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Abstract

The challenges of reduced product lifecycles in a global market, volatile supply chains, and
labour shortages require increased adaptability and automation in assembly. The key obstacle to
dynamic adaption and reconfiguration in assembly is the significant manual setup, programming,
and control costs of mobile manipulators. This dissertation develops and validates a method
for automatically evaluating and planning the positioning of mobile manipulators in assembly
stations, ensuring the successful execution of all assembly tasks. Therefore, a formation
planning methodology, comprising the three developed building blocks of description model for
capability-based task allocation, executability evaluation and base placement is introduced.

Firstly, a syntactic and semantic description model of mobile manipulators and their capabilities
is developed as a fundamental element in planning assembly stations. The "CAPablLity-based
resource AllocatioN Ontology" (CAPILANO) models assembly resources (mobile bases, robot
arms, and end-effectors), their combinability, and the capability corridor of the combined
resources. CAPILANO allows for the automatic deduction of a combination of resources that
offer the required capabilities for task execution. The developed subsequent task allocation
assigns the task to the best-suited combined resource.

Knowledge of the spatial distribution of performance metrics in the manipulator’s workspace
is fundamental to determining where mobile manipulators should be placed in relation to the
product on which the assembly operation is to be carried out. Performance metrics quantify the
executability of specific assembly tasks. The distribution of these metrics in the manipulator’s
workspace is visualised in the developed performance maps. The effect of equipped end-effectors
on the executability is incorporated for the first time. Finally, capability-based task allocation
and workspace evaluation are incorporated into the developed formation planning for mobile
manipulators. Formations are heuristically determined, and the feasibility of the resulting
formations is evaluated and weighted, resulting in a formation that ensures the executability of
all tasks.

Formation planning is verified and validated by decomposition and submodel testing of the
three artifacts of the description model, executability evaluation and robot base placement. The
operational validity is empirically supported by simulations and demonstrations. The resulting
findings confirm the executability of the planned formations and document a reduction in the
time required for formation planning. Existing challenges lie in the temporal scheduling of task
execution and computational performance for scenarios involving numerous products and tasks.



Kurzfassung

Reduzierte Produktlebensdauern, volatile Lieferketten und zunehmender Arbeitskraftemangel
verstarken den Druck Produktion- und Montagelinien flexibler und automatisierter zu gestalten.
Eine zentrales Hindernis der dynamische Adaptierbarkeit und Rekonfiguration in der Montage
ist der hohe manuelle Aufwand fiir die Einrichtung, Programmierung und Steuerung mobiler
Manipulatoren. In dieser Dissertation wird eine Methode zur automatischen Bewertung und
Planung der Positionierung von mobilen Manipulatoren in Montagestationen entwickelt und
validiert, welche die Ausfiihrbarkeit aller Montageaufgaben gewahrleistet.

Zunachst wird ein syntaktisches und semantisches Beschreibungsmodell fiir mobile Manipula-
toren und deren Fahigkeiten als grundlegendes Element fiir die Planung von Montagestationen
konzeptioniert und entwickelt. Die "CAPablLity-based resource AllocatioN Ontology" (CAPI-
LANO) modelliert Montageressourcen (mobile Basen, Roboterarme und Endeffektoren), deren
Kombinierbarkeit und den aufgespannten Fahigkeitskorridor der kombinierten Ressourcen. CAPI-
LANO ermdglicht die automatische Deduktion der zusammengesetzten Ressourcen, welche in
Kombination die fiir die Aufgabenerfillung erforderlichen Fahigkeiten bereitstellen.

Die Kenntnis der raumlichen Verteilung von Performanzindikatoren im Arbeitsraum des Manip-
ulators ist von grundlegender Bedeutung fiir die Bewertung der Ausfiihrbarkeit und Platzierung
mobiler Manipulatoren in Bezug auf das Produkt, an dem der Montagevorgang durchgefiihrt
werden soll. Performanzindikatoren, die die Ausfiihrbarkeit spezifischer Montageaufgaben-
typen quantifizieren, werden ermittelt. Fir die Bestimmung der raumlichen Verteilung der
Performanzindikatoren werden performance maps entwickelt. Hierbei wird die Auswirkung von
ausgeriisteten Endeffektoren auf die Ausfiihrbarkeit erstmalig einbezogen. Fiir die Formation-
splanung wird eine Manipulatorplatzierung unter Einbeziehung der Aufgabenverteilung und
Arbeitsraumbewertung entwickelt.

Die Formationsplanung wird durch die Zerlegung in drei Artefakte des Beschreibungsmodells,
der Ausfiihrbarkeitsbewertung und der Roboter-Basis-Platzierung und die Priifung von diesen
als Teilmodellen erfolgreich verifiziert und validiert. Mittels Simulationen und Demonstrationen
wird die operationale Validitat empirisch belegt. Die resultierenden Befunde bestatigen die
Ausfiihrbarkeit der geplanten Formationen und dokumentieren eine Verringerung der erforder-
lichen Zeit fir die Formationsplanung. Bestehende Herausforderungen liegen in der zeitlichen
Planung der Aufgabenausfiihrung sowie in der Rechenleistung fiir Szenarien mit einer hohen
Anzahl von Produkten und Aufgaben.
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1 Motivation, research methodology and structure 1

1 Motivation, research methodology
and structure

1.1 Need for formation planning of mobile robots in
changeable assembly systems

Volatile global and regional economic trends challenge manufacturing companies to increase
the resilience of their production to remain viable [DOLG22]. Companies must respond quickly
to increasing product variety and shortened product life cycles [AREN22, p.1]. Moreover,
geopolitical catastrophes like armed conflict [KORN22, p.1] or pandemics [CHOW?21, p.21-22]
cause disruptions in demand and supply networks, thus enhancing the demand for resilient
production. As fixed-coupled production lines cannot provide the necessary resilience, changeable
and thus resilient production systems are required to respond to these volatile circumstances
[DOLG22; BREC17], providing changeability and adaptability on a physical as well as a logical
level [WIENQ7; ELMA16].

As one of the main cost drivers in manufacturing, the pressure on the assembly to adapt
quickly towards a customer-oriented, individualised economy and market structure, resulting
in shorter response times and complex adaptations, has increased [WIEN04; LOTT12, p. 3;
HU13]. Studies of WIENDAHL ET AL. (2007) and KLUGE ET AL. (2011) showed flexibility
and changeability of assembly systems to be key enablers to staying competitive in the market
[KLUGL11, p.11; WIENO7], as conventional, fixed-coupled assembly systems are reaching their
limits to comply with those requirements [ASAD16; HUTT21, p.2].

In changeable assembly systems, the complexity of planning and control increases due to the
higher degrees of freedom in robot configuration [TOLA22], task allocation [CHEN19b, p.1],
and (re-)placement of the robots [ROLD21, p.1]. The demand for more changeable assembly
cannot be answered by traditional and flexible manual labour [ELMA21; WANG18] due to high
costs and the low availability of trained workers [HENR22; STAT22; COX20; 22a; COX22].
Consequently, automation, automated changeability, and a profound comprehension of intricate
manufacturing procedures are emerging as pivotal factors [SHAR22b; AREN22, p.1] to reach
the goal of mass customisation while maintaining the benefits of mass production [HU13].
Whilst conventional manufacturing and assembly systems have achieved a significant level of
automation, the automated processes are not easily adapted or reconfigured [PEDE16, p.2].

Several solution strategies and paradigms have been proposed to provide the required change-
ability of assembly systems. Initial studies, such as the one conducted by UEDA (1992) on
Biological Manufacturing Systems (BMS), demonstrated the feasibility of a changeable, line-less
assembly approach. This research was the first to reveal the potential for mobilising machining
and assembly robots. Since then, significant progress has been made in both research and
industry. Mobile transportation platforms, primarily Automated Guided Vehicles (AGVs), and
automated warehouses have successfully integrated into industrial settings [GEIH20, p.5]. Si-
multaneously, ongoing research is exploring innovative methods for autonomous navigation and



2 1.1 Need for formation planning of mobile robots

control of mobile robots in assembly environments, as evidenced by recent studies [CHEN22;
AZAD19].

Similarly, on a structural level, different organisation paradigms to organise assembly systems
have developed. Following the trend towards more flexibility, assembly paradigms exhibit
increasing levels of flexibility. Established methods such as the Flexible Assembly System (FAS),
Dynamically Interconnected Assembly System (DIAS), Reconfigurable Assembly System (RAS)
or matrix production offer increasing adaptability to external market forces by increasing the
amount of reconfigurable and mobile assembly robots [ELMA13, p.642]. As the planning
premises often change between design freeze and implementation of the assembly, a general
changeability has to be included in the design [FECH18, p.39]. Emerging paradigms, such as
the Line-less Mobile Assembly System (LMAS) or the Swarm Production System (SPS), enable
the rapid, temporary creation of assembly stations within the factory facilitated by mobile
robotic platforms operating in short spatial and temporal cycles [HUTT21, p.60; SCHO22;
BUCK?23, p.3].

The automated integration of robots into assembly processes enables flexible and changeable
assembly lines capable of coping with fluctuations in supply and demand [ROLD22, p.1]. Due
to the rising number of autonomous robots in industrial applications [GEIH20, p.1-2; 22b;
SHAR22a], the need for automated configuration, formation planning, and programming of
robots increases [BUTT20, p.7; CORV22a, p.472; RODR21, p.49]. The main barrier to
employing mobile robots to adapt to dynamic changes remains the substantial manual setup,
programming and control expenses [CHEN19a, p.1-2; PERZ19, p.1; MALH22; KALA19],
increasing the demand to automate to mitigate the expenses.

Automating changeable assembly systems requires decision support systems at various levels
[MAKR12, p.347; FECH18, p.40] to enable the utilisation of assembly robots that can be
mobilised and, therefore, placed at new positions in an assembly station to execute their tasks
[SCHO22]. This includes job routing, assembly station placement, task-to-robot allocation,
robot positioning in relation to the product and tasks, and execution of assembly operations, as
well as robot navigation and control [CHEN19a, p.291; KLUG23d, p.7; BUCK23, p.4]. While
the seemingly infinite number of possible formations renders the planning and operation of
assembly stations complex, it also allows for considerable adaptability to a given assembly
scenario. An essential enabler is the evaluation of the spatial location (formation) of mobile
assembly robots concerning their capability to execute the assembly tasks [MAKH18; HASS18,
p.2; HU13, p.7] to identify formations for fast-changing tasks. The assembly efficiency is
determined by those formations, specifying the spatial placement and orientation of all individual
assembly robots [LIM17, p.88; CHEN19a, p.1-2; KAWA22, p.1]. While long-term planning
allows a tedious simulation and manual variation of the robot base placements until executability
is ensured, this is too time-consuming for changeable assembly systems with ever-changing
formations [FECH18, p.41]. Therefore, the need to automate base placement and
formation planning of mobile robots in assembly stations arises.

These conditions give rise to the objective to scientifically investigate the current challenge
of planning the formation of mobile robots in assembly stations. The primary purpose is to
address the challenges associated with modifying or integrating physical resources, technologies,
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or processes within the workflow of assembly stations. Formation planning requires defining
the temporary spatial placement of assembly robots for effective assembly operation. This
thesis focuses on researching three building blocks of formation planning: firstly, the semantic
modelling and description of assembly robots and their capabilities to execute a given
task; secondly, the evaluation of executability of tasks through robot workspaces under
consideration of equipped end-effectors; and thirdly, the spatial base placement of robots
in a formation, ensuring executability of all tasks. These are instrumental aspects for placing
robots in a formation that facilitates adaptive assembly operations. Encapsulating the thesis's
objective, the following primary research question is investigated: Can capability-based
formation planning of mobile assembly robots in stations of changeable assembly
systems ensure the executability of the assembly tasks?

1.2 Research objective and application domain

The central research focus of this thesis is the formation planning of mobile robots in assembly
stations to find a spatial arrangement or layout (the formation) of the robots to allow the
execution of given assembly tasks. This addresses manufacturing companies’ business needs
and challenges, as outlined above. A reference frame of the research area is provided below by
delimiting the research scope, following KUBICEK s research methodology. The theoretical
perspective to grasp the research artifact — formation planning — is summarised. The author’s
understanding of it and the surrounding research area is specified, as visualised in figure 1.1.
Hereby, the deeper the blue, the more relevant the highlighted topic. The problem thus outlined
is specified by research questions (cf. section 3.4). [KUBI77, p.17-18]

The research artifact of this thesis is placed in the domain of assembly, specifically the domain
of changeable assembly systems, characterised by mobile assembly robots. It deals explicitly
with industrial assembly while being mindful of its connections to other enterprise disciplines,
such as machining, logistics, production engineering, and product design. The assembly
organisation forms of changeable assembly aim at small series to single product production
since the changeable nature is most beneficial for these products, whilst mass production
favours established line production and assembly [HUTT21, p.12; BUCK23, p.4]. Regarding
the considered robot application fields, the focus lies on robotics in assembly whilst considering
robot design as a knowledge base regarding the required metrics assessing the robot's capabilities
and performance. Adjacent thematic fields following SICILIANO ET AL. (2016), like moving,
robot-human interaction or sensors, are noted but not investigated [SICI16]. The scale of the
research object is restricted to separate assembly stations, whereby the interfaces to factory
planning, robot control, and process execution are taken into account and included (as visualised
in figure 2.1). Given the selected scale of the assembly station and the organisational form of
changeable assembly, a time frame of a few hours to a few minutes results in which changes
occur and new formations have to be planned.

This thesis aims to close the gap between high-level factory configuration planning and the
low-level process execution and control of mobile robots. The overall objective of this work is a
formation planning of mobile assembly robots, consisting of an allocation of assembly tasks to
mobile assembly robots, under consideration of their spatial capabilities as well as the spatial
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Figure 1.1: Heuristic reference frame relating formation planning to neighbouring domains.

placement of the robots, ensuring the executability of the allocated assembly tasks. Therefore,
the following building blocks are needed:

Description model of mobile robots and their capabilities: To realise formation planning,
a suitable description of the object of research of the formation, the assembly tasks, the robots,
their components and their capabilities are fundamental. Based on this description, the tasks
must be allocated to combined robots (consisting of their components: a mobile base, a
robot arm and an equipped end-effector) considering the resulting capabilities exhibited by the
combination of the robot components.

Executability evaluation: To evaluate the formations in terms of their feasibility in executing
the assembly operation, the executability of tasks in the robot's workspace has to be investigated.
In dependence on the tasks at hand, a method to choose relevant measures to evaluate the
executability of this specific task has to be developed. Depending on the selected executability
evaluation measures, the workspace of the robot has to be evaluated. When evaluating the
workspace, both the robot — combined of the robot arm and the end-effector — and the type
of assembly task must be considered to integrate all spatial influences on the executability.

Formation planning through task allocation and base placement: A robot base placement
method is to be formulated to determine the formation of the assembly robots in dependence
on the spatial distribution of the assembly tasks. Therefore, the distributed tasks have to be
clustered and assigned to a single robot at a single base placement. By applying the workspace
evaluation of the robot, the executability of all assembly tasks has to be ensured. Finally, the
performance is to be validated, and applicability is to be verified.

The research conducted in this thesis was partially developed as part of the "Future Assembly"
workstream of the research project loP!. Figure 1.2 visualises the central artifacts as a goal
scenario and includes the artifacts into the (abstracted) layers of the semantic model of the loP
as presented by BRECHER ET AL. (2017, p.121). The loP is a practical implementation of the

!Funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) under Germany's
Excellence Strategy — EXC-2023 Internet of Production — 390621612



1 Motivation, research methodology and structure 5

’® Autonomous actions &
decision making

Formation planning

Multi-modal information access

Ontology as description Key figures to assess the
X model executability g' Robot base placement

Aggregation & synchronisation

Management of data access to proprietary systems
Data provision & access

O
Ty

Application software:
Shopfloor & resource layer

Figure 1.2: Formation planning and its building blocks of description model, executability
evaluation and base placement of mobile robots in the semantic model of the Internet of
Production (loP).

Internet of Things (loT) concept. It aims to horizontally connect cyber-physical devices and
utilise field data to generate value-added production services. The goal is an inter-operative,
cross-domain network of stakeholders in the production process, enabling real-time control of
production, data storing and processing, and secure data exchange. [PENN19b; PENN19a;
LIEB21]

The researched formation problem originates on the shop floor and robot level in the initial
system layer. Based on the input of process charts, a formation of robots capable of assembling
the requested product is to be derived. The subsequent layer provides middleware managing
access to proprietary interfaces and supports communication protocols. The third layer transfers
aggregated and synchronised data into a digital shadow. Here, the mobile assembly robots and
their capabilities are described and simulated. This layer facilitates analysing and evaluating
the current state of the digital shadow (e.g. in ontologies) based on complex simulations (e.g.
in Robot Operating System (ROS)), cluster algorithms, heuristics, measures and key figures.
The ultimate objective of the system’s semantic layer is to close feedback loops based on the
acquired and processed data. This involves automated decisions like process reconfiguration or
planning mobile assembly robot formations, resulting in autonomous adaptions of the assembly
station. Formation planning integrates into the context of the loP, contributing to automated
decision-making for real-time control of mobile assembly robots.

1.3 Research methodology and derived structure

To ensure the relevance and focus of the research, it is advisable to proceed in a structured
manner according to established research methods. [MARCO95, p.1] Research in the sense of
the systematic and comprehensible recording and analysis of operational reality represents an
indispensable complex of activities for achieving research goals [KUBI77, p.5].
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Due to the practice-driven relevance of the research on the formation planning of mobile robots
in assembly, it classifies as application-oriented research with the aim of developing a substantive
solution for a practice problem. To follow ULRICH (1981) and generate relevant and practically
useful knowledge through conceptual research, research should not stem from observations
and theories but rather from real problems. [ULRI81, p.5, 11] According to KUBICEK (1977),
the research goal for applied research is increased understanding and the resulting possible
mastery of reality. [KUBI77, p.7] By applying the research methodology methods, the practical
concerns of formation planning can be scientifically investigated [ULRI81, p.5].

As this thesis falls within the field of design-oriented sciences, the research methodology
employed is the Design Science Research (DSR) method, as proposed by HEVNER ET AL.
[HEVNO3; HEVNO4; HEVNO7]. The goal of the design-oriented sciences is to develop knowledge
for designing solutions to problems in their field of application, in contrast to the explanatory
sciences, whose goal is to understand their interrelationships [VAN 05, p.20]. The research
here falls in the field of design theory since it aims at utilising computational power to aid with
planning and controlling in assembly, which applies the general idea of design theory to an
explicit problem [SIMO96, p.114]. The research topic of formation planning of mobile robots
in assembly is empiric and pragmatic (according to [KUBI77]), applied (according to [ULRI81]),
and falls in the area of design science and information systems (according to [MARC95]).
Therefore, it shall be investigated following the proposed research approach of DSR of HEVNER
(2007).

Design science is rooted in engineering and the sciences of the artifacts and aims at creating and
researching design artifacts [SIMO96, p.111; HEVNO3]. HEVNER ET AL. and MARCH AND
SMITH classify design artifacts depending on their nature into constructs, models, methods and
instantiations [MARC95; HEVNO4]|, whilst TIVARI proposes to differentiate artifacts according
to their field of application [IIVAQ7, p.5] The DSR as proposed by HEVNER AND MARCH
in 2003 (here called "Information systems research framework", which was later changed to
DSR), provides a synergistic approach by connecting Research with its contextual Environment
and domain Knowledge base [HEVNO03|.

DSR provides a guideline for design science on how to proceed, divided into three iterative
research cycles. The original DSR framework is presented in the appendix in figure A.1 while the
applied version is pictured in figure 1.3, both showcasing the three domains and their connection
by the three activity cycles. In the relevance cycle, the requirements from the application
domain (the environment) are derived, and the criteria to evaluate the applicability of the
artifacts are formulated. In the rigor cycle, the existing knowledge base and its artifacts and
processes are investigated, the relation of the new research to existing research is highlighted,
and applicable artifacts, measures and fundamentals are discussed. The central element of
the research — the development of new and original artifacts — takes place in the design
cycle, aiming to fulfil the requirements identified in the relevance cycle by incorporating the
relevant existing research identified in the Rigour Cycle with new methods. A characteristic
element of the design cycle is the iterative development and integration of knowledge gained
from theory and practice, which was also postulated as necessary by ULRICH (1981). After
several iterations, the entirety of the artifacts is tested for applicability in practice, whereby the
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design cycle transitions into the relevance cycle. Whilst the cycles of relevance, research and
rigour were already sketched out by HEVNER ET AL. in (2003), they were explicitly discussed
as necessary research activities in 2007. [HEVNO7; HEVNO3] The structure of the thesis can
be mapped to the structure of DSR, as presented in figure 1.3.

Environment Design research Knowledge base
ch. 1: Introduction & Ch. 1: Business Formation planning Ch.2&3: Ch. 2: Knowledge
application domain needs = Ch. 4: Description model Applicable base & foundations

= Ch. 5: Executability knowledge
= Global trends in evaluation ) ) = Changeable assembly
production: lack of = Ch. 6: Formation planning = Ontologies
skilled workers, & base placement = Robot workspaces
volatile demand, m ’-\ = Robot performance
disruptions o > metrics
Relevance £ [ Design | 2 Rigour
= High planning effort Cycle & Cycle a Cycle Ch. 3: Formation
to plfan for & control v planning
mobile robots = Combined workspace
Ch.7,8&9: analysis, base
.« Hi S . Ch.8&9: VSIS,
High effort to Application in Ch.4,5,6&7: - placement and task
integrate new the appropriate Verification & validation Additions to the allocation
products & robots environment knowledge base ' | . siate of the art

Figure 1.3: Structure of the thesis according to Design Science Research.

Highlighting the system development process, the thesis structure is additionally mapped
to the V-model in figure 1.4. The V-model is an established process model for developing
mechatronic, information, and cyber-physical systems. It interconnects the respective tasks
during development. The main development phases are differentiated into artifact decomposition
through the elicitation of requirements, model design, and the system architecture design, as
well as implementation and integration. Parallel to the main development phases are verification
and validation integrated into the model as connecting elements between the two legs of the
V. [VERE21, p.19-37] Whilst figure 1.4 indicates the mapping of the overall thesis structure
into the V-model, each design cycle for the research of each respective partial research artifact
necessitates conducting a similar structured V-model-based development process.

Figure 1.5 specifies the resulting structure of the thesis, derived from combining the DSR
approach with the V-model. The respective design cycles and verification and validation phases
per artifact are specified. Whilst the enclosing chapters 1, 3, 7, 8, and 9 encompass the entire
research area of formation planning and detail the requirements and resulting validation of those
requirements in application, the respective main chapters 4 — 6 contain individual cycles of
the artifact development process from requirement until the fourth step of artifact verification.
The overall validation of formation planning is concluded in chapter 7.

Chapter 1 motivates the need for automated formation planning from the application domain,
defines the subsequent goal to evaluate the feasibility of formations of mobile robots in assembly,
and outlines the structure derived from the research methodology. The application domain
and the founding knowledge base are detailed in chapter 2. Chapter 3 reviews related work
in the state of the art. Based on the review, research gaps are identified and transferred into
the underlying research questions in section 3.4. Chapters 4 — 6 provide individual details on
the artifacts that address the underlying research questions. In the first major design cycle,
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Figure 1.5: Chronological thesis structure, derived from the combination of the Design
Science Research and the V-model development process.

presented in chapter 4, a description model is developed as the basis for the subsequent steps.
The artifact of the description model was adapted chronologically in the course of the work to
progressive results and thus reflects the iterative character of the DSR. The literature review
to identify characteristic properties of robots presented in the knowledge base (see section
2.3) is leveraged to establish a capability model in the ontology. The second major design
cycle, presented in chapter 5, explores the second research question, resulting in the artifact of
executability evaluation of the robot’s capabilities to execute tasks in its workspace. The
focus is on implementing the aforementioned semantic capability model and extending it to a
spatial expression of the robot's capabilities in its workspace, including dependence on different
metrics, tasks, and robots and their end-effectors. In the third major design cycle, presented
in chapter 6, the previous considerations are consolidated into a formation planning and
base placement. This chapter introduces a clustering-based method of grouping distributed
tasks into robot-workspace-sized clusters. For each cluster, a base placement is found. The
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resulting formation — consisting of the base placements and allocated tasks — is assessed for
executability. Finally, the artifact of formation planning is verified, validated and applied in
chapter 7. A critical reflection and discussion of the designed artifacts and their relevance to
their application domain are carried out in chapter 8. Finally, the findings and further research

directions are summarised in chapter 9.
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2 Mobile robots in changeable
assembly systems: Knowledge base
and foundations

Following the DSR, the first step of researching the formation planning of mobile assembly
robots is to consult the knowledge base, thereby ensuring rigour of the research [HEVNO4,
p.80; HEVNO7, p.18]. This chapter describes the knowledge base and foundations in the
research area, presents applied methods, clarifies the terminology, and identifies the need for a
systematic literature review on formation planning, which is presented in chapter 3. Section
2.1 deepens the delimitation of the research area presented in figure 1.1, and defines the
terminology of assembly and robotic systems. Previous research in robot workspace evaluation,
along with the associated areas of performance metrics and base placement, is summarised
in section 2.2, highlighting the need for further research on formation planning. Section 2.3
overviews description models and semantic modelling of assembly robots as the foundation for
developing an ontology in chapter 4. Section 2.4 summarises task clustering algorithms, as
the foundation for the base placement conducted in chapter 6. Finally, section 2.5 details the
applied methodology throughout the verification and validation of the research artifacts.

2.1 Changeable assembly systems

The following section 2.1.1 details the scope of the investigated research area, provides
an overview of the changeability terminology employed, and relates the research artifact of
formation planning to adjacent research. The terminology concerning mobile assembly robots
and their components is defined in section 2.1.2.

2.1.1 History and terminology of changeable assembly

Due to heightened global competition, manufacturing companies continuously encounter
more frequent and unpredictable market fluctuations [KORE10; HU11, p.718; ELMA21].
Additionally, the demand for customised or personalised products increases the diversity of
products [HATV78; KORE99, p.527; FERR12, p.2]. Therefore, production and assembly
systems developed from mass production characterised by a high volume of similar products
[KORE99, p.527] organised in Dedicated Manufacturing Systems (DMSs)? to more flexible
and changeable® systems: Flexible Manufacturing Systems (FMSs)* and Reconfigurable

2DMS are characterised by transformability: the ability to switch production within different groups and families
and agility: the ability to react to market volatility [WIENO7]

3The term changeability encompasses various paradigms and is defined as the ability to efficiently and proactively
adapt the structures and processes of the factory at all levels in response to changing stimuli [WIENO7;
ELMAO9, p.10].

4Flexibility: the ability to switch production within a part family [TERK09, p.7-9; ELMAQ9, p.4; ELMAQO5, p.2;
SETH90; BROW84]),
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Manufacturing Systems (RMSs)® [FERR12, p.2]. FMSs increase the diversity of products by
employing programmable, multi-purpose resources [KORE99, p.527; SCHOO07, p.714; LOTTOG6;
BROWS84]. In RMSs, production capacity and functionality can be adapted within a product
family in response to external influences [KORE99, p.527-529; ELMAO05; SCHOO07, p.714;
HU13, p.6]. Here, only systems exhibiting reconfigurability or changeoverability® are considered
of interest, as they are likely to incorporate mobile assembly resources.

Continuing the trend of increased production and therefore assembly flexibility, Evolvable
Assembly Systems (EASs) enable "plug and produce" based on inter-connectable, simple, and
reconfigurable task-specific elements ("system modules") [FERR12, p.1; ONOR10]. The first
attempt to adhere to dynamic changes in the internal and external environment production by
mobilising assembly resources can be found in Biological Manufacturing Systems (BMSs)
[UEDAO1, p.319-322; UEDA92; KATA19]. Despite BMSs showcasing the benefit of mobilising
resources, the formation planning methods remain rudimentary, lacking resource coordination
and in-depth capability analysis.

The latest developments in the emerging trend of increasing flexibility of production and assem-
bly systems are Line-less Mobile Assembly Systems (LMASs)’ and Swarm Production
Systems (SPSs). Both share the concept of line-less® production and assembly, resulting in
highly adaptable systems exhibiting customised order routes [SCHO22]. Formation planning of
mobile robots is pertinent in SPS and LMAS featuring mobile robots that undergo regular loca-
tion changes. The three central principles are a clean floor approach, mobilised, multi-purpose
robots and dynamic process and job routes [HUTT19, p.725-726; HUTT21, p.60; BUCK23,
p.18-20]. Similarly, SPSs promote a dynamic production "composed of multiple, different
purpose autonomous mobile entities" [SCHO22, p.108], thereby enabling dynamic routing
and adaptive reconfiguration. In difference to LMAS SPS comprises the entire production, as
opposed to LMAS focusing on the assembly. LMASs and SPSs are assembly and production
paradigms whose realisation necessitates the formation planning of mobile robots to enable
operation. Therefore, they are the direct application field of the thesis.

2.1.2 Mobile robots in changeable assembly

As many terms relevant to assembly and robotics do not have a generally accepted definition,
they are treated and delimited in the following section.

An assembly system is an industrial facility designed to receive individual parts and cohesively
integrate (assemble) them into products or groups of higher production order [FREIO8, p.98;
VDI-78, p.3; CIRP20, p.1; DEUT22, p.5]. Here, the three levels in the assembly system of
factory, station and robot — as visualised in figure 2.1 — are considered. The macroscopic
level of factory configuration planning, the mesoscopic level of station formation planning and

SReconfigurability: the ability to switch production within a part family through reconfiguration of physical
resources [ELMAO5, p.2; ONORO06, p.325; ELMAQ9, p.4]

6Changeover-ability: the ability of a production or assembly system to perform a known operation at any time
[WIENO7].

Toriginally promoted as Free Float Flawless Assembly (F3A) [BREC17, p.339-368]

8Two categories of systems are regarded as line-less: matrix systems, with fixed assembly stations and the focus
here: systems where all assembly robots are mobilised, e.g. LMAS or SPS. [BUCK23, p.23; HUTT21, p.21]
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the microscopic level of process execution and control are differentiated. At the highest level
of abstraction, the factory comprises the temporary locations of the assembly stations and
their allocated tasks. An assembly station is considered a set of individual assembly robots
in a defined factory area connected by a common goal: to execute a given number of assembly
tasks. The station configuration is determined by the number and type of the resources and
the designated area. A changed set of resources results in a new configuration.

The integration of formation planning between factory planning and robot control presupposes
existing procedures for the prior allocation of assembly robots and tasks to the assembly stations,
as well as the subsequent trajectory planning and control of the respective mobile robots. While
there are several studies and procedures for the two enclosing levels (e.g. [BUCK23; VAN 98;
LEIT06; HOFF17] and [LINDO5; LAVA06; PAND17; ZHU21; ROLD22; KLUG23d, p.9-10]
respectively), formation planning at station level has so far hardly been addressed.

Station formation

Industry robot Industry robot
(Mobilised) — (Stationary)

Equipment / tool-change

(Mobilised)
Multi-purpose station Resources
Assigned route for job TS ARIAGY a.1|[End-effector e.1| Model-based
/. Assembly job transport Robot lAG\; a.2||End-eff([ector e.2| St ol e
Temporal station locations = . E SLAM-based navigation
Process / handling space |AGV a.j|[End-effector e.kI
: Feature-based fine positioning
- L
A

Figure 2.1: Hierarchic abstraction levels of operation planning and control in changeable
assembly systems.

The station formation refers to the temporary spatial arrangement of specific robots and
allocation of tasks to those robots in an assembly station. Figure 3.2 visualises a formation
in an assembly station, including the colour-indicated allocation of task poses to robots to
specific base placements. The precondition for a feasible formation is the executability of the
set of allocated assembly tasks by the robots at their assigned locations / base placements.
The following terms are utilised synonymously to the above understanding of "formation":
reconfiguration, layout, relocation of resources, and arrangement of resources [HUTT21, p.61;
HU11, p.718; SPIC02, p.2].

Following the terminology established for LMAS, a physical resource is defined as a physical
object related to the assembly process by either executing an assembly task or being part of
the product [BUCK19b, p.229]. Here, the term resource encompasses all assembly resources,
like sensors, metrology systems, robots, human workers, or tool-changing systems. Multiple
robots with redundant capabilities create a flexibility corridor for allocating tasks to robots
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within assembly planning, thereby enhancing the effectiveness, efficiency and fault tolerance
[ROLD21, p.1]. Employing teams of heterogeneous robots is assumed to increase the process
efficiency [ROLD21, p.1].

C‘). ]

Mobile base / mobile + Robot arm + End-effector/ Multipurpose resource /

platform / AGV tool mobile robot system /
mobile robot

Figure 2.2: Components of a mobile multipurpose robot, based on [TOLA22; STAN21;
ZUMP23|.

Here, the focus lies on mobilised robot arms equipped with an end-effector as the executing and
value-adding resources in assembly. An industrial robot is defined as an automatically controlled,
reprogrammable mechanical resource adaptable to multiple purposes through physical changes,
e.g. by changing the end-effector [OLIV19, p.12-13; STAN21, p.1, 2; KUNZ11, p.3]. The
mobile multipurpose robots considered here include a robot arm, a mobile base, an end-effector
and internal and external sensors, as depicted in figure 2.2. Depending on the combinations
of parts in the mobile robot, it can have multiple purposes. Multipurpose robots achieve
redundancy in operation. Here, only industrial six-axis robot arms with six revolute joints
(Programmable Universal Machine for Assembly (PUMA) robots) are considered.

Robot autonomy refers to the ability of a robot to control itself and to execute actions without

external control. The autonomy of robots constitutes sensing, planning and acting based on
the sensory input to reach a goal. [BEER14, p.3; SCHOO07, p.712; OLIV19, p.5; VERE1S, p.4]

To execute tasks, the robot is equipped with an end-effector onto the robot's flange. An
end-effector is a specialised device designed to be attached to a robot with a hardware and
software interface. Its purpose is to enable the robot to perform its allocated task by moving
in relation to and transferring energy to the workpiece to alter its form and pose. [STAN21,
p.4; DEUT22, p.5]

The objective of utilising robots in assembly is the execution of assembly tasks (synonyms
found in the literature are: operations, job) [SPIC02; ABDO17; ZHAN19c|. Here, an assembly
task is defined as a six-dimensional pose in space where a specific assembly operation is to be
executed. Thereby the pose constitutes a position and an orientation in space [STAN21, p.7].

Whether a robot can execute a task depends on the spatial relation between the task and
robot as well as the robot's capabilities. Capabilities encapsulate the ability of a robot to
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execute or perform a task, more generally, to cause an effect in a specific context. Capabilities
(sometimes: "skills") encapsulate reusable functionality, enabling the connection of Product,
Process and Resource (PPR) and modular and efficient control within the system. [GINS22,
p.9; ONOROG, p.327; KLUGL1, p.77] A detailed discussion of the term capability can be found
in section 2.3.2.

The robot can interact with its surroundings in its workspace. The workspace can generally be
defined as the space a reference point can reach [STAN21, p.8; FREI08, p.98]. The different
definitions of a robot's workspace and the way of deriving those are discussed in section 2.2.

2.2 Workspace evaluation of mobile robots in assembly

Evaluating the individual robot workspace generating knowledge about the area where the robot
can execute tasks is fundamental to evaluating robot base placements. Based on quantitative
metrics, the feasibility of the robot to execute a task can be compared, a precondition for
automation. The following section overviews the state-of-the-art workspace evaluation and
performance metrics. At first, a definition of workspace types is given (section 2.2.1), followed
by an overview of methods to compute workspaces. Next, established performance metrics
are compared based on the overview presented in [KLUG22d] (section 2.2.2). Section 2.2.3
analyses existing libraries and methods computing different robot metrics and workspaces. This
section summarises how metrics can be applied for the base placement of mobile robots in
section 2.2.4.

2.2.1 Robot workspaces

Placing mobile robots in assembly stations to execute tasks raises the question of how to
describe where the robot can execute tasks with which characteristics. The following discusses
how to describe a robot's workspace, which is the volume expanding from the robot’s base in
which the robot can execute tasks.

Reachability and dexterity of robot workspaces were researched firstly by KUMAR ET AL. in
(1981). KUMAR ET AL. (1981) put forth the concept of the connection between kinematic
geometry and manipulator performances. GUPTA ET AL. (1982) conducted a thorough analysis
of the impact of hand size on the workspace. Analysing the robot's workspace has been applied
to enhance human control of medical equipment during operation [ZHAN22], placing medical
robots in their environment [TRAB22] or to plan the grasping motion of a robot [AKIN18].
Two different approaches to evaluate the workspace can be differentiated: Firstly, as a view on
safety during human-robot collaboration ranging from complete collision avoidance to direct
collaboration in a shared workspace by evaluating a potential collision’s harmfulness, e.g. in a
so-called Safety Map [MANS22]. Secondly, to evaluate the capability of the robot to execute
tasks in its environment [KUNZ17, p.13; KLUG22d], which will be the focus here.

Definition of a workspace The workspace of a robot comprises the set of all poses or positions
reachable under defined boundary conditions in the Cartesian space by the robot flange or TCP®.

9A TCP is a "point defined for a given application with regard to the mechanical interface coordinate system"
[STAN21, p.9].
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Reachability depends on the kinematic structure of the robot, the environmental conditions and
the relative pose of the workpiece to the robot. Joint limits, the size of the robot segments,
as well as the applied characteristics (e.g. requirements of robot flange velocity or applicable
force) thereby define the shape of the workspace [KUNZ17, p.vii].

Green area: 3D visualisation of the outer hull
of the reachable workspace of an ABB 4600

White line: 2D sideview of the reachable area
with fixed 15t robot axis of an ABB 4600

Figure 2.3: Reachable workspace of a "decoupled" 6-axes robot (ABB 4600) with six revolute
joints (generated in RobotStudio version 20.1.9014.1).

Provided below are the typically used workspace differentiation based upon [PATE15, p.550;
KUNZ17, p.13; DASHO05; CASTO08, p.15]. Considering physical robots requires extending the
theoretically possible workspaces by limitations of the joints, e.g. to account for self-collision,
collision with or damage of additional peripheries — like loose wires. [ANGE16, p.401]

= The reachable workspace (sometimes "work envelope") is defined as the sum of all
positions reachable in at least one orientation by the robot flange as visualised in figure 2.3
[KUMAB81; GUPT82]. When considering a six-axis robot with a "decoupled architecture"
(the axes of the last three revolute joints intersect in one point) [ROTH75, p.47], the
first three joints and segments of the robot position the robot s flange in a specific
position (x,y,z). The first three segments and joints build the robot's so-called "regional
structure", as visualised in figure 2.4. [ANGE16, p.401]

» The dexterous workspace is defined as the sum of all positions to be reached with
all orientations (pose = position + orientation) by the robot flange [ANGE16, p.404;
KUMA81; KUMALY]. Therefore, the "local structure" — the robot's last three joints —
extends the regional robot structure to orient the robot flange at a position [ANGEL16,
p.401].

» The workspace with constant orientation is defined as the sum of all positions the
robot flange can reach in a specific/constant orientation.

» A workspace with partial orientation angle envelops all positions the robot flange
can reach with a range of angles less than 360°.

» The orientation workspace includes all orientations the robot flange can reach from a
specific position.
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Figure 2.4 visualises a "decoupled robot": When the rotation axes of the last three revolute
joints (towards the free end of the open kinematic chain) intersect at a common point, the
orientation and position become independent of each other [ROTH75, p.47]. The first three
axes (the main axes) form the “regional structure” and position the robot flange. The last
three joints (the minor axes) form the "local structure" (= wrist) and orient the robot flange
in its position.

4th axis  5thaxis 6 axis

Robot flange coordinate system
3 axis

2" axis

15t axis

Robot base coordinate system Xg ; Vs Robot base coordinate system

Regional structure: Local structure:
The first three axes of the robot The last three axes (the wrist) of the robot
define the position of the robot flange define the orientation of the robot flange

Figure 2.4: Topology of a "decoupled" 6-axes robot.

Generally, if no further differentiation is provided, "workspace" is synonymous with "reachable
workspace". The reachable workspace V' can be described as shown in equation 2.1, with the
robot flange position x € R? in Cartesian space, the joint angle configuration q in joint space,
the joint limits ¢ and ¢,ae and the robot forward kinematic f(): R —R3. [ZHAN19b]

V ={2 = f(¢)|gmin < ¢ < Gmac} (2.1)

To compute the workspace, analytic, geometrical and numerical approaches exist [CAST08,
p.15; ZHAN19a, p.3837; DASHO05, p.777]. ABDEL-MALEK ET AL. (2006) summarise
workspace calculation methods. T'SAT ET AL. (1981) derived an analytical solution based on
loci curves for robot arms with two or three links. Insight into the topology of robot workspaces
and typical forms and holes was given by GUPTA ET AL. (1982). Even though analytic
methods provide an exact representation of the workspace, they often do not incorporate
constraints, like joint limits, and solving the analytic representation can be computationally
expensive [CASTO08, p.16]. Moreover, analytic methods require specific modelling for every
robot [VAHR15, p.785].

BONEV ET AL. (2001) proposed a geometrical solution to calculate the workspace of a robot.
Starting from the last joint, the area of reachable poses is calculated (e.g. a ring for a revolute
joint). Following the kinematic chain backwards for each joint, the area the robot flange
can swipe is calculated, as visualised in figure 2.5 [KUNZ17, p.15; DASHO05, p.2; BONEO1].
Geometrical solutions are aimed at representing the boundaries of the reachable workspace
instead of properties or characteristics inside the workspace.



2 Knowledge base and foundations

17

6th axis

)

Swept area of
reachable poses by
the robot flange,
considering the 6t
axis (in red)

5th axis

6th axis

Swept area of
reachable poses by
the robot flange,
considering 5t and
6t axes (in red)

4th axis  5th axis

Swept area of reachable
poses by the robot flange,
considering 4t, 5th and 6t
axes (in red)

Swept area of reachable poses by
the robot flange, considering 319,
4th, 5t and 6t axes (in red)

Figure 2.5: The first steps in the geometric approach to determining the reachable workspace,
by calculating the reachable/swept area by successively considering one additional axis.

Numerical methods to investigate the reachable and dexterous workspace boundaries have
been proposed [VIJA86; TSAI86; DASHO05]. Compared to analytical approaches, kinematic
constraints can be included [ANGE16, p.404]. To calculate the reachable workspace, a possibility
is to sample a combination of joint values through Monte Carlo-based sampling or equal interval
method (splitting the range of each joint into equidistant parts) and calculate their respective
forward kinematics [ZHAN19b]. Numerical method sample in the configuration space, joint
space or Cartesian space. Sampling in Cartesian space faces the disadvantage of closeness
to singularities, whilst configuration and joint space do not lead to uniform sampling in the
workspace. Discretising the reachable workspace equidistantly in its six dimensions and
calculating the inverse kinematic solution for each discrete pose provides a Cartesian sampling
numerical method, applicable to all robot topologies [BONEOQL, p.2]. The capability map
proposed by ZACHARIAS ET AL. (2007) gives one example to visualise such a discretising
method for calculating the reachable workspace (detailed in section 2.2.3).

2.2.2 Metrics to evaluate robot workspaces

Due to its mechanical structure, a robot does not exhibit isotropic performance throughout its
workspace. Thus, when employing a robot for a particular purpose, it becomes imperative to
validate whether the robot possesses the requisite characteristics. Evaluating the performance
of mobile robots requires quantifiable performance metrics [PATE15, p.2]. Initially, robot
performance metrics were investigated to design robots [ANGE16; YOSH85a; NATI75]. The
same metrics can be applied to assess the performance of a robot in executing a task in its
workspace or to plan its base placement accordingly.

The following section overviews key figures, metrics, and performance indicators and analyses
their applicability for formation planning in mobile assembly stations. The term metric is
defined, followed by a classification scheme to categorise metrics. The overview is structured
following three leading sources: the chapter “Design and Performance Evaluation” of the
handbook of robotics by ANGELES ET AL. (2016), a review on "Manipulator Performance
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Measures" by PATEL ET AL. (2015) and the recent survey on "Metrics for Manipulator Design,
Control, and Optimization" by RUSso (2022). Relevant performance metrics are introduced.
An extensive list of performance metrics can be found in table D.1.

Quantitative metrics provide a means to design, analyse and control [CHAN88] by providing a
variable to be optimised [PATE15, p.548]. Since research on robot performance evaluation is
diverse, manifold definitions and ambiguous terms (e.g. measure, key figures, key performance
indicators, index) can be found. Here, the following definition (based on [VAN 96, p.1;
PATELS, p.2; ZIMM17, p.7; RUSS22, p.3]) is applied: Performance metrics quantify a
robots performance characteristics in its workspace, aiming to describe, analyse, and
compare robots.

The range of existing metrics can be classified according to their properties and considered
input. This thesis uses the following classification, established in [KLUG24b]:

Range: local or global [PATE15, p.549; RUSS22, p.4]

Physical reference: kinematic or dynamic [PATE15, p.549; RUSS22, p.4-5]

Task reference: intrinsic or extrinsic [PATE15, p.549; RUSS22, p.4]

Scale: absolute or relative [RUSS22, p.4]

Global metrics are configuration- and pose-invariant and evaluate the entire workspace in a
single value (e.g., maximum reach or maximum payload). Local parameters depend on the
robot’s configuration and pose (e.g., manipulability measure w or dexterity index [YOSH85b;
TANEOQO]). They represent a local property, which may vary for each pose and offer the
possibility to analyse specific workspace areas and configurations during path planning and
robot control. [PATE15, p.549] Local metrics are mostly calculated with the Jacobian of the
joint angles. [RUSS22, p.4] Most metrics are determined discretely for individual configurations,
i.e. angular postures of the individual robot [KLUG22d)|.

Kinematic and dynamic metrics evaluate the robot’s performance in dependence on the physical
behaviour. Kinematic metrics, like repeatability, total accuracy or speed, are functions of the
robot’s structure and are commonly calculated based on the Jacobian. In contrast, dynamic
metrics incorporate effects like inertia, forces or torques caused by the dynamic movement of
the robot and its payload. [PATE15, p.549; RUSS22, p.5]

Extrinsic metrics compare the requirements to execute the task with the characteristics the
robot provides, e.g., the required force transmission during the task trajectory with the robot's
capability to provide these forces during operation. Therefore, the exact requirements for task
execution have to be known. [PATELS5, p.549; RUSS22, p.4] Intrinsic metrics depend on the
robot itself: its topology, and mechatronics. Examples of intrinsic metrics are the manipulability
measure [YOSH85b], dexterity index [KUMA81; MAKH18], and condition number [YOSH85a,
p.8] since they only rely on the robot ‘s structure and configuration. [STUR90; CHIU8S]

Their quantified nature renders metrics to be either absolute or dimensionless, relative. Absolute
metrics, like speed, velocity or payload, are characterised by their units. Relative metrics do
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not depend on a general scale and set a measured characteristic in relation to an absolute or
reference. [RUSS22, p.5]

Robots’ performance metrics must balance general descriptions and specific details. Generic
metrics lose significance, while overly specific ones hinder comparisons. Industry favours
intrinsic and global metrics, while researchers prefer extrinsic and local metrics. The field
lacks standardisation due to the diverse range of robots and applications. [RUSS22, p.13-14;
ZHAN19a, p.3826] Additionally, and if a business viewpoint is of interest, other performance
metrics, such as lead time, due date performance, overhead costs or throughput, are of interest
[LEITO8, p.4; ELMA09, p.10].

Numerous assembly operations, including tasks like welding [HUOOQ8], composite layup
[MALH21], 3D printing, or spray painting [CHEN16], necessitate continuous end-effector paths
while adhering to additional execution constraints. In difference, distributed tasks, for example,
pick and place tasks [ZHAN23| or grasping tasks [VAHR13], are defined by a small number
of distinct, discrete task poses. Whilst some task types, like inspecting or rolling something
on, allow for a broader range of acceptable task poses or orientations during execution (as
visualised in figure 2.6) [MALH19a, p.5588; TRAB22, p.6], others, like pressing in or painting
with defined thickness, are limited to defined task poses (defined by position and orientation).

Allowable cone of robot
flange orientations

Camera field of view

l
X / y Xg Ve Robot base coordinate system

Figure 2.6: Example of the allowable cone of robot flange orientation during visual inspection.

The manipulability measure!® quantifies the achievable velocity from a specific robot configu-
ration [YOSH85b, p.4] and the distance of the configuration to the closest singularity [TANEOQO,
p.6]. The manipulability measure is an established metric for robot path and trajectory planning
[ZACHO07; VAHR12; ROZ017; KLUG23d; CORV22b; SHAH22]. The manipulability measure is

expressed in equation 2.2.
w = det](@)JT(Q) =01 % 09...0p, = H g; (22)
i=1

with the joint configuration 6 of the robot, and the singular values o1, 05...0,, of the Jacobian
J [YOSH85b, p.3-4].

The condition number!! quantifies the transformation errors between the Cartesian and joint
space. The smaller the condition number, the smaller the error propagation. At so-called

OFurther insight into the metric is provided in the appendix D.
I Further insight into the metric is provided in the appendix D.
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"isotropic points" (k = 1), no error propagation occurs, which is valid for an orthogonal
Jacobian with vectors of equal magnitude [SALI82, p.9] The condition number is computed as
indicated in equation 2.3.

) = Jma (2.3)

Omin
with 0,4 and o,,;, as maximum and minimum singular values of the Jacobian. For a
homogeneous Jacobian, the calculation can be simplified, resulting in equation 2.4:

k= fITO0) = [T (2.4)
If the Jacobian is not of full rank'?, o,,;,, = O follows and the condition number becomes
infinite kK — oo [TANEOO, p.69].

The dexterity index!3 D calculates the percentage of reachable orientations for a position in
the robot workspace and is computed in equation 2.5.

D:1*<57 55 5,

) (2.5)

2«71 247w 2%

with the reachable range of the rotation angles 9; for the respective angles roll «, pitch 5 and
yaw 7y in relation to the respective full angle range of 2x7 [TANEOQO, p.65]. The numerical value
"reachability index" Dp; (see equation 2.6) was proposed to provide a numerical calculation

approach.
Dar = £ 100 (2.6)
M
Dpgy is calculated per position as the percentage of reachable orientations F' over the total
number of tested orientations M. Both D and Dg; are local, kinematic, intrinsic, and relative

metrics and represent the range or amount of reachable orientations per position.

Table D.1 provides a non-comprehensive list of metrics and classifies them according to the
aforementioned criteria. An excerpt of the table is given below (see table 2.1), with range as
local (L) or global (G), physical reference as kinematic (K) or dynamic (D), the task reference
as intrinsic (1) or extrinsic (E), and the metrics scale as absolute (A) or relative (R). The upper
part of the table contains global metrics taken from robot data sheets. These are typically
used to select a robot for a task or family of tasks when purchasing the robot or allocating
the robot to an assembly station (as applied in chapter 4). While these global metrics are
well-defined and standardised among robot manufacturers [RUSS22, p.6], they cannot ensure
executability without consideration of additional local metrics. The lower part of the table
classifies local metrics utilised to evaluate the pose-dependent behaviour of the robot. Some
local metrics will be applied for workspace evaluation and base placement in chapters 5 and 6.

12]f the rank of the Jacobian is lower than the dimension of the task m (e.g. three-dimensional or six-
dimensional etc.) rankJ(0) < m, a singularity of the robot occurs. Thus, when the determinant of the
Jacobian approaches zero, the robot approaches a singularity [TANEQO, p.6].

BFurther insight into the metric is provided in the appendix D.
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Table 2.1: Excerpt of table D.1: Overview and classification of robot performance metrics.

S
(%] [
&0 a o )
c > L N
Metric Explanation and source o x o2 )
Reach [m] G K I A
Payload or maxi- [kg] G D I A
mum load
Condition number Kinematic isotropy of the Jacobian L K I R
K [GOSS91, p.113; TANEOO, p.69] (0, o]
Manipulability Distance to singular values; Measures "how L K I R
measure w easy" it is for the robot to move out of the
current pose. (see Eq. D.2) [YOSH85b]
Dynamic manipula- Extension of the manipulability measure to L D I R
bility measure reflect the dynamic properties [YOSH85a]
Joint velocity mea- Compares current and needed joint angle L K E R
sure
Dexterity index D "a measure of a manipulator to achieve L K I R

different orientations for each point within

the workspace" [TANEOO, p.65]

Combines the percentage of free workspace G K E R
area (not occupied by objects), the percent- [0,1]
age of reachable objects in the workspace

and the average manipulability [WOJT20,

p.188].

Workspace evalua-
tion measure GG

2.2.3 Workspace representation with combined metrics

Performance metrics are utilised to design, compare or place robots. As often not a singular
metric provides all necessary information about the robot’s capabilities, approaches investigate
the combination of metrics and optimisation thereof [WOJT20]. Below examples of approaches
with several metrics are given.

Early works of KLEIN ET AL. (1987) consider the determinant of the Jacobian, the condition
number, the minimum singular value, and the joint range availability (see appendix D for details
on the metrics) as the four metrics determining the dexterity [KLEI87, p.73].

The capability map was invented by ZACHARIAS ET AL. (2007) as a means of describing the
reachability of a robot in a visual and human-interpretable way. To generate the capability map,
a discrete number of orientations are tested for reachability by the TCP at discrete positions to
approximate the reachability and, thus, the robot workspace. Therefore, the robot's reachable
workspace is discretised in equidistant voxels (cubes). In each voxel, the centre is chosen as
position (x,y,z). Around this position, a sphere is computed. Vectors between equidistant
points on the sphere and the centre position are taken as robot flange orientations to calculate
reachability for each pose. The percentage of reachable poses per voxel over tested poses is
defined as the reachability index Dg;. Figure 2.7 visualises a cross-sectional view of a so-called
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capability map of a UR10 robot arm. The reachability index indicates the percentages of
reachable orientations at discrete positions in the robot's workspace.

100
75
50

25

B

Reachability index

Figure 2.7: Cross-sectional view of a capability map of a UR10 robot arm, in accordance to
[ZACH13; ZACH12], visualised in ROS with the library Reuleaux by [MAKH18]. Thereby, the
colour range indicates the reachability index — the number of reachable orientations per
tested position. [ZACH13; ZACH12]

The method of generating a capability map was transferred into Reuleaux — a library for ROS
by MAKHAL ET AL. (2018). They claim that the Reachability Map is not sufficient to represent
the reachability of robots but follow the same steps in creating their reachability representation,
as can be derived by comparing the pseudo-code in [MAKH18, p.2] and pseudo-code in
[ZACH13, p.11]).

A similar approach to represent the workspace was presented by CASTELLI ET AL. (2008),
who analogously discretised the workspace into cubes and calculated how often a configuration
was found to reach the position in the centre of the cube. In difference to ZACHARIAS ET AL.,
their solution was represented as a matrix with values indicating if and how often a solution for
each cube was found, thus not choosing a visual and human-readable solution.

VAHRENKAMP ET AL. (2012) extend the capability map with discrete values of the manipula-
bility measure for all voxels. In later works VAHRENKAMP ET AL. (2015) present the IK-map
as an extension of reachability and capability maps by storing specific Inverse Kinematics (IK)
solutions to later seed iterative IK-solvers. In addition to the reachability value, the extended
manipulability is stored. [VAHR15]

ZHANG, CURSI, AND YANG (2019) present "WSRender" as an open-source Matlab-based
tool to combine different evaluation indices to evaluate the workspace of robots in varying
environments. Metrics'* can be chosen and computed for equidistantly discretised cubes and
stored in a weighted workspace map. [ZHAN19b]

14Explicitly: the kinematic and dynamic manipulability measure, condition number, minimum singular value,
order-independent manipulability, harmonic mean manipulability measure, and isotropic index. Appendix D
details the metrics.
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WOJTYNEK ET AL. (2020) propose computationally aided placement of workpieces in a robot'’s
workspace, but optimising the workspace evaluation measure GG. G is a weighted function
of area, reachability, and manipulability. [WOJT20] Since the metrics are evaluated equally,
unreachable poses may be preferred. Optimising robot design or base placement for multiple
metrics often results in a Pareto front of the mixed integer optimisation problem [TRAB22,

p.8].

Currently, no workspace representation supports choosing suitable metrics to evaluate the
executability of specific assembly tasks. The integration into robot simulation and control is
limited'® All workspace representations have been applied for base placement, which will be
discussed in the following section.

2.2.4 Robot base placement

Placing mobile robot bases aims to find base placements that allow for the executability of
all tasks by the mobile robots. The base placement relies on quantitative metrics, assessing
the executability of assembly tasks in the robot's workspace, as presented above. The valid
workspace is defined as the area in the robot workspace wherein all task poses are reachable,
the robot is unobstructed by obstacles and itself, and the paths between task poses are free from
collisions, making them appropriate for the intended application [LUET92, p.1105]. Placing
the robot so that all assigned tasks lay in its valid workspace is the precondition for all tasks.
Thus, evaluating the areas in the robot's workspace that provide executability is a precondition
for robot base placement [VAHR13; WEIN21; MAKH18].

Automatically placing robots involves iterative calculations of IK solutions, utilising search or
optimisation algorithms, or inverting a discretised workspace evaluation (commonly known as
"maps") to solve the problem [VAHR13; MAKH18]. Iterative brute force exploration of the
solution space, as well as multi-criteria optimisation in combination with IK solvers, can result
in lengthy computation times and solutions close to singularities [PELL17, p.103]. On the
other hand, achieving high-resolution reachability data in, e.g. a capability map requires a large
storage memory, limiting the use of these methods. [MAKH18; BURG15; ZACHO09; ZACHO08|

As can be found from analysing the literature, base placement problems can be categorised
regarding the problem formulation and the solving method. Problem formulations differ
regarding the representation of tasks — coverage tasks as in [HASS16; HASS18] or singular
tasks as in [VAHR13] — regarding the distribution of tasks — reachable from a single base
placement (e.g., [SON19]) or several base placements (e.g., [KALA18]) — representation
of task executability — predefined distance is assumed to be reachable (e.g., [FORS20]),
reachable task poses (e.g., [MAKH18; VAHR13]), several performance metrics have to be
satisfied (e.g., [WOJT20]). HASSAN ET AL. (2016) propose a mathematical model and solve
it for an optimised sequence of base placements for a team of robots, whereby calculating the
uncertainty in the exact base placement of the robots, resulting from real-world uncertainties like
the uncertainty of measurements as input for positioning and navigation. Whilst measurement
uncertainty is accounted for, this approach could be extended to include uncertainties resulting

15Reauleaux provides a library for ROS[MAKH18]. Other applications rely on Matlab.
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from the precision of robot movement, e.g. a specific position cannot be configured more
precisely in dependence on the robot's topology. FORSTENHAUSLER ET AL.(2020) formulate
an optimisation problem, minimising the sum of the distance of the robot goal poses and the
centre of the workspace. If not all points can be reached by one base placement, the points are
randomly divided into two groups until all points can be reached from one pose. Apart from
distance, the reachability and executability of the tasks are not validated. Additional approaches
for addressing this problem have also considered minimising energy consumption, actuator
torques, and forces in the context of an orthoglide parallel robot [UR-R10]. In MITSI ET AL.
(2008), base placement is combined with TCP path planning and solved by a combination of
genetic algorithms, quasi-Newton optimisation, and a constraint handling technique.

Existing methods of robot base placement primarily concentrate on positioning robots for
coverage tasks, often involving uniform robots and homogeneous task types, rather than
distributed discrete tasks, heterogeneous task types and heterogeneous robot types. For
applying base placement in assembly scenarios with a wide variety of products, the need arises
to expand these methods to accommodate diverse tasks and various robot types.

Found base placements in combination with allocated tasks to the robot at the base placement
as the planned formation form the input for the subsequent execution stage of process execution,
as illustrated in 2.1. For collision free and successful process execution localisation, navigation,
path planning, motion planning and control have to be carried out. [SHI19; CHEN22; ZHAN23;
XU20]

2.3 Semantic description of assembly robot capabilities

The forthcoming section provides an overview of state-of-the-art description models within the
assembly domain, with a primary emphasis on the depiction of robots and their associated
capabilities. At first, an overview of modelling approaches is given in section 2.3.1, focusing on
ontologies, as they are flexibly adapted to new assembly scenarios [FROS22, p.6]. Secondly,
description models of capabilities are investigated in section 2.3.2. Section 4.2.2 compares
previous description models regarding their applicability here. Section 2.3 lies the knowledge
foundation built upon in chapter 4.

The foundation of assembly automation is preparing implicitly existing expert knowledge in
explicit form by describing it in a formal, machine-readable format and thereby rendering
it accessible [BRAN20, p.32-33]. In smart manufacturing, the degree of interoperability of
hardware and software components depends on the quality and flexibility of their information
models. The prerequisite for intelligent, artificial systems —from autonomous robots to decision-
support systems— is a technical representation and processability of knowledge. [BEIE19,
p.1; HATV78, p.896] Consistent modelling based on a digital representation of the physical
objects of production systems is necessary for smart manufacturing [GOPP21, p.3]. Knowledge
bases are central to an agent's reasoned action, robustness, flexibility and autonomy, as it
makes decisions based on current knowledge [BEIE19, p.5]. Drawing conclusions from existing
knowledge is a central aspect of intelligent behaviour [BEIE19, p.20]. Along these lines, the
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term "intelligent" refers to the ability of a system to infer'® the implicit consequences of its
explicitly presented knowledge [BAADO3, p.3]. The goal of modelling assembly tasks, robots,
and their capabilities is a formal semantics that allocates an unambiguous meaning to logical
statements.

According to BRANDMEIER (2020), knowledge can be regarded as the most important resource
of companies [BRAN20, p.7]. The availability of knowledge is a basic prerequisite for providing
services in the form of products or services. Therefore, the design of the knowledge base as the
totality of the company's available knowledge is of great importance. [AMEL13, p.1] Therefore,
different architectures and knowledge bases aiming to structure and standardise the vocabulary

in the manufacturing domain evolved.

One of the most commonly used approaches for representing components in the manufacturing
domain was first proposed by STEINWASSER (1997). Their model represents information,
processes and functional components within product and process planning abstractly by
distinguishing between products, processes and resources, known as PPR. Following the design,
VAN BRUSSEL ET AL. (1998) propose the Product, Resource, Order, Staff Architecture
(PROSA) as a reference architecture for holonic manufacturing systems, compromised of
three core holons: product, order, and resource. Various architectures have been derived from
PROSA, distinguished by architecture, scope, paradigm, distribution, order, and pattern. Figure
2.8 contains the three partial models of PPR and their relations. In the first partial model,
product, component types are initially created, and their corresponding component variants
are stored. In the second partial model, process, assembly operations and their sequence
are represented as a precedence graph. The combination of the product and process models
constitutes the requirement side. In contrast, there is the third part, the resource partial
model. When all information carriers are interconnected, a closed loop is formed, highlighted
by arrows. [MULL15, p.555]

2.3.1 Ontologies in the manufacturing domain

Ontologies have been used in the manufacturing domain to simplify robot and data integration
and transfer [ROBO15, p.viii], derive code for robot programming and incorporate explicit
knowledge from sensory feedback [OLIV19], as well as capability-based task allocation in
Multi-Robot Systems (MRS) [KLUG22b].

The goal of utilising ontologies is the declarative representation of the knowledge base of a
domain. Everything that "exists" can be represented in knowledge-based systems [GRUB93,
p.199]. Ontologies represent semantic relationships between information according to syntactic,
i.e. machine-readable, rules. Ontologies and semantic web solutions enhance the interoperability
in manufacturing [MONO15, p.2].

Definition: One of the most cited definitions of ontology in the literature is Gruber's, which
defines ontologies as an explicit specification of a concept through a formal description of
a shared vocabulary for a domain and the relationships between concepts formed from that

16|nference is deducing new knowledge B from given knowledge W, whereby the relation R between the two is
referred to as the inference relation. [BEIE19, p.20]
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Figure 2.8: Class diagram of the Product, Process and Resource (PPR) model, representing
components in the manufacturing domain, adapted from [MULL15, p.555].

vocabulary [GRUB93, p.199]. Ontologies comprise the formalised and explicit specifications of
concepts and relationships (both taxonomic and semantic) that exist between concepts [STUD98,
p.184; LEMAQ6]. Ontologies enable a common understanding of a domain and facilitate
communication between people and technical systems. Therefore, ontologies comprise both the
conceptual description of a domain (semantics) and the specification of this conceptualisation
in the form of a formal description (syntax) [GRUB93]). A formal definition of ontologies
was only introduced in 2009. According to GUARINO ET AL. (2009) a conceptualisation in
mathematical interpretation is a relational structure [GUARQ9]

Ontologies model knowledge in the form of ,individuals, classes, functions, relations, and
axioms.*'7 [OLIV19, p.3; GOMEO04, p.253]. Individuals represent the things, the objects, which
are conceptualised in the ontology. Classes summarise these individuals depending on their
properties, representing a set of individuals. Classes can contain multiple classes, resulting in
an interconnected network of individuals defined by their properties, which are either asserted
directly or inherited indirectly through their hierarchy. Functions relate the individuals to each
other and offer the possibility to identify them. Relations connect individuals. Axioms are
expressions in the language that use the previous elements to determine what is true in the
ontology, e.g. relationships between entities. [OLIV19, p.3] Axioms convey assertions regarding
relationships among entities within the relevant domain. The vocabulary includes all specific
domain-relevant objects and their relations. [BEIE19, p.179]

In recent years, there has been a substantial influx of ontology proposals within the domain
of changeable production and assembly. Existing ontologies built for and applied in the
manufacturing domain agree on modelling the three instances of PPR as introduced before
(see figure 2.8). The applications of ontologies in assembly are manifold and pursue changing
goals:

17Concepts and classes can be used synonymous, as well as individuals and instances.
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= Overarching goal: knowledge representation, reasoning and a standardised understanding
of concepts [ROBO15, p.viii]

= Interoperability through simplified data integration and transfer [ROBO15, p.2]

= Interoperability through simplified robot integration and substitution [ROBO15, p.2;
WESE20, p.1685]

» Code creation for robot programming [OLIV19, p.2; TRAB22]

» Incorporation of explicit knowledge from sensory feedback, rendering human interaction
for knowledge generation unnecessary [OLIV19]

= Task allocation based on capabilities [JARV19]
» Automated process planning [WESE20, p.1679]

Reducing the manual programming effort for ever-changing flexible assembly stations, it is
desirable to utilise knowledge bases to deduct robot code from high-level action descriptions
[KUNZ17]. Robot programs are currently written for specific robots and applications in
specific environments. For future reusability of code and programs, the goal is to write robot
programs independently of the robot model, task and environment and to define them in
separate knowledge bases [OLIV19, p.2]. BESSLER ET AL. (2018) propose an ontology-based
assembly sequence planner, deducing the next action based on the currently available knowledge
about the product, the process steps and the environment. The ISO norm 15531 defines
MANDATE, a PPR-based standard for interoperable data exchanges in the manufacturing
domain. The differentiate manufacturing capability models and product models [CUTTO7,
p.5]. MABKHOT ET AL. (2020) propose an ontology-based decision support system focused
on finding formations of robots based on the current formation and the planned processes
in RMS. Therefore, the assembly system is modelled in "modules", which express certain
capabilities with certain parameters. Compared to the application here, capabilities refer to
the quality rate and amount of manufactured parts. The spatial capabilities and, explicitly,
robots are not considered. LEMAIGNAN ET AL. (2006) introduced a semantic network called
MAnufacturing’s Semantics Ontology (MASON) as the upper-level ontology for manufacturing,
encompassing the product, process and resources modelling approach. However, it does not
include a representation of capabilities.

One of the first approaches to modelling robots and robot control is presented in KnowRob,
which focuses on the interaction between a robot and its environment and modelling actions.
The open-source knowledge processing system was introduced in (2009) by TENORTH ET AL.
and is continuously updated [TENO13; BEET18]. KnowRob is built upon the upper ontology
Descriptive Ontology for Linguistic and Cognitive Engineering (DOLCE) + DnS Ultralite (DUL)
[TENO13]. Its second generation focuses on rendering, simulation and integration of the
modelling into the control system [TENO13, p.514].

2.3.2 Capability models

Formation planning of multipurpose and combined robots necessitates representing the robots’
inherent capabilities to allocate tasks and spatially place them in changeable assembly stations.
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Previous research proposed different semantic representations of robot capabilities. In the
following, capabilities will be defined and an overview of capability modells is given.

Two central goals for modelling capabilities can be identified when analysing research: deriving
robot code and matching the requirements of the tasks to the available capabilities of the
robots at hand. [OLIV19; KLUG11] By extending the PPR model with capabilities, firstly,
the relationship between product, process, and resource is formally defined. Secondly, the
fixed character of linking individual resources to specific processes needed to produce specific
products can be dissolved by linking in dependence on required and offered capabilities [PFRO13;
ONORO06, p.327; KLUGL11, p.77]. The available capabilities create a flexibility corridor in
which tasks can be allocated to resources by matching the requested and available capabilities
[MULL15, p.554-555; FROS22, p.5]. Robots gain knowledge about themselves by linking
descriptions of robot components via capabilities to actions in an ontology [KUNZ17, p.1, 4].

The consensus on differentiating capabilities into composed and elemental types, as observed
across [PEDE16; WESE20; VERE90; JARV19)]), is not matched by a unified understanding
[GINS22, p.3; FROS22, p.3; NORM16, p.26; PERZ19, p.2]. A capability semantically
abstracts the functionality of a subject to cause an effect on an object in a specific
context. The effect can be described by the change in property values of the object, i.e. the
product. The subject, also called a resource, exhibiting the ability to cause the effect can
be described by corresponding properties. Capabilities are often defined in conjunction with
the necessary hardware and software. [OLIV19, p.8; WESE20, p.1680] In some contexts, the
abstract modelling of a "capability" and its hardware-dependent implementation, the "skill"
as an executable function of the capability, is differentiated [WESE20, p.1681; VIEI23, p.144;
PERZ19, p.1]. Moreover, the compatibility of robots (e.g. the hardware and software interfaces
of a robot arm and a gripper) is modelled as non-value-adding skills. [GINS22, p.9] ONORI
ET AL. (2006) highlight the necessity to differentiate between higher-level and basic capabilities
and the combinatorics thereof. According to KLUGE ET AL. (2011) the manufacturing process
standards by Verein Deutscher Ingenieure e.V. (VDI) constitute the foundation of the definition
of capabilities [KLUG11, p.78].

PEDERSEN ET AL. (2016) propose capabilities (therein: "skills") to ease the process of
reprogramming robots, enabling non-experts. Capabilities are abstract representations,
decoupling the tasks and programming from the hardware. [PEDE16, p.6] Modelling
capabilities enable implementation-independent planning of the capabilities [VIEI23, p.141].
Task-level programming separates an action into a series of tasks or task primitives. BOGH
ET AL. (2012) differentiate between motion primitives, capabilities and tasks, whereby they
successively makeup one another, as depicted in figure 2.9 a). Thereby, entire robot programs
or tasks can be created from combining primitives to capabilities to tasks [PEDE16, p.4]. The
robot can interpret and execute those primitives without providing specific poses for the robot
[PEDEL16, p.3].

Depending on the state and starting parameters, fulfilment of the preconditions for the execution
are controlled, the capability is executed, the execution is confirmed, and the state is set to
finish as conceptualised in figure 2.9 b). B@GH ET AL. (2012) identify 13 capabilities from
Standard Operating Proceduress (SOPs) in logistics and as assistive tasks: move to, locate,
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Figure 2.9: Modelling robot capabilities and relating them to primitives and tasks, in
accordance to [PEDE16, p.5-6; BOGH12].

pick up, place, unload, shovel, check, align, open, close, press, release, turn. Later, the authors
extend the concepts to include services as planning layers to orchestrate the provided primitives
and capabilities [SCHO18, p.73].

2.3.3 Ontology development methodologies

The process of ontology development necessitates a systematic approach during development.
Therefore, established methodologies are considered in the following.

The proposed "Pipeline for ontology-based modelling and automated deployment of
digital twins for planning and control of manufacturing systems" [GOPP21] shown in
figure 2.10 defines three steps to integrate digital twins into cyber-physical systems. The digital
twin is a fully connected digital model linking physical and digital assets. 1) The initial phase
of the pipeline considers the definition of a schema for modelling the domain and application
of interest. Based on a manual selection of established meta-models and ontologies and partial
or full application of the provided modelling structures, a domain ontology is created. 2) The
subsequent phase involves standardised and structured modelling, incorporating static data
specific to use cases. 3) The ultimate phase of the pipeline involves deploying digital twins
into operation, ensuring a complete connection between the digital model and the broader
cyber-physical system. Even though the central intent of the pipeline is the creation of a digital
twin, the first two steps aim at modelling and can, therefore, be applied here.

SURE ET AL. (2009) structure the development and set-up process of the ontology into five
steps, with a specific emphasis on the corporate perspective. "The phases are “Feasibility
Study”, “Kickoff"”, “Refinement”, “Evaluation” and “Application and Evolution”. [SUREQ9,
p.138] 1) The feasibility study identifies the need for an ontology and its technical feasibility.
2) During the kickoff, the requirements to be answered in the ontology are gathered, existing
knowledge sources are identified, and the reuse of existing ontologies is considered. 3) During
refinement, the formal ontology is generated, and the relation between concepts is implemented.
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Figure 2.10: Ontology development as part of the digital twin pipeline, based on [GOPP21].

4) Ontologies can be evaluated formally, regarding user satisfaction and technologically (e.g.
scalability or interoperability). 5) Finally, the utilisation phase in operation follows.

In difference, Noy AND MCGUINNESS (2001) focus solely on the development of the ontology
itself, thereby they differentiate the second and third steps of SURE ET AL. (2009) into more
granular seven steps. These steps are 1) the determination of the domain and scope of the
ontology, 2) the consideration of reusing existing ontologies, 3) the enumeration of essential
terms in the ontology!®, 4) the definition of the classes and the class hierarchy, 5) the definition
of the properties of classes, 6) the definition of the facets of the properties and finally, 7) the
creation of instances.

2.4 Task clustering

The following section provides an overview of clustering algorithms, as clustering algorithms will
be applied to group distributed task poses to assign them to robots at specific base placements
in chapter 6. Therefore, the clustering algorithms presented here are chosen for the intended
use.

Clustering is a procedure for discovering similarity structures in (usually relatively large) data
sets [ANKE99, p.49]. Groups or subclasses of "similar" objects found in this way are called
clusters, and the assignment into groups is called clustering. Task clustering has been studied

primarily in the context of search and rescue operations and scheduling and sequencing problems
[JANA17; EZUG22, p.32].

Clustering algorithms can be classified into partitional and hierarchical clustering, as visualised
in figure 2.11. Hierarchical clustering algorithms organise data objects into hierarchical levels.
Through either a top-down or bottom-up process, clusters are progressively created to construct
a dendrogram (structured like a tree) representing the hierarchical arrangement of the formed
clusters. In difference, partitional clustering algorithms cluster data into a nested sequence of
groups devoid of any hierarchical arrangement. Partitional algorithms systematically divide the
data set into a fixed number of distinct subsets, K, through an iterative process that optimises
a specific criterion function. These density-based algorithms seek to identify regions of high

18As step three has the characters of making notes, which will be detailed in steps four and five, step three will
not be detailed here.
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density in the data space that are separated by areas of low-density noise. [SISO12, p.83;
EZUG22, p.4-11]

Partitional clustering can be further divided into algorithms that allow for the multi-assignment
of data points to clusters (mixture and fuzzy clustering) and hard/crisp clustering, where
each data point is assigned to a single cluster. Graph-theoretic clustering represents clusters
within graphs, where a graph comprises nodes connected by edges. Nodes are clustered
so that inter-cluster edge density is lower than intra-cluster edge density. In model-based
clustering, it is assumed that data originates from an underlying probability distribution or
model. Density-based and square error clustering provide clusters based on the spatial closeness
of the data points and tend to derive spherical clusters.

[ Clustering algorithms ]
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Figure 2.11: Classification scheme for clustering algorithms, based on [EZUG22].

The partitional clustering algorithm K-Means is categorised into the class of square error
clustering methods. The K-Means algorithm is a widely used vector quantisation and cluster
analysis method. [SISO12, p.83] K-Means partitions a data set dy,...,d; consisting of L
observations of a variable d into K clusters, where K is a predefined number. Each cluster
consists of data points whose inter-point distances are small compared to the distances to
points outside the cluster.

K-Means aims to divide the data set into K clusters so that the sum of squared deviations
from the cluster centroids is minimal. [EZUG22, p.9] K-Means assigns each data point d;
to the nearest (by Euclidean distance) cluster centroid yu; with k£ = 1,..., K. The objective
function A to be minimised is given in equation 2.7 [BISH06, p.444-445].

N K )
A=Y rlloe — el (2.7)

n=1k=1
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Where 7, € 0,1 is a binary indicator variable describing which of the K clusters the data
point d; is assigned to. (If the data point d; is assigned to cluster &, then r;;, =1 and 7, =0
where j # k.) K-Means aims to find the values for 75 and py that minimise B. The iterative
solving mechanism is structured as follows:

Algorithm 1 K-Means clustering algorithm.

Select K arbitrary centroids py; as initial centroids
repeat

Assign each data point d; to the nearest centroid

Adjust the centroids to the means of all data points assigned to them
until Centroids converge

K-Means is widely used since it can rapidly determine the cluster centroids. The algorithm
prioritises groups with low variance and comparable sizes. K-Means clustering can only guarantee
local and not global convergence since the choice of initial cluster centroids significantly impacts
the algorithm'’s outcome. Another drawback is that the number of clusters needs to be specified
before executing the algorithm. Outliers and noise impact the identified clusters. K-Means is
limited to identifying clusters of a circular shape. [EZUG22, p.10]

As an extension of K-Means, K-Medoids or Partitioning Around Medoids (PAM) uses the
medoid (the most centrally located pattern in the cluster) of each cluster to represent the
cluster, which makes it more resilient to outliers than K-means. Besides using medoids instead
of centroids, its working principle is analogue to K-Means.

The Clustering Large Applications based on Randomized Search (CLARANS) algorithm
is a modification of the K-Medoids algorithm that uses random input data samples to determine
the best medoids instead of processing the entire data set. This makes it more effective than
K-Medoids when dealing with dense data sets. However, the algorithm may produce incorrect

clustering results if one or more sampled medoids significantly differ from the best medoids.
[SCHU18]

The Density-Based Spatial Clustering of Applications with Noise (DBSCAN) algorithm
is a non-parametric method for identifying high-density regions in a data set and distinguishing
them from low-density regions. It also detects clusters of data points and noise points that do
not belong to any clusters. The algorithm identifies core samples, which are data points located
in high-density areas. [ESTE96, p.4] DBSCAN can identify clusters with arbitrary shapes, is
robust to outliers and data input order, and has a O(NN?) complexity. [SISO12, p.86] DBSCAN
provides different outputs depending on input parameters and settings.

Ordering Points to Identify the Clustering Structure (OPTICS) is an algorithm that
detects density-based clusters in spatially distributed data. According to its founders ANKERST
ET AL., OPTICS improves DBSCAN, which struggles to identify meaningful clusters in data
with varying densities, by ordering the points in the database linearly so that the closest points
become neighbours [ANKE99, p.52]. Each point is assigned a distance representing the required
density for a cluster so that both points can be included. This information is organised in the
form of a dendrogram [PEDR11].
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Unlike DBSCAN, OPTICS processes data points in a specific order to produce consistent
results. The algorithm works by considering an infinite number of densities that is less than
a "generating distance", similar to DBSCAN. However, instead of assigning clusters to data
points, OPTICS records the order of data point processing. An extended DBSCAN algorithm
can then use this ordering to assign data points to clusters.

2.5 Verification and validation methodology

According to the DSR research methodology, the conducted research result in research artifacts.
These artifacts must be verified and validated in their application field, fulfilling the relevance
cycle. The key questions to be investigated in verification and validation are: Do the designed
artifacts answer the initially derived research demand? How can an improvement in the research
subject be measured? [HEVNO7, p.89] The central goal is a systematic analysis and evaluation
of the artifacts, thereby evaluating the degree of usefulness of the developed artifacts. [NATI75,
p.27] The validation test is designed to ensure that the model accurately reflects the behaviour
of the actual system. [RABEO8, p.15] The aim of the conducted verification and validation is
to provide a systematic basis for an acceptance decision of the entire framework of formation
planning and to document it comprehensibly. The goal of empirical testing of the created
models is to capture typical problems, validate the developed artifacts in the context of their
practical application, and investigate the application context itself. [ULRI81, p.7]

According to SARGENT (2010), model validation is the process of substantiating that a
model provides a satisfactory and acceptable range of accuracy within its application domain
and intended purpose. OSMAN BALCI (1997) states: “Model validation deals with building the
right model” [OSMA97, p.135]. Since a model is developed concerning a specific use, validation
must be performed accordingly. A model may be valid for a particular set of experimental
conditions yet invalid for another. To validate a model, its behavioural accuracy for the intended
application domain has to be measured [OSMA97, p.135].

Model verification ensures building the model correctly [OSMA97, p.135]. Thus, the
correctness of the programming of the source code and implementation of the conceptual
model has to be tested [SARG10].

SARGENT (2010) structures the process of model generation as follows: First, a conceptual
model is developed, followed by conceptual model validation. This process is repeated until
the conceptual model is satisfactory. Secondly, the computerised model is developed based on
the conceptual model followed by computerised model verification. This process is repeated
until the computerised model is satisfactory. Last, operational validation is conducted on the
computerised model. To validate the simulation model, SARGENT (2010) defines the following
four essential steps to validate and verify a simulation model [SARG10, p.168]:

» The conceptual model validation determines the correctness of underlying theories
and assumptions of the conceptual model and that the model reasonably represents the
problem entity in dependence on the model's purpose.
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» The computerised model verification assures the correctness of the implementation
and programming of the model.

» The operational validation determines sufficient accuracy of the model's output
behaviour in dependence on the model's purpose for the entire range of the application
domain.

» The data validity ensures the correctness and applicability of the data, which is needed
for building, evaluating and testing the model.

Throughout the thesis, the structure of dividing the verification and validation into four distinct
steps as proposed by SARGENT (2010) is followed. Thereby, different validation techniques
and methods from OsMAN BALcCI (1997), RABE ET AL. (2008) and SARGENT (2010) are
utilised. Four categories are differentiated [OSMA97, p.138]:

» Informal techniques "rely heavily on human reasoning and subjectivity".

» Static techniques assesses the model’s accuracy based on the design of the model and
the source code (e.g., compiling the code).

» Dynamic techniques evaluate the model based on its dynamic behaviour. The first
step involves the instrumentation of the executable model, while the second step entails
the execution of the instrumented model. Finally, in the third step, the model output is
scrutinised to evaluate the dynamic behaviour of the model.

» Formal techniques mathematically prove the model's correctness.
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3 Formation planning of mobile robots
state of the art

Upon reviewing the foundations, the lack of a systematic review exploring combinations of
robot modelling, workspace evaluation, and base placement required for formation planning
becomes evident. A systematic review of the state of the art is paramount for advancing
beyond established concepts and ensuring rigour.

At first, the applied methodology for the literature review is provided, followed by the depiction
of the chronological process. The literature review discloses the research gaps for automated
formation planning. This chapter concludes by translating the research gaps into the primary
and its three underlying research questions in section 3.4.

3.1 Methodological approach to the systematic literature
review

A literature review was conducted to ensure rigour and identify relevant knowledge or gaps
in the existing knowledge base regarding formation planning or its building blocks (namely
modelling of assembly robots, workspace evaluation, base placement, and task allocation)
in changeable assembly. As previous reviews solely focused on individual building blocks,
conducting a comprehensive literature mapping and review that encompasses the combined

scope is imperative.

A systematic approach ensures an explicit, reproducible procedure for identifying, evaluating, and
synthesising the knowledge base. A predefined procedure is followed to guarantee replicability
and transparency. The procedure (visualised in figure 3.1) commences with a systematic
mapping of the research field [PETEQ8] and is concluded with a systematic review [MOHE10]
of the most relevant topics. While the literature mapping structures the research area of interest,
the literature review describes the found content and methods in more depth. The literature
review is based on established guidelines [MOHE10; PETEO8] and practices [DALI22; ANGR20;
LIAO17; DOLG22; SEUR12|. The iterative nature of reviewing, as defined by SEURING AND
GoLD (2012 [p.3], adapts to new research findings, with emphasis placed on presenting final
mapping and review results rather than the chronological process. An overview of intermediate
findings is available in appendix B.

To identify the relevant literature, the literature databases, namely Scopus [SCOP] and
ResearchGate [RESE], were searched in May and June 2023. The search strings and keywords
(see table B.1) for the review were derived from literature reviews and the foundations [PATE15;
ANGE16; CHEN19b; OLIV19].

Identification: A set of 8.859 publications was initially retrieved by querying the named
databases with all combinations of keywords, as detailed in the table B.1. Hereby, only the
first 1000 results of Scopus and the first 500 of ResearchGate for each search string are
selected to focus on eligible sources. In both databases, the appearance order is sorted by
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Figure 3.1: Procedure of the systematic literature mapping and review, based on [MOHEL10;
PETEO08]. The applied literature review phases based on Preferred Reporting ltems for
Systematic review and Meta-Analysis (PRISMA) [MOHE10] are highlighted in grey, and
literature mapping phases based on [PETEOQ8] are framed in dotted lines.

"relevance". These relevance scores for sources are calculated based on search words’ frequency,
significance, position, proximity, and completeness [23b; SPAR72]. The exact calculation
method of "relevance" is undisclosed. Table B.2 in appendix B gives an overview of identified
sources per search string and database.

Screening and eligibility: After removing duplicates, 7.629 unique publications remained. Out
of the 7.629 unique publications, 378 titles were identified as potentially relevant. Following the
abstract screening, 68 were finally selected for mapping and review. Deciding on the relevance
of the sources in the screening phase is based on factors such as their quality, accessibility,
as well as the information provided in their title, abstract, and keywords. To ensure the
reproducibility of the study, explicit inclusion and exclusion criteria were employed (as proposed
in [DALI22, p.8])*°.

Qualitative study: Refining the qualitative study, further criteria were applied, incorporating
publication date and citation count. Consequently, sources published before 2015 were omitted,
resulting in a selection of 36 sources. Additionally, the top 80 % of sources listed after the
number of citations (11) were included, while sources with fewer than 19 citations (25) were
excluded to ensure scientific impact. Considering the likelihood of newer publications being

Olnclusion criteria: Studies are published in peer-reviewed sources. Studies are electronically available. Studies
are written in English. Studies wherein the relevance to the formation planning of mobile robots in assembly
stations or its building blocks can be inferred from the title and abstract. Studies published and made
available before 01.06.2023.

Exclusion criteria: Grey literature (e.g., not peer-reviewed, websites, magazines). Studies with a primary
focus on scheduling, trajectory planning, navigation algorithms, sensors and their application. Reviews already
discussed in section 2.1.
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undercited, the sources from 2021-2023 are reviewed for enhanced relevance, adding 2 relevant
sources. The notable drawbacks of the conducted review procedure are the exclusion of
publications not available on ResearchGate or Scopus and sources with few citations. To
overcome this, 13 additional sources were identified through an exploratory approach based
on primary studies and analyses of existing reviews, resulting in a total of 26 sources for the
qualitative literature study.

3.2 Qualitative literature study

The 26 sources derived from the systematic literature study undergo assessment against
predefined evaluation criteria, established in alignment with the objectives of the thesis. The
qualitative evaluation of the literature is summarised in table 3.2. Therefore, the upper part of
the table presents the results of the systematic literature review, which is listed according to
the number of citations, whilst the lower part presents the additional identified literature. The
meta-data of the sources (authors and titles) is given, and the approaches therein presented
are assessed regarding the fulfilment of the four categories of Problem Formulation for
task allocation (PF), Base Placement (BP), WorkSpace analysis (WS), and the
Applicability for Formation Planning (AFP). Problem formulation for task allocation refers
to formulating the problem of identifying a mobile manipulator that fulfils the requirements
and constraints to execute the given distributed assembly tasks. Robot base placement aims to
position the mobile manipulator to ensure that all poses are placed within the "valid workspace"
of the manipulator. The workspace evaluation results in a "valid workspace" that evaluates
whether the task can be executed based on performance metrics indicating executability in
the manipulator workspace. The criteria applicability regards the consideration of boundary
conditions and interdependence between the other three criteria. The Harvey Balls indicate
criteria fulfilment with the scaling given in table 3.1.

The source ZHANG ET AL. (2017) is handled separately from the general literature study, as
it contains an overview of current challenges for robot cell design. Specifically, ZHANG ET AL.
(2017) identify combined base placement and task allocation during formation planning, robot
capability estimation, transfer of human operation to robots — on technical and semantic levels,
interdependent sequence and motion planning, tool design, and human-robot collaboration
as current challenges, but do not propose a solution to solve them. Thereby, the need for a
deeper analysis is amplified.

The review results are detailed below. An analysis of overall compliance with the evaluation
criteria, with detailed scrutiny of specific publications, is given. Finally, the presentation of
transferable knowledge and identified research gaps is presented. The majority of found sources
consider a combination of base placement and workspace evaluation whilst disregarding task

20| addition to the initial two primary criteria, an extra 25 % fulfilment is allocated for each fulfilled criterion
beyond the first two. Therefore, a different combination of fulfilled criteria can lead to the evaluation with
and &.

21The work by MALHAN ET AL. (2019) originated from the systematic literature review, but expanding, albeit
less cited, studies are included.
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Table 3.1: Evaluation criteria for the literature review in the field of formation planning of
mobile robots in assembly.

Evaluation criteria Fulfilment level
None
Task allocation of distributed tasks considering homogeneous
robots
Task allocation of distributed tasks considering heterogeneous
robots
Task allocation of distributed tasks considering heterogeneous
robots and their capabilities
Task allocation of distributed tasks considering reconfigurable
robots with inheritary capabilities by the combination of
resources (e.g., mobile base, end-effector, robot arm)

O None

@ Reachability of all task poses from at least one base placement
Base placement (BP)?® (20 Pose quality for task execution — required metrics for task

execution are fulfilled (requires a workspace analysis)

P20 Self-collision and obstacle collision avoidance
@2°  Base placement for multiple robots and distributed task poses
O None
@ Inverse Kinematic is calculated, or a capability map is applied
D Capability map and additional criteria are applied
9 Additional consideration of equipped end-effectors into
[
O

Problem Formulation
for task allocation (PF)

® ¢ ¢ GO

Workspace analysis (WS)

workspace analysis
Additional matching of specific metrics to the specific tasks

None
Applicability for @ Interdependence between two building blocks are considered
Formation Planning 2% Interdependence between all three building blocks are consid-
(AFP)20 ered

&% Mobile robots or manipulators are considered
@2° Assembly as application field is considered

allocation. Those addressing task allocation typically disregard base placement or workspace
and are therefore less represented in the literature study.

Of the found sources, only [SUEM16; PELL17; HASS18; HASC23] consider all three building
blocks of task allocation, base placement and workspace analysis in some form. SUEMITSU
ET AL. (2016) formulate an optimisation problem for multi-robot assembly station formations,
minimising operation time and station area. They neglect factors such as the mobility of
robots, the simultaneous operation of multiple robots, and the representation of objects and
collisions is confined to a two-dimensional problem. PELLEGRINELLI ET AL. (2017) combine
layout planning with motion planning of multiple robots in a welding cell. The method
chooses the optimal solution out of all possible combinations of robots with end-effectors, base
placements and collision-free trajectories of neighbouring robots [PELL17, p.100]. Due to the
long computation times (~100h) and limitation to one robot model and a maximum of 20
tasks per cell, the approach is not feasible for mobile assembly [PELL17, p.103, 114]. DAI
ET AL. (2021) provide a framework for placing multiple robots for coverage tasks on large
objects, based on [HASS15; HASS16; HASS18]. Their goal is to minimise the number of base
placements, the makespan, and the individual torque for the execution of coverage tasks??
on large components, whilst maximising the covered surface and the individual manipulability

22E g inspection, coating, spray painting.
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[HASS18, p.3]. The framework consists of the following steps: 1) task pose generation, 2)
base placement optimisation, 3) reachability checking for found base placements through
calculating the robots’ inverse kinematics, and 4) collision checking (self and environment)
for found base placements. Motion planning and coverage planning are carried out for each
selected base placement, and the result is evaluated regarding total coverage, makespan,
torque, and manipulability. The base placement with the maximum evaluation value is chosen
from the found solutions. The proposed framework exclusively addresses scenarios concerning
homogeneous robots and tasks. Therefore, the formulated task allocation problem is limited
to assigning areas to robots. Furthermore, the assumption that multiple task poses can be
ignored and thus not executed renders the framework ill-suited for assembly processes.

HASCHKE (2023) introduces a methodology for the planning of tasks for indoor construction
applications. A Multi-Travelling Salesman Problem is formulated, minimising the costs of
manipulation, travel, and auxiliary processes for a mobile manipulator. The base placement
of the mobile manipulator in relation to the task is assumed to be known. Therefore, no
base placement optimisation is integrated. In summation, all approaches that consider all
three building blocks are insufficient to be applied for the formation planning of mobile robots
in changeable assembly. Thus, other sources that consider two building blocks are also
investigated.

Analogously to HASSAN ET AL. (2018), KALAWOUN ET AL. (2018) propose a method to
find the optimal robot base placement by discretising the space around the product. The
base placements around the product are evaluated for the reachability of task poses on the
product. The approach is not directly transferable to assembly as it neglects task allocation,
heterogeneous robots, the executability evaluation of the task poses, and consideration of task
poses for more than one product.

MALHAN ET AL. (2019) and MUTTI ET AL. (2021) investigate the reversed problem of
replacing robots — placing workpieces inside a single robot “s workspace. MUTTI ET AL. (2021)
present an algorithm optimising the placement of workpieces in relation to collaborating robots,
enhancing a performance metric over the execution trajectory. Neither task allocation nor robot
mobility is considered. MALHAN ET AL. (2019) consider boundary constraints (joint limit,
force and torque limits), velocity constraints, force, continuity of space trajectories configuration,
collision avoidance, and singularity avoidance during workpiece placement [MALH19a, p.5588|.
MALHAN ET AL. (2021) tackle the dependent problem of base placement and tool path
planning, with the drawback of manually defining surface partition, job sequence, grasping
points and tool paths beginning and end [MALH21, p.5-6].

LM ET AL. (2017) optimise robotic cells for minimised operation time (approximated),
layout area, and maximised manipulability by introducing multi-objective hybrid evolutionary
algorithms. Sequential pairs present the cell layout. Similarly, KAWABE ET AL. (2022) employ
a sequential pair representation to optimise fixed robot cell layouts by minimising the layout
footprint and operation time. The approach is too slow for adaptable assembly systems due to
the extensive computations required for computing the motion plan for diverse layouts and
assessing the solutions.
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DOAN ET AL. (2017) optimise base placement for task trajectory execution of single robots,
under consideration of the constraints of singularity, reachability, joint limits and collision
avoidance. FAN ET AL. (2021) place mobile manipulators for machining tasks by solving
an optimisation problem, considering the stiffness, joint ranges and velocities, manipulability,
and collision. X1E ET AL. (2022) propose a method for generating feasible base placements
under consideration of the variable workspace of the mobile manipulator and the uncertainty
of achievable base placement accuracy. The number of base placements is minimised by a
greedy-based optimisation algorithm. Whilst considering distributed task poses and reachability
of the task poses, no further performance metrics are considered, even though their necessity
is motivated [XIE22, p.94]. ZHANG ET AL. (2020) and PAUS ET AL. (2017) utilise inverted
capability maps to define base placements and plan the motion of a single robot for multiple
task poses. TRABELSI ET AL. (2022) optimise the placement of multiple robot arms to
be utilised cooperatively in medical applications. The placement is optimised regarding the
reachability represented by the capability map, the manipulability, and the setup’s compactness.
Thereby, compactness is defined as the occupied volume by the robots [TRAB22, p.6].

The prevalent approach among sources to identify reachable task poses from a base placement
involves either utilising a capability map [MALH19b; MALH19a; MALH21; TRAB22; ZHAN20;
PAUS17] as a reachability representation or computing the IK of a robot positioned at the
base placement [MUTT21; PELL17; SPEN16; DOAN17; FAN21; XIE22; HASS18; HASC23].
Performance metrics such as reachability, manipulability, torque, and energy consumption
receive the most attention if the workspace is analysed for executability [HASC23; TRAB22;
DAI21; HASS18]. If multiple performance metrics are considered, the same metrics are applied
to different tasks, even though different tasks may have different requirements. However, it
is common for approaches to focus primarily on only one task type e.g. welding in [PELL15;
PELL17; DOAN17], medical operation in [TRAB22], or coverage tasks like painting or cleaning
in [DAI21; HASS18; HASS16; HASS15]. The focus on one task type restricts the general
applicability to changing assembly tasks, encompassing a wide variety of tasks and operations.

Although some sources incorporate equipped end-effectors [TRAB22; MUTT21; MALH21],
none have investigated the effects of changing equipped end-effectors on a) the metrics-driven
representation of executability and b) the simulation and calculation of IK. Given this thesis's
focus on the dynamic nature of changeable assembly and the associated variability in assembly
tasks, it is reasonable to assume that end-effectors must be frequently changed to align with
the specific requirements of diverse assembly tasks.

Only a few sources address multiple robots [HASC23; SUEM16; DAI21; KALA18; HASS15;
HASS18; GADA17], with [HASC23; HASS15; HASS18] being the only ones considering multiple
and mobile robots.

In summary, no solution is known to fulfil the requirements for the formation planning of mobile
robots in changeable assembly systems. Moreover, no partial solution to building blocks can
be directly applied and utilised for formation planning.
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Table 3.2: Results of the qualitative literature study in the field of formation planning of

mobile robots in assembly..

Author Publication title PF BP WS AFP

LIM ET AL. (2017) Multi-objective hybrid algorithms for layout op- O & & &
timization in multi-robot cellular manufacturing
systems

MUTTI ET AL. (2021) Towards optimal task positioning in multi-robot O & @ &
cells, using nested meta-heuristic swarm algorithms

Combined contributions Multi-robot spot-welding cells for car-body assem- @ & @

of [PELL15; PELL17] bly: Design and motion planning

with primary contribution

PELLEGRINELLI ET AL.

(2017)

SPENSIERI ET AL. (2016) Optimal robot placement for tasks execution O >

DOAN ET AL. (2017) Optimal robot placement with consideration of O @ @ &
redundancy problem for wrist-partitioned 6R artic-
ulated robots

SUEMITSU ET AL. (2016) Simultaneous optimization of layout and task sched- @ & & @
ule for robotic cellular manufacturing systems

GADALETA ET AL. (2017)  Energy-optimal layout design of robotic work cells: O @ @ &
Potential assessment on an industrial case study

FAN ET AL. (2021) Base position optimization of mobile manipulators O & @ &
for machining large complex components

BANAS ET AL. (2015) Determination of the robot location in a workcell O & & O
of a flexible production line

KAWABE ET AL. (2022)  Optimal Motion Planning and Layout Design in O @ & &
Robotic Cellular Manufacturing Systems

XIE ET AL. (2022) Base position planning of mobile manipulators for O @ @ &
assembly tasks in construction environments

TRABELSI ET AL. (2022) Optimal Multi-robot Placement Based on Capabil- O & @ @
ity Map for Medical Applications

ZHANG ET AL. (2020) A novel coordinated motion planner based onca- O @ &
pability map for autonomous mobile manipulator

Combined contributions of Automated planning for robotic layup of composite ©O & & D

[MALH19b; MALH19a; prepreg

MALH21]?'with primary

contribution [MALH21]

PAus ET AL. (2017) A Combined Approach for Robot Placement and O & & &
Coverage Path Planning for Mobile Manipulation

Combined contributions Collaboration of Multiple Autonomous Industrial & @ @ &

of [HASS15; HASS16; Robots through Optimal Base Placements

HASS18; DAI21] with pri-

mary contribution HAs-

SAN ET AL. (2018)

KALAWOUN ET  AL. Optimal robot base placements for coverage tasks O & & &

(2018) combined with

KALAWOUN (2019)

HASCHKE (2023) Planning of Indoor Construction Tasks for Mobile & & @ @

Manipulators
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3.3 Research deficits

Research gaps were identified and deduced upon completing the systematic literature review.
Subsequently, the main deficits for formation planning and the central deficits for each building
block are extracted in the following, and summarised in figure 3.3.

Formation planning. As derived in the systematic literature review, no approach combines
problem formulation for task allocation, base placement and workspace analysis of mobile
robots in changeable assembly systems adequately. None of the approaches comprehensively
address the interdependence between task allocation, workspace evaluation, and base placement.
Addressing this research deficit enables the potential for performance enhancement of changeable
assembly through the implementation of an integrated solution for the formation planning of
mobile robots.

Modelling and problem formulation for task allocation. Existing approaches primarily
concentrate on placing robots for coverage tasks rather than distributed discrete tasks. While
numerous techniques are proposed for coverage tasks involving homogeneous robots and task
types, these methodologies need to be expanded to accommodate diverse tasks and robot
types to facilitate their applicability in assembling products with high variability. Typically,
the focus is on handling objects with simple geometries, and the scope of the problem often
remains confined to a single robot’'s workspace. Many studies emphasise optimising local
or global performance metrics for robot base placement, overlooking collision avoidance and
neglecting task-specific performance metrics. Currently, there is lacking consideration of the
heterogeneity of robots, end-effectors and tasks to be applicable to changeable assembly
systems. Consequently, the approaches fail to guarantee the executability of assigned assembly
tasks. Therefore, a problem formulation and consistent semantic modelling of the mobile
robots and their capabilities has yet to be developed.

Workspace representation and evaluation of executability. Adjusting an assembly station
to variable tasks necessitates constant changes of equipped end-effectors on robots. The robot
can only execute tasks, if equipped with end-effectors. End-effectors significantly impact a
robots’ range and performance metrics, in dependence on the end-effectors dimensions and
the added redundancy of degrees of freedom. Currently, end-effectors are not considered and
their effect on the robot workspace is ignored. Various criteria and methods for workspace
analysis of industrial robots are available in the literature, but performance metrics are not
chosen in dependence on or tailored to specific task types. Currently, no method exists to
determine which metric should be applied to evaluate a robot’s capability for a specific task
[RUSS22, p.13]. Additionally, no workspace representation exists that enables the evaluation of
the workspace concerning multiple metrics tailored to the task.

Base placement for multiple mobile robots. A research gap exists in understanding
optimised base placement strategies for coordinating multiple robots in scenarios involving
distributed task poses of different task types (coverage tasks as well as discrete tasks). Moreover,
incorporating task allocation and workspace evaluation of robots into the assignment of base
placements to each robot represents a research gap. In summation, present investigations
overlook the inclusion of multiple heterogeneous robots, the impact of equipped end-effectors
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on executability, and the consideration of various task types, particularly distributed tasks in
difference to coverage tasks. Consequently, the previously identified research gaps contribute
to the absence of formation planning for mobile robots in assembly scenarios.

3.4 Research scope and research question

The pragmatic goal of this thesis is to automatically evaluate and enhance the executability
of mobile robot formations in assembly. Thereby, the overarching research scope is the
realisation of the formation of mobile robots in a changeable assembly station. Figure 3.2
envisions the input and output scenarios of formation planning. An assembly station consisting
of a number of resources — robot arms, end-effectors and mobile bases — is considered input.
As soon as an assembly task consisting of task poses and products is assigned to the assembly
station, a formation shall be planned. The output — the planned formation — determines the
allocation of task poses to combined mobile robots. Each combined mobile robot shall consist
of a mobile base, a robotic arm, and an end-effector equipped with the necessary capabilities to
execute the allocated tasks. Therefore, the evaluation of the workspace in which each combined
robot can execute tasks is required, to determine the spatial base placement of each robot.

Changeable assembly station formation planning

6-axis robot arm

P
@@  Mobile base
A End-effectors

Input: Formation planning problem

¢ Available resources (robot arms,
mobile bases, end-effectors)
¢ Assembly task poses on the product
>moly P P Robot workspaces
* Station area

x %% Base placements

®e®®* Taskposes

Output: Planned station formation

¢ Combined resources (consisting of
robot arms, mobile bases, end-
effectors)

¢ Evaluated workspace of combined
resources

¢ Allocation of task pose clusters to
each combined resource

* Base placement of each combined
resource for each task cluster

Figure 3.2: Input to the formation planning problem and a planned formation as output. The

planned station formation is defined by the colour-indicated allocation of task poses to robots

placed at base placements. Thereby, the robot is composed of a mobile base, a robot arm and
an end-effector, providing the needed capabilities to perform the allocated tasks.

To realise the research scope of formation planning of mobile robots, the previously identified
research deficits shall be investigated and answered. The primary research question guides the
research conducted to reach this goal:
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Primary research question: Can capability-based formation planning of mobile as-
sembly robots in stations of changeable assembly systems ensure the executability
of the assembly tasks?

Therefore, the following three underlying research questions are formulated, structuring the
primary research into three subsequent research areas, which are mapped to the three building
blocks of system modelling, executability evaluation and base placement, as visualised in figure
3.3.

1st underlying research question (URQ1): How can multipurpose assembly robots, their
capabilities and assembly tasks be modelled for a task allocation?

2nd underlying research question (URQ2): Can the executability evaluation of assembly
tasks be extended whilst considering equipped end-effectors on mobile robots?

3rd underlying research question (URQ3): How can assembly tasks be clustered to plan
formations with reduced base placements of mobile assembly robots?

The key research gaps align with the three underlying research questions delineating the central
research areas of this thesis. Figure 3.3 ascribes the interconnections between these gaps and the
research areas, specifying the underlying research question associated with each particular gap.
The three research areas are investigated iteratively, following the applied research methodology
of DSR and incorporate research results from the subsequent research areas into the preceding
areas. The subsequent requirements for developing artifacts are thoroughly investigated at the
beginning of the affiliated chapters.

Building blocks Research deficits Research areas aligned to the
underlying research questions
Lacking interdependency of task (URQ) and thesis chapters
allocation, workspace evaluation
and base placement
Formation planning . Ch.4
No end-effector inclusive URQ1: System modelling
capability modelling
Problem formulation for ﬂ
task allocation i Lacking consideration of
[ h.5

heterogeneity of robots, end-

URQ2: Executabili
effectors and tasks Q2: Executability

evaluation

Workspace representation
and evaluation of
executability

No match of metrics to assembly
tasks for executability evaluation

Base placement for
multiple robots

No consideration of equipped
end-effectors or tools in
workspace evaluation

7

No base placement for multiple
robots and distributed task pose

Figure 3.3: Mapping of the buildings blocks of formation planning to the identified research
deficits to the underlying research questions, research areas and thesis chapters.



4 Semantic description model of mobile robots and their capabilities 45

4 Semantic description model of
mobile robots and their capabilities

"Every problem-solving effort must begin with creating a representation for the problem a
problem space in which the search for the solution can take place." [SIMO96, p.108] The
foundation for planning formations of mobile robots in changeable assembly is to create a
model representing the complex, real world in a simplified concept. This technical capture
and representation of knowledge is not only at the beginning of the system development
process, but its solution is also crucial for the quality of the resulting system. [BEIE19, p.1]
Therefore, the first step towards realisation is a unique description model containing identified
system knowledge, answering the URQ1: How can multipurpose assembly robots, their
capabilities and assembly tasks be modelled for a task allocation? The modelling is a
base for the second and third design artifacts presented in chapter 5 and chapter 6, focused
on creating new knowledge. Due to their foundation on precise and comprehensive syntactic
and semantic rules, ontologies are apt for knowledge representation and reasoning [OLIV19,
p.4]. Following the postulate of IIVARI to base DSR on an ontology [IIVAQ7, p.3], this chapter
presents the ontology CAPILANO built for the formation planning of mobile robots.

The following chapter introduces the ontology CAPILANO as a knowledge artifact. In the
beginning, the applied methodology for creating an ontology is introduced in section 4.1.
Thereafter, in section 4.2, the requirements to establish a semantic description model of
mobile robots and their capabilities, serving as a fundamental element in assembly station
planning, are derived. Established ontologies in the manufacturing domain are compared to
those requirements, highlighting the need for developing a novel ontology. Section 4.3 details
the conceptualisation of the ontology based on reusable features of established meta-models by
defining the semantic and syntactic modelling of the assembly resources and their capabilities.
The operational implementation of CAPILANO is provided and the implementation choices
are discussed. Section 4.4 details the ontology-based task allocation framework. The resulting
ontology is verified and validated in section 4.5 by applying the conceptual ontology to the
concrete example of the use case truck assembly. The chapter concludes with a summary and
a critical reflection on the first design artifact in section 4.6.

Chronologically, the ontology was iteratively adapted in terms of DSR during the investigation
and development of the subsequent artifacts. Three major cycles of model evaluation and
refinement can be differentiated. In the first cycle, a conceptual ontology to allocate tasks to
assembly resources by matching capabilities was developed. In the second cycle, the ontology
was adapted to the requirements deriving from chapter 5. During the third cycle, information
about the assembly tasks (distributed vs. continuous task) was added to the task description
to adhere to the requirements occurring during the development of chapter 6. Here, only the
final ontology is presented, and no differentiation between the three design cycles is made.
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4.1 Applied methodology of building CAPILANO

The inconsistent utilisation of terminology, diverse structures, implementations, modelling
languages, and the inherent complexity have resulted in a lack of global consensus regarding
the appropriate description model or ontology to be employed under specific circumstances
[BADE19, p.151]. Structuring the process of identifying reusable ontologies or description
models and defining a fitting ontology requires a methodology.

4.1.1 Ontology development methodology

Various methodologies for formally designing ontologies exist in the literature, as detailed in
section 2.3.3. Here, the following methodologies were applied: The first two steps of the
digital twin pipeline by GOPPERT ET AL. (2021) — the definition phase involving ontology
development and the modelling phase encompassing the modelling of a use case — were
incorporated. Given the pipeline’s primary focus on digital twins and more general consideration
of ontologies, there's a need to combine it with methodologies dedicated to developing ontologies
to create the desired domain ontology. Consequently, the established methods “Ontology
Development 101" of NOY ET AL. (2001) and "Ontology Engineering Methodology"
by SURE ET AL. (2009) were followed during the ontology development. As each of the three
methods emphasises different aspects and applications but does not cover all essential steps and
phases in sufficient detail, a comprehensive modelling approach can be created by integrating
them. Figure 4.1 provides an overview of the resulting methodology as applied for developing
CAPILANO. The index of each step indicates its origin in the combined methodologies.

The first steps constitute the definition of the domain and scope of the ontology, followed by
a study of need and feasibility. During the ontology-based definition, the domain ontology
is conceptualised. Therefore, reusable features of models and ontologies are identified. All
three combined methodologies have the two steps of assessing the literature and potentially
reusing ontologies in common. NOY AND MCGUINNESS (2001) and SURE ET AL. (2009)
propose the definition of requirements as preceding step. Here, the requirements and related
competency questions are presented before analysing the fulfilment of the criteria of existing
ontologies. During refinement, the identified reusable features are applied to constitute the
classes, hierarchy and taxonomy, resulting in the conceptual domain ontology. By modelling
concrete instances of a use case according to the standard provided by the domain ontology,
an application ontology results [LOVRO08, p.3]. Both the ontology-based definition and the
standardised modelling inherently necessitate iteration through the evaluation of the resulting
ontologies regarding the defined requirements. Following the modelling, the ontology can be
deployed and utilised in its application environment.

4.1.2 Application of the methodology

The ontology's domain and scope were shaped by the research emphasis of the loP excellence
cluster and are elaborated in section 1.2. In the context of conducting research, the necessity
of a description model of the domain emerged.
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Ontology development
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Figure 4.1: Mapping of the phases of ontology development, combined from [GOPP21;
NOYO01; SUREQ9], to thesis chapters.

The subsequent need and feasibility study is based on discussions with the "Ontology-expert
group" associated with the loP research project to confirm the viability of utilising ontologies as
a description model. The ontology's scope was further detailed, and general requirements were
outlined in discussions again with the "Ontology-expert group". Specific requirements underwent
refinement in workshops with the "Future Assembly" research group of the loP. These resulting
requirements and competency questions are detailed in section 4.2.1. A consolidation of state
of the art was conducted to identify applicable ontologies and meta-models, as presented in
section 2.3 and focused on formation planning in section 4.2.2.

Section 4.3 describes the findings of the ontology-based definition phase resulting in the domain
ontology and task allocation framework CAPILANO. Reused features of existing ontologies
and meta-models are detailed. Sections 4.3.1 and 4.3.2 present the consecutive refinement of
the class models and hierarchy, following steps three to seven of NOy AND MCGUINNESS
(2001).

A use-case-specific description model — an application ontology — was created during the
standardised modelling phase. Moving to the evaluation phase, the proposed ontological design
was evaluated in an assembly scenario within a changeable assembly system (see section 4.3.3).
Verification and validation processes, outlined by SARGENT (2010) and GOMEZ-PEREZ (2004),
involved application ontology and performance testing, results of which are summarised in
section 4.5.

Looking ahead, the future deployment phase outlined by GOPPERT, GRAHN, RACHNER,
GRUNERT, HORT, AND SCHMITT (2021) emphasises application and evolution, akin to SURE
ET AL. (2009), which remains a future and ongoing endeavour applied to industrial use cases.
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4.2 Need and feasibility phase

4.2.1 Requirements and competency questions

Beginning the definition phase of the combined methodology constitutes defining the application
domain and listing requirements for the description model. The application domain was already
defined in chapters 1 to 3. Following NOY AND MCGUINNESS (2001), the requirements are
detailed as formulated competency questions. Thereby, the formulated competency questions
address the previously formulated research gaps in section 3.4 for the description model.

Prerequisites and constraints — denoted as General Prerequisites (GP) — were defined
for the formal description (GP1) and digital representation of knowledge about resources
and their capabilities, as outlined in [FROS22, p.3-5]. All modelled resources have to be
identifiable (GP2) . Additionally, adhering to changeable assembly scenarios and according
to the goals postulated for the control of production processes in the loP the description model
has to be scalable (GP3) and adaptable (GP4) to new scenarios [PENN19b, p.7; GINS22,
p.6455] Hereby, scalability refers to adjusting an assembly station to a change in production
requirements (e.g. increase or decrease of production, change in products etc.) by excluding or
including additional resources without causing disruptions of the assembly (following [HOFF17,
p.50; SPIC02, p.5]). Moreover, the extendability (GP5) to novel resources, represented by
classes and concepts, into the assembly station has to be foreseen.

More explicitly aimed at the goal of formation planning, the following requirements — denoted
as Specific Prerequisites (SP) — are formulated. The modules requiring input from a
description model are the ontology-based task allocation, the evaluation of executability and
the base placement of the robots. To achieve transferability and generalisability, the capability
modelling should be technology-, product-, process- and resource-independent, analogously
to the requirements derived by [MALA18, p.70; WESE20]. When applied, the capabilities
should be extended with parameters (SP1) (e.g. description of limits or dependencies of the
capability — "Transporting" with a max. weight of 20 kg). As robotic systems are modular and
built up of different components (as depicted in figure 2.2), the capability modelling should
reflect their modular nature. The resources only exhibit certain capabilities when specific
resources are combined: a screwdriver that is not equipped with a robot arm cannot screw
screws, as well as a robot arm without a screwdriver cannot screw. Thus, the capabilities must
be inherited (SP2) by the combined resources, and if all conditions (SP3) (e.g. interface
compatibility) are met, the combined resource exhibits the capabilities.

Additionally, it should facilitate queries for assembly resources and their capabilities, matching
resources to assembly tasks (SP4) based on availability and requested capabilities as
derived in [KLUG22c|. Furthermore, to enable more advanced and complex task allocation,
there must be a provision for transferring query results to third-party software (SP5).
For effective station control and task allocation, it is essential to include time-dependent
properties (SP6) and updates thereof, such as whether a resource is idle or not idle.

The robots’ base placement, as described in chapter 6, depends on an Unified Robot Description
Format (URDF) model of the robots and needs a .csv file of the assembly task poses as input.
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It is assumed that the .csv file of the assembly task poses is ever-changing and will be given
it is not further considered here. The calculation of metrics, as described in chapter 5, is
based on an URDF model of the robot as well as a Computer-Aided Design (CAD) model and
dimensions of the equipped end-effector. As URDF and CAD are established and often applied
file formats, their content shall not be duplicated; instead, the reference to their respective
external files (SP7) must be given. Resource dimensions (SP8) shall be modelled.

Based on iteration during the design cycle following the DSR methodology, and after thoroughly
analysing requirements and considering potential use cases, the following competency questions
for CAPILANO are formulated:

CQO01 Which capabilities does a (combined) resource have? (e.g. transporting, screwing)

CQ02 Which capability parameters does a (combined) resource have? (e.g. transporting a
maximum of 25 kg)

CQO03 Which resource is compatible with which other resource?

CQO04 Which combination of resources does provide which capabilities?

CQO05 Which combination of resources provides capabilities with a certain parameter threshold?
(e.g. transporting an object with a weight of 125 kg)

CQO06 Which transformations of the current status of the resources are needed to transfer into
the desired one? (e.g. which robot has to unequip which end-effector and which resource
has to equip which end-effector?)

CQO07 What are the current states of the resources? (e.g. idle, equipped, out of order)

CQO08 How many degrees of redundancy does the end-effector have?

CQO09 What are the dimensions of the end-effector?

CQ10 Where is the model (URDF, CAD or alike) stored?

During the evaluation phase, the formulated requirements as well as the competency questions,
are applied to assess whether the developed ontology meets the requirements.

4.2.2 Consolidation of the state of the art

Based on the derived requirements, the reusability of established ontologies shall be investigated
in the following. First, an analysis of existing ontologies is presented, highlighting the need for
a novel ontology to fulfil all previously derived requirements. For the literature analysis, the
criteria explained in table 4.1 shall be applied. Table 4.2 then overviews ontologies regarding
their fulfilment of the criteria indicating applicability for formation planning. The ontologies
were selected based on the investigation for section 2.3 and the pre-analysis of applicable and
fit ontologies in related works [GOPP21; MUNK21; PEDE16; SCHO18; FROS22; BUCK22].

The INstitute of Electrical and Electronics Engineers (IEEE) standard Core Ontology for Robotics
and Automation (CORA) argues for the need for and provides an upper-level ontology for a
formal reference vocabulary representing knowledge about robots [ROBO15, p.ii]. The objective
is to simplify the integration of robots and data, ultimately enhancing their transferability and
compatibility through a standardised representation and reasoning of knowledge about robots
and automation. CORA is based on the vocabulary introduced in Suggested Upper Merged
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4.2 Need and feasibility phase

Table 4.1: Evaluation criteria for the suitability of ontologies and description models for

formation planning.

Evaluation criteria

Fulfilment Tevel

Fit to the intended
application domain
and scope

None

Focus on assembly or robots (set as a requirement to be
considered here)

Mobile resources

Combinable resources (e.g. mobile base with robot arm)
Consideration of resource state (e.g. idle)

Capability description

None

Capabilities are considere

Enriched with parameters (e.g. maximum payload)
Inheritable capabilities (by combining resources to a combined
resource, the capabilities should be inherited)

Conditional capabilities (when combining resources, capabili-
ties might result that either partial resource did not exhibit)

Task allocation through
matching of required and
proposed capabilities

006G O G066 GO

None

List of resources fulfilling the requirements

List of different combined resources fulfilling the requirements
Ranked list of resources fulfilling the requirements
Optimised task allocation (e.g. equalising distribution of
task)s, including path lengths, end-effector changing times,
etc.

Table 4.2: Suitability of ontologies and description models for formation planning of mobile,
multipurpose assembly resources. The Harvey Balls indicate criteria fulfilment.
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Ontology (SUMO)?. As others have denoted, CORA is too general to apply to complex
assembly scenarios directly [OLIV19, p.17]. Additionally, capabilities are not considered.

Manufacturing Resource Capability Ontology (MaRCO) formally models resource capabilities in
the manufacturing domain. Its objective is to establish a vendor-independent representation of
resource capabilities, managing them during the resource lifecycle and matching required and
offered capabilities. [JARV19, p.963] Following the PPR modelling approach, they extend the
concept with resource capabilities by considering elemental capabilities, building up combined
capabilities and combining resources leading to their combined capabilities. The authors
themselves criticise the incompleteness of the capability knowledge base as well as the applied
form of matchmaking between resources and tasks [JARV19, p.977].

Within the BaSys 4.0 ontology, modular resources offer a combination of slave capabilities
coordinated by master capabilities. BaSys 4.0 incorporates querying by aligning requested
capabilities with those available, while it does not encompass the allocation of tasks to
individual resources. [PERZ19] WESER ET AL. (2020) continue the works of BaSys 4.0 and
argue for a capability-based description, easing the implementation of new resources, task
allocation and purchases of new technologies. Therefore, they propose the ontology Capability
For Industry (C4l) as an upper-level ontology modelling and defining an assembly resources
capabilities. Even though capability-based matching and task allocation are given as motivation,
they are not detailed.

MUNKER ET AL. (2021) focus on capability-based allocation of tasks to resources in the
construction domain. The end-to-end pipeline of modelling digital twins is applied (referring
to [GOPP21]). The modelling of resources and their capabilities only considers stand-alone
resources and no combination of parts (end-effector, robot arm, etc.) to create combined
resources. Additionally, the task allocation matches tasks with resources based on a matching
of required and provided capabilities and does not consider additional criteria, like the closest
match of the ability properties (e.g. a robot able to lift 50 kg should not be taken to lift an
object of 2kg , if a robot that can lift 5 kg is also available).

GINSTE ET AL. (2022) focus on combined offline and online planning of resources. They
propose a capability model based on the interface state changes (assembled or not assembled)
of the product parts during assembly and the feedback of this information during execution.

VIEIRA DA SILVA ET AL. (2023) focus on connecting the hardware- and implementation-
independent modelling of capabilities with the execution of these. Additionally, they consider
mobile robots in a more general term, thus including search and rescue or investigating robots,
like Unmanned Aerial Vehicles (UAVs) and water robots [VIEI23, p.145]. Therefore, their
modelling is aiming at a broader scope than mobile robots in assembly and is thus too general.
Additionally, the inheritance of capabilities, combining resources and task allocation, is not
considered, even though it can be argued that one can query for the modelled capabilities and
thus provide task allocation in a basic format.

23The SUMO ontology serves as a high-level ontological framework, establishing fundamental ontological
categories that span across all domains. [NILEO1]
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As can be seen from the comparison of ontologies, no single ontology fulfils all criteria suitable
for use as a description and knowledge base of heterogeneous, multi-purpose resources in
changeable assembly systems. Established querying methods focus on providing a feasible
combination of resources to provide a requested capability. Still, they cannot address more
complex problems, such as including travel costs or considering the status of the resources.
Additionally, many ontologies are not publicly available. Furthermore, they differ in their level
of granularity, implementations and modelling languages, making it difficult to merge and reuse
them. Therefore, the need arises to create an ontology designed for the purpose at hand:
formation planning of mobile robots.

The intended reuse of specific features and parts of ontologies to create a novel, domain-specific
ontology for formation planning is detailed in the following. The adapted parts are highlighted
during the development of the resource and capability model.

4.3 Ontology-based definition

The following section details the ontology-based definition phase and details the development
of a semantic description model of mobile robots and their capabilities. The goal is to represent
the totality of all data and features that characterise an associated asset or represent important
information for other assets. [NORM16, p.18] The conceptual CAPILANO based on [KLUG22b]
is presented, describing heterogeneous assembly resources and their (combined) capabilities
uniformly and formally. It can thus be used as a basis for a capability-based task allocation
to assembly resources. The development of the ontology-based task assignment framework,
including the ontology taxonomy, query, and task assignment, is discussed.

An essential requirement for the automation of assembly management involves evaluating
whether a given resource has the capability to carry out specific activities. The representation
of capabilities in a formal model allows one to reason which configuration (= combination of
robot components and periphery, like robot arm, robot base, end-effector) allows executing the
said task.

The data employed for capability-based resource allocation in assembly operations encompasses
three central elements: (1) the process chart, (2) part and product models, and (3) resource
profiles. These data components represent distinct use case entities that require standardised
modelling. The necessary parts for a complete description of task allocation are divided into
the process chart, which contains a description of the processes or products, consisting of the
quantity of parts and components and the assembly sequence and necessary capabilities for
assembly, as well as the domain-specific ontology of resources consisting of the capabilities of
the resources and their spatial dimensions.

Figure 4.2 visualises the incorporated ontologies and meta-models and for which part of
CAPILANO some of their features were considered. The adapted features and the resulting
modelling in CAPILANO are detailed in the following.

As proposed by GOPPERT ET AL. (2021) and showcased in [MUNK21], the meta-models
delineating the fundamental and consistent structures of the description model and syntax for
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Figure 4.2: Reuse and influence of established ontologies, meta-models, and concepts onto
the development of the CAPablLity-based resource AllocatioN Ontology (CAPILANO). The
methodology is adapted from [GOPP21].

execution Asset Administration Shell (AAS) and SensOr Interfacing Language (SOIL) are em-
ployed. AAS depicts the digital representation of real and virtual assets, communicating through
a standardised communication interface. This encompasses the asset’s features, characteristics,
properties, statuses, parameters, measurement data, and capabilities. [HUAN21; TANT17]
SOIL is originally designed for sensor systems, but the underlying meta-model can be applied to
other domains, such as assembly systems. The modelled assets in SOIL are (1) components, (2)
functions, (3) parameters, and (4) measurements. [BODE21] Here, the more general adaption
of SOIL (in [GOPP21]) — exhibiting the asset of variables instead of measurements — shall be
adapted. Figure 4.3 provides the resulting generic description of a CAPILANO component class
as well as two class examples, which will be detailed in the next two sections 4.3.1 and 4.3.2.
The components serve as the structural representation of an asset, encompassing any number
of child elements. Therefore, resources as components can be modelled consisting of one or
more other resources, thereby contributing to the answerability of CQ01-CQO06. Functions
are composed of a set of input arguments and a set of return parameters. The variables
represent dynamically changing information (e.g., State, Location or Configuration),
while parameters encapsulate static data (e.g., maximum payload, maximum velocity). Each
component class is affiliated with an AAS containing the meta-structure of AAS, encompassing
essential elements such as ID, Type, Name, Variables, Parameters, Components, and
more.

Following VAN BRUSSEL ET AL.; MARTIN ET AL.; CUTTING-DECELLE ET AL.; CAO
ET AL., PPR modelling is taken as a base. Enhancing flexibility and adaptability, the direct
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Figure 4.3: Generic CAPablLity-based resource AllocatioN Ontology (CAPILANO) class
model with two specific class model examples: the Elemental Capability and the
End-effector classes.

connection of PPR is decoupled by modelling capabilities as a connecting element [FROS22, p.2;
WESE20, p.1679]. The concept of capabilities is based on and extends the works of MaRCO
[JARV19] and the "skill" concept [B@GH12; PEDE16; SCHO18]. The selected ontologies and
meta-models are summarised and referenced in section 2.3.

The resulting class model of CAPILANO in Unified Modeling Language (UML) notion exhibiting
the central classes of resources, capabilities, process and product is detailed in C in figure C.1.

4.3.1 Modelling of assembly resources

Following Referenzarchitekturmodell der Industrie 4.0 (RAMI4.0) [NORM16, p.5-10] and
PROSA [VAN 98], resources are structured analogously to assets or holons and thus have a
defined boundary, can be built up from other distinguishable resources or combined into such,
and can be assigned a value and a purpose. In terms of RAMI4.0, resources are assumed here
to be Industrie4.0 components, i.e. an entity (clearly identifiable, represented and known asset)
with an administrative shell and communication capability [NORM16, p.13]. In contrast to
RAMI4.0 and PROSA, the considered application is focused on formation planning in assembly.
Therefore, only the assembly resources robots, end-effectors, sensors and humans are considered.
Thereby, the focus is on robots and end-effectors as they are executing the automated assembly
operations.

Resources can be composed of identifiable other resources that can be combined to create
new resources and exhibit properties and values. The utilisation of specific parameters drew
inspiration from MASON, PROSA, and Perception and Manipulation Knowledge (PMK). The
current static and dynamic parameters were fine-tuned based on MASON, while the interplay
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of these parameters with capabilities was adapted from PROSA and PMK. [VAN 98; DIAB19;
LEMAOQ6]

The assumption is made that factors such as computing power availability, a communication
architecture®®, and data reception through wireless communication are inherently present, and
hence, do not require additional consideration in the formation planning process. Nonetheless,
they are represented in figure C.1 as cyber resources.

As Physical Resources Sensors, Humans, Robots, Multipurpose Resources and
End-effectors are modelled as classes. A definition of the terminology can be found
in section 2.1.2. The class Robots is further differentiated into Robot Arms, Mobile
Bases and Mobile Manipulators. Robot Arms as a class include different types of
robots, from industrial, reprogrammable, PUMA, and Selective Compilance Assembly Robot
Arm (SCARA) robots. Mobile Manipulators consist of a Robot Arms and a Mobile Base.
Multipurpose Resources consist, as visualised in figure 2.2, of a Mobile Base, a Robot
Arm and an End-effector. One example of the resource class End-effector is shown in
figure 4.3. Physical Resources provide inheritable capabilities to the Physical Resources
they can be combined with. The form modelling of resources directly contributes to the
answerability of CQ03, CQ07, CQ08, CQ09, CQ10, and indirectly contributes to CQ01, CQO02,
CQO04, CQO5, and CQO6, through the combinability of resources, consideration of states, and
linkage to capabilities.

4.3.2 Modelling of robot capabilities

One barrier to employing mobile robot systems remains to assign tasks to robots whilst
considering the components the robot needs to exhibit the needed capabilities for those tasks
[RIZK19, p.21]. In the course of the conducted research, the modelling of robot capabilities is
twofold: In the following section, the semantic description, which is included in the CAPILANO,
is covered. In the next chapter 5, the concept of capabilities will be re-iterated and extended
by considering quantitative metrics evaluating the spatial distribution of capabilities of robots
in their workspaces.

Modelling capabilities aims to allocate assembly tasks to assembly resources that have the
capabilities required to perform them. A necessary prerequisite is the decomposition of product
assembly plans into precisely these elementary operations, which can be equated with capabilities.
If given, the assembly tasks can be allocated to the resources. In the following, the modelling
of the assembly task execution capabilities of assembly resources is designed to provide generic
descriptions of provided and required capabilities linking PPR.

The notion of capabilities facilitates the hardware-agnostic description of processes
and their related tasks. The required robot capabilities for product assembly depend
on and are determined by the product’s design. The capabilities semantically abstract
the functionality of a resource to cause an effect on a part during a process step in
a specific assembly context. The effect can be described by the change in property values
of the object, i.e. the part or product.

24A potential communication architecture is presented by BUCKHORST (2023).
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Entities such as the VDI, the IEEE or the Deutsches Institut fiir Normung e.V. (DIN) furnish
classification systems (taxonomies) specific to various domains, offering a standardised vo-
cabulary and structure with a dedicated focus on practical application in specified domains.
Due to the solution-neutral and hardware-agnostic description, these standards can be used
as a valid classification of capabilities [KLUG11, p.78]. Therefore, the established norms and
manufacturing process standards shall be investigated for an initial classification and capability
modelling.

Assembly is the process of combining individual parts to form a sub-unit, a unit, a structural
group, a machine, or a final product [CIRP20, p.1; BAUE20, p.4]. Therefore, most assembly
tasks can classified as either handling or joining processes, combined with aiding operations
like inspection or marking [LOTT12, p.2]. Creating a list of assembly tasks, the assembly
operations in LOTTER ET AL. (2012) are extended with the tasks listed in VDI 2860%°, DIN
8580 and DIN 8593 [DEUT22; DEUTO03; VERE90]. VDI 2860 [VERE90], DIN 8580 [DEUT22],
and DIN 8593 Deutsches Institut fir Normung e.V., Beuth Verlag GmbH provide guidelines
to define and categorise different types of tasks. In [DEUT22], manufacturing processes are
categorised into primary shaping, forming, dividing, joining, coating, and changing material
properties. [DEUT22, p.11-15] Here, the focus lies on joining.

Following PEDERSEN ET AL. and WESER ET AL. capabilities are structured into levels, as
depicted in figure 4.4 a). In contrast to the literature, four levels are distinguished here: The
highest level is built by processes, which can be divided into the second level of process steps,
which require semantic and spatial capabilities to be executed. The set of all assembly tasks
for product completion corresponds to an assembly process. A process can be divided into
individual process steps. Each process step consists of assembly task poses, which require a
resource with certain semantic capabilities to be executed. In turn, the resources offer semantic
capabilities. Thereby, process steps can be connected to resources by matching the semantic
capabilities. The notion of semantic and spatial capabilities differentiates between the semantic
expression (e.g. "welding") and the spatial distribution of performance metrics corresponding to
this capability in the robot workspace. The spatial distribution and connection of performance
metrics to semantic capabilities will be discussed in the following chapter 5.

The semantic capabilities are distinguished into elemental and combined semantic capabilities.
Elemental capabilities are standalone, while combined capabilities require more than one
elemental capability. A combined capability is a combination of multiple elemental capabilities
and inherits the parameters of the elemental capabilities as shown in figure 4.4 b). To provide
a specific combined capability, a robot must be equipped with certain tools and periphery, e.g.,
to transport, the robot arm must be placed on a mobile base. Transporting is defined to
be an elemental capability exhibited by a resource, whilst Screwing is a combined capability
that requires the combination of a robot am with an end-effector for its functioning. The
compatibility prerequisites to connect resources are integrated into the ontology by assigning
Compatibility Types to resources, which can be requested, as shown in figure 4.7. Therefore,
CQO03 can be answered. The instances of the resource class either inherently provide capabilities

25The guideline VDI 2860 (1982) was withdrawn in 2018. Since no replacement exists, VDI 2860 is still referred
to.
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Figure 4.4: Modelling of semantic robot capabilities.

or only provide capabilities if combined with other components: E.g. a component Robot
Arm needs the tool component Welding Gun to provide the capability of Welding. This level
of abstraction enables the seamless exchange of resources in an assembly station, provided
they offer the same type of capabilities. The classes containing the capabilities are assigned to
resource classes through class restrictions, similarly to MaRCO and C4l. Thereby, considering
the compatibility of the CAPILANO resource class CQ01-CQO04 can be answered.

For the capabilities to be applied in an application scenario, they must be enriched with additional
parameters [SCHO18, p.74], e.g. the range of applicability of the capability [MULL15, p.556].
For instance, to model the Screwing capability, its torque range — e.g. values spanning
50Nm to 200 Nm — must be recorded. Therefore, for each capability, the necessity of a
range and the unit thereof is checked and included in the modelling. Consequently, during the
modelling process, each capability undergoes scrutiny for the imperative inclusion of a range
and its corresponding Sl (Systéme international d'unités) unit. Thus, CQ02 and CQ05 become
answerable.

The inheritance relation of a taxonomy of the ontology can be used to search for specific types
of capabilities or components with specific properties, e.g. all grippers or all resources with
the capability of Transporting. This is applied in section 4.4 to perform an ontology-based
assignment of assembly tasks to resources.

4.3.3 Implementing CAPILANO

The proposed model defines the syntax and semantics of the ontology and is independent
of technology. The conceptual ontology is constructed in the model generator Protégé by
utilising the Web Ontology Language (OWL). The OWL is a recognised and widely accepted
standard endorsed by the World Wide Web Consortium (W3C) for modelling ontologies. The
use of an OWL representation allows CAPILANO to build on existing inference mechanisms
for OWL reasoning. OWL is a formal knowledge representation language, making it machine-
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interpretable. This foundation guarantees decidability and allows for comprehensible deductions
when employing expressive reasoning systems. [WESE20, p.1680; GLIM14] OWL facilitates
the extraction of implicit knowledge from explicitly defined knowledge through reasoning
systems [PERZ19]. With these properties, capabilities can be automatically composed of other
capabilities or arranged in a hierarchy. This formal language supports reasoning based on both
semantic and syntactic rules, enabling the inheritance of capabilities from one instance to
another and the composition of capabilities from various sources. The resulting framework
consists of a model of heterogeneous resources and their capabilities in an ontology built in
Protégé in OWL, a SPARQL Protocol and RDF Query Language (SPARQL)-based query, and
consecutive and availability-based task allocation in Python.

4.4 Task allocation

Figure 4.5 emphasises the focus of this thesis — the formerly called "precondition check" of the
capability-based task execution (see figure 2.9 b)) — and its steps. The steps of ontology-based
combinatoric of resources and semantic precondition check are discussed in this chapter. The
subsequent steps of spatial precondition check and base placement will be detailed in chapters
5 and 6.
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Figure 4.5: Capability-based task execution: a conceptual model of robot capabilities with

precondition checks and execution planning. Based on the boundary conditions (in light grey),

the precondition checks or planning steps (in dark grey) verify executability before execution.
The precondition checks are mapped to thesis chapters.

As one of the primary goals of utilising an ontology to model the assembly resources and their
capabilities is to enable task allocation by matching, the following will detail the task allocation
framework. The conceptual framework is presented in figure 4.6. First, the information stored
in the process chart and application ontology of the assembly station has to be retrieved.
The process charts denote the products to be produced, the assembly sequence, and the
required semantic capabilities per process step. The ontology of the assembly station contains
information about the stations’ resources and functions as a knowledge base populated with
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the appropriate instances. The resource status (idle, battery status, combination of singular
resources to combined resources), as well as the offered capabilities and their parameters, are
provided in the ontology. Subsequently, the requested capabilities of the process chart are
queried within the ontology. The querying results in a list of all combinations of resources
providing the requested capabilities within the allowable range of parameters — if a transporting
process step requires the capability of transporting 25 kg , only combined resources offering the
capability of transporting with a payload of at least 25 kg are proposed. The list of all possible
combinations is transferred into the next step of task allocation. Transferring the query list
results into a third-party program outside of the ontology environment enables the utilisation
of advanced and established task allocation algorithms. In the process of task allocation, the
'best’ resource for the task is determined based on a set of defined criteria. The term 'best’ is
presently operationalised through the following criteria: 1) the requisite end-effector is mounted
on the robot, 2) the robot is mounted on the mobile base, 3) the highest level of battery charge
and 4) listing place in the query list. The combination of resources, the task allocation to those
combined resources and a status update to non-idle for the execution time are transferred
back into the ontology. The corresponding modelling data is updated in the ontology. This
process ensures the realisation of the framework's objective to align task requirements with
the capabilities of available resources. The detailed sequence of actions involved in querying
and the subsequent allocation of tasks contributes to the achievement of the framework'’s
overarching goal.

Data lake Data conversion Task allocation
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Figure 4.6: Task allocation framework including the CAPablLity-based resource AllocatioN
Ontology (CAPILANO), depicted as activity diagram.

Figure 4.7 illustrates a single query loop concerning the capabilities of Screwing, Positioning,
and Transporting. For the querying aspect, the specified list of required capabilities of the
process chart undergoes conversion into a SPARQL query using the Python-based Cython
Phaser. These SPARQL queries are transmitted to the JAVA-based HermiT Reasoner?®, and the
resulting output is cached by evaluating the compatibility of resources to provide the requested

26The HermiT Reasoner proposed by GLIMM ET AL. (2014) infers knowledge from ontologies, thereby enabling
reasoning on ontologies. The reasoning is converted into consistency checks. It can be applied for consistency
verification by computing the hierarchy of classes and properties. It supports SPARQL querying and can be
used via a plugin in the Protégé editor. [GLIM14]



60 4.4 Task allocation

capabilities by deducing implicit capabilities. Initially, resources that possess the requested
elemental capabilities are identified (ScrewDriver_1 and ScrewDriver_2 for Screwing in

figure 4.7). Subsequently, the HermiT Reasoner?

examines combinable capabilities of the
resources, determining, for instance, whether a specific robot, in conjunction with a particular
end-effector (in this case, ScrewDriver_1 and Mobile-Manipulator via EndEffector_1),
can fulfil a required capability. This mechanism facilitates the inheritance of combinatory
capabilities, thereby answering CQ01, CQO04 and CQO5. In cases where multiple resources
match the capabilities, they are prioritised in descending order. In the initial query loop, the
resource with the closest matching parameters is selected (e.g., a requested payload of 20 kg
favours a gripper with a payload of 25kg over one with 40kg), as depicted in figure 4.7
by a white square. Additionally, if combined resources are required, combinations that are
already combined (mounted) are favoured over those that would require additional steps to
be combined physically. This loop iterates until all conceivable combinations of resources are
exhaustively listed in descending order. Once the Cython Phaser completes processing all
queries, the cached results undergo conversion into CSV/TSV formats and are subsequently
forwarded to the task allocation stage.
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4.5 \Verification and validation of CAPILANO

The following section summarises the results of the verification and validation of the ontology.
For the validation of the generated artifacts, the methodology for the validation of simulation
models by SARGENT (2010) is used. According to SARGENT (2010), the validation of a model
includes conceptual model validation, operation validation, computerised model validation and
data validity. The underlying methodology is detailed in section 2.5.

According to SARGENT (2010), a model has to be validated for its intended use [SARGI10,
p.166]. Analogously GOMEZ-PEREZ (2004) define the evaluation of ontologies as the technical
assessment of its content in relation to a set reference [GOMEO4, p.255]. Therefore, CAPILANO
can be validating by assessing the answerability of the initially stated requirements and
competency questions (see section 4.2.1). In accordance with GOMEZ-PEREZ (2004), the
verification and validation of CAPILANO were conducted by examining the fulfilment of
evaluation criteria, specifically consistency, completeness, and expandability.

Through the iterative design cycle, which involves the alternate development of artifacts and
processes and evaluation of the design results, validation occurs as an inherent part of the
development of new artifacts [SARG10; OSMA97; RABEO08, p.136]. Multiple verification and
validation cycles were run during ontology development and iteration during the design cycles.
Here, only the final evaluation is presented.

Computerised model verification

Computerised model verification checks for the correct implementation of the intended model.
Analogously, “[ontology] verification refers to building the ontology correctly" [GOMEQ4, p.256)].

An evaluation of the ontology taxonomy and a comparison between the asserted and inferred
hierarchies were employed to assess the accurate implementation and programming of the
conceptual ontology, encompassing computerised model verification. By automatically deducing
the inferred hierarchy from the asserted hierarchy (manually implemented rules and underlying
logic) of CAPILANO using the HermiT Reasoner, the correct implementation of hierarchies,
class modelling, and properties can be ensured. The HermiT Reasoner was applied to verify
the structure, machine-readability, and consistency of CAPILANO. Additionally, it is utilised to
query the ontology for combined resources, providing the required capabilities. Therefore, it
can be deduced that CAPILANO was built correctly, fulfilling the stated requirements.

Operational validation

An application ontology was instantiated to validate the framework within its designated scope
and ascertain the acceptability of its output behaviour. Instances specific to use cases were
modelled following the conceptual ontology, thereby constructing a knowledge base and a
description model at an operational level, aligning with [SARG10; GOPP21; NOYO01]. The
assembly process of a truck chassis served as an application scenario, wherein parts such as the
Cross Member, Front Member, and Rear Member needed to be transported from storage to
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the chassis and subsequently affixed to the Chassis. To execute this process, capabilities
such as Screwing, Transporting, and Positioning were requested, each with distinct
property parameters related to acceleration, velocity, jerk, etc. A variety of resources, including
stationary robots (ABB_4600, ABB_2600), mobile robots (Kairos), and end-effectors (Gripper,
Screwdriver), were available to fulfil the requested capabilities in diverse combinations.

Utilising the application ontology, an evaluation of the framework’s performance is conducted
by measuring the time required for task allocation processing. A set of twenty distinct
queries, varying in complexity, is formulated and employed as the basis for a randomisation
process to generate process charts. For each data point, five process charts, each featuring
an identical number of queries but with distinct randomised content, are processed. The
run-time of these five charts is averaged to ensure a consistent complexity distribution across
the set of process charts. The queries and corresponding process charts are available at
the following link: https://git-ce.rwth-aachen.de/wzl-mg-public/iop/ws-b2.iv_
formation-planning-of-mobile-robots/capilano [KLUG22a].

The graphs 4.8 and 4.9 illustrate the scaling performance of the ontology. Querying was
conducted for query quantities of 5, 25, 50, 100, 250, 500, 1000, and 1500, and subsequently,
every 1500 queries on the same application ontology with randomised querying requests. As
each query corresponds to requesting a resource for the execution of one type of assembly task,
the higher input numbers are solely tested for as part of the sensitivity analysis and extreme
condition testing after RABE ET AL. and SARGENT, as these numbers are not realistic for the
intended scenario of task allocation for a single assembly station within the timeframe of several
minutes or hours [RABE08, p.102; SARG10]. Nonetheless, it has to be noted that the resulting
long computation times of around 2,45 h for an input of 1200 queries would not be acceptable
in industrial applications. This is due to the transition between the SPARQL environment and
Python, necessitating data conversion in both directions. Prior to implementation, enhancing
the current prototype could involve optimising it through the utilisation of more efficient
programming languages. The graph 4.8 indicates a linear scaling behaviour of the total runtime
of task allocation based on the test data. Linear behaviour is achieved upon normalisation to
an error percentage of 0.8385%. The graph 4.9 shows the variation of the average runtime per
query with a maximum deviation of 40,418 % to -0,436 %. Therefore, it can be concluded
that the runtime per query remains constant over scaling input queries. Consequently, it is
inferred that the developed ontology displays linear scaling behaviour.

The study affirms the scalability of the developed framework, as it allows the integration of
new entities for application and the inheritance of other ontologies. The depicted figures
illustrate the realisation of querying and resource-task matching based on required and provided
capabilities through SPARQL querying and Python-based allocation. Capabilities arising from
the amalgamation of resources into a new entity can be inherited from one instance to another.
Moreover, the transfer of query results to third-party software for facilitating task allocation was
successfully achieved by developing interfaces that enable transfer within a Python program,
demonstrating adaptability for integration with other third-party software.
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Figure 4.9: Average runtime per query in dependence on the number of total queries of the
task allocation framework of CAPablLity-based resource AllocatioN Ontology (CAPILANO).

Data validity

Section 4.5 presents the use case data utilised to instantiate the conceptual ontology. Derived
directly from real-world industrial use cases within the loP research project, the parameter
data exhibits evidently validity. The application and conducted testing were discussed in the
research group and reviewed during publication. Therefore, assembly experts confirmed the
validity of the presented use case data, ensuring its accuracy in representing real-world systems.
Additional data validity tests were not conducted.

Conceptual model validation
Model validation is the process of demonstrating that a model has acceptable accuracy within

its scope of application and for the intended use [SCHL79]. Thus, a valid model can be equated
with a sufficiently accurate model for the application. [OSMA97, p.135] Transferring this
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general validation to ontologies results in validating that the ontology definitions model the

application domain and the real world for which it was intended. [GOME04, p.256]

This section presents a qualitative conceptual model validation of CAPILANO. The ontology's
capability to answer the competency questions outlined in section 4.2.1 is assessed through
instantiating in an application ontology and querying for answerability of the competency
questions. The underlying application ontology is detailed in section 4.5. The competency
questions represent the design requirements of the ontology. Therefore, if they can be answered,
the ontology is sufficiently accurate for its intended application. Table 4.3 provides an overview
of the initially stated requirements, whether it was met and with which solution the requirement

was met.

Table 4.3: Matching the modelling requirements and the applied solution of
CAPablLity-based resource AllocatioN Ontology (CAPILANO).

Requirement Applied solution Met?
GP1 Formal description Inherently given by OWL- based modelling v
GP2 Identifiability of resources  Inherently considered in semantic modelling v/
GP3 Scalability The task allocation shows scaling behaviour. v
GP4 Adaptability to varying sce- Instances of the classes can be exchanged or v/

narios

GP5 Extendability

adapted to novel circumstances.

Novel assembly resources or instances can be
manually integrated, following the provided
modelling structure.

SP1 Parameter enriched capabil-
ities
SP2 Inheritable capabilities

SP3 Conditional capabilities

SP4 Matchability of resources to
tasks depending on capabilities
SP5 External transfer of query
results

SP6 Time-dependent properties
SP7 Reference to external files

SP8 Resource dimensions

Considered in the capability class model.

Inherently included through the inheritance
from classes.
Precondition
matching.

Querying and task allocation framework.

checking during capability

Realised in the task allocation framework.

Every Physical Resource Has a State.
Every class Physical Resource has a pa-
rameter Model with File repository (see
figure 4.3).

Considered in the parameter Model.

N N N N

NE

(v)

As all requirements and competency questions are met and answered, the conceptual model

CAPILANO is validated.

4.6

This chapter introduces the semantic description model of mobile robots and their capabilities
CAPILANO. An ontology-based task allocation is presented. Thereby, the first underlying

Interim conclusion: Description model
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research question URQ1: How can multipurpose assembly robots, their capabilities and
assembly tasks be modelled for a task allocation? is answered.

The contribution is twofold: the domain ontology CAPILANO is developed, following a
methodological approach, and a subsequent task allocation framework is presented. In
contrast to alternative description models of resources and their capabilities, CAPILANOs main
contribution is its capacity to model and deduce information about the combined capabilities of
combined resources at a semantic level, enabling a task allocation. The chapter’s contribution
is summarised in figure 4.10.

Following a combined methodological ontology development approach based on established
methods [SUREQ9; NOYO01, GOPP21], the development process of CAPILANO is detailed.
During the need and feasibility study, summarised in section 4.2.2, state-of-the-art ontologies are
compared to the derived requirements of an ontology as a knowledge base for formation planning
of mobile resources in assembly. The analysis shows that currently established ontologies do
not fulfil the requirements, thus necessitating the development of a novel domain ontology.
During the ontology-based definition phase, reusable features of established ontologies and
meta-models are identified and their adaption and inclusion in the novel CAPILANO are detailed.
The domain ontology CAPILANO is developed in the refinement phase. During standardised
modelling, the domain ontology CAPILANO is instantiated with use case data, rendering an
application ontology that serves as the base for the verification and validation process. The
derived ontology is added to the knowledge base as conceptual knowledge in accordance to
[IIVAQ7, p.8] by publishing the results in KLUGE-WILKES ET AL. (2022).

The information included in the formal representation in CAPILANO encompasses, but is
not limited to, combinable assembly resources, inheritable resources capabilities and a
capability-depended task allocation of tasks to resources. The proposed concept is a
foundation for multi-layered capability checking at symbolic and sub-symbolic levels. It evaluates
the compatibility of resources and their provided capabilities with the required capabilities to
execute assembly tasks. The semantic capabilities of the considered assembly resources are
articulated, encompassing operations such as Screwing, Transporting, or Welding enriched
with specified parameters. Capabilities are inherited as the parts of the resources are
combined; for instance, only a robot arm equipped with a screwdriver possesses the capability
to screw. The combinability of resources is expressed by capabilities. The task allocation
involves identifying which combination of resources satisfies the required capabilities with the
closest properties match. So far, ontologies in the assembly have been limited to querying
resources and their capabilities; here, the subsequent task allocation is presented as an integral
part of a customised framework.

As indicated during the refinement phase and exemplified in the task allocation example, the
developed ontology and framework successfully answer the initially stated competency questions
(see table 4.3). The set requirements for the description model and knowledge base are met.
Therefore, the first underlying research question URQ1 is successfully addressed.
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Figure 4.10: Contribution of chapter 4 to the research progress.

Critical reflection

As the real world is complex, complete representation in a model can never be guaranteed.
Due to the high number of states that an assembly station consisting of mobile, multipurpose
resources can assume, it is classified as complex and thus not completely describable. [ULRI8I,
p.8] The practical applicability of the formal capability and resource model depends on the
level of detail put into implementing the model for the particular use case. The constraints
include balancing the generality versus the specificity of the model and the requirement for
centralised maintenance of the ontology.

Components necessary for operation, such as the modelling of environmental conditions, a
communication model or a decision model, are not considered in depth here. Still, it is strongly
emphasised that they are necessary.

The provided modelling of capabilities does not necessarily guarantee the robot's or resources’
ability to execute and perform the actual task. The practical feasibility depends on the
appropriate conditions of the situational context in which the resource is to act. For example,
Transporting as a capability of an omni-wheeled mobile robot is limited to fairly flat and
clean.

The modelling can be extended by incorporating the automated deployment phase of the
development methodology to connect the models with the modelled physical instances, creating
a digital shadow or twin.
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5 Evaluation of the executability of
assembly tasks by a robot

Planning feasible formations requires the placement of mobile robots in relation to the allocated
task poses in such a way that all task poses are executable by the robot. To examine
the executability, the second underlying research question URQ2: Can the executability
evaluation of assembly tasks be extended whilst considering equipped end-effectors
on mobile robots? is investigated. Executability is assumed when the task poses lie within
the valid workspace. As defined in section 2.2.4, the valid workspace is defined as the area
in the robot workspace wherein all task poses are reachable and executable, and the robot
is unobstructed by obstacles and itself, making the placement appropriate for the intended
application.

This chapter presents a method to determine the valid workspace of a robot. The semantic
understanding of robot capabilities introduced in chapter 4 is extended by considering the
spatial distribution of performance metrics in a robot workspace as a function of equipped
end-effectors. The representation of the spatial distribution is called the performance map
of a robot. Therefore, relevant metrics for specific assembly tasks are identified, and then
the distribution of these metrics in the robot's workspace is represented. Additionally, the
effects of equipped end-effectors are included in the evaluation. Figure 5.1 visualises the
execution sequence of the process steps to select performance metrics and calculate them in a
performance map.

In the course of the chapter, the process steps are presented as depicted in figure 5.1. At
first, the preselection of performance metrics to quantify a robot's capabilities to perform
specific assembly tasks is presented and based on the chosen performance metrics, the process
of generating a performance map is detailed in section 5.1, estimating and visualising the
performance metric values in the robot's workspace. Since assembly operations require a robot
arm and an end-effector to execute the task, section 5.2 includes the influences of the equipped
end-effector in the executability evaluation. The results of validating and verifying the proposed
methods are presented in section 5.3, and the chapter’s findings are summarised and concluded
in section 5.4.

During the research, chronologically, the first major design cycle focused on the induced
functional redundancy through the effect of end-effector and the inclusion in the workspace
evaluation, as published in [KLUG23e]. Since the provided method of including the effect of
end-effectors in the first design cycle was only applied on capability maps, which is limited
to measuring the reachability of a point or pose by the robot, the second major design cycle
extended the method to further performance indices. In this second design cycle, a matching
of performance metrics to assembly task types was introduced, enabling the calculation of a
"performance map", representing the distribution of multiple robot performance metrics, as
described in [KLUG24b]. The performance maps and the inclusion of end-effectors enable the
evaluation of the executability of assembly tasks by robots with specific performance metrics.
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Figure 5.1: Process overview of evaluating the executability of assembly tasks by a robot —
activity diagram.

Prior to the development of the executability evaluation, the requirements are derived from
the research deficits outlined in section 3.4 and summarised in figure 3.3. They set the
parameters and goals for investigating the second underlying research question. The first
necessary condition for the executability of an assembly task by a robot is the reachability
of the pose, which is dependent on the robot's spatial placement in relation to the pose.
Additionally, the executability of each task type has to be evaluated based on performance
metrics tailored to that task type, as different tasks require different robot performance (e.g.,
constant end-effector velocity or high accuracy). As end-effectors impact the size, shape, and
quality of the robot’s workspace, their effect has to be accounted for. Moreover, to ensure
extendability to additional task types, different performance metrics must be enabled in the
future. Finally, the executability distribution of different robots should be visualised to assist
human operators in the planning of robot base placement. Additionally, the visualisation enables
the validation technique of animation to quickly assess, whether the resulting executability
representation is realistic. The intended application for performance maps in assembly formation
planning poses the following requirements:

RQO1 Representation of the reachability of poses in the workspace by the robot flange

RQO2 Representation of the executability of task poses in dependence on the task type

RQO3 Inclusion of the effect of equipped end-effectors into the workspace evaluation

RQO04 Easy inclusion of further performance metrics for robot workspace evaluation in the future
RQO5 Visual representation to enable readability by humans
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5.1 Evaluating a robot’s workspace with different perfor-
mance metrics

A robot's performance is not isotropic across its workspace due to its mechanical structure.
Consequently, it is paramount to determine the specific areas within the robot's workspace
where it possesses the required performance metrics. The following section presents first a
matching of metrics to tasks and second a novel method to calculate the selected performance
metrics in the so-called performance map.

The executability of different task types depends on different parameters (e.g. constant end-
effector speed for spray painting or repeatable path and pose accuracy for positioning small
parts). Performance metrics evaluate a robot's capability to perform a given assembly task.
Hence, a method is needed to determine suitable performance metrics for evaluating specific
task types. To address this research gap, a method is introduced to match performance metrics
with assembly task types.

Relevant metrics must be identified and defined to evaluate the robot's performance and
suitability for the task at hand. To comprehensively capture various aspects of robot behaviour,
it is necessary to use distinct and independent metrics with unique formulations since these
metrics will enable a more accurate and comprehensive analysis of the robot’s performance.

The main distinctions between task types during execution have been identified as the type
of movement (continuous or discrete), precision (high or low), and feasible TCP range at
the goal pose (reachable or dexterous) [KLUG24b]. Thereby, reachable indicates multiple
feasible orientations at the task position, whilst dexterous indicates that either only one or a
small number of orientations are allowed. Each category is associated with a metric chosen
from table D.1 to quantify the required property. An overview of the task categories and
their corresponding matching to performance metrics is presented in table 5.1, followed by a
description of the metrics employed.

Table 5.1: Metrics for evaluation and metric categories.

Category Specification Matched metric Task example
Movement Continuous (C)  Manipulability measure w Welding [DEUT22,
p.13]
Discrete (D) Dexterity Dy, Range depends Screwing
on TCP range [DEUT22, p.13]
Precision High (H) Condition number > 0.8 Screwing
[DEUT22, p.13]
Low (L) Condition number > 0.5 Transporting

[VEREQO, p.5]
TCP range Reachable (R) Lower dexterity range Dy > Inspecting
50 [DEUTO5, p.6]
Dexterous (DX)  Higher dexterity range Dy > Part insertion
80 [DEUT22, p.13]
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Movement: A robot's capability to transition between configurations can be assessed by the
scalar manipulability measure?’, denoted as w. Consequently, the manipulability measure is
employed here to assess tasks involving continuous movement, while discrete movement tasks
are adequately evaluated using the dexterity metric (explained below).

Precision: SALISBURY ET AL. (1982) introduced the concept of the condition number?’,
denoted as k, as a metric of the "kinematic isotropy" of the Jacobian matrix.

TCP range: The dexterity index?” is denoted as D and was introduced by KUMAR AND
WALDRON (1981). It calculates the average reachable orientation of a robot in a single position
by setting the range of reachable angles in relation to the overall range of angles.

Previously, Dg; was used as a reachability metric for computing capability maps [ZACH13,
p.10; MAKH18, p.139]. However, when employing D and Dpg; for workspace evaluation,
the distribution of positions where they are computed significantly influences the resulting
reachability values representing the entire workspace.

The distributed reachability index Dy is proposed to overcome this over-representation of
discrete positions. Dy is calculated per voxel as the percentage of reachable poses E over
the total number of tested poses N. In difference to Dgy, Dy considers spatially distributed
poses with equidistant positions in one voxel instead of considering multiple orientations for a
singular position per voxel. Insight into calculating Dy is given in equation 5.1 and detailed in

algorithms 3 and 4.
E

Dy = —-100 5.1
N= (5.1)
Matching of performance metrics to tasks: Tasks that offer multiple execution orientations
or a range of allowable orientations (indicated as "reachable") are ascribed to a lower minimum
dexterity threshold. Conversely, tasks with only one permissible orientation (indicated as

"dexterous") are assigned a higher threshold.

Table 5.2 provides an excerpt of categorising tasks according to their properties. As derived in
section 4.3, the assembly operations noted in LOTTER ET AL. (2012), extended by tasks of
[DEUT22; DEUTO03; VERE90], are considered as assembly tasks. The full list of tasks and
their categorisation can be found in the appendix in section E in table E.1.

In conclusion, a decision support system is proposed designed to aid in selecting performance
metrics to evaluate the feasibility of specific assembly tasks. This system aims to empower
individuals who may not have expertise in the field to make informed choices regarding metrics
for evaluating the execution of tasks. The need to match performance metrics with specific
robotic assembly tasks is addressed. By categorising tasks based on movement type, precision,
and TCP range, the approach provides a clear framework for metric selection. Introducing the
distributed reachability index Dy enhances evaluation, offering nuanced insights. The method
advances the field by facilitating a more accurate assessment of a robot's capabilities across
diverse assembly tasks.

?TIntroduced in section 2.2.2. Further insight into the metric is provided in the appendix D.
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Table 5.2: Matching of performance metrics to tasks.

Task type Task Movement Precision TCP  range
(Discrete or (High or Low) (Reachable or
Continuous) Dexterous)

Assembling Putting together D H DX
[DEUTO03]

Filling D L R

Pressing (in) D H DX

Joining by forming C H R

Welding C H R

Soldering C H R

Gluing C H R
Handling Storing D L R
[VERE9Q]

Transporting D L R

Moving C L R

Controlling: Inspecting C L R

Controlling: Measuring D H R
Separating Drill D H DX
[DEUT22]

Disassembling C L R
Coating Painting, Lacquering C L DX
[DEUT22]

Printing C H R

Labelling C L R

Spatulaing C L R

Plastering C L R

As detailed in section 2.2.1 analytic, geometrical and numerical approaches exist to compute
workspaces [CASTO08, p.15; ZHAN19a, p.3837; DASHO05, p.777]. Since for analytical and
geometric computation, solvers have to be developed for each robot [CAST08, p.15; PATE15;
ZHAN19a, p.3837; VAHR15, p.785], a numeric approach is chosen here. Calculating numeric
workspace maps (e.g., capability map) to aid in robot base placements reduces the computation
time thousandfold over generating IK solutions for each new base placement and configuration
[MALH21, p.15]. Thus, this approach is favoured here. Numerical workspace discretisation
methods transform the robot’s reachable workspace into discrete voxels — equidistant cubes
to simplify index calculation and representation.

A computational method calculates the performance map for the chosen metrics. The
evaluation process focuses on determining the executability of the task poses within the robot's
workspace, providing valuable insights into its performance and capability. In difference to
former approaches, the performance map allows for the computation of matched performance
metrics. Additionally, the metric values are calculated for distributed poses in each voxel instead
of only considering one position with multiple orientations per voxel. The steps for calculating
the performance map will be detailed below.
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As depicted in figure 5.1, the initial stages of assessing the executability of particular assembly
tasks involve the generation of a performance map. The user initiates the process by providing
input through the General User Interface (GUI), specifying the type of assembly task and the
robot's specifications in the form of a URDF. Based on the matched metrics, the robot's
capability to perform the given assembly task type are queried from a database. These
preselected metrics are presented to the user. Next, the user can choose the specific metrics to
be included in the evaluation from the preselected metrics, tailoring the assessment to their
needs.

Defining the parameters for the performance map, the user sets the desired voxel resolution A
and angle resolution ﬁ where N represents the number of poses per voxel. The size of the
performance maps voxels is determined by the resolution A, as it defines the side length of the
voxels (Az, Ay, Az), as can be seen on the left-hand side of figure 5.2. For metrics that rely
on a specific orientation, the angle resolution (Aa, AS, A7) can also be determined. Thus,
the robot's workspace is divided into I voxels, depending on the maximum robot reach R and

the resolution A, as indicated below in equation 5.2.
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Figure 5.2: Pose calculation for performance map creation.
Left: Discretisation of the robot workspace into I voxels in dependence on the robot reach R
and the resolution A. Right: The representation of NV poses (the robot flange goal poses) per
voxel is equally distributed over the help sphere in the voxel.

A discrete number of robot configurations is used to calculate the average performance metric
for each voxel. The calculated metric values are mapped to discrete workspace elements,
representing the robot’s capability in its workspace. To generate N poses per voxel v; with i €
[1, ], to compute the discrete performance metric values. First, the centre of each voxel is
identified. Secondly, a sphere with radius A is created with the voxel's centre as the centre.
Here, the Fibonacci algorithm, as introduced in [SWINOQG6, p.1772], is utilised to distribute N
equidistant poses across the surface of the sphere. To generate a uniform distribution over
the sphere’s surface, the points are distributed with increments of the golden angle ¢. The
algorithmic distribution of N Fibonacci points on the sphere surface is detailed in algorithm 3,
and the creation of the pose orientation for each point is detailed in algorithm 4.
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Algorithm 2 Calculating a performance map.

1: Input: URDF as robot model, max. reach R, resolution A, N poses per voxel p; ,, chosen
metrics

2: Qutput: Performance map

3: Compute number of voxels I according to Eq. 5.3
4: 10

5. for i < [ do

6: 14141

7: Calculate poses p;,, of voxel 7 according to Alg. 3, 4
8: n<+<0

9: for n < N do

10: n<n-+1

11: if IK solution for pose p;,, then

12: E,+1

13: Calculate chosen metric for pose p; ,,
14: else if No IK Solution for pose p;,, then
15: E,+0

16: end if

17: end for
18: Compute Dy = £ 100 with E = Y1" | E,
19: end for

The discrete values of the chosen performance metrics are calculated for the N finite poses per
voxel. Equation 5.3 indicates the resulting p distributed poses over the workspace.

4R3
With the maximum robot reach R, and I as the total number of voxels. The computed values

of the performance metrics are then averaged for each voxel.

a) Condition number distribution with A = 150mm b) Condition number distribution with A = 300mm

Figure 5.3: Exemplary results of the generated performance map of a UR10, with different
workspace resolution A visualised as cross sections of the performance maps.

Finally, the results are visualised, presenting a performance map representing the robot's
proficiency in handling the given assembly task. After the performance map values have been
computed, they are graphically represented using Python and Matplotlib, as referenced in
[CASW]. This visual representation, as depicted in figures 5.3 — 5.4, offers assembly layout
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Algorithm 3 Calculating N Fibonacci points on a sphere surface.

1: Input: Number of poses per sphere N, Resolution A as sphere radius, centre coordinates
centre

2: Qutput: List of Fibonacci points points

3: Initialise empty list points

4: ¢ < m-(3.0—+/5.0) > Golden angle in radians
5 n<+0

6: for n < N do

7: n<n-+1

8: y<+ 10— w520 > y goes from 1 to -1
9: C+—o-n > Golden angle increment
10: x < cos(() - radius - /1.0 — y? + centre|0]

11: y <y - radius + centre[l]

12: z < sin(() - radius - /1.0 — y? + centre[2]

13: Append (z,y, z) to points
14: end for

Algorithm 4 Calculate orientation of the /N Fibonacci points on the sphere surface.

1: Input: Centre coordinates centre, List of N Fibonacci points points, Resolution A,
2: Qutput: List of NV poses poses

3:n<+0

4: forn < N do

5: Get point,, from points

6: vep < (point, — centre) > Vector from centre to point,
7 ¢ < arccos (”CTP[Q]) > Inclination angle
8: ¢ < arctan(vep[l], vep[0]) > Azimuthal angle
0: roll < 0 > Set roll angle
10: pitch < 7+ ( > Set pitch angle
11: yaw < ¢ > Set yaw angle
12: Append (z,y, z, roll, pitch, yaw) to poses

13: end for

planners and engineers an intuitive means to understand the distribution of local performance
metrics in the robot workspace.

The generated performance map can be extended to include the effects of end-effectors, as
presented in section 5.2 or for a feasible base placement of the robot to execute the assembly
tasks, as presented in chapter 6.
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a) Performance map of the b) Performance map of the c) Performance map of the
metric dexterity metric condition number metric manipulability index

Figure 5.4: Exemplary results of the generated performance map of an ABB IRB1600-1.2
with a workspace resolution A of 120mm, and 25 poses per voxel.

5.2 End-effector-dependent executability evaluation

While existing research (reviewed in [PATE15; ANGE16; RUSS22], and detailed in section 2.2)
defines metrics for evaluating robot characteristics or focuses on computing workspaces with
these metrics, the impact of end-effectors on the robot’s workspace and reachability is neglected.
Executing assembly tasks requires not only a robot arm but also an equipped end-effector.
Thus, the need arises to include the effects of end-effectors for workspace evaluation. Not only
does the equipped end-effector shift the point of interest from the robot flange to the TCP,
but depending on the considered end-effector and the allocated assembly tasks, functional
redundancy?® occurs.

The following chapter details a procedure to include different end-effectors and their effects in
the workspace evaluation. Depending on the equipped end-effector’s Degrees of Freedom (DoFs)
and dimension, a single task pose is expanded into a region of feasible task poses. To evaluate
the task’s executability, the region of feasible task poses is overlapped with the capability map
or performance map, and the average of the relevant metrics is calculated. If the mean value
of the metric surpasses a predetermined threshold, it suggests a high likelihood that the task is
executable.

In the first design cycle, the proposed identification of feasible task poses dependent on the
end-effector was validated with capability maps. The results were published in [KLUG23d;
KLUG23e]. The second design cycle transfers the methodology to the performance maps,
incorporating multiple performance metrics.

The proposed process for evaluating the end-effector-dependent executability for a specific
end-effector and robot is structured into the following steps:

1. The user specifies the dimensions (length, height, width (zgg, yeE, 2er)) and degree of
functional redundancy of the combination of task type and end-effector.

2. The positions of the robot base placements are retrieved (will be detailed in chapter 6),
and the TCP task poses are taken from the process chart.

2Functional redundancies occur when the system is indeterminate.



5 Evaluation of the executability of assembly tasks by a robot 77

3. The region of feasible Robot Flange (RF) poses is calculated in relation to the given
TCP task pose and depending on the end-effector.

4. Either the capability map or performance map is generated (or is called upon if already
computed).

5. The region of feasible robot flange poses is overlapped with the capability map or
performance map at the robot's base placement, and the metric value for each flange
pose is determined.

6. The average performance metric value for the region of feasible robot flange poses is
calculated.

Figure 5.1 integrates the process steps into the entire process of evaluating the executability of
assembly tasks by a robot, whilst figure 5.5 highlights the process of the end-effector-dependent
executability evaluation. A GUI was created to specify the input parameters, as shown in
figure 5.5 in the upper left. The GUI allows manual input of the end-effector parameters and
the robot's capability map or performance map. The calculation operates in the background,
providing the user with visual representations of evaluated workspaces and quantitative metrics.
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Figure 5.5: Process steps for evaluating the end-effector-dependent executability by
estimating a region of feasible robot flange poses and the average performance metric value
for this region.

5.2.1 Calculating the region of feasible robot flange poses

Including end-effectors in evaluating the robot workspace requires knowledge about the effect
of the end-effector. On the one hand, including an end-effector shifts the point of interest from
the robot flange to the TCP, as can be seen in figure 5.6 a) highlighted in yellow as radius r.
This shift can be expressed by translation and rotation depending on the dimensions of the
end-effector. On the other hand, executing a task with an equipped end-effector can create
functional redundancy and, therefore, allow for a region of feasible robot flange poses. The
functional redundancy defines the form of the region of feasible robot flange poses, whilst the
end-effector-dimensions define its size.

The degree of functional redundancy varies in dependence on task type and end-effector.
The degree of functional redundancy reflects in which region the robot flange can be positioned
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whilst the TCP reaches the task pose. For example, screwing a screw provides one degree
of functional redundancy, as a screwdriver can rotate around its direction of impact during
task execution (see figure 5.6 b)). Consequently, the region of feasible robot flange poses
forms a circle (the yellow dotted circle in figure 5.6 b)). Thereby, 5.6 a) visualises the shift of
the point of interest from the robot flange to TCP and end-effector dimension gk, YeE, 2EE
determining the radius r to calculate the possible robot flange poses.

X TCP

robot flange X

a) End-effector dimensions of a screwdriver b) Region of feasible robot flange poses.

Figure 5.6: Determination of the feasible robot flange region in dependence on the
end-effector dimensions, exemplified by a screwdriver as end-effector.

Figure 5.7 provides an example of gripping a sphere with a parallel jaw gripper. If the absence
of obstacles in close proximity to both the robot and the sphere is assumed and self-collision
is neglected, the robot’s flange could rotate up to a full 360° degrees around ®, 6 and ¢ of
the TCP (see figure 5.7 b)). Therefore, gripping a sphere provides three degrees of functional
redundancy, which creates a sphere as the region of feasible robot flange poses (cf. figure 5.7
b)—c)). In figure 5.7 c)—d) alternative gripping poses are depicted.

Figure 5.8 visualises two additional examples of gripping an object. On the left-hand side
(figure 5.8 a)), a parallel gripper gripping a cuboid object with alternative gripping poses is
visualised. As the cuboid can only be gripped from two opposing sides, one degree of functional
redundancy results from rotating the gripper around its x-axis. If the parallel jaw gripper
handles a cylindrical object (figure 5.8 b)), the mantle surface of the cylinder can be used
as the gripping surface. For a successful grip, the x-axis of the gripper must be positioned
perpendicular to the mantle surface. Due to the rational, symmetrical shape of the cylinder,
the first degree of functional redundancy results from the rotation around the y-axis and the
second from a rotation around the x-axis.

Following the provided train of thought, all combinations of end-effectors with assembly tasks
can be categorised according to the resulting degrees of functional redundancy. Here, only
rotational and not translational degrees of functional redundancy are considered. Additionally,
as the purpose of the determination of the region of feasible robot flange poses is to overlap
the region with the capability map or performance map to estimate the performance metric
values for this region, only a representation of either the circle or sphere surface is required.
If the robot's joints are limited or obstacles in the vicinity restrict the robot’s motion, the
attainable rotation angles become constrained. Consequently, only segments of the circle or
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a) End-effector dimensions and shift of robot flange to the
tool center point (TCP)

b) Region of feasible robot flange poses for gripping
depicted as a light violet sphere

c) Exemplary robot

configuration and robot flange poses
for gripping a sphere, with region of
feasible robot flange poses.

d) Exemplary robot
configuration and robot flange
poses for gripping a sphere.

e) Exemplary robot
configuration and robot flange
poses for gripping a sphere.

Figure 5.7: Region of feasible robot flange poses for a gripping task — depicted as a light
violet sphere, in dependence on the end-effector dimensions and shift of robot flange to TCP.

a) Parallel gripper gripping a cuboid object with
alternative gripping poses and one degree of
functional redundancy.

b) Parallel gripper gripping a cylindrical object with
alternative gripping poses and two degrees of functional
redundancy.

Figure 5.8: Two examples of a parallel gripper gripping objects with alternative gripping
poses and varying degrees of functional redundancy.
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sphere surface remain as the feasible region for robot flange poses. Taking the rotational
degrees of functional redundancy and range of rotation angles as input, one can determine the
two-dimensional region of feasible task poses in the three-dimensional space R3. The radius r
depends on the end-effector’s dimensions, as visualised in figure 5.7 and 5.6 and calculated
according to equation 5.4.

r= \/xQEE +Yhe + 2bp (5.4)

First, the centre (2, %0, 20)? of the region of feasible robot flange poses is determined in
equation 5.5. The centre depends on the end-effector’s dimensions xgg, yrE, 2e£ and the goal
pose of the TCP zq,y1, 21.

(20,0, 20)" = (21,91, 21)" + (vEE, YEE, 2EE)" (5.5)

The points in the region of feasible robot flange poses follow as derived in equations 5.6-5.9.

(x = 20)* + (y — y0)* + (2 — 20)* = 1%, (5.6)
with
x =rsinf cosp (5.7)
y =rsinf sinp (5.8)
z=rcosf (5.9)

and 6 and ¢ as reachable angles of the rotational degrees of redundancy of the end-effector
and 0° < 60 < 180°, 0° < ¢ < 360° and r > 0,. When the end-effector provides one degree
of functional redundancy, this results in a circle, and for more than one degree of functional
redundancy, it results in a spherical surface or, if limitations occur, segments thereof. The
radius of this area is determined by the distance between the TCP and the flange and is
represented as "r".

The region of feasible robot flange poses depicts all possible poses of the robot that ensure the
correct pose of the end-effector in relation to the task pose. It is calculated in reference to the
task pose, the end-effector dimensions and the degree of redundancy. Here, all assembly tasks
are assumed to be represented as 6D goal poses or trajectories, which can be discretised into a
sequence of 6D goal poses.

In difference to [MALH21], not only end-effectors with one or two DoFs can be considered,
and the method of including the end-effectors effect does not require manual simulation of
every goal pose. Therefore, the proposed method provides a higher degree of automation.

5.2.2 Determining the average performance metric value for the
region of feasible robot flange poses
Following the computation of the region encapsulating feasible robot flange poses, the next step

is to evaluate the reachability and compliance with the assigned metric limits. Consequently,
the computation of the average performance metrics — indicating the executability — for the
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region of feasible poses is imperative. A higher average performance metric within the region
indicates a heightened probability that the robot can effectively execute the assembly task.

To determine the average performance metric, the resulting region is overlapped with either
the capability map — indicating the likelihood of reachability — or the performance map —
indicating executability. Therefore, the values of the performance metrics of the voxels of
either the capability map or the performance map closest to the region are taken to evaluate
executability. As a result, the robot flange poses are assigned the performance metric values of
the voxels with the smallest Euclidean distance between the robot flange pose and the voxel's
centre. The performance metrics average p,,, is given in equation 5.10. The p,,, is derived by
dividing the sum of all performance metric values p,,, per region through the number of tested
robot flange poses p.

1 p
Pma = — mev,i (510)
Pi=

5.3 \Verification and validation of the workspace analysis

The artifact of executability evaluation has to be verified and validated [HEVNO7]. The central
component of the validation is the examination of the operational validity. To test the practical
applicability of the developed artifacts, they are tested and applied in their application domain.
The following section summarises the results of this evaluation and validation. The underlying
methodology and applied techniques are explained in section 2.5.

The validity of the proposed executability evaluation is presented by examining the degrees
of the fulfilment of the requirements stated at the beginning of the chapter. The goal is
to represent reachability and executability while including the effect of end-effectors. For
further use, the inclusion of additional metrics has to be enabled. Additionally, reachability and
executability should be represented visually to enable human readability.

Conceptual model validation

A novel evaluation method is introduced, encompassing the impact of end-effectors on estimating
robot performance. Validating the hypothesis that the performance metrics average p,..
correlates with the analytic performance metric value requires testing for different poses and
comparing the results.

Figure 5.9 visualises the average reachability index’s calculated values in comparison with the
solution of inverse kinematics. The reachability index is achieved by overlapping the robot’s
performance map for reachability values with the region of feasible robot flange poses. As
the visualisation shows, regions with a low reachability index (orange and red in figure 5.9 a))
correlate to areas where no inverse kinematics solutions can be found (dark red in figure 5.9
b)). This first validation by animation indicates a correlation, which has to be further validated
in the following.
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Figure 5.9: Juxtaposition of the average reachability indexes calculated values and the
solution of inverse kinematics for the discretised region of feasible poses for screwing tasks
distributed in the robot workspace of a UR10 robot.

The second testing is based on figure 5.9. A screwdriver with the dimensions of 0.2 m height
(zgr) and 0.1 m length (ygg) is chosen. Secondly, the region of feasible robot flange poses
according to equation 5.6 is calculated. A capability map with 0.05 m resolution is taken to
represent the robot’s reachability. The test was executed on Intel Core i5-4210M CPU 2.60 GHz
x 4 with Ubuntu 18.04 and ROS Melodic. 39 end-effector task poses in the robot workspace
were taken. With a discretisation of 10 task poses per region of feasible robot flange poses,
390 poses were tested for reachability. The results are shown in figure 5.10 a).
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Figure 5.10: Correlation of the average reachability index as performance metrics average
Pme and the inverse kinematics solutions of the same task poses.

In a third experiment, the influence of different variables is tested. The following influence
variables are identified for the proposed method of end-effector-dependent feasible task poses:
robot model, task type, task pose, end-effector-type, and resolution A of the performance
map or capability map. Thereby, the end-effector type influences the degree of functional
redundancy, and the size of the region of feasible robot flange poses depends on the end-effector
dimensions (length, height, width).
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The validation procedure for assessing the executability of end-effector-dependent processes
is demonstrated through the example of the screw-driving operation. Hence, an electric
screwdriver serves as the end-effector, and a UR10 robot arm is utilised, as illustrated in figure
5.6. For screwing a screw, the end-effector can be placed anywhere on the yellow dotted line
in figure 5.6 a), derived by rotating the end-effector around its z-axis. Thus, per the suggested
procedure, the first step involves setting the functional redundancy of the end-effector to one.
Investigating the influence of the five predictor variables task pose, end-effector dimension, robot
model, performance map resolution, and the utilised IKsolver, a Design of Experiment (DoE)
is conducted. Three representative task poses distributed across the workspace are selected.
Two end-effector dimensions (assuming colinearity of the TCP and end-effector z-axes) are
considered [(z2gp, yer) as (0.1m, 0.2m) and (0.2m, 0.1 m)]. The robot models UR10 and
URS are utilised, and three resolutions A of the performance map (0.05m, 0.08 m and 0.1 m)
are set. For the IK solver TRAC_IK and KDL are employed [SOET20; BEES15; BEES21].

Following a full factorial design, 72 experiments are conducted®®. These tests are randomly
organised as a single experimental block. The calculated performance metric value and the
performance metrics average p,,, are compared with the exact value per pose for all 72
experiments. The resulting correlation is visualised in figure 5.10 b).

A correlation is observed between a higher number of reachable robot flange poses (solved by
IK) and a greater likelihood of executability when a high p,,, value is identified. In regions
characterised by a high p,,, value, the possibility of pose non-reachability persists, while in areas
where Dryr = 0, it is consistently true that the associated position is beyond the operational
range of the manipulator.

Computerised model verification

The verification of the computerised model ensures the accurate implementation of the
conceptual model. To verify these functionalities in the computerised model, animation
techniques are employed to observe the discretisation and visualisation of the performance
map, taking into account end-effector effects. Animation proves to be particularly beneficial
as it facilitates intuitive error interpretation. Furthermore, the objective includes offering a
human-readable interpretation of robot workspaces, and animation has demonstrated its utility
in illustrating areas where the robot can or cannot perform assembly tasks.

Operational validation

The generation method was tested to validate that the performance map represents the spatial
distribution of performance metrics. Generally, this method should apply to any PUMA robot
for which a URDF file is available. As in the previous tests, the robot models of a UR5 and
a UR10 robot were taken and the performance maps were created, here, it is tested on the

2The conducted tests, including the input data, the listing of the full factorial DoE as well as the results are
published under https://doi.org/10.5281/zenodo.10119467 [KLUG23(]
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URDF files of ABB IRB120-0.58 and ABB IRB1600-1.2 robots, to validate applicability to
different robot types and URDFs.

Investigating the influence of three predictor variables on the robot manipulation performance
metrics, a DoE is conducted. The predictor variables considered are tested with respective
minimum and maximum values: the resolution (A) with a range of 0.08 m to 0.12m, the
number of poses per voxel (/V) with options of 25 and 50 poses, and the two aforementioned
robot models. Eight experiments were conducted following a full factorial design, as detailed in
table 5.3 3.

Table 5.3: Design of experiment for conceptual model validation of the performance map.

Run order Model A Resolution [m] N Poses per voxel
1 IRB1600-1.2 0.08 25
2 IRB120-0.58 0.12 25
3 IRB120-0.58 0.12 50
4 IRB120-0.58 0.08 25
5 IRB1600-1.2 0.08 50
6 IRB1600-1.2 0.12 50
7 IRB120-0.58 0.08 50
8 IRB1600-1.2 0.12 25

In each experiment, the method generated the corresponding number of poses denoted as
p, and the IK solver known as the "Kinematics and Dynamics Library (KDL)," provided by
the Orocos Project [SOET20], was employed to process each pose. Utilising the Jacobian
matrix generated in Movelt [COLE14], calculations for the condition number and manipulability
measure were executed as previously described. In addition, the computation of the distributed
reachability index, referred to as "Dy" (see section 5.1), was performed following the procedure
outlined in algorithm 5.1. The resulting performance maps are illustrated in the appendix in
section E in figures E.1, E.2 and E.3.

Changing the resolution A resulted in an average change of + 2% of the metric values.
Variation of the pose number N resulted in -3% for the lower amount of poses.

Data validity

Generating the performance map relies on the robot URDF model and manual input of task
type, the desired performance metrics, the resolution A and the pose number N. The end-
effector-dependent calculation of executability relies on the performance map as an input,
the manual input of the end-effector dimensions and the degree of functional redundancy.
Additionally, the task poses in relation to the robot base have to be given.

Observed errors occurred mainly due to faulty human input, e.g., when a larger or smaller
robot reach was given during the computation of the performance map. Thus, the resulting
visualisation either shows a filled square visualisation area without the typical sphere-like shape

30The conducted tests, including the input data, the listing of the full factorial DoE as well as the results are
published under https://doi.org/10.5281/zenodo.10122242 [KLUG24a].
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of the robot workspace. If the reach is chosen too high, the workspace's representation appears
very small compared to the visualised area.

The manual and visual interpretation of the visualised performance map or region of feasible
robot flange poses requires some prior knowledge of the operator of the expected outcome.
Therefore, there is no guarantee that every input error will be detected through human
monitoring in the case of new input or untested scenarios.

5.4 Interim conclusion: Executability evaluation

In this chapter, the evaluation of the executability of assembly tasks by mobile robots is
conducted to address the second underlying research question URQ2: Can the executability
evaluation of assembly tasks be extended whilst considering equipped end-effectors
on mobile robots? Performance metrics representing a robot's capability to execute tasks are
calculated. The distribution of the metrics is represented and can be visualised in a performance
map, depicting the valid workspace of the mobile robot. The performance metrics are chosen to
evaluate the robot’s capabilities for typical assembly tasks. The effects of equipped end-effectors
are included in the evaluation, a facet previously overlooked in workspace evaluations within
the existing literature. Therefore, the underlying research question URQ2 can be positively
answered. The contribution of the chapter is summarised in figure 5.11.

The process of planning suitable formations of mobile assembly robots requires performing
a workspace analysis to evaluate the reachability and executability of assembly task poses in
the robot's workspace. This chapter contributes a matching of typical assembly tasks
with metrics designed to evaluate the capability of a robot to execute this specific type of
task. The performance map serves as a discretised representation of metric values distributed
across the robot’s workspace, approximating the volume of the valid workspace that aligns
with the desired robot capabilities. The visualisation of this map of robot performance metrics
allows for a manual examination of the robot's workspace, facilitating the identification of
areas where assembly tasks may not be executed with a sufficient level of executability. By
evaluating which regions the robot can access while adhering to the specified metric thresholds,
one can determine the tasks that the robot can proficiently execute.

A method is presented to consider the impact of an equipped end-effector on the
workspace analysis of a robot. The determination of feasible robot flange poses for task
execution is contingent upon the type and dimensions of the equipped end-effector and the
degree of functional redundancy derived from the combination of the end-effector with the
task type. The quantitative average performance metric p,,, is introduced, which assesses
the likelihood of successfully executing an assembly task. p,,, can be employed to identify
regions within the workspace suitable for task execution, offering a quantitative measure to
optimise the placement of robots concerning specific assembly task poses. It was demonstrated
that p,,. correlates with task executability. Furthermore, a GUI was integrated to enhance the
user-friendliness of the proposed inclusion of end-effectors.
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The derived research artifacts are added to the knowledge base as prescriptive knowledge in
accordance to [IIVAO7, p.8]. The research process and results are published in [KLUG23e;
KLUG24b]. Additionally, the source code, as well as data, is publicly available3!.
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Figure 5.11: Contribution of chapter 5 to the research progress.

Critical reflection

The current discretisation and visualisation assessing the robot workspace regarding different
characteristics needed to execute an assembly task does not include workspace limitations
accounting for collision avoidance (neither with obstacles nor with the robot and its end-effector).
Additional limitations of the reachable or executable workspace induced by, e.g. external cables
connected to the end-effectors might limit the workspace further.

The functional redundancy caused by combining end-effectors and the task type is currently
included manually. Moreover, the functional redundancy is currently limited to rotational

redundancy and does not consider translational redundancy.

The employed task categories and the metrics used for task evaluation can be expanded by
incorporating additional metrics along with explanations, thereby making the concept behind the
metrics more understandable for individuals who are not experts in robot workspace evaluation

and metrics.

3lhttps://git-ce.rwth-aachen.de/wzl-mq-public/iop/ws-b2.iv_formation-planning-of-mobile-robots/
end-effector-dependent-executability https://doi.org/10.5281/zenodo.10122242
https://doi.org/10.5281/zenodo.1011946 [KLUG23b; KLUG23c; KLUG24a]
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6 Autonomous clustering-based task
allocation and robot base placement

Formation planning is a crucial component of assembly systems planning [SUEM16, p.396].
The reciprocal influence between multi-robot station formation and executability evaluation of
the allocated tasks is significant, as the decoupling of these activities may yield formations in
which the tasks are not executable, necessitating alterations to the station formation. Task
allocation, robot workspace evaluation, and robot base placement are relevant steps to plan a
feasible station formation. Simultaneous planning for robot placement and task allocation is
desirable in scenarios where relocating the robot is costly or when it is undesirable to perform
simultaneous base repositioning and end-effector motion [PAUS17, p.6285]. As capability-driven
task allocation and end-effector-inclusive workspace evaluation are investigated in chapters 4
and 5, the consolidation of the previous considerations into a formation and base placement is
pending.

This chapter treats the third underlying research question URQ3: How can assembly tasks
be clustered to plan formations with reduced base placements of mobile assembly
robots? As established in chapter 5, a robot's performance varies in its workspace, complicating
the identification of suitable base placements. This complexity underscores the necessity to
devise an efficient method for optimising the base placements of mobile manipulators. The
deficit in the absence of a method for simultaneous placement of multiple mobile robots in
assembly to ensure the executability of distributed tasks is answered. In this chapter, a method
is presented that evaluates the task executability of formations whilst automating task allocation
and simultaneous base placement of mobile robots. The research results of answering this third
research guiding question are partially presented in [KLUG23a; KLUG22d].

During chronological development, the first major design cycle proposed a K-Means task
clustering approach for determining robot base placements for each task cluster. K-Means
proved to be suitable for clustering densely placed and continuous tasks but was not suitable
for fairly distributed discrete task poses. Therefore, the additional clustering method OPTICS
was added to cluster discrete tasks as part of a second major design cycle. In the third major
design cycle, the method is improved to include the evaluation of the individual solutions (found
clusters and base placements per cluster) depending on the metrics selected for the task at
hand, as proposed in chapter 5 in section 5.1.

In the course of this chapter, first, the goal is postulated, the requirements to fulfil the
postulated goal are formulated, and preconditions for the following considerations are defined
in section 6.1. Section 6.2 motivates the utilisation of clustering for the goal of autonomous
task allocation under spatial constraints and base placement. In section 6.3, the steps of the
autonomous clustering-based task allocation and robot base placement are introduced and
subsequently detailed. Following the verification and validation of the proposed method in
section 6.4, the chapter concludes with a summary of the main findings in section 6.5.
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6.1 Requirements and preconditions

The goal of applying task clustering algorithms is to reduce the complexity of formation planning
by clustering assembly tasks into sub-task sets that are reachable from a single robot base
placement. Formalised, the goal is to allocate n number of task poses to r robots placed at b
base placements. The base placements are chosen within a discretised search space surrounding
the product on which the assembly operation should be performed.

Following the requirements outlined in sections 3.4 and 3.2, discussions with industry experts
and researchers as part of the relevance cycle, requirements are postulated for the autonomous
clustering-based task allocation and robot base placement. The requirements are outlined and
categorised into hard and soft requirements. Meeting the hard requirements is essential to
responding positively to the underlying research question while satisfying the soft requirements
would improve the outcome. If the requirements have been applied for base placement previously,
a source is given.

Hard Requirements (HR)

HRO1 All task poses have to be allocated to a cluster.

HRO02 For each cluster, a valid base placement has to be found.

HRO03 A base placement is valid if all allocated task poses of the cluster are reachable by the
robot placed at the base placement32.

HRO4 All task poses have to be reachable from at least one base placement.

HRO5 Collisions between the executing robot and the product must be avoided.

HR06 Executability has to be ensured.

Soft Requirements (SR)

SRO1 The number of clusters K / base placements should be minimised.
SR02 Each task pose should only be allocated to one cluster.

SR03 Possibilities for collisions of multiple robots should be reduced.
SR04 Singularities should b avoided.

SRO5 Consideration of feasible trajectories between task poses.

The following discussions on formation planning through clustering are based on the assump-
tions postulated below as a precondition for its functionality. Firstly, one condition for the
applicability is solvability: At least one robot can execute the given task pose from at least one
placement. Thus, for each task pose, a combination of robot arm, mobile base, end-effector,
and base placement exists, which renders the task executable. This contains considerations
such as ensuring that the height of the highest task pose is lower than the maximum reach of
the robots. Secondly, it is assumed that the task poses remain fixed in relation to the product
and world coordinate system and are not changed during the assembly process. A reduced
number of base placements is assumed to be beneficial to reduce the movement of the mobile

32Since one robot base placement must be identified for each cluster, the quantity of base placements and
clusters must match.
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robot bases during or between task execution. Furthermore, the objects considered in the
assembly stations are limited to the product, the parts, and the robots. Thus, no additional
collision avoidance (e.g. with humans in the station) is considered during task clustering. The
local collision avoidance has to be taken care of during task execution and is excluded here.
Scheduling and temporal optimisation of the order of executing the clusters are out of scope.
Therefore, no path planning, trajectory planning or dynamic collision avoidance is carried out.

While the previous chapter 5 discussed in detail the impact of task types on executability,
for the purpose of clustering, only the differentiation of continuous or discrete task poses is
relevant, as it impacts the choice of the clustering method. The task types (continuous vs.
discrete) are known and given before the clustering. The evaluation of task executability, as
presented in chapter b, is utilised to evaluate the feasibility of a found clustering. During the
first design cycle, it is assumed that a task pose is executable if the robot can reach it. The
second design cycle considers additional criteria and metrics.

6.2 Motivating and choosing clustering algorithms for
task allocation and robot base placement

As introduced in section 2.4, clustering is a procedure for discovering similarity structures in
(usually relatively large) data sets [ANKE99, p.49]. Although task clustering has been studied
extensively in the context of search and rescue operations and scheduling and sequencing
problems [JANA17; EZUG22, p.32], its potential application for base placement has not been
explored [ELAN11; KLUG22d]. This section analyses the suitability of clustering algorithms to
cluster assembly tasks for robot base placement. It is followed by a summary of the working
principles of autonomous clustering-based task allocation and robot base placement.

For clustering assembly tasks to be assigned to mobile robots, only methods belonging to the
partitional, density-based algorithms are investigated for suitability (the respective classification
of clustering algorithms is introduced in section 2.4). As each task pose should only be assigned
to one robot, only hard/crisp clustering methods are considered. Of the hard/crisp clustering
methods, graph-based and subspace clustering are excluded as task poses are neither graph-
related nor exist in different unknown sub spaces®*. As model-based clustering algorithms rely
on an underlying model, which is not valid here, they are not further considered. Density-based
and square error clustering methods are further considered, as they provide clusters based on
the spatial closeness of the data points and tend to derive spherical clusters.

Due to its inability to identify clusters, which are not well separated [SISO12, p.84-85]
CLARANS is not suitable for clustering assembly tasks for base placement.

Since its tendency to identify clusters only in dependence on density and rejection of points
that are not in dense areas, DBSCAN is not suitable to cluster points for base placement since
every data point to be considered corresponds to an assembly task, which has to be reached

3Different task types or products could be seen as differentiating subspaces, but as these properties are
previously known from chapters 4,5, here only data sets consisting of task poses of one task type and
belonging to one product are considered.
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and cannot be discarded. Additionally, the reachability of all points in one cluster by one robot
(as in maximum distance from the points to each other) cannot be inherently guaranteed since
DBSCAN forms arbitrary shapes of clusters.

K-Means is specialised in identifying clusters of a circular shape. This property is advantageous
in robotics, as a robot's workspace can be approximated as circular, at least in the initial
stages of analysis [KLUG22d]. Thus, K-Means exhibits favourable characteristics for clustering
task poses within an assembly station. Given the objective of clustering task poses so that
each cluster is reachable and executable by one robot from a designated base placement,
K-Means' tendency to create spherical clusters around a centroid is beneficial. However, due
to its limitations in handling outliers and widely distributed data points, K-Means may not be
suitable for clustering tasks possessing such characteristics. Consequently, OPTICS is selected
as a secondary clustering algorithm for clustering widely distributed task poses.

6.3 Concept and working principle of autonomous task
clustering and base placement

The following explains the steps for the task clustering and base placement, incorporating the
chosen clustering algorithms. Firstly, an overview of the steps is given, followed by a more
detailed description of the respective steps.

Figure 6.1 depicts the steps determining a feasible formation of robots. The approach
subsequently limits the amount of favoured base placement in the assembly station by excluding
unfavourable areas one after the other and evaluating the solutions found to derive an optimised
formation.

Initially, three input files are needed: the task poses as a .csv file, the robot specifications
as a URDF file and the CAD model of the product. Subsequently, the clustering algorithm,
K-Means or OPTICS, is applied to the task poses based on the nature of the task — continuous
or discrete — resulting in the determination of task clusters and cluster centroids. Parallel
to determining clusters, the so-called "search space" is created. The search space is the area
around the to-be-assembled product where a robot could be placed theoretically. Thus, a
minimum distance limits the search space, and a maximum distance of the executing robot to
the product and the direction of execution. Moreover, the search space is discretised to allow
for a numerical examination.

By overlapping the area surrounding the clusters’ centroids and the defined search space
Favoured possible Base Placement (FBP) are determined, limiting the search space, which
will be checked for the best results. At each FBP, the IK is solved to generate reachability
vectors, indicating the feasibility of reaching specific task poses from a FBP. These vectors are
then combined to identify "valid combinations", ensuring the executability of all task poses.
These combinations are evaluated based on performance metrics to determine the most optimal
formation of robots, culminating in selecting the 'final base placements’ for the robots. The
respective steps will be detailed below.
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6.3.1 Task types

Here, a task is defined as a six-dimensional task pose that specifies the desired position and
orientation for the end-effector’s TCP during the execution of the assembly task. As introduced
in chapter 4 and 5, different task types exist. As for executing different task types, different
combinations of resources (an end-effector, robot arm, and mobile base) might be needed.
Therefore, these tasks cannot be executed directly after each other without a change of
equipment. Thus, here, only a set of tasks as a collection of task poses of the same task type,
pertaining to the same industrial operation to be executed on a single product, are considered
as input for the autonomous clustering-based task allocation and robot base placement. The
product is the to-be-assembled object for which the task poses are provided. When all tasks
associated with a product have been completed, the product is finished and can be forwarded
to the next station. The task poses are assumed to be given as .csv files during the industrial
assembly of products.

The tasks are classified into discrete and coverage tasks as task types. Discrete tasks can be
independently executed, whilst coverage tasks define a number of tasks that must be executed
in order. For example, screwing screws would be classified under distributed tasks, while
scanning or painting would be classified as coverage tasks.

There are seven attributes associated with each task point n, including the position in x, y, and
z coordinates, the orientation as rotation around x, y, and z axes, and a type identifier (discrete
or coverage). The attribute type distinguishes between discrete and coverage tasks and is
either given, chosen in dependence on the task’s specifications (see section 5.1 and tables
5.1, 5.2). The position values are given in millimetres, while the user can specify the unit of
rotations as either degrees or radians. Figure 6.2 provides an example of a CAD model of a
turbine and extracted task poses, which shall serve as an example scenario for task clustering.
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(a) CAD model of a turbine (b) Mesh of the CAD model of (c) Extracted task poses from
used to create tasks on. the turbine. the CAD model.

Figure 6.2: CAD model of a turbine and the extracted mesh to create task poses.

6.3.2 Search space

The search for base placements requires selecting a subset of the points on the shop floor
around the product poses for the mobile robots while executing a subset of the task poses
allocated to this base placement. A search space is created around the product to reduce the
amount of investigated points and make the search less computationally intensive.
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The search space is limited by removing the areas too close to the product (minimum distance).
The minimum distance is set to half the length of the diagonal of the mobile base. Placing
a base closer to the product than the minimum distance would be impossible, as the mobile
base would necessarily or highly likely collide with the product. Additionally, the search space
is limited by excluding areas further than the maximum distance from the product, which is set
as the robot's reach. If the robot is placed beyond its maximum reach, it cannot perform the
tasks. The minimum and maximum distance used to compute the inner and outer bounds of
the search space are represented in red and blue, respectively, in figure 6.3 b).

Additionally, the direction in which the tasks must be executed is considered. Formulated
colloquially, the robot has to be placed in front of the product. Thus, the base placements
behind the product can be discarded from the search space, as depicted in figure 6.3 c). If the
robot is placed behind the product or on the opposite side of the tasks it is allocated to at
that moment, the robot would be, in the best case, hindered during execution or, in the worst
case, blocked from reaching the task poses by the product itself. Therefore, it is assumed that
the robot should be placed in the direction of the surface normal of the product on which the
task is to be executed to ensure executability.

If several products are assembled at once, the procedure is done separately for each product.
Afterwards, all search spaces are overlapped, and areas within the minimum distance of all
products are removed to create a combined search space which does not violate the established
boundary conditions, as visualised in figure F.2. Figure 6.3 visualises the steps of creating the
search space around the product for a continuous task covering the entire product surface.
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Figure 6.3: Creation of a search space for possible base placements around the product.

6.3.3 Task clustering

When the entire set of tasks can not be performed from a single robot's base placement, it
must be divided into smaller sub-tasks. Clustering can automatically create such sub-tasks by
clustering the task poses based on their distance.

Intermediate design cycles applied clustering as the only means of deriving base placements,
but clustering does not consider obstacle avoidance and possible collisions. This can be seen
from the centroid placement indicated as black crosses in figure 6.5. The centroids are placed
inside of the turbine on which the task poses are placed. Thus, the clustering method cannot
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be applied as stand-alone and has to be combined with a heuristic approach of limiting the
area of allowable base placements. Therefore, the previously established method of defining
an allowable area for base placements, the search space, was derived. Here, task clustering
is applied to reduce the number of base placements resulting from the discretisation of the
search space.

As defined in section 6.1 all task poses have to be allocated to a cluster, since the execution of
all assembly tasks is necessary for a successful product assembly. Therefore, only hard/crisp
clustering algorithms can be applied, as they ensure that every task is assigned to one cluster.
During the first design cycle, K-Means as the clustering method was investigated. Since
K-Means is suitable for densely spaced tasks but not for far-distributed single tasks, coverage
tasks and discrete tasks are differentiated, and the second clustering method OPTICS is
introduced in the second major design cycle. The K-Means clustering algorithm finds clusters
and centroids of sets of coverage tasks, whilst OPTICS is applied for discrete tasks.

The following details how K-Means is incorporated into the autonomous clustering-based task
allocation and robot base placement and which parameters are chosen. The aim is to adapt
K-Means in such a way that the size of the clusters is similar to that of a robot workspace.
K-Means requires a set number of clusters K, and the data points to cluster as an input. As
the number of clusters is unknown, the K-Means clustering step is iterated and the number of
clusters is increased in each iteration until all task poses are allocated into clusters, reachable,
and the metric thresholds for the assignment are met (see figure 6.1). The user has to set an
upper limit of allowable clusters K,,,., ensuring that the autonomous clustering-based task
allocation and robot base placement do not run infinitely if the task poses do not match the
requirements.

The clusters are optimised according to the silhouette analysis during each K-Means iteration
cycle. The silhouette coefficient provides a metric of similarity of a data point to the other
points within a cluster compared to those data points not in the same cluster. The equation
6.1 calculates the silhouette coefficient C(e) for each pose e.

C(e) = e —ate) 61)
mazx[a(e), b(e)]

where a(e) is the average distance between pose e and all other poses in the same cluster, and
b(e) is the average distance from pose e to all poses not in the same cluster. The internal
distance of data points within a cluster is minimised, and the average distance within each
cluster is balanced regarding the average distances of the other clusters. The silhouette score
for a cluster is the average of all silhouette coefficients within the cluster. It ranges from -1 to
1, with 1 indicating the highest cohesion.

Discrete task poses are clustered by the clustering method OPTICS. The autonomous clustering-
based task allocation and robot base placement method then chooses OPTICS as the clustering
method for the discrete tasks and calculates clusters based thereon. The task poses are given
as inputs.
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As detailed in section 6.2, the integer minSamples has to be given and corresponds to the
allowable minimum size of a cluster regarding its assigned data points. If a singular discrete
task can not be included in any clusters because the distance to the nearest neighbour is too
great and thus exceeds the reach of a single robot, it will be assigned to its cluster. Therefore,
minSamples has to be set to one.

Compared to K-Means, OPTICS does not assign centroids to found clusters. Following the
clustering, the same approach shall be used for discrete and coverage tasks. Thus, a centroid
is created for clusters derived by OPTICS by taking the mean value of the positions of all
assembly task poses of one cluster as a centroid.

6.3.4 Favoured base placements

The upcoming section outlines estimating favoured base placements from the previously derived
search space surrounding the product and the clusters of task poses. The search space is
discretised equidistantly to reduce the number of possible base placements to test. The distance
between each discrete point in the search space is hereafter named resolution. Figure 6.4
visualises augmenting the resolution. Black dots represent the task poses. The product is
enclosed by magenta lines delineating the search space’s boundaries, and the discrete possible
base placements are depicted in grey. While a higher resolution is generally expected to return
base placements that are more likely to fulfil the desired outcome of reachability of all allocated
task poses in the cluster, it also increases computational complexity.
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Figure 6.4: Visualisation of the same search space discretised with increasing resolution. The
black dots indicate the task poses on a turbine as seen from above, the magenta line outlines
the search space, and the grey dots indicate the number of discrete base placements as
resolution.

The resulting centroids of either clustering method (see section 6.3.3) for both types of assembly
tasks are taken as starting points to identify FBPs by overlapping the area around one centroid
with the discrete points of the search space (see section 6.3.2). A circle with a radius equivalent
to the maximum reach of the robot is generated around the centroid of each cluster, thereby
ensuring the reachability of the task poses. Poses within both areas (discretised search space
and circled centroids) are designated as FBPs for a specific cluster. The search for the final
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base placements for each cluster will be confined to these points. Section 6.3.5 explains the
methodology employed in this search.

The geometric realisation is visualised in figure 6.5. The task points on the product turbine
are clustered into three clusters (red, blue and yellow dots). The three black crosses mark the
centroid of each cluster. For each cluster, a circle with the radius of the maximum robot reach
is projected over the area, with each cluster's centroid as the circle's centre. The overlap of
the circle with the discretised search space results in the discrete possible base placements
(marked as green dots). The boundary of the search space is visualised as a magenta line, and
the discrete points of the search space, which are not taken as possible base placements, are
visualised as grey dots.
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Figure 6.5: Visualisation of the extraction of favoured robot base placements. Three task
pose clusters are colour-indicated (blue, red, and yellow dots); the black x indicates the
respective cluster’s centre. For each centroid, the coloured circle indicates the maximum robot
reach from this centroid. The previous search space (grey and green dots) is reduced to the
green dots by overlapping the circles with the previous search space (magenta line).

6.3.5 Selection of base placements

Based on the calculation of favourable base placements, the next step is to find a combination
of FBPs that ensures the reachability and executability of all task poses.

A so-called reachability vector is created for each favoured base placement. Reachability
vectors are 1-dimensional arrays consisting of ones and zeros. They designate whether a task
pose can be reached from a possible base placement (1) or not (0). They are of length
n, corresponding to the total number of task poses n. The IK of the robots placed at the
favoured base placements to reach all task poses in their assigned cluster is solved to build
the reachability vector. Moreover, the region of feasible robot flange poses is calculated based
on the end-effector and the task type (as explained in section 5.2.1). One example for the
calculation of the regions of feasible robot flange poses is visualised in figure 6.6.
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Figure 6.6: Visualisation of the regions of feasible robot flange poses for a screwing task.
The red points indicate the task poses, the blue circle indicates the region of feasible robot
flange poses, and the blue dots represent discretised poses of the region of feasible robot
flange poses for each task pose. Based on the screwing task illustrated in figure 5.6.

Additionally, the chosen performance metrics (e.g. manipulability measure, dexterity index or
condition number as explained in section 2.2.2) are calculated for each discretised pose of the
region of feasible robot flange poses. As only solutions with a high manipulability index are
chosen, the executability and existence of trajectories to execute a sequence of task poses are
likely, accounting for HROG6.

The reachability vectors are searched for a combination ensuring reachability of all task poses
from at least one base placement ("full reachability"). Vector combinations with only non-zero
elements ensure full reachability. Thus, implicitly, HR02 and HR03 are met. The number N,,
of combinations that need to be searched is given by equation 6.2, where K, is the maximum
number of base placements and k is the current number of base placements. Combinations
that return full reachability are stored as valid combinations, and the rest are discarded. Thus
HRO4 is fulfilled, by ensuring that each task pose is reachable from at least one base placement.

Ny = 35 Homae! (6.2)
Y= K (K — k)! '

Once the valid combinations of possible base placements have been identified, spanning the
global solution space, they are evaluated based on several criteria to determine an optimised
solution. These criteria include minimising the number of base placements (SR01), maximising

the distance between base placements (SR03), and maximising the performance metrics (HRO06,
SRO05).

It is assumed that a minimised number of base placements either correlates to a minimised
amount of robots working on the same product at the same time, thus reducing the amount
of needed hardware, thereby minimising the cost of operation, or the minimised number of
base placements correlates to a minimised amount of base placements changes for a single
robot, thus reducing the operation time. Therefore, a minimised number of base placements is
considered beneficial. Thus, valid combinations with the least amount of base placements are
rewarded (HRO05, SRO1).
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To minimise the chances of collisions between concurrently operating robots (SR03) and to
avoid frequent repositioning of robot bases, it is advisable to position the robots as far away
from each other as feasible. To accomplish this, the average Euclidean distance between the
base placements of each valid combination is calculated and recorded in a score vector and
higher distances are rewarded.

Here, the application of the manipulability measure as a performance metric to evaluate
executability shall be detailed, accounting for SR04, as solutions with a high manipulability
value are not close to singularities. Generally, other chosen performance metrics (as detailed in
chapter 5) can be included similarly. To avoid singular robot configurations, which occur when
the manipulability measure equals zero (as explained in section 2.2.2), a high manipulability
measure is rewarded. Each valid combination is scored according to the objectives (minimised
number of base placements, maximised distance between base placements, and maximised
performance metrics) in score vectors s,,. s, is given as equation 6.3.

(51 Sg +e sn) (6.3)

The score vectors of all valid combinations are combined into the score matrix .S, as generalised
in equation 6.4.

511 S12 t Sin
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S=1 7 T . . (6.4)
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The scores can be rewarded or penalised with the weight vector W, shown below in equation
6.5. Therein, the weights represent the priorities of a minimised number of base placements,
the distance between base placements, and the applied performance metrics.

W = (wl wy - wn) (6.5)

Multiplying the score matrix S and the weight vector W results in the weighted scores vector
shown in equation 6.6.

2711 Sl,nwn
ST | 22 (6.6)

an Sm,nwn

The result with the highest score among all valid combinations is selected as the final base
placement. If multiple robots can reach a task pose, it is allocated to the robot whose base
placement is closest to the task pose, whereby the distance is calculated as the Euclidian
distance. Thereby, HR01, HR04 and SR02 are accounted for.
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(a) Task poses (red) placed on a CAD model of a (b) Discrete search space (framed in magenta)

turbine. around the turbine (blue) as seen from above.
+
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(c) Intermediate task clustering (task poses  (d) Final base placements (x), mobile robots at
allocated to clusters are colour indicated) and  the base placement (light blue box) and allocated
favoured base placements (green). task clusters (colour indicated).

Figure 6.7: Process of deriving robot placements from task poses placed on a turbine's CAD
model.

Figure 6.7 visualises the process of discretising the search space around the product and the
successive placement of mobile robots around it. At first, the task poses (red in figure 6.7 a))
are placed on a CAD model of a turbine as a base for the practical implementation and testing
of the proposed task clustering method. Secondly, the search space is derived (as depicted
in figure 6.7 b)) by the maximum reach of the robot as the maximum distance and the size
of the mobile base as the minimal distance from the turbine. The magenta line indicates the
search space. The grey circles indicate discrete positions, which form the number of positions
to be checked for robot base placements. Thirdly, the favoured base placements are identified,
and task points are clustered, as shown in figure 6.7 c). The blue, yellow, and red marked task
poses indicate three different clusters as an intermediate result of the iteration that minimises
the number of clusters. The green circles indicate favoured base placements, whilst the grey
circles indicate discrete base placements that have not been chosen in the search space. In the
fourth step, the final two robot base placements are chosen (figure 6.7 d)). The blue boxes
indicate the top view on the placed mobile bases, with the robots on top. The red task poses
on the turbine are allocated to the mobile robot standing on the red marked base placement,
and analogous, the blue task poses are allocated to the robot on the blue marking.
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6.4 Verification and validation of the base placement and
task clustering

To validate and verify the presented research artifact of autonomous clustering-based task
allocation and robot base placement, its usefulness is evaluated. The artifact is designed to
address the unsolved problem of assigning places to mobile robots in changeable assembly
systems. Consequently, the artifact is applied in exemplary assembly scenarios, and the outcomes
are examined by testing the executability of all tasks within a single cluster through the assigned
robot. The subsequent section summarises the results of this evaluation and validation. In
addition to the known application example of turbine inspection, the application scenario of
|-Beam inspection and welding points on the I-beams are introduced. Thereby the inspection
tasks serve as examples for continuous tasks, whilst the welding serves as example for discrete
task poses.

Initially, the systematic verification and validation methodology is outlined. Next, the test
scenarios for validating and verifying both the solution method and its results are explained. The
artifact of autonomous clustering-based task allocation and robot base placement undergoes
testing by application, and the experiment outcomes are presented and discussed. The
underlying verification and validation methodology is explained in section 2.5.

Data validity

The assumption that task poses are given as .csv files was confirmed as achievable in several
discussions with experts from different industries (automotive, battery production, and timber
house production)*. But, for the purpose of testing the artifact of autonomous clustering-based
task allocation and robot base placement, no industrial data sets in the required form of task
poses as .csv files could be acquired from industrial partners. Since no task poses from industrial
use cases were prevalent, artificial use cases were created. The creation of data sets aimed to
be close to realistic industrial applications and to cover a broad field of application scenarios to
ensure the applicability of the proposed clustering method to different assembly tasks. Four
methods were applied to create exemplary tasks:

1. Manual creation of task poses on a CAD file and extraction of these.

2. Partially automated creation of distributed task poses on a random number of products.

3. Converting a CAD file into a mesh file, isolating the vertex points of the mesh triangles,
and then choosing a specific subset of those points.

4. Extracting poses on a test object with a metrology system.

1. As an example of the manual creation of task poses, figure 6.8 a) visualises the constructed
part of an I-beam as well as the manually placed task poses to create a continuous task.
Reference poses are positioned by placing them on lines drawn on the |-beam’s upper surface.
Lastly, the reference poses are extracted from SolidWorks and saved as a .csv file. The created

34Even though it is not current practice to provide task poses as .csv, but, e.g., as a robot program running on
its controller or in proprietary file formats, the process of converting into .csv is seen as achievable.
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CAD file of turbine and I-beam are used as an exemplary product, but the procedure could be
extended to any CAD model.

(@) Manually placed task poses (green) on the  (b) Partially automated creation of distributed
side of the I-beam using SolidWorks. task poses on a random number of products.
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(c) Automatically extracted task poses (as black (d) Metrologically extracted task poses (red) on
dots) at the vertices of the mesh of a CAD model the turbine at the Werkzeugmaschinenlabor der
of a turbine. RWTH Aachen (WZL) shopfloor.

Figure 6.8: Results of different methods to create exemplary task poses on products.

2. The partially automated creation of distributed task poses on a random number of products
relies on manually specifying the number and placement of |-beams, as well as the number
and type of tasks (continuous or discrete) on each beam. Then, the Python standard library
"random" [VAN 09] pseudo-randomly selects coordinates within the vertices of the surface of
each |-beam and places the tasks on those coordinates, as visualised in figure 6.8 b). Further
examples can be found in the appendix in figure F.1.

3. Figure 6.2 visualises the process of converting the CAD file into a mesh to extract the poses
of the vertices. A .stl file format is used to save the mesh, as it can be read by any Python
library that operates on this file format. The numpy-stl library extracted the poses from the
mesh. The process reads the vertex coordinates of the triangulated surface, as described in
[HATT22]. Depending on the resolution of the .stl file, many task poses will be created with
this automated task pose generation. Based on this method of generating task poses, the
behaviour of the proposed task clustering can be tested concerning behaviour for extensive
input. Figure 6.8 c) illustrates the end result with all extracted task poses.

4. Aiming at real-life validation of the proposed task clustering, the fourth method of creating
task poses by touching poses on the physical object of a turbine with a metrology system,
then transferring those poses into goal poses for the robot end-effector, is utilised. Here, the
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so-called iGPS system was utilised. For additional information on the metrology system see
[23a]. The metrology system iGPS outputs a coordinate in a world coordinate system. This
world coordinate system serves as a reference for the mobile robot. The resulting test setup is
shown in figures 7.1 and 7.2 f), whilst the resulting take poses are mapped to the CAD model
in figure 6.8 d).

Therefore, the utilised data is valid according to SARGENT (2010).

Conceptual model validation

The validation of the conceptual model is crucial to confirm the suitability of the task clustering
algorithm for base placement. The conceptual model is validated by continuous comparison
with the requirements set out at the beginning in section 6.1. This continuous verification and
validation during the iterative design cycles is based on the techniques of animation and face
validity. To ensure a broadened view during face validation, feedback from the research group
"Future Assembly" of the research project loP and feedback from reviewers of publications
were included. Feedback and discussion sessions were conducted during the publication process
of [KLUG23a]. This comprehensive approach to validation ensures the integrity and reliability
of the task clustering algorithm for base placement.

As can be seen from the pictures taken and shown to visualise the undertaken verification
and validation tests, the validation technique of animation was applied to ensure satisfactory
system behaviour. During development as well as for testing purposes, the task poses, the
objects on which the task poses are placed, the search space resolution and the resulting task
clusters and allocated base placement for each cluster are visualised. This verification and
validation method enables quick and intuitive assurance of proper system behaviour.

Computerised model verification

The computerised model verification ensures the correct implementation and programming of
the designed model. Verification is confined to internal considerations, excluding the real-world
aspect, while validation incorporates external real-world factors.

Static and dynamic testing was applied to the implemented executable program. As static
testing, structured walkthroughs of the implemented code were conducted to verify the correct
implementation of the underlying modelling. The dynamic testing techniques include animation
and internal replication. Animation entails visually representing the temporal sequences. lts
utility lies in analysing the plausibility of a process or its outcomes. Animation is effective for
identifying and correcting invalid situations. As the artifact of autonomous clustering-based
task allocation and robot base placement operates as a decision model rather than a simulation
model, the animation scrutinises the optimisation process and showcases the planning results.
This aims to detect any inconsistencies or contradictions with the intended decision behaviour.
Inherent to the artifact is the frequent visualisation of the intermediate clustering results, each
step of defining the search space and the final base placements.
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To ensure the internal validity of the proposed algorithm for task clustering and base placement,
the consistency of the solution method’s results is tested by replicating the same scenario
multiple times. For internal validity to hold, the algorithm should return similar results for
similar inputs.

The same test case (as depicted in figure 6.10) is taken as input for all test runs whilst
changing the resolution of the search space. Each created test set is solved three times, and the
computational time is indicated. The tests were run on a Dell Inspiron 15-7577 with Intel(R)
Core(TM) i7-7700HQ CPU and 16 GB of memory running on a Windows 10 operating system.
Across three test runs with identical resolution and task poses, the time difference varied from
3.65% to 17.2%, with an average of 10.71%, as depicted in table 6.1. This discrepancy can
be attributed to the time required for the numerical method to discover an inverse kinematic
solution, as well as the background processes that the operating system performs automatically
without user input.
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a) Resolution: 961, Completion time: 908.1 seconds. b) Resolution: 961, Completion time: 936 seconds.

Figure 6.9: Identical base placements (light blue and green rectangles) and time variance for
executing similar test scenarios multiple times. The grey rectangles indicate the product, the
green circles indicate possible base placements for coverage tasks, and the pink circles indicate
possible base placements for discrete tasks. The task poses are allocated to clusters as
indicated by different coloured dots.

Resolution [mm] | Time 1 [s] | Time 2 [s] | Time 3 [s] | Maximal time deviation
280 448.8 448.6 432.2 3.65%

270 694.3 707.5 670.2 5.27%

260 616.7 608.9 714.1 14.8%

250 751.5 766.1 860.4 12.67%

240 1180 977.1 1002 17.2%

Table 6.1: Resulting time variance from executing similar test scenarios with the artifact of
autonomous clustering-based task allocation and robot base placement multiple times.

As seen in figure 6.9, repeating the test scenario multiple times results in identical base
placements. The green circles indicate FBPs for the task poses belonging to continuous task
sets, whilst the magenta circles belong to the task set containing discrete task poses. The
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crosses mark the final solution for the base placements for the discrete task poses, whilst the
framed and highlighted circles mark the final solution for the base placements of the continuous
tasks. The respective colours of the base placements indicate the assignment to the task poses,
which are marked in a similar colour.

Operational validation

Operational validation ensures the correct model is built to answer the research question and
satisfy the stated requirements. It aims to test the accuracy of the model’s output behaviour,
so the testing is limited to the aspired domain of the application. Here, the intended use of
the developed algorithm is the base placement of mobile robots.

As RABE ET AL. (2008) stated, the process of validation includes the comparison of empirically
collected data from the actual system with data provided by the abstract model [RABEQS,
p.15].

A sensitivity analysis was conducted to assess the parameter variability by altering the input
parameters, such as search space resolution and the number of task poses, to measure the
impacts on the behaviour of the solution. In the initial test, the resolution of the search space
was increased while maintaining a constant number of task poses (e.g. as visualised in figure
6.4). The subsequent test involved raising the number of task poses while keeping the search
space resolution constant.

The algorithm was executed on a scenario involving two |-beams, with both continuous and
discrete tasks, while gradually increasing the resolution of the search space. The tasks are
depicted in figure 6.10, with the coverage task represented by blue spheres and the discrete
task represented by red crosses. The coverage task includes 95 poses, while the discrete task
comprises 24 poses.

Figure 6.10: Assembly task poses on products: Test scenario with continuous task poses (in
blue) and discrete task poses (in red) distributed on two I-beams.

Surrounding the two |-beams, the search space, the area for possible base placements, is
created. To avoid collisions, the maximum reach of the robot is limited to the maximum
distance from the [-beams, and the size of the mobile base is limited to the minimal distance
from the |-beams.
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c) Test scenario with 48 task poses. d) Base placements for 48 task poses.

Figure 6.11: Top view of the test scenarios with identical search space resolution and
increasing task poses. Figures a) and c) show the input: the product in grey with task poses
represented by blue dots. Figures b) and c) visualise the respective found base placement
solution. Potential base placements are highlighted by green dots within the search space
delineated by grey lines. The found base placements and allocated task pose clusters are
differentiated by various colours.

Scenarios, where the resolution of the search space is too low, may lead to the absence of
feasible solutions, resulting in task poses that cannot be executed from any base placement.
Exemplary scenarios are visualised in figure F.4 in the appendix. Increasing the resolution
generally results in fewer base placements, which is seen as beneficial since it requires less
movement between the base placements for the robot, as depicted in the appendix in figure F.2.
But simultaneously, a higher resolution results in a higher computation time, as visualised in
figure 6.12 c). The relation of search space resolution (as the number of base placements), the
achievable score (as a quality measure of the final solution) and the needed computation time
is visualised in figure 6.12 d). As can be seen, the score of the finally found base placements
reaches a plateau for a certain amount of base placements. Thus, infinitely increasing the
resolution and, thus, the amount of checked base placements is not advisable. This plateau
has to be found as the highest possible score is favourable.

Since a high number of task poses may occur in an industrial scenario, e.g. when a large
object should be inspected with a high resolution of task poses, the algorithm’s behaviour is
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Figure 6.12: Results of the autonomous clustering-based task allocation and robot base
placement when increasing the number of tested task poses as part of the operational
validation.

investigated concerning handling increasing numbers of task poses. Therefore, the search space
resolution is set at a fixed number, and tests are run with increasing task poses, placed on a
similar area on the product. Exemplary test scenarios can be seen in figure 6.11, as well as the
corresponding results of the base placement. Blue dots on the left side mark task poses on the
product’s surface. On the right side, the possible base placements are marked in light green,
whilst chosen base placements and allocated task poses are marked in red, blue and yellow
(further examples are in the appendix in figure F.3). A solution (a number of base placements
for the robots) that covers the entire task set was found for every test scenario. Figure 6.12
b) illustrates that the quality of the solution remains mainly unaffected by an increase in task
poses, as the maximum deviation between the scores given to each solution is only 3%.

6.5 Interim conclusion: Clustering-based task allocation
and base placement

This chapter presents a method for autonomous clustering-based task allocation and robot base
placement, addressing the third underlying research question URQ3: How can assembly tasks
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be clustered to plan formations with reduced base placements of mobile assembly

robots?

The question is answered by the presented autonomous clustering-based task allocation and
robot base placement method. The multistaged heuristic identifies a minimised number of base
placements — thereby enabling the selection of an optimised assembly station formation.
In the first stage, the search space — the confined area of allowable base placements around
the product, ensuring reachability — is created, parallel to grouping the task poses into
clusters, executable from a single base placement. By overlapping both solutions, favoured base
placements are found. The favoured base placements are searched for combinations, minimising
the total number of base placements whilst guaranteeing the reachability of all task poses.
Finally, the combinations found are evaluated for executability by applying performance metrics.
The derived heuristic identifies and evaluates formations, whereby a formation is defined as
the allocation of task poses to mobile robots placed at specific base placements. The developed
method is tested in both simulation and real shopfloor environments. The optimisation of
mobile manipulator base placements proves to be an effective means of enhancing both the
efficiency and quality of task execution. The chapter’s contribution is summarised in figure

6.13.

The following table 6.2 matches the initially defined hard requirements (see section 6.1) with
the applied solution. The soft requirements are met by selecting a set of valid solutions that
fulfil the hard requirements. The soft requirements are quantified and included as scoring
criteria and weights as described in section 6.3.5. The solution with the highest score is chosen.

Thus, the soft requirements are met.

Chapter 6 contributes to the research artifact of autonomous clustering-based task allocation
and robot base placement. The artifact is added to the knowledge base as prescriptive knowledge

in accordance to [IIVAQ7, p.8].

Ontology-based task allocation Executability evaluation Base placement & formation
¢ Clustering of distributed task
poses to be executable from
a single base placement

* Matching of performance
metrics to evaluate the
executability of specific
assembly task types

* Formal representation of

assembly resources and their

capabilities in CAPablLity-

based resource AllocatioN

Ontology (CAPILANO)

Definition of semantic

capabilities

Structuring of combinatoric

of resources

Formalisation of inheritance

of capabilities

* Allocation of tasks to
resources based on required
and provided semantic
capabilities

* Automated evaluation of
formations of mobile
robots

* Inclusion of end-effectors
into the workspace analysis

* Calculation of feasible robot
flange poses in dependence
on end-effector and task
type

* Representation of the spatial
distribution of metrics of a
robot workspace in the

performance map

* Automated identification of
an optimised assembly
station formation

Results

* Leveraging advantages of
combined base placement
and workspace analysis

Figure 6.13: Contribution of chapter 6 to the research progress.
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Table 6.2: Matching the requirements (derived in section 6.1) with the applied solution

(detailed in section 6.3.5) of clusterin-based task allocation and base placement.

Reference  Requirement Applied solution Met?
HRO1 All task poses have to be al- Application of the clustering algorithm v
located to a cluster. (either K-Means or OPTICS, in depen-
dence of the task type (continuous or
discrete)).
HR02 For each cluster, a valid base Reachability is checked by solving IK, and v
placement has to be found. only combinations with "full reachability"
are accepted as valid combinations.
HRO3 A base placement is valid if Reachability is checked by solving IK, and v
all allocated task poses of only combinations with "full reachability"
the cluster are reachable by are accepted as valid combinations.
the robot placed at the base
placement.
HR04 It follows: all task poses Reachability is checked by solving IK, and v/
must be reachable from at only combinations with "full reachability"
least one base placement. are accepted as valid combinations.
HRO5 Collisions with physical ob- Minimum distance from the product in (V')
jects have to be avoided. dependence on the size of mobile base
is applied. Minimised amount of base
placements ensures a maximised distance
of robots from each other. Collisions
during dynamic trajectory execution are
not considered.
HR06 Executability has to be en- Solutions with desirable executability met- (v')
sured. ric values are preferred. High manipula-
bility of valid combinations is rewarded.
Trajectories are not considered.
SR01 The number of clusters/base valid combinations with the least amount v/
placements should be min- of base placements are rewarded.
imised.
SR02 Each task pose should only If multiple robots can reach a task pose, v
be allocated to one cluster. it is allocated to the robot whose base
placement is closest to the task pose.
SR03 Possibilities for collisions The average Euclidean distance between v/
should be reduced. the base placements of each valid com-
bination is calculated and recorded in a
score vector and is rewarded.
SR04 Avoidance of singularities. High manipulability of valid combinations v/
is rewarded.
SR05 Consideration of feasible tra- By choosing solutions with a high ma- (V')

jectories between task poses.

nipulability metric, feasible trajectories
between task poses are likely, but this is
not verified.
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Critical reflection

The step of validating the reachability and executability of all poses from a set of base
placements can be improved upon. The current method depends on checking all possible
combinations of base placements and determining the metrics chosen (choice detailed in section
5.1) of all poses in the workspace of a robot placed at a base placement (as described in section
6.3.5). This step can be improved by utilising the calculated performance maps as described in
section 5, to reduce the computational time by overlapping the area of the robot's workspace
that ensures reachability of all poses inside of this area.

For the creation of the search space, the direction from which the tasks have to be executed in
relation to the product CAD and the dependent exclusion of possible base placements behind
the product are currently handled manually. This could be automated further to enhance the
level of automation of the presented method. Moreover, an upper limit of clusters is currently
set manually. An upper limit could be implemented into the autonomous clustering-based task
allocation and robot base placement, e.g., by estimating the maximum number of robots fitting
into the station simultaneously, calculated by taking the station's area and dividing it by the
footprint of the mobile base.

Alternatively to the current implementation as a multistaged heuristic based on clustering,
the autonomous clustering-based task allocation and robot base placement problem could be
formulated as an optimisation problem. Different solving strategies with established optimisation
problem solvers could be applied and compared based on criteria like computation time for
solving or optimality of the found solution.

The current implementation does not address potential challenges that may arise during the
practical integration of the method into operational industrial applications. The assumption
that a high manipulability measure ensures the dynamic execution of all allocated task poses
needs verification, particularly for continuous tasks requiring a consistent end-effector trajectory.
Before implementing the current version into industrial applications, practical issues such
as dynamic collision avoidance, path and trajectory planning, wear and tear of robots and
equipment, and interface interoperability must be explored.
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7 Verification and validation

The preceding chapters 4-6 presented the design cycles executed for the investigation of the
three underlying research questions. The thereby generated results are regarded as research
artifacts within the framework of design science research. DSR requires the newly developed
artifacts to undergo validation in their application context as part of the relevance cycle.
Following the statement of OsMAN Barcr (1997): “V&V is not a phase [...], but a continuous
activity throughout the entire life cycle” [OSMA97, p.136], the verification and validation
activities were carried out iteratively during the design research as an inherent part of the
respective design cycles during the arifact development. While sections 4.5, 5.3, and 6.4 specify
the verification and validation efforts to evaluate the respective artifacts, this chapter overviews
the applied techniques. Therefore, the following chapter presents a validation in the form of an
application to use cases and details the conducted tests aiming at a quantitative verification
and validation of the developed research artifacts.

In pursuit of comprehensive validation and investigation of the applicability of the artifacts,
established methods and techniques from the existing knowledge base are methodically employed
during the verification and validation processes, as presented in section 2.5. In table 7.1 the
applied selection of techniques proposed by OSMAN BALCI, RABE ET AL. and SARGENT
is shown. The techniques are categorised according to their formality or grade of objectivity
[OSMA97]. An unambiguous mapping of a test to the terms verification and validation is not
always possible [RABEO08, p.13].

Other typical testing methods, like the "Turing test" or "Comparison to other Models" ([RABEOQS,
p.107 ff. SARG10, p.172]), are not applicable to the entirety of the proposed framework of
formation planning, since the primary goal of the thesis is not create a novel simulation
environment, but rather to provide recommendations of how real systems should behave to
demonstrate desired properties. Formal methods, like "Proof of Correctness" or "Predicate
Calculus", cannot be applied, since the proposed simulation, artifacts and decision framework
are to complex to be formally validated [OSMA97, p.138].

During validation and verification, emphasis is placed on operational validity, as it assesses
the general applicability of the results to real-world problems. Nevertheless, data validity,
conceptual model validation, and computerised model verification are crucial in determining
overall validity.

Submodel testing: Since the framework developed in this thesis consists of artifacts, which
can be tested separately, the framework fulfils RABE ET AL. s conditions for the applicability
of submodel (sometimes "unit") testing. In difference to RABE ET AL. s conditions, the
structure of the framework does not reflect the hierarchical structure of a real system since the
artifacts build a novel method as decision support, and decisions cannot easily be categorised
as hierarchical systems. Nonetheless, the resulting framework is built as a hierarchical system
consisting of three central artifacts, which therefore apply to submodel testing. Thus, the

35Formal techniques usually are not applicable to complex simulation models [OSMA97, p.138]. Therefore, no
formal techniques were applied here.
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Table 7.1: Applied techniques of verification and validation. The techniques are categorised
according to formality, as proposed by OSMAN BALCI. S, R and B indicate respectively the
source SARGENT, RABE ET AL. and OSMAN BALCI. Moreover, the application of the
techniques for conceptual model validation, computerised model verification, and operational
validation is given, as well as the section in which the techniques are applied.

Categories | Application stage Artifact
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individual design artifacts have all been tested, validated and verified in various unit tests, as
described in sections 4.5, 5.3, and 6.4. Submodel testing is an essential step in verification, as
it identifies flaws and inconsistencies within the programming in its application context.

7.1 Conceptual model validation

To determine whether the artifacts derived in chapters 4, 5, and 6 accurately represent the real-
world system of heterogeneous mobile robots in adaptable assembly, with a degree sufficient for
planning their formations, the conceptual model requires validation. Consequently, conceptual
model validation was conducted on the three artifacts of semantic modelling: the ontology
CAPILANO, the executability evaluation by performance maps, and the task clustering for
base placement. The validation process involves evaluating the underlying concepts’ suitability
to increase the level of automation for the formation planning of mobile robots in assembly.
The models were validated by the loP research group during conceptualisation and simulated
assembly execution using the face validity principle. Throughout the development process,
these artifacts were continuously scrutinised with regard to requirements elicitation, model
specification, system and software architecture, the interplay between the implementation of
the three artifacts, and causal relationships, as proposed in [VERE21, p.19-34].

Face validity: The newly created ontology CAPILANO (chapter 4) aims to provide a semantic
model of mobile robots, components that compose mobile robots, as well as their combinability
and dependence on combinatoric derivable capabilities of the composed robot. The criteria
used to assess the suitability of CAPILANO (as outlined in table 4.3), such as the identifiability
of resources, inheritable capabilities, or the matching of resources to tasks based on capabilities,
were demonstrated to be applicable for this specific use case. The domain ontology for
CAPILANO, as described in the appendix in chapter 4.3, was continuously adapted and
discussed with the assembly experts of the research group "Future Assembly" of the loP. The
findings indicated that both the ontology and the task allocation framework are valid for the
specified use case.

The executability evaluation in chapter 5 aims to evaluate, whether a robot equipped with an
end-effector is able to execute a given assembly task. During face validation, some deficits in
matching the performance metrics to assembly tasks were discussed. For broader application
the list of matched metrics has to be extended and the matching itself has to be further tested.
Nonetheless, a sufficient degree of conceptual validity for proof-of-concept is apparent, to
automate and further specify the executability evaluation. Moreover, the correlation of the
introduced average performance metric with analytic executability was tested and proven in
section 5.3.

Comparison with other models: The performance map introduced in chapter 5 represents the
distribution of performance metrics in the robot workspace, thereby enabling an executability
evaluation. Executability hereby refers to extending previous workspace representation by
enabling the representation of different performance metrics, to evaluate the executability of
specific assembly tasks. As indicated in figure 5.10, the resulting evaluation of reachability of
multiple task poses was tested with varying poses, robot models, performance map resolution
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and end-effector and compared to the reachability calculation through inverse kinematic.
Moreover, the performance map was compared to capability maps during development. Through
comparison with other models, the performance map calculation was proven suitable for the
application of robot workspace evaluation.

The goal of the base placement and formation planning of chapter 6 is to optimise the task
allocation of task poses through task clustering and to optimise the placement of mobile robots
whilst integrating the results of the previous research artifacts. To evaluate the validation of the
conceptual model, it is necessary to assess the alignment of the underlying task clustering and
multistaged heuristics with the actual use case. The assumptions guiding the base placement
were discussed in detail with assembly planning experts. Especially the steps of manually
limiting the search space for base placements in dependence on the execution direction of
the task poses on the product (in front of or behind the product), and the weight matrix to
determine which performance metrics should be preferred require reiteration for automation and
optimisation. However, the multistaged heuristic is proven to be sufficient for proof-of-concept,
and most steps are automated whilst providing evaluation of the executability of formations.

In summation, the conceptual validity of the three developed research artifacts is proven to be
sufficient for the intended use.

7.2 Computerised model verification

Computerised model verification necessitates ensuring that the model is correctly implemented,
as introduced in section 2.5. Animation, desk checking, documentation checking, and structured
walkthrough were conducted to verify that the conceptual model is correctly implemented and
the program calculates the executability evaluation, base placement, and formation planning as
intended.

Animation: Animation (or operational graphics/monitoring) as verification technique in
accordance to RABE ET AL. (2008) and SARGENT (2010) ([RABEO08, p.95, 101; SARGLIO,
p.171-172]) regarding the time-dependent behaviour of the formation planning is not possible,
since the model does not consider behaviour over time. Instead, the resulting workspace
evaluation of chapter 5 can be visualised as a performance map and the planned formation of
chapter 6 can be visualised regarding the placement of the physical objects (mobile robot and
product) as well as the allocated task poses. Thus animation was applied to the artifacts of
chapter 5 and 6. Thereby, the formation planning behaviour is tested for consistency.

Firstly, the correct implementation of the executability evaluation of robot workspaces, as
introduced in chapter 5, is verified by animation. The operational behaviour of the modelled
performance map and extraction of feasible robot flange poses is displayed graphically. During
the implementation of the calculation of the area of feasible robot flange poses, the resulting
area was visualised and manually checked for obvious flaws, e.g. deformed areas. One example
of the resulting visualisation is shown in figure 5.9. Moreover, the resulting performance
map, as a visual representation of the spatial distribution of performance metrics in the robot
workspace, is displayed. Python and Matplotlib are utilised to illustrate the performance maps
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with different workspace resolutions (A), numbers of poses per voxel (/V), and the robot
models, as shown in figures E.1, E.2, and E.3.

Secondly, the base placement and formation planning, as introduced in chapter 6 were verified
through animation. The following intermediate steps were visualised during implementation:
The result of the different task pose creation methods, introduced in section 6.3.1, the steps
of reducing the search space of possible base placements in section 6.3.2, the resolution of the
discrete favoured base placements in the search space in section 6.3.4, and finally, the selected
base placements in section 6.3.5. Thereby, Matplotlib is utilised to verify the intermediate
results of each implementation step.

Animation and visualisation allow for detecting and resolving scaling errors, displacements,
and similar discrepancies. Despite its subjective nature, this verification technique enables the
identification and resolution of errors encountered during the implementation process.

Desk checking: The verification and validation method of desk checking was applied during
artifact development. The artifacts have been carefully checked for completeness, correctness,
consistency and unambiguity as required by BALcr [BALC98, p.356]. The main challenge
with this technique is the potential failure to recognise one’'s own mistakes when revisiting.
To address this issue, the strategy was revisited after a period of time whilst reiterating the
program during the next research cycle and enhanced with complementary techniques such as
documentation checking and structured walkthrough.

Documentation checking: Documentation checking of the central artifacts (corresponding
to the results of the underlying research questions) of the formation planning method was
conducted for each artifact individually as well as for the entire method. As described in
the respective sections regarding verification and validation (sections 4.5, 5.3 and 6.4), the
conducted research was documented, the code of the research artifacts and the application
ontology, as well as the conducted experiments and their results, were published. The resulting
publications are summarised in chapter 9.2. During the publishing process, the artifacts
documentation was screened by the reviewers and accepted.

Structured walkthrough: A structured walkthrough of the artifacts (according to RABE
ET AL. (2008) was conducted in internal discussions and interim presentation of results with
colleagues at the institute as part of the dissertation process, as well as with colleagues of the
research project loP. Additionally, the main elements of the source code of the artifacts were
presented and reviewed as part of the publishing process. Desk checking and documentation
checking were repeated during the structured walkthrough of the implemented code, especially
during the process of supervising these. The supervised students (see chapter 9.2) were
introduced to the existing code base at the beginning of their studies. Therefore, the structured
walkthrough was conducted as part of explaining the code base and simultaneously, desk
checking and documentation checking were conducted, errors can be spotted while explaining
what the code is intended for and looking at the code. Moreover, the documentation was
checked, and the students read through it and were told to note questions or remarks related
to the documentation.
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In conclusion, the computerised model is verified, and the artifacts are correctly programmed
and implemented.

7.3 Operational validation

As stated in section 2.5, operational validation determines whether the model’s output behaviour
is sufficiently accurate for the intended range of applications in dependence on the model's
purpose. Therefore, the artifact’'s behaviour is tested for adherence to the intended purpose in
their intended application domain.

The derived artifacts are intended for use in planning formations of mobile robots in assembly
stations, ensuring the tasks' executability. Thus, to assess whether the planned formations are
indeed executable, the use case scenario of turbine inspection introduced in chapter 6 is first
set up in the simulation environment of ROS and then connected to the real world laboratory
set up. The scenario consists of one mobile robot and one turbine as the product on which the
operations have to be executed. The experiments involved using a UR10 robot by Universal
Robotics, which was placed on a mobile base of SUMMIT-XL STEEL mobile robot by Robotnik.
The iGPS for Dynamic Tracking and Alignment by Nikon (now 7D Kinematics) was used as the
metrology device to measure the goal poses before testing and track the robot’s pose during
testing (as visualised in the appendix in figures G.1 and G.2). The ROS-based coordination
and operation of the robots were carried out using a Dell Precision 7740 with an Intel Core
i7-9850H CPU @ 2.60 GHz x 12 and 32 GB memory, running on a 64-bit Ubuntu 18.04.6 LTS
operating system. Wireless Local Area Network (WLAN) was used for communication between
all the components listed above.

¥ By

(a) Left base placement in front of the turbine in (b) Right base placement in front of the turbine
ROS simulation. in ROS simulation.

Figure 7.1: Validation of base placements in front of a turbine through simulation of the task
execution in ROS.

The created use case uses consists of task poses placed on the turbine surface. Figure 7.2
f) shows the turbine with marked goal poses for the end-effector. To execute the tasks, the
tip of the end-effector has to reach and mark those task poses. Therefore, the task poses are
measured with the iGPS metrology system on the turbine. Before running the practical test,
the scenario was run through the autonomous clustering-based task allocation and robot base
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placement®® and simulated in ROS. The test scenario as a virtual representation is shown in
figure 6.7. Figure 6.7 illustrates the calculated base placements, whilst figure 7.1 displays the
simulated base placements and the allocated task poses per base placement. The simulation of
the execution of all 13 task poses can be seen in the appendix in figures F.5 and F.6. As can
be seen from figures F.5, F.6 and the pictures taken during the practical test (see figure 7.2),
all task poses were executable from the assigned base placement.

Sensitivity analysis: Tests with an identical resolution, identical mobile robots, and different
task pose distributions were conducted to test the formation planning behaviour regarding
reaction to different inputs. Therefore, five test scenarios were derived. The test scenarios and
the resulting base placements of the mobile robots are pictured in figure 7.2 and summarised in
table 7.2. The analysis illustrates that the number of robots is increased for further distributed
task poses, as intended. Moreover, the placement of the robots in relation to the task poses is
not optimised in terms of the distance of the base from the poses. This can be attributed to the
fact that the distance between the robot base and task poses, condition number, manipulability
and dexterity index were weighted equivalently in the score matrix (see equation 6.4 in section
6.3.5). The weighting of the performance metrics in the score matrix has to be further tested
and matched to the requirements of different assembly task types to validate executability.

36| this case, a resolution of 150 mm was chosen. This value was determined by iteratively running the test
scenario in a loop, gradually decreasing the resolution, and identifying where the final solution score converges.
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Figure 7.2: Sensivity analysis of the formation planning for inspection task poses on a turbine.
Exemplary pictures of the operational validation of base placement and task execution in a test
set-up in the application environment at the WZL shopfloor.

Table 7.2: Results of a sensitivity analysis of the formation planning for inspection task poses
on a turbine.

Configuration  Computation  Condition number Manipulability Dexterity
time [s]

a) 216,45 left base placement: 97,4 2,2 0,5
right base placement: 52,9 1,38 0,385

b) 219,048 left base placement:  104,7 1,86 0,397
right base placement: 52,3 0,807 0,224

c) 115,782 75 2,4 0,742

d) 286,782 108,7 2,8 0.691

e) 185,502 85 35 0.994
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In summary, the operational validity is sufficient. The experiments have shown that the results
obtained are suited to real-life scenarios. The primary objective of the developed artifacts was
to automate the task allocation and placement of mobile robots in assembly while ensuring
the executability of all assembly operations. This was successfully achieved. Especially the
time needed for formation planning can be significantly reduced from around 14 weeks in the
automotive industry [PELL17, p.98] to several minutes. However, shortcomings were identified
in the definition of executability for a broad range of assembly task types (as derived in section
5.3), the optimality of solutions and the assignment of weights to base placement combinations
(as derived in section 6.4). Addressing these shortcomings may require iterative refinement of
the weight matrix introduced in section 6.3.5. Furthermore, it's crucial for future research to
give due consideration to evaluating the feasibility of execution.

7.4 Data validity

The use case data utilised for application and testing procedures of the ontology CAPILANO
presented in chapter 4 were thoroughly reflected within the research group "Future Assembly"
of the IoP and underwent scrutiny during the publication review process. For the executability
evaluation conducted in chapter 5, robot URDF models are taken as input as well as the
performance metrics identified in the knowledge base (see section 2.2.2). Each is taken from
peer-reviewed and published sources. Therefore, they are valid. To conduct the operational
validation of the autonomous clustering-based task allocation and robot base placement artifact,
a use case from the laboratory of WZL was utilised.

As intermediate results containing the use cases and, therefore, the utilised data employed
for the validation of the three design cycles in the chapters 4, 5 and 6 underwent credibility
checking during publication, they are affirmed as credible. During the review of the publication
scripts, assembly experts endorsed the credibility of the provided use case data, affirming its
fidelity in depicting real-world systems.

7.5 Interim conclusion: Verification and validation

In this chapter, the conducted verification and validation strategy for the individual artifacts of
chapters 4 to 6 is summarised, and the conducted verification and validation for the combined
artifacts in the enveloping artifact of formation planning is presented. The goal of the validation
is to determine whether the designed artifacts answer the initially derived research demand
and to to provide a systematic basis for an acceptance decision of the entire framework of
formation planning. Therefore, an overview of the already conducted verification and validation
in sections 4.5, 5.3 and 6.4 is given. Additionally, the formation planning — consisting of
task clustering, base placement, and executability evaluation based on capability-based task
allocation — is applied to different use cases of turbine inspection.

For all three research areas of the description model and task allocation, executability evaluation
and base placement the steps of computerised model verification, conceptual model validation,
operational model validation and data validity were conducted in submodel testing. The
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developed description model CAPILANO showed sufficient applicability and scalability during
the instantiation of the ontology with a specific use case scenario. The initially set competency
questions and requirements are met. Therefore, the description model is sufficiently accurate
for the intended use. The executability evaluation is validated through animation, face
validation, extreme condition testing and compared to existing other models. The correlation
of performance metrics average and the analytical solutions of the task poses metric values
is shown. The set requirements of representation of the spatial distribution of performance
metrics in a robot workspace under consideration of equipped end-effectors are met. Thus, the
executability evaluation provides sufficient accuracy. The base placement is applied to assembly
use cases, where the results are investigated by testing whether all tasks within a particular
cluster can be executed by the designated robot, to evaluate its degree of usefulness for the
planning of changeable assembly station formations. The application shows the fulfilment of
the set requirements, thereby verifying the applicability to the intended application area.

The scientific discourse conducted ensures the formation planning’s conceptual validity. The
discourse results are reflected in both the requirements and the added artifacts. The com-
puterised model validation is inherently ensured through compilability and the executability
of the code base. To further verify the computer model, informal verification techniques like
desk checking or structured walkthroughs are applied. Moreover, the technique of animation
is applied to monitor anomalies and identify potential sources of error. The absence of such
anomalies is interpreted as an indication of appropriate formation planning. The investigation
of operational validity is based on application in a demonstration, multiple simulations and
parameter variations for use case scenarios. The application shows appropriate behaviour of
the developed formation planning for assembly tasks. In summary, it can be concluded that
formation planning provides sufficiently accurate results for initial planning without considering
time-dependent behaviour. Assembly system designers are encouraged to perform further
simulations of task execution and robot motion.
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8 Conclusion and critical reflection

This chapter serves to conclude the research on formation planning by reflecting on the research
findings (see section 8.1) and on the methodologies applied during the research (see section
8.2). Clarifying the limitations of the research findings and the implications of the underlying
assumptions specifies the applicability of formation planning. Examining the strengths and
limitations of the selected methodologies clarifies their impact on the outcomes.

8.1 Reflection on the findings

The research topic of this thesis can be thematically categorised as within the domain of
changeable assembly. This thesis contributes to the realisation of operating changeable assembly
systems by closing the gap between high-level factory configuration planning and the low-level
navigation and control of mobile robots. The primary motivation is to plan the formation
of mobile robots in changeable assembly stations, a necessary building block for operating
changeable assembly systems.

Formation planning is designed for assembly systems with mobile assembly robots. It can be
implemented in various assembly systems to plan mobile robot formations in assembly stations.
However, it is intended for and exemplified by LMAS and SPS. The planning of formations is
indispensable to realise changeable assembly systems with mobile robots. Formation planning
facilitates spatiotemporal positioning, continuous replacement, and reconfiguration of mobile
robots. Firstly, it involves identifying a suitable combination of assembly components (such
as a robot arm, mobile base, and end-effector) capable of executing all given assembly tasks.
Secondly, it encompasses assessing and ensuring the spatial executability of these tasks in
a planned formation. A systematic literature review revealed (see chapter 2) that current
methodologies for the formation planning of mobile robots in assembly stations and the
workspace evaluation of mobile robots are inadequate in evaluating task executability. Notably,
the integration of task allocation, workspace analysis, and robot placement had yet to be
adequately addressed to use mobile robots’ capabilities in assembly operations fully. Based
on the identified requirements and research gaps, the primary research question is formulated
as follows: Can capability-based formation planning of mobile assembly robots in
stations of changeable assembly systems ensure the executability of the assembly
tasks?

This primary research question is decomposed into three underlying research questions to
investigate the description model, the executability evaluation and the final base placement
and formation planning.

URQ1 Description model: Answering the first underlying research question URQ1 resulted
in two central building blocks, as summarised in section 4.6: First, the semantic description
model of mobile robots and their capabilities, and second, the capability-based allocation
of tasks to combined mobile robots. A formal description of combinable components (mobile
base, robot arm and end-effector) to build mobile robots was provided, ascribing the resulting
capabilities of the composed mobile robot. This allows the selection and combination of
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components into one composed mobile robot with the semantic capabilities to execute the tasks
as a basis for the subsequent evaluation of practical executability. Therefore, capability-based
executability is ensured by ascribing capabilities to the composed robot in dependence on the
equipped and combined components and allocating the tasks to robots accordingly.

However, the creation of a description model necessitates the abstraction of realistic environ-
mental conditions and the formulation of assumptions, as the real world can never be exactly
modelled. The description model relies on manual modelling of component compatibility, which
requires expertise in the software and hardware interfaces of multiple robot and equipment
vendors. In addition, incorporating executability through semantic capabilities overlooks the
state of the resources, such as wear and tear or battery status, which affects their usability.

URQ2 Executability evaluation: Beyond a description, the operation of changeable assembly
stations requires an answer to the second underlying research question URQ2 regarding the
evaluation of the executability of assembly tasks in the workspace of a mobile
robot under consideration of equipped end-effectors. The resulting building blocks
and findings are summarised in section 5.4. The performance map represents the spatial
distribution of performance metrics — evaluating different robot capabilities and, therefore,
the executability of tasks — in the robot's workspace. The developed representation in the
performance maps represents the valid workspace of the combined resource, resulting from
the simultaneous consideration of the robot and equipped end-effector. The performance
map incorporates different performance metrics depending on the assembly task. Performance
metrics are matched to evaluate the executability of specific assembly tasks. Therefore, the
spatial executability of a task pose allocated to a robot at a specific base placement can be
evaluated.

The influence of equipped end-effectors continues to depend on manual input to assess the
degree of functional redundancy. This assessment varies according to both the specific assembly
task and the type of end-effector used.

For a broader application field, the representation of the valid robot workspace in a performance
map should be extended to include different robot topologies. Currently, the performance
map is limited to open kinematic chain 6-axis robots. While this robot type is very common,
hyperredundant (more than 6-axis) robots are increasingly used in industry.

In addition, the current implementation offers a limited range of considered performance metrics
and assembly tasks. Whilst demonstrating versatility in different contexts, practical application
requires a wider range of tasks and metrics to adequately address the diverse requirements
inherent in assembly processes.

The argument that a high manipulability measure guarantees the dynamic execution of all
assigned task poses necessitates further investigation in practical use cases and industrial
applications, especially for continuous tasks demanding a consistent end-effector trajectory.

URQ3 Base placement and formation planning: An autonomous clustering based
task allocation and robot base placement has been developed based on capability-based
task allocation and end-effector including workspace evaluation, in the context of the third
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underlying research question URQ3. The central result is a multistage method that groups
distributed assembly task poses into multiple clusters. Each cluster is assigned to a single
robot from a single base placement for execution. The method minimises the number of base
placements and assigns all task poses to one mobile robot at one base placement. The resulting
formation is evaluated for executability by applying the previously defined performance
metrics represented in performance maps. Incorporating different robot models, task types and
product models as input, the autonomous allocation and base placement are adaptable and
suitable for changing assembly scenarios.

To improve on the computation time and solution optimality, an enhanced implementation
could reduce the complexity and computational time required to solve the base placement
problem. Instead of the multistaged heuristic, an optimisation problem could be formulated,
and established solving strategies could be employed and evaluated based on criteria such as
computation time and solution optimality. The current implementation should be considered a
prototype.

Some steps in the multistage heuristic still require manual input (e.g., excluding possible base
placements behind the product). These steps should be automated in the future to reduce the
manual effort and achieve a higher degree of automation.

The presented formation planning method reduces the effort of planning the task allocation and
base placement of robots in assembly stations from previously 14 weeks of manual planning
time [PELL17, p.98] to less than a day — including modelling of the resources in the ontology
and running the formation planning framework of task allocation, executability evaluation and
base placement.

8.2 Reflection on the research methodology

Design Science Research was selected as the foundational research framework for this thesis.
The iterative nature of the research methodology — embodied by the three iterative DSR cycles
relevance, rigour, and design — enforces constant evaluation and adaption of the research
artifacts. The continuous evaluation of partial results allows for early identification of errors,
and constant improvement is implemented. The application of the iteration cycles inherent to
DSR ensures the integration of findings from the previous research cycle, enables adapting to
findings from subsequent research artifacts and warrants continuous verification and validation.
Whilst following the cyclic approach is beneficial during conduction, representing the respective
iteration cycles and intermediate results is not helpful for documentation of the research findings
in written form and publications, as the content would repeat itself. Therefore, only an overview
of the major design cycles conducted while answering the underlying research question and the
obtained intermediate improvements and results is given at the beginning of chapters 4-6.

Incorporating the knowledge base within the rigour cycle unveiled applicable foundations
essential for crafting artifacts corresponding to each underlying research question. Multiple
iterations of the design cycles were conducted to develop, improve and assess the semantic
modelling, executability evaluation and base placement of the mobile robots in assembly. As
per critical reflection in section 8.1 and the previous publication of partial research results, the



124 8.2 Reflection on the research methodology

artifacts are added to the knowledge base. The application of the design and rigour circles
benefited the research process as methodological approaches. The design and rigour cycles were
conducted repeatedly. The step of feedback of the developed artifacts from the design cycle
into the environment via the relevance cycle is viewed more critically. The lack of industrial
deployment of lineless and changeable assembly systems results in a lack of real-world use
cases to apply the developed method in practical and realistic application scenarios. Therefore,
the pending step is practical application in the industry and the iteration and adaption of the
artifacts based on the feedback from the industry.

Reflecting on the applied verification and validation methods and techniques, one must be
aware that “testing can be a very effective way to show the presence of bugs, but it is hopelessly
inadequate for showing their absence” [NBUX69, p.16]. In other words, validation can never
objectively ensure the applicability of the model [SARG96, p.56; RABE08, p.2]. Various
methods and techniques with varying levels of objectivity were utilised to perform verification
and validation during those stages. The techniques were selected to encompass a wide spectrum
of objectivity. thereby, the selection of techniques was subjectively, as neither SARGENT (2010),
RABE ET AL. (2008), nor OSMAN BALCI (1997) suggest a systematic approach to choosing
fitting techniques.

In conclusion, applying the iterative DSR as a research methodology was a successful and
helpful approach to structuring the research process. Moreover, selecting verification and
validation techniques listed by SARGENT (2010), RABE ET AL. (2008), and OSMAN BALCI
(1997) provided a guideline for multiple
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9 Summary and outlook

This final chapter summarises the thesis. It presents the contents of each chapter, starting with
the motivation and business needs, followed by the knowledge base, the developed artifacts,
and their application and validation. The research artifacts are mapped to the initially identified
research deficits, and the artifacts are allocated into the levels of the IoP. The insights and
results from the thesis are overviewed, and prospects for future adaptation and extension of
the results are outlined.

9.1 Summary

Manufacturers must enhance the resilience of changeable assembly systems against external
disturbances, such as a shortage of skilled manual workforce or disruption in the supply chain.
The increased flexibility and changeability of assembly systems have increased the complexity
and requisite effort in assembly planning. Manual or time-consuming planning for personalised
products with single or small lot sizes cannot be amortised through reuse as it can be for
products with larger lot sizes. Consequently, the business need arises for automated and
cost-effective formation planning, including task allocation and base placement of robots in
assembly.

Formation planning, as a novel method to place mobile robots in assembly stations under
consideration of capabilities and spatial distribution of executability metrics in the robot’s
workspace, is developed and investigated in this thesis to address these needs. In summation,
the planning time for the spatial placement of mobile robots in formations in assembly stations
is reduced. The proposed formation planning method provides formations that ensure the
executability of the given assembly tasks. The planning process is automated, potentially
reducing the manual effort and workload in changeable assembly.

Figure 9.1 overviews the developed research results and artifacts and relates them to the
previously identified research deficits and three research areas, as presented in figure 3.3. As a
first research result, a description model of mobile assembly robots, their components and
resulting capabilities in the form of an ontology called CAPablLity-based resource AllocatioN
Ontology is derived, and a subsequent capability-based task allocation is devised. Two research
results contribute to the executability evaluation: First, performance metrics are matched to
task types to provide the means to evaluate the capabilities required to perform assembly tasks,
resulting in performance maps representing the spatial distribution of performance metrics in
the robot workspace. Second, end-effectors are integrated into the evaluation of executability,
by calculating the area of feasible robot flange poses, in dependence on the combination of
end-effector and assembly task type. The third research area, the base placement and
formation planning, integrates the previous research results. Formations of mobile robots as
allocation of task poses to robots located at defined base placements are planned, ensuring the
executability of the allocated assembly tasks. The formation planning presented here can be
categorised between factory configuration planning and the process execution and control of
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individual resources, thereby closing the gap between high-level factory planning and low-level
robot control.
Research deficits Research results Research areas aligned to

the underlying research
questions (URQ)

Lacking interdependency of
task allocation, workspace
evaluation and base placement

No end-effector inclusive CAPILANO ontology &
capability modelling capability-based task allocation \ URQL: System modelling
Lacking consideration of Matching of performance
heterogeneity of robots, end- metrics to task types data base
effectors and tasks URQ2: Executability
- evaluation
No match of metrics to Performance maps: End-

assembly tasks for executability

) effector inclusive workspace
evaluation

analysis

No consideration of equipped
end-effectors or tools in
workspace evaluation

Autonomous clustering-based
task allocation and robot base
placement

No base placement for multiple
robots and distributed task
pose

Figure 9.1: Mapping the developed research results to the previously identified research
deficits and research areas.

As introduced in figure 1.2 and section 1.2 the research conducted is closely related to the
research endeavours of the loP. Figure 9.2 places the developed artifacts and building blocks
into the levels of the framework representation of the loP whilst highlighting the allocation
to the three research areas of this thesis. Based on the input data (e.g. semantic resource,
end-effectors, robots or process charts) of the shopfloor level, the digital twins and analytics
level constitutes the ontology CAPILANO, performance metrics, end-effector incision, robot
base placement and task clustering, analysing the accessible data. The analysis results are
transferred into a capability-based task allocation, executability evaluation and finally the
station formation on the decision support level.

Chapter 1 provides the practical motivation and heuristic framework of the scientific process.
The problem statement and business need to automate the formation planning of mobile
robots in assembly stations are delineated. The goal to close the gap between macroscopic
factory planning and microscopic robot control by the mesoscopic level of formation planning
is postulated.

In chapter 2, the foundation and knowledge base of the research areas are summarised. Methods
of robot workspace evaluation, existing performance metrics and their applications, as well as
established ontologies in the manufacturing domain are overviewed. The need for a systematic
literature review on formation planning is identified.

Chapter 3 presents a systematic literature review, exploring the combination of the research
areas of robot modelling, workspace evaluation, and base placement needed for formation
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Figure 9.2: Allocation of the developed research results (in orange) into the levels of the
Internet of Production (based on [BREC17]).

planning. The review raises research deficits, as shown in figure 9.1. The primary research
question, as well as the underlying research questions, are formulated.

In chapter 4 the semantic and syntactic description of product, process, resources and capabilities
in an assembly station is conducted. Therefore, the focus is on the representation and inheritance
of capabilities and the combination of resources, consisting of mobile bases, robot arms, and
end-effectors. A subsequent, capability-based task allocation framework is presented, enabling
the choice of a combination of resources fitting to execute given assembly tasks.

The end-effector inclusive executability evaluation is introduced in chapter 5. By considering
the geometric dimensions and implication of the degree of redundancy for task execution of
equipped end-effectors on robots, the executability evaluation is extended. Performance metrics
are chosen to evaluate a robot's ability to execute different assembly tasks. The research results
are summarised in the representation of performance metric distribution in robot workspaces in
performance maps.

In chapter 6 a clustering-based task allocation and base placement method is introduced,
integrating the previous research results into one formation planning approach. The multistaged
heuristic successively reduces the area of possible base placement, in dependence on the
dimensions of the product, the robot arm and the mobile base, as well as the performance map.
Finally, the preselected possible base placements are evaluated with different performance maps
to find a combination of base placements, allowing for the successful execution of all tasks
whilst minimising the number of base placements.

Whilst partial verification and validation of the respective research results is conducted in
the three main chapters 4-6, chapter 7 presents the final verification and validation of the
entire formation planning. The artifacts are validated based on the methods and techniques of
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SARGENT (2010), RABE ET AL. (2008), and OsMAN BALcCI (1997). The investigation is
based on an application scenario pertaining to the assembly of truck frames. The application
and variation of parameters show plausible behaviour for the executability evaluation and
formation planning of multiple mobile robots. The formation planning exhibited considerable
potential for automating and optimising the planning process associated with the configuration,
task allocation, and base placement of mobile robots within changeable assembly stations.

Chapter 8 concludes the research process and the research findings. Limitations of the research
findings are specified, and the applied research methodology is critically reflected. The research
questions are answered with a sufficient degree of confidence. Nevertheless, each research
result is subject to simplifying assumptions, limitations and constraints in technical feasibility
and applicability as explained in sections 4.6, 5.4, 5.4 and summarised in 8.1. Therefore, the
subsequent section 9.2 highlights future research potential to overcome these limitations and
extend the industrial applicability of the obtained artifacts.

Finally, a reflection is given on the level of achievement in addressing both the primary research
question and the three underlying research questions:

1st underlying research question: How can multipurpose assembly robots, their capabilities
and assembly tasks be modelled for a task allocation? v

Answer: The ontology CAPILANO models assembly robots as composed of robot arms, mobile
bases and end-effectors and ascribes capabilities in dependence on combined components. The
adjacent task allocation allocates tasks in dependence on capabilities.

2nd underlying research question: Can the executability evaluation of assembly tasks be
extended whilst considering equipped end-effectors on mobile robots? (v')

Answer: Yes, by determining feasible robot flange poses from the degree of functional
redundancy depending on the combination of end-effector and assembly task type, equipped
end-effectors can be considered in the executability evaluation. Task executability is determined
by assigning and calculating performance metrics in the robot workspace and representing the
distribution of these metrics in performance maps.

3rd underlying research question: How can assembly tasks be clustered to plan formations
with reduced base placements of mobile assembly robots? v’

Answer: A multistaged heuristic applies K-Means and OPTICS clustering of task poses and
successively reduces the number of potential base placements to finally identify a minimised
number of base placements allowing execution of assigned task clusters.

Primary research question: Can capability-based formation planning of mobile assembly
robots in stations of changeable assembly systems ensure the executability of the assembly
tasks? (V')

Answer: Yes, the combination of capability-based task allocation, robot workspace analysis
and base placement enables the planning of executable formations.

The research results and artefacts effectively address the first and third underlying research
questions regarding robot and capability modelling and base placement, respectively. However,
the second underlying research question is partially addressed. In the executability evaluation,
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the impact of equipped end-effectors still relies on manual input to determine the degree of
functional redundancy, which varies depending on the assembly task and end-effector type.
Furthermore, the current implementation is restricted to 6-axis robots with limited performance
metrics and assembly tasks. While demonstrating general applicability, practical implementation
requires a broader range of tasks and metrics to address the diverse requirements of assembly
processes. Therefore, the primary research question can only be partially answered positively
as well. While the combination of executability evaluation and associated base placement
increases the likelihood of executability, ensuring executability requires simulation of planned
base placement and task allocation.

0.2 Future research and outlook

The obtained research results open up new perspectives for future research projects, deepening
the understanding of the research areas in formation planning as well as in the context of
the practical implementation of changeable assembly systems, necessitating the integration of
formation planning into a framework, considering factory planning and robot control. Therefore,
the outlook focuses on the refinement of the artifacts in themselves to enhance their technology
readiness level and the integration of the artifacts in the intended application field of changeable
assembly.

Artifact refinement

Description model refinement: The automated derivation of URDF models from the provided
robot and end-effector dimensions and topology to directly simulate the described assembly
station could accelerate the planning and simulation process. Moreover, the modelling of
the robot and peripheral components like mobile bases and end-effectors can be extended by
the compatibility of hardware and software interfaces of the physical components. Hardware
and software compatibility must be manually implemented and integrated explicitly into the
ontology. Investigating the compatibility between supplier interfaces and various types of robots
and end-effectors would significantly enhance practical applicability.

Extending the executability evaluation: The executability evaluation could be expanded by
including additional metrics and a broader range of assembly tasks in the proposed matching of
metrics to tasks and performance map creation. Improvement of the executability is expected
for further investigation of the weighting of the metrics for different task types to select
preferred robot base placements. It is expected that an explanation of the performance metric
and options for applying metrics would provide users with a deeper understanding of the
metrics without necessitating previous expert knowledge. Additionally, the current calculation
of performance maps could be extended to consider different robot topologies, such as robots
with more than six degrees of freedom or delta robots with a closed kinematic chain.

Moreover, the interdependencies of the process, the task poses, and the executing robot have
to be considered. Currently, the temporal dimension of task execution is not considered. Still,
it does impact task executability — if continuous trajectories over a long distance are required
— as well as the order of allocated tasks during task allocation. Regarding task allocation, the
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current task clustering and base placement could applied as the input for a travelling salesman
problem, solving for the required characteristic of minimal execution time, quality or the like.

Alternative solution to the multistaged formation planning heuristic: The current representation
of metrics and constraints to express and determine feasible and executable formations of mobile
robots in changeable assembly could be transferred into an optimisation problem formulation.
This would provide the opportunity to compare different solvers to derive optimised solutions
for formation planning. Potentially, established solvers might be suitable to solve the problem
faster than the proposed heuristic and provide optimal solutions.

Integration into a digital twin: The formation planning can be expanded by facilitating the
linkage between the ontological model, the simulation environment and their corresponding
physical instances in the real world. This integration enables the creation of a digital shadow —
enabling a real-time representation of the real world in the modelling and simulation environment
— as a first step and a digital twin as a second step. A digital twin closes the loop between
modelling and simulation and the real world by enabling the control and feedback from the
virtual representation to the real world. The digital twin enables real-time decisions and
reactions based on the modelled and simulated process behaviour.

Application and integration into the operation of changeable assembly system

The practical significance of the developed research artifacts relies upon the premise that
the application of mobile robots in assembly will increase and demonstrate to be beneficial
and efficient. Therefore, enhancements in assembly planning, robot navigation, and control
must be combined with the presented findings here. Thus, this thesis should not be viewed
as stand-alone. Rather, it must be seen as a partial advancement towards increasing the
technology readiness level of mobile robots for changeable assembly systems.

The current formation planning does not consider potential challenges emerging during the
practical integration into the industrial assembly. Integrating the mesoscopic level of formation
planning between the macroscopic level of factory planning and the microscopic level of robot
control necessitates the design of an overarching planning architecture or the integration into
an existing one. The transfer of data between the three levels and the potential re-iteration
of decisions dependent on the feedback from either other level must be considered. Before
deploying the developed formation planning in industrial applications, practical considerations,
including path and trajectory planning, dynamic collision avoidance, wear and tear management
of robots and equipment, and interface interoperability, demand a thorough examination.
Moreover, compatibility with the prevalent factory planning and the subsequent execution and
control of robots has to be ensured, and a communication architecture between the resources
and decision agents has to be created.

The subsequent assumptions were formulated and must be verified for their applicability before
the formation planning method can be utilised in industrial settings: Firstly, the formation
planning and robot placement assume a factory without human operators or a human workforce.
Generally, humans could be modelled as resources in the ontology and considered in the task
allocation and base placement, but since the goal is to automate assembly, they are not
considered here. Secondly, a suitable environment is assumed. This necessitates a level and
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stable surface, which is necessary for wheeled mobile robots. In addition, sufficient metrological
coverage is a prerequisite for localisation and navigation. The listed assumptions must be met
and accounted for for practical applicability.

The evaluation of assembly station formations solely incorporates feasibility studies and does
not reflect a business viewpoint or performance metrics indicating typical operations research
metrics. Before the created research artifacts can be applied in the industry, additional
evaluation criteria, like performance, overhead costs, throughput, station footprint, investment,
production quality and alike, should be considered. [LEIT08, p.4; ELMAQ9, p.10; FECH18,
p.41] Quality, cost, and throughput time are relevant decision criteria for industrial applications.
Therefore, they are among the most considered criteria in operations research and applied
criteria in optimisation problems for designing assembly stations. The influence of different
formations on quality, cost and throughput time has to be studied. A formalised description of
the correlation between formations and operational metrics can be included as selection criteria
in the last assessment step of the autonomous clustering-based task allocation and robot base
placement.

Once the formation planning step has been completed, the planned formation must be
supplemented by complex path and trajectory planning algorithms that incorporate dynamic
collision avoidance. Moreover, the communication, control, and regulation of individual
resources has to be designed, integrated and verified. Applying multi-robot path and trajectory
planning and whole-body motion planning, taking the planned formations as input, is expected
to yield relevant insights. The application and combination of formation planning with whole-
body motion planning of mobile robots necessitate 5G-based wireless communication and
real-time cloud-to-robot connectivity, which requires an edge computing architecture.
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Figure A.1: Design Science Research framework, based on [HEVNO7, p.88; HEVNO4].
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systematic literature review

Table B.1: Search strings and keywords for the systematic literature mapping and review.

Number Research domain

Search string

1 Formation planning formation N planning N mobile N assembly N robots
2 Review / survey (review U survey) N (assembly N (robots U manipulators)
3 Robot cell layout and ((design U layout) U planning) N robot N (cell U (assem-
design bly N station))
4 Metrics for formation (metrics U measures U (key N figures) U evaluation) N
planning (((robot U manipulators) N assembly) U (robot N (cells
U (assembly N station))))
5 Selecting robots for as- ((assembly N resource) U robot) N (selection U iden-
sembly tification U determination) N ((assembly N tasks) U
capabilities)
6 Task clustering or task task N (clustering U allocation U assignment) N ((as-
allocation sembly N (station U robot U manipulator)) U (robot N
cell))
7 Robot base placement / (assembly N (robot U manipulators)) N ((base U work-

placement of workpiece

piece) N placement N optimisation) U positioning U
(layout N planning) U configuration U (posture N opti-
misation))
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Table B.2: Overview of the retrieved results (excluding replicas) after the phases of paper
identification and screening of the literature mapping and review.

Nr. Research domain

Number of retrieved results

Number of selected results

SC.OPUS Scopus Research after title after ab-
(titles) (abstracts) :
Gate screening stract
screening

1 Formation  plan- 0 7 1 1 0

ning
2 Review / survey 7 352 147 11 2
3 Robot cell layout 185 1000 500 157 34

and design
4 Metrics for forma- 65 1000 439 52 7

tion planning
5  Selecting robots 6 1000 500 56 2

for assembly
6  Task clustering or 30 467 356 40 6

task allocation
7  Robot base place- 67 1000 500 61 17

ment / placement

of workpiece
Sum 360 4826 2443

7629 378 68




C Ontology-based definition 165

C Ontology-based definition

Figure C.1 visualises the syntax of the class models of CAPILANO in UML notion. The ontology
consists of the classes of the processes — defining the assembly sequence of the process steps,
products — consisting of the number of parts and components, resources — constituting
physical and cyber instances of the factory, and capabilities, depicted in dark gray. Each
assembly resource is represented as an instance of a component class. Following SOIL and
AAS each instance has a type, a state and specific properties. As can be seen, capabilities are
the central connections between the process steps and the resources. A capability enables the
transition between the process step states by connecting parts to products. The process steps
comprise the entire assembly process, which aims to combine different parts into a finished
product. Thereby, the assembly sequence defines the dependencies and order of the process
steps by providing a precedence graph of the process steps. The process steps refer to a
required capability, which may be an elemental capability or a composed capability consisting
of several elemental capabilities — for a definition of elemental and composed capabilities, see
section 4.3.2. Moreover, the process steps give insight into the duration of operation to execute
the given process step. The different resources provide the required capabilities to execute
the process steps. As resources, one can differentiate between physical resources, like robots,
humans, sensors and end-effectors, which all provide different capabilities in dependence on
their combination with each other. A factory consists of assembly stations, and the station
consists of physical and cyber resources. Cyber resources, like computing power, methods and
algorithms, are not further considered here but generally can be included in the developed
schema of instances in CAPILANO.
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CAPILANO — class diagram.

Figure C.1
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D Workspace evaluation of mobile

robots in assembly

A concise literature review was conducted to get an overview of performance metrics for

evaluating robots during the robot design phase, during operation or as indicated on the robot

specification sheets.

Table D.1: Overview and classification of robot performance metrics.

Begin of table D.1

S _
TR T
~ 3 E o v
;8 2558 8,
o gL O S azg
g2 %vwzs <
xR KF N g
el
. . S £ & 2
Metric Explanation and source ie; X £ @
Reach [m] G K I A
Payload or maxi- [kg] G D | A
mum load
Weight [kg] G D I A
Wrist torque3’ [Nm] G K I/E A
Accuracy®’ [m] Mean / maximum error G K I/E A
Repeatability®’ [m] Mean / maximum error deviation G K I/E A
(pose or path)
Degrees of Free- [—] G — | A
dom (DoF)
Number of Axes [—] G — | A
Power consump- [V,HZ] G D E A
tion
Maximum axis  [-] G K I/E A
speed / velocity®’
Joint limits® [°] G D I/E A
Job execution s G K/ I/JE A
time3’ D
Workspace volume Reachable volume (equivalent to the G K I A

Vv

workspace itself) V' = [ dx with the robot
flange position = [PATE15, p.557] or as de-
noted in equation 2.1 by [ZHAN19b]
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Continuation of table D.1

Metric Explanation Range PhysicsTask Scale
Workspace index WSI = z‘—b] (nws < mnge,;) Percent- L K I R
(WSI) age of the reachable objective workspace, [0,1]
[PUGL12, p.1040]
Minimum singular Indicates closeness to singularities L K I R
value [TANEOO, p.70] (0, o]
Condition number Kinematic isotropy of the Jacobian k = L K I R
K ||| |]J~Y] [GOSS91, p.113] (0, o]
[TANEOO,
p.69]
Local conditioning In difference to the conditioning number, L K I R
index LC'I (some- the local condition index has an upper limit (0,1]
times: Reciprocal LCT = X [TANEOO, p.69]
condition number
)
Global condition- Global weighted average of the conditioning G K I R
ing index n index (0,1)
Manipulability Distance to singular values. Measures "how L K I R
measure w easy" it is for the robot to move out of the
current pose (see Eq. D.2) [YOSH85b]
Extended manipu- Extension of manipulability, by considera- L K I R
lability measure tion of joint limits, redundancy and obsta-
cles: Closeness to joint limits or obstacles
is penalised, redundancy of configuration
solutions per pose is rewarded [VAHR12]
Global manipulabil- Global integral of manipulability measure; G K I R
ity measure wy GMI = foVV(Vw;;lVW with W specific point in
workspace
Dexterity index D D = § % (5% + £2 + £9) [TANEOO] with L K | R
A« etc. range of orientation of manipula-
tor. Calculated for variations of a,, 5 and
~ according to the algorithm proposed by
[TANEOOQ]
Reachability index The reachability index Dg; is calculated L K I R
Dgr for discrete positions in the workspace and [0,1]
indicates the percentage of orientations
that can be reached from these positions.
[ZACH13, p.10]
Mean dexterity in- Mean of dexterity indices over a given re- L/G K I R

dex DMean

gion: Dijean = 252 [PATEL5] with D is

the dexterity index of a location, and N is
the number of locations taken into account
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Continuation of table D.1

Metric Explanation Range PhysicsTask Scale
Joint range avail- Joint displacement relative to maximal L K I R
ability JRA joint displacement [KLEI87, p.78] JRA =

S(0; —04)* or JRA = % (%)2

[KLEI87, p.78] |
Joint  mid-range Relative proximity to the middle of the joint L K I R
proximity z range z = (0 — 0)TW (0 — 0) with 6 =

%(Qmm + Opnaz) and W pos.def. [VAHR12]

[TSAIB6]
Service angle/ser- Local dexterity measure; SA(P) = L K | R
vice sphere SA(P) UNE ABR: [yOSH85a] where SA(P) is

service angle of point P, Ny is the number

of service regions, A(SR); is the service

angle of the 7,h service region and h is the

length of the manipulators hand, "service

angle is defined as the total range of the

approach angle of a manipulator around a

point of the workspace" [TANEOO, p.1]
Global  transmis- Measures how efficiently an input is trans- G D I R
sion index formed into an output [CHENOQ7]
Stiffness matrix Symmetric, semi- or positive-definite ma- L D I R

trix representing the potential energy in a

mechanical system [KOVEOQ7]
Dynamic manipula- Extension of the manipulability measure L D I R
bility measure wy;  to reflect the dynamic properties; wy =

et T(M.MT)=1IT] or wy = |4l

[YOSH85a]
Isotropic index A Measures how even the manipulability mea- L D I R

sure is; A = “—\Ij’
Joint velocity mea- Compares current and needed joint angle L K E R
sure Uovar =3 (0; — 0; curr)?
Manipulator veloc- Relation between end-effector velocity and L K/D | R
ity ration r, joint velocity; r, = zgg: with X, =

VIVx X
Energy consump- Varying [RUSS22, p.7] G D E A
tion
Workspace evalua- Combines the percentage of free workspace G K E R
tion measure G area (not occupied by objects), the percent- [0,1]

age of reachable objects in the workspace
and the average manipulability [WOJT20,
p.188]
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Continuation of table D.1

Metric Explanation Range PhysicsTask Scale

Approximation of Calculated using a finite set of manipulator L D E
the minimum ma- velocity ratio values computed at specific
nipulator velocity points along a path chosen by a trajectory
ratio AMMV R approximation algorithm. [NEKT10]
End of table D.1

Manipulability

Y OSHIKAWA introduced the local "manipulability measure" w (sometimes manipulability
index) in 1985. The manipulability measure provides information about the distance of the
current robot configuration to a singular configuration by computing the ellipsoid of the singular
vectors of the Jacobian. [YOSH85b]

The Jacobian J(6) maps the robot flange velocity @ in Euclidean space to the joint velocity
vector 6, with = = (z,y, 2, a, §,7)" as the pose of the robot flange. For a robot with n DoFs
and therefore n joint variables 0;,i = 1,2,...n and the joint vector § = [01,0,,....0,]T, it

follows:
i=J(6)d (D.1)

If the rank of the Jacobian is lower than the dimension of the task m (e.g. three-dimensional
or six-dimensional etc.) rankJ(0) < m, a singularity of the robot occurs. Thus, when the
determinant of the Jacobian approaches zero, the robot approaches a singularity [TANEQO,

p.6].

With this, the manipulability measure w is defined as follows:

w = /detJ(0)JT(6) (D.2)

W= 0y * 09...0, = H o (D.3)
i=1

with the singular values oy, 05...0,, of the Jacobian.

As only non-redundant industrial robots with six DoFs are considered here and for all non-
redundant robots, the Jacobian is a square matrix, the calculation can be reduced to:

w = |detJ(0)] (D.4)

37These measures are typically given as intrinsic, global parameters in commercial data sheets (indicating the
maximum safe value). At the same time, National Institute of Standards and Technology (NIST) handles
them as local measures, and during operation, they might be calculated locally and extrinsic. Zimmerman
and Zimmerman
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Here, all assembly tasks are described as a six DoFs pose. Therefore, m = n follows. Moreover,
(as is true for all PUMA-robots), w is not related to the angular value of the first axis [YOSH85b,

p.6].

The scalar w can be interpreted as the ability of the robot to change from one specific
configuration into another [MALH19a, p.5585]. The manipulability measure is proportional to
the realisable velocity of the robot flange from a specific configuration on [YOSH85b, p.4]. The
manipulability measure measures kinematic dexterity by considering the end-effector motion in
all directions. The higher w, the further away a singularity is. Since w becomes equal to zero
at all singularities, no distinction can be made between different singularities [CHAN88]. The
Jacobian and, therefore, w can be computed analytically based on the joint angles.

Y OSHIKAWA 1985 extended the manipulability measures to incorporate dynamic effects by
including the inertia matrix (/). The dynamic manipulability index quantifies the degree
of arbitrariness of acceleration change () under the constraint of the joint driving force (7).
The relationship is described as follows:

v=JM 7 (D.5)

from which the dynamic manipulability index follows:

wa = \/det[J(MTM)-LJT] (D.6)

Similarly, the index can also be calculated through the singular values of the matrix JM !
Wq = H g; (D?)
i=1

for the non-redundant robots, the formula is simplified to

det J
det M

The manipulability measure is also a good metric of kinematic dexterity as it considers the EE
motion in all directions. The preferred value of this index is closer to unity (1), with values
ranging from 1 to oo

The manipulability index suffers from several limitations

» Scale Dependency, the selection of physical units within the Jacobian will influence
the value of the Index. Therefore, the index will have different values in different units
representing the Jacobian.

» Dimensional Dependency, the manipulator configuration determines the dimension
units used in the Jacobian. A combination of prismatic and revolute joints would produce
a non-homogeneous Jacobian. As such, a consistent value of the determinant and singular
of the Jacobian cannot be achieved.
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» Unbounded Index, the value of the manipulability index does not lie between a defined
range. A comparison between two different manipulators is not feasible. Therefore, it
will only become a relative index by comparison with other indexes within the same
workspace.

= Order Dependency, increasing manipulator links will increase the order of the index.
Comparison of two manipulators with different numbers of links is not feasible, as the
indexes have different orders.

VAHRENKAMP ET AL. 2012 propose the extended manipulability measure, which penalises
solutions close to joint limits or solutions close to areas where collisions might occur. Thereby,
additional constraints are considered. [VAHR12, p.567]

Precision

The condition number « indicates the kinematic isotropy of the Jacobian and is interpretable as
a "measure of directional uniformity of the manipulability illipsoid" [ sic! ellipsoid ] [YOSH85b,
p.8]. Additionally, it provides information about linear independence of the columns of the
Jacobian [TANEOQO, p.69] and "can be regarded as a measure of the Jacobian invertibility"
[GOSS91, p.220].

n= 1170177 (D.9)

TANEV ET AL. proposed the local condition index through the reciprocal of the condition
number to provide a bounded metric.

ror=1 (D.10)
K

Providing a global condition index, several calculation methods have been proposed. The
kinematic conditioning index proposed by ANGELES ET AL. [ANGE92] indicates the worst
performance point in the whole workspace

KCI =

% 100% (D.11)

Rmin

STOCCO ET AL. proposed the global isotropy index to represent the worst performance of
the manipulator over the entire workspace:

GII = TWSmn (D.12)

O-WSTFLG“T

With the oW g . as the minimum and owg,,,, as the maximum singular value over the entire
workspace.
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While the global conditioning index gives the average of the condition number & for the
workspace volume V' in Cartesian space:

n= fj@jx (D.13)

with x as a specific point in the workspace. The global conditioning index formulated in joint
space:
S |(2)?A] dB,..d0d6;
T [u Al db,..doyd6,
with R as the workspace in joint space and A as the determinant of the Jacobian det(J).
[GOSS91, p.221]

(D.14)

Providing information about the isotropy KiM ET AL. proposed the isotropic index by
combining the manipulability index and the eigenvalues:

wo
A=— D.15
\I, (D.15)
where W is the arithmetic mean of the eigenvalues and wg is the order-independent manipulability
index.
Dexterity

KuMAR ET AL. 1981 propose the "dexterity index" D as "a measure of a manipulator
to achieve different orientations for each point within the workspace" [TANEQO, p.65]. Any
position can be reached in the volume of a "reachable" workspace, while in the "dextrous"
workspace, any pose can be reached. [KUMAB81] Locally, the dexterity D quantifies the
capability of reaching varying orientations in a single position [PATE15, p.551].

1 A A A
D=—-x( 7 B @

D.16
2xm  2%xm 2% 7T) ( )
with A as the achievable range of the rotation angles roll «, pitch 5 and yaw ~ in relation to
the respective full range of 0° to 360° of a, 8 and v [TANEQO, p.65]. If dz = % =1, then
we talk about full dexterity. In a position from which multiple orientations are achievable, the

dexterity index will have higher values than in positions with a single orientation solution.

The index is averaged over the workspace considering /N local values to convert it into a global

metric.
D

Dean = — D.17
= (D.17)
Zacharias et al. 2007 and Makhal et al. 2018 provide a numerical approach of calculating
the "Reachability Index" Dpg; by considering n orientations per position and giving out the
percentage of how many of these tested orientations are reachable (R).

R
Dy =~ - 100 (D.18)
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Others

Tsar’s penalty function p(6) penalises configurations near joint limits but neglects well-
reachable poses near limits due to redundant configurations [TSAI86]. Huo ET AL. [HUOOS]
extended the idea, by proposing the joint mid-range proximity index. They penalised configura-
tion closer to the joint limits, as a condition for an objective function for a manipulator control
algorithm.

Extrinsic metrics compare the achievable metric and the known goal value during task
execution. CHIU compare the desired task and achievable manipulator transmission ratio. LEE
optimise the achievable static force application in a given position. STURGES quantify the
difficulty based on the dexterity of the task-manipulator interaction. Extrinsic metrics require
a defined task description and known goal values during task execution. Therefore, extrinsic
metrics are only applicable if the condition of a goal manipulator trajectory with quantified
metrics is met.

Applicability of performance metrics

Jacobian-based metrics are applied for design and topology planning Angeles et al., workspace
optimisation, robot arm path planning [KLEI87] and control [RUSS22]. The utilisation of the
Jacobian brings the following limitations regarding applicability: The Jacobian depends on
the utilised scale (dimensions/units/size e.g. m, mm, inch) [TANEOO, p.67], [RUSS22, p.10].
Thus, values differ, and the scale has to be given to ensure reproducibility and comparability
between different values.

The manipulability measure is only influenced by the positioning of the links and the robot's
structure. Another disadvantage of performance criteria based on the eigenvalues of the
Jacobian matrix is the dimensionality dependence due to the inhomogeneity of the Jacobian
matrix when combining translational and rotational components.
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E Evaluation of the executability of
assembly tasks by a robot

VDI 2860 represents tasks by combining solution-neutral elementary and sub-functions [VERE90].
Therein, handling tasks are defined as creating, modifying, or temporarily maintaining geometri-
cally determined bodies for a given spatial arrangement (= pose as the combination of position
and orientation) in a reference coordinate system. In VDI 2860, manipulating, transporting
and storing are listed as the part-functions of material flow. During manipulation, all six DoFs
have to be defined, whereas for transporting and storing, only the start and end positions are
relevant (three DoFs). Handling is the creation, defined alteration or temporary upholding of
a spatial arrangement of geometrically determined bodies in a reference coordinate system.
[VEREQO0, p.2-3]

Table E.1: Overview and classification of robot capabilities.

Begin of table E.1

~ 3
&) o —
20 2388
o —  c =
g TE8%y d
0 R L
S 2 5 < o °
o o 80O
a Process step Capability = T - 38
Putting together Inserting D H DX
[DEUT22, p.13]
Nesting D H DX
Laying in, Laying on D H DX
= Hanging into something D L R
E F|II|n$ . | D L R
m Pressing (in) Screwing D H DX
= Clamping D H DX
ED Pressure joining D H DX
% Joining by forming Pressure forming D H R
&% [DEUT22, p.11] (Freeforming, Mould-
ing, Pushing through)
Tensile pressure forming D L R
(Pushing)
Bending with active energy C H DX

Thrust forming (Twisting: D H R
shear forming with rotary

tool movement)
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Continuation of table E.1

o -+
X ¢ 5
T o L T
— Task Capability = o o
Welding  [DEUT22, Pressure welding, Fusion C H R
p.13] welding
Soldering [DEUT22, Soft soldering, Brazing C H R
p.13]

Gluing [DEUT22, p.13]  Gluing with physically or C H R
chemically setting adhe-

sives
w S Otoring D L R
% El:.] Transporting D L R
i% W Manipulating C L R
— Controlling[DEUT95,  Inspecting C L R
p.6]
Measuring D H R
q Machining with geo- Drilling [DEUT22, p.12] D H DX
'5 metrically defined cut-
5. ting edges
oo Machining with geo- Filing, rasping [DEUT22, C L R
® metrically defined cut- p.12]
%— ting edges
< Disassembling Removing submodules C L R
[DEUT22, p.12]
Draining, removing D L R
Loosening friction-locked C L R
connections
Loosening of adhesive con- C L R
nections
9 Painting  [DEUT22, C L DX
E p.14]
a) Lacquering [DEUT?22, C L DX
N p.14]
5 Colouring  [DEUT22, C L DX
i p.14]
a0 Printing, Marking C H R
§ Labelling C L R
o Spatulaing C L R
Plastering C L R
Coating by welding C H R
Coating by soldering C H R

End of table E.1
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Figure E.1: Part 1: Results of the Design of Experiments of the Performance Maps.
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F Autonomous clustering-based task
allocation and robot base placement

Figure F.1: Partially automated creation of distributed task poses on a random number of
products.

In figure F.2, green circles indicate FBPs for the task poses belonging to continuous task sets,
whilst the magenta circles belong to the task set containing discrete task poses. The crosses
mark the final solution for the base placements for the discrete task poses, whilst the framed
and highlighted circles mark the final solution for the base placements of the continuous tasks.
The respective colours of the base placements indicate the assignment to the task poses, which
are marked in a similar colour.

In figure F.3, blue dots on the left side mark task poses on the product's surface. On the
right side, the possible base placements are marked in light green, chosen base placements and
allocated task poses are marked in red, blue and yellow.



F Autonomous clustering-based task allocation and robot base placement 181

Figure F.2: Test scenarios with increasing search space resolution.
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a) Test scenario with 14 task poses.

c) Test scenario with 95 task poses.

d) Base placement for 14 task poses.

d) Base placement for 95 task poses.

Figure F.3: Test scenarios with constant search space resolution and increasing task poses.
Continuation of figure 6.11.
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Figure F.4: A test scenario with insufficient resolution fails to identify a solution of robot
base placements capable of reaching all task poses.
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Figure F.5: Validation results showing in simulation the execution of all test poses allocated
to the first robot base placement.
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Figure F.6: Validation results showing in simulation the execution of all test poses allocated
to the second robot base placement.
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G Verification and validation

Area of potential
base placements for
the mobile robots Turbine

Figure G.1: Metrological setup to span the world coordinate system in the laboratory of the
WZL for operational validation of the formation planning.

Figure G.2: Task poses indicated by stickers for marking on the turbine.



	I Contents
	II  List of figures 
	III  List of tables
	IV  List of acronyms
	V  List of symbols
	Motivation, research methodology and structure 
	Need for formation planning of mobile robots
	Research objective and application domain 
	Research methodology and derived structure 

	Knowledge base and foundations
	Changeable assembly systems 
	History and terminology of changeable assembly
	Mobile robots in changeable assembly 

	Workspace evaluation of mobile robots in assembly
	Robot workspaces
	Metrics to evaluate robot workspaces
	Workspace representation with combined metrics
	Robot base placement

	Semantic description of assembly robot capabilities
	Ontologies in the manufacturing domain 
	Capability models 
	Ontology development methodologies

	Task clustering
	Verification and validation methodology

	Formation planning of mobile robots state of the art 
	Methodological approach to the systematic literature review
	Qualitative literature study
	Research deficits
	Research scope and research question

	Semantic description model of mobile robots and their capabilities 
	Applied methodology of building CAPILANO
	Ontology development methodology
	Application of the methodology

	Need and feasibility phase
	Requirements and competency questions
	Consolidation of the state of the art

	Ontology-based definition
	Modelling of assembly resources
	Modelling of robot capabilities
	Implementing CAPILANO

	Task allocation 
	Verification and validation of CAPILANO
	Interim conclusion: Description model

	Evaluation of the executability of assembly tasks by a robot 
	Evaluating a robot's workspace with different performance metrics
	End-effector-dependent executability evaluation 
	Calculating the region of feasible robot flange poses
	Average performance metric

	Verification and validation of the workspace analysis
	Interim conclusion: Executability evaluation

	Autonomous clustering-based task allocation and robot base placement 
	Requirements and preconditions
	Motivating and choosing clustering algorithms
	Autonomous task clustering and base placement
	Task types
	Search space
	Task clustering
	Favoured base placements
	Selection of base placements

	Verification and validation of the base placement and task clustering
	Interim conclusion: Clustering-based task allocation and base placement

	Verification and validation
	Conceptual model validation
	Computerised model verification
	Operational validation
	Data validity
	Interim conclusion: Verification and validation

	Conclusion and critical reflection
	Reflection on the findings
	Reflection on the research methodology

	Summary and outlook 
	Summary 
	Future research and outlook 

	References
	List of related publications
	List of contributing theses
	Appendix Motivation, research methodology and structure 
	Appendix Methodological approach to the systematic literature review 
	Appendix Ontology-based definition 
	Appendix Workspace evaluation of mobile robots in assembly 
	Appendix Evaluation of the executability of assembly tasks by a robot 
	Appendix Autonomous clustering-based task allocation and robot base placement 
	Appendix Verification and validation 



