1509 5.61 L5 37.53
6 TULY  oFf 34 back  both 0 -1121 7.29 1.55 27.78
7 TUL  oFf 66 back  both 0 -11.76  8.89 1.77 29.05
8 TUE  of 23 front  left 1 961  -1785 044 26.61
9 TULY ol 89 back  both 0 747 9.89 2.09 18.23
10 TUE  of 16 front  left 1 9.0 9.57 1.57 30.7
1 Tk of 27 front  both 0 865 5.9 1.71 21.42
12 TUL  oFf 132 front ~ both 1 -11.09 1236 1.64 2727
13 TUS of 100 back  both 0 -11.01 585 106 2739
4 TUL  of -52 back  both 0 -1085 775 1.56 26.85
15 TULY  of 132 front  both 1 591 1201 234 14.16
16 TUE of -108  front  both 1 523 41126 1.26 13.39
17 TUE  oF 41 back  both 0 6.4 4.1 1.49 16.14
18 TUY  of 53 front ~ both 1 939 073 1.72 23.43
19  TUL  oFf 135 front ~ both 1 9.16  8.03 1.22 22.68
20 TUE of 23 back  right 0 55 1255 121 7.48

Continued on next page
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Table A.1 — Continued from previous page

ID-E TUY  oF 0 f c Yo |ebe ey G0°] A
[mm] [mm] [em?]
21 TUE  of 37 back  both 0 783 6.06 1.96 19.3
2 TUL  of -8 front  right 0 799 717 1.68 10.55
23 TUL  oF 157 back  left 0 782 251 1.66 28.52
24 TUE ol 126 front  both 1 147 2194 184 454
25 TUE ol -79 front  both 1 218 2942 028 5.62
26 TUEL  of 147 back  both 0 519 71919 13.27
217 TUE  of 163 front  right 1 -0.9 2316 0.9 221
28 TUE  of 96 back  both 1 016 2701  0.63 0.76
29  TUE  of 54 front  both 1 -L16 2737 001 2.92
30 TUL  of 145 front ~ both 1 057 2136 1.1 1.93
31 TUE  of -38 back  both 0 558 <143 155 14.44
21Ul ol 8 back  right 1 2102 -1353 087 1.93
33 TUE  of 171 back  left 0 0.15  -1748 039 2.63
34 TUE  of 24 front  left 1 032 -1546  1.08 7.08
35 TUE ol 93 front  both 1 2194 -1298 1.0 5.13
36 TUE of 141 front ~ both 1 657 -1135  1.88 16.89
37 TUL ol 91 back  both 0 995  3.09 1.1 24.8
38 TUE  of 91 back  both 0 259 816 214 684
39 TUE  of 1 front  right 1 452 749 16 2.85
40 TUE  oFf -40 front  both 1 172 5.62 1.67 19.09
41 TUE  oFf 10 back  right 0 477 975 134 4.9
42  TUE ol 127 back  both 1 213 -161 084 562
43 TUL o 22 back  left 0 894 505 1.23 28.93
4 TUE  of 144 front  both 1 452 412 198 11.47
45 TUE  of 167 front  right 1 0.5 922 153 6.8
46 TUL  oFf -139  back  both 0 92 2.82 1.52 22.9
47 TUE  oFf -30 front ~ both 1 -1.95  -17.02 122 5.34
48  TUL  of 77 back  both 0 883 519 1.77 21.86
49  TUL o <102 front  both 1 5.8 5.7 1.68 14.69
50  TUL  oF 2 front  left 0 778 375 1.89 29.57
51 TUE  of 25 back  left 0 326 <192 1.87 18.41
52 TUE oF -156  front  left 1 644 41662 023 1476
53 TULY  of -89 back  both 0 974 46 0.71 24.29
54 TUL ol 117 back  both 1 -109 296 0.55 27.22
55 TULE  oF, -59 front  both 1 846 1098 172 20.74
56 TUL  of, 129 front  both 1 -11.42 801 0.98 28.37
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Table A.1 — Continued from previous page

ID-E TUY o 0 f c y o el by &P A
[mm] [mm] [em?]

57 TUE  of, 4 front  left 0 93 -13.98 036 25.32
58 TUL  of, <132 front  both 1 -13.07  -028  0.94 32.67
59  TUE  of, 56 back  both 1 995 489 127 24.73
60 TUE ok, -76 front  both 1 479 765 1.63 12.24
61  TUE ok, 77 back  both 1 349 41539 -0.1 8.68
62 TUY ol 162 front  left 0 974 3.1 1.03 29.88
63 TUEL of, -57 back  both 1 6.6 991 2.04 16.94
64 TUEY  of, -69 back  both 1 672 <155 179 16.86
65 TUL  of, -128  back  both 1 981 9.93 0.98 24.32
66 TUE ok, 24 front  left 1 -1.05 2015 0.52 571
67 TUL of, -30 back  both 1 706 -1486 22 18.36
68 TUL of, 2 front  left 0 639 376 154 24.52
69 TUL  of, 7 back  left 1 -1025 27 1.36 32,97
70  TUE ol -167  front  left 0 151 623 032 5.59
71 TUE  of, 167 front  right 0 205 -1257 045 2.79
72 TUY ok, -147  back  both 1 837 2.03 1.63 20.85
73 TUL  oi, 67 back  both 1 615 813 172 15.69
74 TUE ol 28 front  both 1 761 551 2.25 18.74
75 TUE  of, 118 back  both 1 652 725 122 16.49
76  TUE  of, 160 front  right 0 628 261 1.66 6.72
77 TUEY  of, -110  back  both 1 796 037 1.66 19.89
8 TUL ol 132 back  both 1 892 -1219 146 22.69
79 TUL  oi, 129 back  both 1 1432 2122 L1l 35.28
8o TUf ol 59 front  both 1 571 2229 0.78 14.66
81 TUE ok, -144  back  both 1 865 612 1.39 21.82
82  TUL ok, 1 front  right 0 -104 1687 1.9 14.41
83  TUL ol 94 front  both 1 21243 1213 1.29 29.97
84 TUL ol 168 front  left 0 633 593 18 25.89
85 TUH ok, 154 front  both 0 1212219 1.49 29.57
86 TUL  of, 91 front  both 0 -11.28 1539 175 27.61
87  TUH ok, 69 back  both 1 1452 1775 0.92 35.95
88  TUL ok, 82 back  both 1 406 -14.66 201 10.79
89  TUL ol 2164 front  left 0 773 452 238 32,51
90 TUL ok, -144  front  both 0 -1017  9.77 1.14 25.18
91  TUL ol <150 front  both 1 657 63 1.72 16.66
92  TUE of, 167 front  left 0 -6.96  -1334 078 21.87

Continued on next page
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Table A.1 — Continued from previous page

ID-E TUY  oF 0 f c Yo |ebe ey G0°] A
[mm] [mm] [em?]

93 TUE  of, 89 front  both 1 719 6.79 1.93 17.69
9%  TUE  of, <170 front  right 0 709 6.36 1.62 8.69
95  TUL  of, 77 front  both 1 976 311 0.57 24.37
9% TULE ol 138 front ~ both 1 654 1178 2.03 15.83
97 TUE  of, 64 front  both 1 372 -1338  0.92 9.56
98  TULE of, -18 back  right 1 564 685 1.33 6.64
9  TUE of -114  front  both 0 638 666  1.94 16.22
100 TUE of 30 back  both 0 562 -17.15  0.82 14.35
101 TUE of 82 back  both 0 5.4 813 151 13.77
102 TUE ok -136  front  both 1 -1.09 41118 148 3.07
103 TUH ol 8 front  left 0 988  9.36 1.78 34.05
104 TUE ol -89 front  both 1 429 -1496 07 10.95
105 TUE  ofy -29 back  both 1 628 296 148 15.79
106 TUE  of, <102 front  both 0 -11.6 29 1.35 28.92
107 TUE  of, 74 back  both 1 339 663 057 8.55
108 TUL  oly 138 back  both 0 13531039 071 33.65
109 TUL  oly 176 front  left 1 488 259 0.94 17.38
110 TUL ol -137  back  both 0 SIS 9.42 0.81 27.72
1 Tk of 93 front  both 1 956 -0.12 079 23.89
12 1TUE  of, <114 back  both 0 288 -19.14 021 7.28
13 TUL ol 52 front  both 1 1147 1124 055 28.53
114 TULY ok 91 front  both 0 878 296 0.68 21.9
115 TUH ol 173 back  right 1 1173 981 0.57 26.11
116 TUE  ofy -71 back  both 0 901 -1201 -0.58 2236
117 TUL  ofy 174 front  left 1 -2 1258 0.77 31.99
118 TUL ofy 98 front  both 1 1315 831 0.39 32.81
119 TUY ok 33 front ~ both 0 2143 134 0.79 53.55
120 TUE ok 95 back  both 1 417 596 092 10.55
121 TULY  ofy -176  back  left 0 985 548 0.74 28.57
122 TUE  ofy 129 back  both 0 9.5 5.61 1.83 2351
123 TUE o 37 front  both 1 9.07 274 11 22.61
124 TUE  ofy 24 back  right 1 926  -1055 105 17.67
125 TUL ok 103 back  both 0 9.14 50 0.67 22.93
126 TUL ol 134 back  both 1 9.09  -1664 0.8 22.43
127 TUE  ofy 57 back  both 0 839 -1066 112 21.24
128 TUL  ofy 127 front  both 1 1161 6.59 0.06 29.02
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Table A.1 — Continued from previous page

IDE TUP oF 0 f c y o el by &P A
[mm] [mm] [em?]

129 TUE ofy -85 back  both 0 587 -13.08 011 14.64
130 TUL ol -145  back  both 1 21007 1444 0.82 24.91
131 TUL ol -149  back  both 0 768 091 1.37 19.16
132 TUE ol 138 back  both 1 613 447 147 15.47
133 TUE ok 61 front  both 1 401 -1737 03 9.92
134 TUE ol 163 front  left 1 120 1560 10 18.42
135 TUE  ofy <100 back  both 1 613 408 151 15.45
136 TUEL  ofy -121  front  both 1 416 936 059 10.52
137 TUE ol 94 front  both 1 472 545 107 11.91
138 TUL ol -63 back  both 0 737 609 16 18.63
139 TUY  ofy 19 front  left 1 863 7.89 1.33 28.58
140 TUE  ofy -79 front  both 1 569 -156 173 14.29
41 TUEL ok -59 front  both 1 -1146 823 1.86 28.98
142 TUE  ofy -16 back  right 1 601 -1268 185 5.42
143 TUE  ofy 61 front  both 1 5.3 -1836  0.46 13.44
144 TUL ok, 70 front  both 1 -1001 738 1.54 25.27
145 TUL ol <140 back  both 0 -1139 2623 08 28.92
146 TUE  ofy 3 front  right 1 576 636 1.6 5.88
147 TUL  ofy 80 front  both 1 -13.08  8.13 0.39 32.62
148 TUE ok 91 back  both 0 1118 5.07 1.24 27.8
149 TUEL o, 56 front  both 1 812 627  1.65 20.52
150 TUL  ob, 28 back  both 1 891 2649 0.7 2237
151 TUY oy 88 front  both 0 951 84 0.89 23.61
152 TUE ol 115 back  both 1 639 2746 -0.17 1588
153 TUR  of, 164 front  left 1 887 312 1.24 28.87
154 TUE  of, 42 front  both 1 435 9.93 2.62 10.3
155 TUS ok, -38 back  both 1 744 433 1.64 18.44
156 TUY  of, 21 front  left 1 445 3.0 2.09 22.37
157 TULY ok, -179  back  right 1 388 -1.0 2.25 2.55
158 TUE ol 170 front  right 1 1.59 933 1.82 13.53
159 TUE  of, -75 back  both 1 404 793 2.15 9.73
160 TUL oy 8 front  left 1 442 -116 155 19.86
161 TUL ok, 106 front  both 1 607 327 1.53 15.06
162 TUL  ob, 121 back  both 1 359 -13.88 148 9.42
163 TULY ol -60 back  both 1 464 056 216 11.56
164 TUL  of, 170 back  right 1 409 249 2.54 3.77

Continued on next page

117



A Appendix

Table A.1 — Continued from previous page

ID-E TUP  of 0 f c y & &y o] A
[mm] [mm] [em?]
165 TUE  of, 85 back  both 1 515755 3.09 12.36
166 TUE ol -144  front  both 1 074 -12.16  2.58 2.54
167 TUY  of, 58 back  both 1 457 039 2.16 11.41
168 TUL  of, 40 front ~ both 1 432 41669 0.9 11.16
169 TUE ol 73 back  both 1 0.67 1512 146 12
170 TUY ol -86 front  both 0 -8.64  3.67 14 21.48
171 TUR ol 80 back  both 1 -8.8 2.29 0.97 21.95
172 TUY  of, 71 back  both 1 14T 425 133 18.54
173 TUE ok, 13 front  right 1 833 -11.09 035 19.0
174 TUY  of, 11 back  left 1 862 0.69 0.83 26.08
175  TUH ok, -68 front  both 1 1162 6.29 0.59 28.96
176 TULY  of, -83 back  both 1 949 327 0.95 23.66
177 TUL  oby -99 back  both 1 776 -10.18  0.66 19.55
178  TUL ok, -34 front  both 0 948 73 0.75 23.57
179 TUE  of, -59 back  both 1 7.3 9.63 1.08 18.02
180 TUL  oby 112 back  both 1 771 893 1.02 19.48
181 TUE ol 166 back  left 1 894 992 08I 26.98
182 TULY ol 77 front  both 1 818 LI2 1.02 20.43
183 TUE ok, 136 front  both 0 768 <1471 0.08 19.23
184 TUE  of, 78 front  both 1 429 324 135 10.81
185 TUE ok, -35 back  both 1 3.7 1128 0.94 9.48
186 TULY ol -36 front  both 1 921 292 112 22.94
187 TUH  ob, -53 front  both 1 1053 6.8 0.57 26.24
188 TUL ol 109 back  both 1 771 241 148 19.36
189 TUY ol -1 back  right 1 872 841 2.29 8.91
190 TUE  of, 33 front  both 0 867 4.02 1.72 21.51
191 TUY ol -45 back  both 1 775 1091 149 19.01
192 TUY  of 74 front  both 1 759 1044 112 18.72
193 TULY ol 97 back  both 1 838 6.36 1.53 20.74
194 TUL ol -13 back  left 1 -10.99 8.9 0.84 31.9
195 TUEL ok, <175 back  right 1 1043 8.44 0.58 22.83
196 TUE ok, <119 front  both 1 307 -1234 0.69 7.86
197 TUE  of, 162 front  right 1 545 277 165 4.73
198 TUL ok, 4 back  left 1 -10.58 5.9 0.95 31.49
19  TUL ol 3 front  left 1 S1L12 858 095 32.8
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A.2 Evaluation Metrics

Table A.2: Confusion Matrix.

Predicted condition

Total population

=P+N
Positive (P)
Negative (N)

Predicted Positive (PP) | Predicted Negative (PN)

False Nevgative (FN)

conditipn

Actual

False Positive (FP)

TP TP
recision = ———— = — A.l
P TP+FP PP @1
TP TP
recall = ——— = — A2
TP+ FN P (A2)
TP+TN
accuracy = ———— A3
YTTPEN (&-3)
recision - recall
Fos = (140.5%) « — P00 (A4)
0.5% - precision + recall
A.3 Parameter Sets
Table A.3: Constant simulation parameters.
CCD Maximum Maximum Minimum Bounce Enhanced De- Friction Cor-
Position Velocity Position Threshold terminism relation Dis-
Iteration Iteration Iteration [m/s] tance [m]
Count Count Count
True 255 255 1 2.0 True 0.025
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A Appendix

Table A.4: Evaluated simulation parameter combinations (ID-S).

ID-S Time Collision Solver Broad GPUDy- Enable  Min Friction  Friction

Steps Per System  Type phase namics  Stabiliz- Velocity —Offset Type

Second Type ation Iteration  Threshold

[1/s] Count [m]
0 50 PCM TGS MBP False True 1 0.04 patch
1 100 PCM TGS MBP False True 1 0.04 patch
2 150 PCM TGS MBP False True 1 0.04 patch
3 200 PCM TGS MBP False True 1 0.04 patch
4 250 PCM TGS MBP False True 1 0.04 patch
5 150 SAT TGS MBP False True 1 0.04 patch
6 150 PCM PGS MBP False True 1 0.04 patch
7 150 PCM TGS SAP False True 1 0.04 patch
8 150 PCM TGS GPU True True 1 0.04 patch
9 150 PCM TGS MBP False False 1 0.04 patch
10 150 PCM TGS MBP False True 3 0.04 patch
11 150 PCM TGS MBP False True 5 0.04 patch
12 150 PCM TGS MBP False True 7 0.04 patch
13 150 PCM TGS MBP False True 9 0.04 patch
14 150 PCM TGS MBP False True 1 0.00 patch
15 150 PCM TGS MBP False True 1 0.02 patch
16 150 PCM TGS MBP False True 1 0.06 patch
17 150 PCM TGS MBP False True 1 0.08 patch
18 150 PCM TGS MBP False True 1 0.10 patch
19 150 PCM TGS MBP False True 1 0.04 1D
20 150 PCM TGS MBP False True 1 0.04 2D
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A.3 Parameter Sets

Table A.5: Instance parameter combinations (ID-I).

Generated by a Latin hypercube design: ID-I (1-20) and ID-I (21-40) with different parameter
ranges: dgap = ({5, 20}, {8,13}), ur = ({0.4,0.6},{0.43,0.49})

ID-1 dgap[mm] i

0 15 0.5

1 9.28 0.45508
2 153 0.53090
3 16.64 0.59550
4 15.83 0.46831
5 14.13 0.57178
6 13.55 0.47351
7 9.59 0.55231
8 19.08 0.48460
9 17.63 0.52724
10 19.49 0.56974
11 6.62 0.51165
12 12.82 0.50838
13 7.39 0.58748
14 6.37 0.44774
15 8.0 0.40036
16 10.3 0.49670
17 11.11 0.41149
18 5.36 0.54661
19 12.2 0.43865
20 18.25 0.42124
21 9.43 0.44652
22 11.43 0.46927
23 11.88 0.48865
24 11.61 0.45049
25 11.04 0.48153
26 10.85 0.45205
27 9.53 0.47569
28 12.69 0.45538
29 12.21 0.46817
30 12.83 0.48092
31 8.54 0.46350
32 10.61 0.46251
33 8.8 0.48624
34 8.46 0.44432
35 9.77 0.45901
36 9.0 0.43011
37 10.04 0.43345
38 8.12 0.47398
39 10.4 0.44160
40 12.42 0.43637
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A.4 Result Tables

Table A.7: Evaluation of instance parameter combinations, see Table A.5.

ID- ID- PP PN FP FN TP TN accuracy precision  recall Fos
1 N
1 2 1242 75.8 20.0 30.8 1042 45.0 0.7462 0.8394 0.7719 0.8248
+3.8 +3.8 £2.7 +3.3 £3.3 +2.7 £0.024 +0.019 +0.025 +0.018
2 2 114.1 859 168 37.6 974 482 0.728 0.8533 0.7212 0.823
+3.3 +£3.3 £2.5 +3.0 £3.0 +2.5 £0.022 +0.02 +0.022 +0.018
3 2 124.0 76.0 232 342 1008 41.8 0.7127 0.8127 0.7464 0.7984
+4.2 +4.2 £2.0 +3.4 £3.4 +2.0 £0.019 +0.014 +0.025 +0.013
4 2 943 1057 9.0 49.7 853 56.0 0.7067 0.9049 0.6321 0.8327
+3.6 +£3.6 £2.0 +3.1 £3.1 +2.0 £0.019 +0.019 +0.023 +0.017
5 2 1340 66.0 256 26.7 1083 394 0.7385 0.8088 0.8025 0.8074
+3.9 4+3.9 +£2.1 +2.8 £2.8 +2.1 £0.016 +0.013 +0.021 +0.011
6 2 109.8 90.2 141 392 958 509 0.7335 0.8721 0.7094 0.8336
+4.0 +£4.0 £2.1 +3.6 £3.6 +2.1 £0.021 +0.017 +0.027 +0.017
7 2 1503 49.7 325 17.3 1177 325 0.751 0.7836 0.8721 0.7998
+3.8 +£3.8 £1.9 +2.7 £2.7 +1.9 £0.014 +0.009 +0.02 +0.009
8 2 823 1177 6.8 59.5 755 582 0.6683 0.9177 0.559 0.813
+3.5 +£3.5 £1.8 +2.9 £2.9 +1.8 £0.016 +0.02 +0.021 +0.016
9 2 103.1 969 12,6 445 905 524 0.7148 0.8784 0.6706 0.827
+3.7 +£3.7 £2.4 +3.0 £3.0 +2.4 +0.02 +0.021 +0.023 +0.018
10 2 101.7 98.3 146 479 87.1 504 0.6877 0.8567 0.6454 0.8039
+3.6 +£3.6 £2.0 +2.9 £2.9 +2.0 £0.018 +0.018 +0.022 +0.015
11 2 141.8 582 31.7 249 110.1 333 0.7172 0.7766 0.8156 0.784
+5.2 +5.2 +£2.3 +4.5 £4.5 +2.3 £0.024 +0.014 +0.033 +0.015
12 2 1213 787 17.7 313 103.7 473 0.755 0.8546 0.7679 0.8356
+3.6 +£3.6 £2.1 +3.0 £3.0 +2.1 £0.019 +0.016 +0.022 +0.014
13 2 1613 387 442 179 117.1 208 0.6893 0.7259 0.8674 0.7504
+3.3 +3.3 £2.3 +2.3 £2.3 +2.3 £0.016 +0.011 +0.017 +0.01
14 2 1215 785 23.1 366 984 419 0.7018 0.8105 0.7291 0.7927
+3.8 +£3.8 £2.8 +2.6 £2.6 +2.8 £0.019 +0.019 +0.019 +0.016
15 2 1032 968 13.6 454 89.6 514 0.7048 0.8683 0.6635 0.8176
+3.9 4+3.9 £1.8 +3.3 £3.3 +1.8 £0.018 +0.015 +0.025 +0.014
16 2 1314 68.6 22,6 262 108.8 424 0.7563 0.8284 0.8062 0.8237
+3.9 4+3.9 £2.2 +3.4 £3.4 +2.2 £0.021 +0.015 +0.025 +0.014
17 2 99.0 101.0 12.7 487 863 523 0.6927 0.8714 0.639 0.8121
+4.2 +4.2 +£1.6 +3.9 £3.9 +1.6 £0.021 +0.015 +0.029 +0.015
18 2 1479 521 41.0 282 106.8 240 0.654 0.7226 0.7914 0.7353
+3.5 +3.5 £2.4 +2.7 £2.7 +2.4 £0.018 +0.013 +0.02 +0.012
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ID- ID- PP PN FP FN TP TN  accuracy precision  recall Fos
1 S

19 2 1066 934 123 407 943 527 0.7352 0.8849 0.6985 0.8399
+3.7 £3.7 £1.9 £3.7 £3.7 £1.9 £0.023 +0.018 +0.028 +0.018

20 2 69.0 131.0 35 69.5 655 615 0.6352 0.9498 0.4852 0.7966
+4.0 £4.0 £1.5 £3.9 £3.9 £1.5 £0.022 +0.021 +0.029 +0.022

21 2 1205 795 183 328 1022 46.7 0.7447 0.8483 0.7573 0.8283
+3.4 £3.4 £2.0 +£2.8 £2.8 £2.0 +0.018 +0.015 +0.021 +0.013
22 2 1169 83.1 162 343 100.7 48.8 0.7473 0.8613 0.7459 0.8353
+3.7 £3.7 £1.6 +3.1 £3.1 £1.6 +0.017 +0.012 +0.023 +0.012
23 2 1235 765 18.0 29.5 105.5 47.0 0.7627 0.8548 0.7815 0.8389
+4.3 £4.3 £2.8 +3.1 £3.1 £2.8 +0.021 +0.019 +0.023 +0.017
24 2 111.6 884 152 387 963 498 0.7305 0.8638 0.7136 0.8288
+3.0 £3.0 £2.4 +2.1 +2.1 £2.4 +0.017 +0.019 +0.015 +0.015

25 2 1238 762 18.6 29.8 1052 46.4 0.7582 0.8501 0.7793 0.8347
+4.0 £4.0 £2.1 +3.7 £3.7 £2.1 +0.022 +0.016 +0.027 +0.016
26 2 111.1 889 152 390 96.0 498 0.729 0.8636 0.7109 0.8279

+3.5 £3.5 £1.9 +3.2 £3.2 £1.9 +0.019 +0.016 +0.023 +0.015
27 2 1292 70.8 223 281 1069 42.7 0.7483 0.8278 0.7921 0.8203
+3.4 £3.4 £2.4 +2.8 +£2.8 £2.4 +0.02 +0.017 +0.021 +0.015
28 2 1107 8.3 139 382 96.8 51.1 0.7397 0.8745 0.7173 0.8377
+2.9 £2.9 £2.0 £3.0 £3.0 £2.0 £0.021 +0.017 +0.022 +0.017
29 2 1141 859 161 37.0 98.0 489 0.7343 0.8589 0.7259 0.8283
+4.3 £4.3 £2.1 £3.3 £3.3 £2.1 £0.018 +0.015 +0.025 +0.013
30 2 1152 848 160 358 992 49.0 0.7412 0.8612 0.7351 0.8325
+3.9 £3.9 £2.0 £3.6 £3.6 £2.0 £0.021 +0.016 +0.026 +0.015

31 2 1293 70.7 226 284 1066 424 0.745 0.825 0.7899 0.8176
+3.7 £3.7 £2.2 £3.2 £3.2 £2.2 £0.02 +0.015 +0.024 +0.014
32 2 1190 81.0 17.6 33.7 101.3 474 0.7435 0.852 0.7506 0.8294

+4.6 £4.6 £2.1 £3.6 £3.6 £2.1 £0.018 +0.015 +0.027 +0.013
33 2 1382 618 275 244 1106 37.5 0.7405 0.8009 0.8195 0.8045

+3.8 £3.8 £2.9 £3.1 £3.1 £2.9 £0.023 +0.019 +0.023 +0.017
34 2 1203 79.7 19.6 343 100.7 454 0.7303 0.8373 0.7457 0.8171

+3.6 £3.6 £2.5 £2.9 £2.9 £2.5 +0.02 +0.018 +0.021 +0.017

35 2 1229 771 184 304 1046 46.6 0.756 0.8508 0.7746 0.8343
+3.3 £3.3 £2.4 £2.5 £2.5 £2.4 +£0.019 +0.018 +0.019 +0.015
36 2 1125 875 157 382 96.8 493 0.7305 0.8605 0.717 0.8272

+3.6 £3.6 £1.6 £3.3 £3.3 £1.6 £0.018 +0.013 +0.024 +0.013

37 2 1101 899 141 390 96.0 509 0.7345 0.8721 0.7111 0.8342
+3.2 £3.2 £2.0 £2.6 £2.6 £2.0 £0.016 +0.015 +0.019 +0.013

Continued on next page
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ID- ID- PP PN FP FN TP TN  accuracy precision  recall Fos

I S

38 2 1338 662 259 270 108.0 39.1 0.7355 0.8069 0.7998 0.8053
+3.9 4+3.9 £2.2 4+3.0 £3.0 +2.2 £0.018 +0.014 +0.022 +0.013

39 2 1109 89.1 152 393 957 498 0.7275 0.8631 0.7089 0.8269
+4.1 +4.1 £2.1 +3.4 £3.4 +2.1 +0.02 +0.017 +0.025 +0.015

40 2 1039 96.1 11.6 427 923 534 0.7287 0.8886 0.684 0.8381
+4.4 4+4.4 £2.0 +£3.9 £3.9 +2.0 £0.021 +0.017 +0.029 +0.016
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Table A.6: Results for simulated parameter combinations listed in table A.4.

ID- ID- PP PN FP FN TP TN accuracy precision recall Fos
S I
0 0 83.07 11693 11.33 63.27 71.73 53.67 0.63 0.86 0.53 0.77
+2.86 +£2.86 =+£1.73 +£2.69 +£2.69 +£1.73 £0.02 =£0.02 =£0.02 =£0.02
1 0 103.17 96.83 13.03 44.87 90.13 51.97 0.71 0.87 0.67 0.82
+3.36 +3.36 +1.63 +£3.08 +£3.08 +£1.63 +£0.02 =£0.01 =£0.02 =£0.01
2 0 107.13 92.87 13.57 41.43 93.57 51.43 0.72 0.87 0.69 0.83
+3.17 +3.17 +£1.43 +£2.24 +£2.24 +£1.43 +£0.01 =£0.01 =£0.02 =£0.01
3 0 10687 93.13 12.67 40.8 94.2 52.33 0.73 0.88 0.7 0.84
+6.75 +6.75 +£2.02 +£5.32 +£5.32 +£2.02 +£0.02 =£0.01 =£0.04 =£0.01
4 0 11413 8587 15.33 36.2 98.8 49.67 0.74 0.87 0.73 0.84
+3.16 +3.16 +1.79 +£3.08 +£3.08 +£1.79 +£0.02 =£0.01 =£0.02 =£0.01
5 0 9997 100.03  14.6 49.63 85.37 50.4 0.68 0.85 0.63 0.8
+4.33 +4.33 +1.77 +£3.92 +£3.92 +£1.77 +£0.02 =£0.02 =£0.03 =£0.02
6 0 84.67 11533 9.7 60.03 74.97 55.3 0.65 0.89 0.56 0.79
+1.18 +1.18 +0.75 =+£1.52 +£1.52 +£0.75 =+£0.01 =£0.01 =£0.01 =£0.01
7 0 10467 9533 12.33 42.67 92.33 52.67 0.72 0.88 0.68 0.83
+3.12 £3.12 +1.95 £2.04 £2.04 £1.95 =40.01 =£0.02 =£0.02 =£0.01
8 0 11243 8757 20.2 42.77 92.23 44.8 0.69 0.82 0.68 0.79
+3.09 £3.09 +2.22 +1.57 £1.57 =£2.22 +0.01 £0.02 £0.01 =+0.01
9 0 109.73 90.27 15.2 40.47 94.53 49.8 0.72 0.86 0.7 0.82
+3.33 +3.33 +1.13 £3.13 £3.13 £1.13 40.02 +0.01 =£0.02 =+0.01
10 0 10477 9523 12.67 429 92.1 52.33 0.72 0.88 0.68 0.83
+3.19 +3.19 +2.15 +£2.72 +£2.72 +£2.15 +£0.02 £0.02 £0.02 =£0.02
11 0 106.47 93.53 12.97 41.5 93.5 52.03 0.73 0.88 0.69 0.83
+3.65 +3.65 +1.73 +3.03 +£3.03 +£1.73 +£0.02 +£0.01 =£0.02 4£0.01
12 0 107.23  92.77 14.03 41.8 93.2 50.97 0.72 0.87 0.69 0.83
+3.89 £3.89 +1.65 =£3.55 £3.55 £1.65 =40.02 =+0.01 =£0.03 =+0.01
13 0 106.03 93.97 13.1 42.07 92.93 51.9 0.72 0.88 0.69 0.83
+4.24 +4.24 £1.75 £3.26 £3.26 £1.75 =£0.02 £0.01 £0.02 =£0.01
14 0 1553 18447 0.1 119.57 1543 64.9 0.4 0.99 0.11 0.39
+2.36 +2.36 +0.31 +2.43 +2.43 =+0.31 4+0.01 =£0.02 =£0.02 =+0.04
15 0 107.33  92.67 13.33 41.0 94.0 51.67 0.73 0.88 0.7 0.83
+3.84 £3.84 +2.55 £3.49 £3.49 £2.55 £0.02 £0.02 =£0.03 =£0.02
16 0 106.17 93.83 12.67 41.5 93.5 52.33 0.73 0.88 0.69 0.84
+3.59 £3.59 +2.14 +3.44 £3.44 £2.14 40.02 £0.02 £0.03 =£0.02
17 0 1072 92.8 13.83 41.63 93.37 51.17 0.72 0.87 0.69 0.83
+3.96 +3.96 +2.15 +3.15 £3.15 £2.15 40.02 =£0.02 =£0.02 =£0.02
18 0 10547 9453 12.97 425 92.5 52.03 0.72 0.88 0.69 0.83
+4.08 +4.08 +2.11 +3.4  £3.4  £2.11 40.02 =£0.02 =£0.03 =£0.02
19 0 10833 91.67 13.67 40.33 94.67 51.33 0.73 0.87 0.7 0.83
+1.86 +1.86 +1.06 =+1.45 =+1.45 =£1.06 =40.01 =£0.01 =£0.01 =+0.01
20 0 107.77 92.23 13.63 40.87 94.13 51.37 0.73 0.87 0.7 0.83
+3.4  £34 +1.43 £2.53 £2.53 £1.43 40.01 =£0.01 =£0.02 =£0.01
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A Appendix

A.5 Algorithms

Algorithm 3 Find Worst Pre-Transfer State (Global)

Input: Full result set Y, v, see Equation 6.28.
Output: WorstStateGlobal
WorstStateGlobal < (—1,—1) > Initialize WorstStateGlobal with a
placeholder
MinValueGlobal + oo
MinHalfWindowSize < 0

foral V"' €Y, do

LocalResult < Call Algorithm 4 with YMA as input .
WorstStateLocal < LocalResult[1]
AppliedHalfWindowSize <— LocalResult[2]
if WorstStateLocal[1] < MinValueGlobal then
WorstStateGlobal <— WorstStateLocal
MinHalfWindowSize +— AppliedHalfWindowSize
else if WorstStateLocal[1] = WorstStateGlobal then
if AppliedHalfWindowSize < MinHalfWindowSize then
WorstStateGlobal <— WorstStateLocal
MinHalfWindowSize < AppliedHalfWindowSize
end if
end if
end for
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A.5 Algorithms

Algorithm 4 Find Worst Pre-Transfer State (Local)

Input: Single result set yMa € Y, v, see Equation 6.28.
Output: WorstStateLocal, AppliedHalfWindowSize
MinValue < oo
MinEntries < ()
for each (7"4,0) € Y
if M4 < MmValue then
MinValue « 7
MlnEntrles — {(@M4,0)}

A

else if y y = MinValue then
Add (54, 0) to MinEntries
end if
end for

HalfWindowSize < 1

while [MinEntries| > 1 do
MinFilteredValue < oo
FilteredEntries < ()
for each (74, 6) € MinEntries do

Apply moving average filter on initial set v
HalfWindowSize

. 1 MA
FilteredValue « HalfWindowSize*2-+1 Z j=—HalfWindowSize yz-‘rj

if FilteredValue < MinFilteredValue then
MinFilteredValue < FilteredValue
FilteredEntries « {(7™*,0)}
else if FilteredValue = MinFilteredValue then
Add (74, 0) to FilteredEntries
end if
end for
MinEntries + FilteredEntries
HalfWindowSize < HalfWindowSize + 1
end while
assert |[MinEntries| = 1
WorstStateLocal <— MinEntries|[1]
AppliedHalfWindowSize + HalfWindowSize[1]
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A Appendix

A.6 Full state experiments result plot

@) oy b) oY

(©) o @ oY

@ oY (h) oY

Figure A.1: Full state experiment results Y, v for each oV eov.
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A.6 Full state experiments result plot

(@) 0}, () oys

Full state experiment results Y, v for each oV € OV.
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Full state experiment results Y, v for each oV € OV.
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A.6 Full state experiments result plot
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Full state experiment results Y, v for each oV € OV.
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