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Editorial

Dear Readers, Special Issues are a tradition of SNE: special issues on selected topics, postconference publications, promotion for
simulation and conferences. e started in 2006 with a special issue on parallel and distributed simulation, followed by two special
issues on object-oriented and structural-dynamic systems. Further topics of special issues were System Dynamics, control, quality
aspects, health care technology, education, traffic systems, physiology, etc. (see cover snapshots below). And in 2017 we started
special issues with postconference publications, some general —aswith EUROSM congress and MATHMOD conference, and
some specific — as with the special issues on ASIM’ s conference on Modelling and Smulation in Production and Logistics. We are
glad to present with SNE 34(2) the fourth special issue of this type — postconference publications from ASM SPL 2023 in IImenau.
Many thanks to the authors and to the special issue editors, and many thanks to the SNE Editorial Office for layout, typesetting,
preparations for printing, electronic publishing, and much more. And have a look at the info in this issue on forthcoming confer-
ences, asAS M SST 2024 in Munich, 13M conference in Tenerife, ASM SPL 2025 in Dresden, etc.

Felix Breitenecker, SNE Editor-in-Chief, eic@sne-journal.org; felix.breitenecker @tuwien.ac.at
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Editorial Special Issue SPL 2023

SNE 34(2) contains a selection of outstanding papers from
the 20th ASIM Dedicated Conference Simulation in Pro-
duction and Logistics (ASIM SPL'2023), which took place
in September 2023 at the [Imenau University of Technology
(TU llmenau), Germany.

Every two years, this conference — as Europe’s largest
conference on simulation in production and logistics—is or-
ganized by the ASIM Section Smulation in Production and
Logistics (SPL) and presents trends, research results, devel-
opments, and significant industrial applications. The the-
matic focus of the conference in llmenau was sustainability
in production and logistics. The conference thus addressed
an important social issue and at the same time concentrated
on current research topics from the world of simulation.

In the context of sustainability, wood as a renewable,
flexible and regional resource makes an important contribu-
tion to sustainabl e devel opment. To ensure the most efficient
use of wood as a resource, transport along the wood supply
chain is very important and not only influences costs, but
also has a significant impact on quality, among other things.
Kogler showsthisvery clearly in hisarticle.

Energy simulation is now also being considered more
frequently in the context of production and logistics. There
is considerable potential, particularly in terms of sustaina-
bility. The article by Barth et al. shows how simulation can
support the halistic planning of AC/DC energy grids.

The topic of supply chain simulation has been present at
ASIM in particular for many years, and several applications
were also represented this year.

For example, Kippenberger et al. analyzed the risk of
bottlenecks in supply chains for emergency services under
incompl ete data.

Meisner et al. investigated the design of simulation mod-
els for rescue chains with the aim of analyzing and improv-
ing them based on various scenarios.

Next, Schmitzand Stenzel present an approach to design-
ing layoutsfor flexible production systems, with a particular
focus on the requirements of AGVs.

Some of the papers at the conference focused on modu-
lar assembly and matrix production systems, where adapta-
ble workstations and aso autonomous vehicles are used to
transport production orders between stations. Bergmann &
Ehrle compared traditional matrix layouts with alternative
options such as single-lane lanes and non-matrix layouts
such as honeycomb or star shapes and evaluated their poten-
tial impact on system performance using simulation-based
analysis.

The editors expresstheir gratitude to all authorsfor their
great effort and cooperation. For this SNE issue, they have
revised and in many cases considerably expanded their orig-
inal conference contributions, thus providing interesting in-
sightsinto current considerations and the spectrum of scien-
tific discussion. Furthermore, the editors would like to thank
the reviewers for their substantial and precious support to-
wards a special issue of high scientific quality. Last but not
least the editors thank the SNE Editorial Office for the sup-
port in compiling this special issue.

The editors hope that you will enjoy this SNE issue, that
it contains valuable suggestions and that it will encourage
you to participate actively in the next conference, which will
take place in Dresden in September 2025, see www.asim-
fachtagung-spl.de.

Sincerely, the SNE 34(2) Specia |ssue Editors

Soeren Bergmann, TU lImenau;
Niclas Feldkamp, TU lImenau;
Seffen Srassburger, TU llmenau;
Sgrid Wenzel, Universitét Kassel
inthe name of the ASIM Dedicated Conference SPL
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Innovative Transport Simulation for
Sustainable and Resilient Wood Logistics

Christoph Kogler
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Feistmantelstrasse 4, A-1180 Vienna, Austria; christoph.kogler@boku.ac.at
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Abstract. Wood is the renewable, flexible, and regional re-
source of our time contributing strongly to a sustainable de-
velopment. Climate crisis induced abiotic natural disasters
such as windstorms followed by biotic forest calamities in
form of insect and fungi infestations threaten forest ecosys-
tem services challenging the management of surrounding
socio-economic systems. Resilient and sustainable logistical
processes are essential for coping with the increasing fre-
quency and severity of risks to secure green supplies for in-
creasing production demands of wood products. Simula-
tion methods offer beneficial approaches to consider those
risks as well as resulting bottlenecks, interacting queues,
and waiting times. Discrete event simulation provides an
excellent methodology for a digital representation of wood
supply chains focusing on straightforward business pro-
cesses. Consequently, unique models for unimodal, multi-
modal, and multi-echelon unimodal wood transport are
presented, which enable multicriteria-based transport
strategy development, optimal fleet configurations, and
wood quality preservation in challenging scenarios. The
presented models were applied in scientific, educational,
and managerial settings and set the stage for knowledge
transfer in serious-game-based workshops, advanced risk
management, and contingency planning.

Introduction

Sustainability, aterm that isomnipresent nowadays, hasits
rootsinforestry, expressing the principle of only felling as
many trees as will regrow in the same period of time.

In Austria, forests are growing steadily, so that trees
storing CO; for more than 100 years cover amost half of
the national territory, exceeding both the EU-wide (45%)
and global (31%) benchmarks [1].

Current challenges for forest ecosystems include in-
creasingly frequent and severe forest calamities such as
storms, fires, snow pressure, and ice breakage. Further-
more, the natural protective mechanisms of trees,
strained by heat waves and periods of drought, are unable
to cope with the exponential increase in insect infesta-
tions. In particular, bark beetles recently caused a large-
scale dieback of Norway spruce trees (i.e., dominating
the Austrian tree landscape with a share of 57%) and are
now threatening critical protection forests in mountain
valleys [2]. Wood value chains are increasingly over-
whelmed by the resulting large quantities of salvage
wood leading to critical bottlenecks of harvesting and ex-
tracting capacities in steep terrain, locally available self-
loading log truckswith skilled and experienced driversas
well as storage and processing capacities of wood-based
industries [3]. In addition, there are also inefficiencies
dueto an unwillingness of conservative actorsin this sec-
tor to cooperate in data exchange as well asalack of dig-
italization and quantitative decision support [4].

Wood supply chain resilience is characterized by the
adaptive capability, flexibility, and invulnerability of the
collaborative acting stakeholders of wood supply chains
to withstand crisisthrough risk management (analyze and
prepare), contingency planning (decide and act) and
knowledge management (reflect and learn) aiming to re-
cover to an economically, ecologicaly and social more
sustainable post-crisis state [5]. If the complex logistics
processes with their numerous interactions are not
planned, managed and controlled in aresilient and sustain-
able manner, supply bottlenecks and supply chain disrup-
tions cause long lead times resulting in critical wood qual-
ity and value losses on the last transport meters.

Consequently, innovations for wood transport are
needed to meet the challenges of this essential renewable
raw material shaping our world intimes of climate crisis.
Decision support by transport ssimulation is crucia for
sustainable and resilient wood logistics, which is driven
by answering the following research questions:

SNE 34(2) - 6/2024
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1.How can unimodal and multimodal transport strate-
gies for amore sustainable and resilient wood supply
be virtually tested in risk scenarios and what opportu-
nities does this create for contingency planning?

2.What isthe potential of wood transshipment from self-
loading log trucksto semitrailer trucks and what isthe
optimal fleet configuration for this multi-echelon uni-
modal wood transport?

3.How does the procurement lead time (time between
harvesting and arrival at the industry) influence the
wood quality loss and which proactive logistic risk
management strategies can be applied to avoid the as-
sociated wood value [oss?

1 Background

The wood supply chain is a complex, dynamic network
of material, service, information, and financing flows be-
tween and within numerous stakeholders.

Wood can either be delivered directly from the forest
to the industry (i.e., unimodal transport) or indirectly, in-
cluding (multiple) transshipment processes at truck (i.e.,
multi-echelon unimodal transport), rail or vessel termi-
nals (intermodal or multimodal transport). Figure 1 pro-
vides illustrative examples of the wood transport types,
which can be distinguished by the specification of the
means of transport, mode of transport, and loading unit.

Wood supply chain management covers planning, de-
signing, operating, controlling, and monitoring the grow-
ing, harvesting, extraction, transporting, storing, (pre-)
processing, (re-)using, and recycling of wood. [6]

TRANSPORTATION TYPE
UNIMODAL TRANSPORT SAMI

MULTI ECHELON UNIMODAL TRANSPORT

1] e gem=g 2]

MULTIMODAL TRANSPORT CHANGE

CHANGE

MEANS OF TRANSPORT

Wood transport is the link between stakeholders and
system components, with self-loading log trucks as their
backbone. The highly specialized transport equipment
limits the opportunity for backhauling or transport of
other goods.

Stakeholdersinclude forest owners, authorities, inter-
est groups, |obbies, harvesting, wood transport, and wood
trading companies as well as production and further pro-
cessing industries. Wood-processing sawmills as well as
pulp, panel, and paper industries produce mass products
such as sawn timber, pulp, pellets, boards, and paper.
Further processing industries including wood construc-
tion and furniture manufacturing produce a variety of
high value-added products such as cross-laminated tim-
ber, furnishings, and prefabricated wooden houses.

Theforest functions and ecosystem servicesare crucia
to achieve the Sustainable Development Goals, the Paris
Agreement on Climate Change and the Aichi Biodiversity
Targets[7]. The eco-socid welfare function of forests en-
sures that all people, animals, and plants benefit from for-
ests as a place of retreat, carbon reservoir, air and water
purifier and as a bastion against soil sealing and land con-
sumption. The recreationa function invites respectful
guests to slow down, rest and exercise in both Austria's
public (18%) and private forests (82%). The protective
function safeguards living and settlement areas from the
forces of nature such as avalanches, rockfalls, landdides
and floods. Theutility function of forests provides 300,000
jobsin 172,000 companies along the Austrian wood sup-
ply chain achieving a production value of 12 billion euros
with a positive trade balance of 4,5 billion euros [ 8] result-
ingin aglobal top six export ranking (Table 1).

MODE OF TRANSPORT LOADING UNIT

SAMIE

CHANGE

CHANGE

1] e I (2 ] e O 3 %E%ﬁ%ﬂl

INTERMODAL TRANSPORT CHANGE CHANGE

Figure 1: Examples of wood transport types with distinguishing criteria.
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1 Canada  11% 2% 33
2 China 10% 12% 111
3 Germany 7% 6% 19
4 USA 6% 19% 144
5 Russia 5% 0% 43
6 Austria 4% 2% 2

7 Sweden 3% 1% 13
8 Poland 3% 1% 12
9 Brazil 3% 0% 42
10 Indonesia 3% 0% 32

Table 1: Global Top-10 ranking on wood and articles of
wood exports and imports in 2022 [9].

2 Method

Simulation facilitates decision support beyond the limits
of analytical solutionsby modeling dynamic systemsfea
turing non-linear behavior, time and causal dependen-
cies, uncertainty, non-intuitive influences between varia-
bles, and alarge number of parameters.

Discrete Event Simulation (DES) enables the
straightforward, realistic and digital mapping of wood
supply chain processes. Quantitative analysis of mod-
elled system components such as processes, entities, and
resources in risk scenarios based on key performancein-
dicators provide decision support.

This research method with strengths in integrating
stochastic elements, time dynamics, and queuing systems
is especialy suitable for observing bottlenecks, utiliza-
tions, lead times, complex interactions, and system ca-
pacities. The straightforward focus on business process
and visualization of the system behavior over time en-
hances stakeholder involvement in model devel opment,
experimental design, verification, validation, and analy-
sis[10].

The opportunity to communicate resultsintuitively in
animations and interact through what-if questions pro-
vides decision makers a better understanding of the real
system and model internals, which establishes trust and
credibility.

3 Literature

The DES method has been used in wood transport re-
search primarily by scientists from Chile [11], Canada
[12], Sweden [13], Finland [14] and Austria [15]. Two
thirds of the studies published inthelast 15 years covered
exclusively unimodal transport, but during the last five
years the focus shifted to multimodal and multi-echelon
unimodal wood transport simulation models including
terminals with complex transhipment processes.

For insights regarding the differences in global uni-
modal wood transport refer to [16], who observed and
compared maximum gross vehicle weight limits, uni-
modal transportation shares, average distances, and costs
in arecent study based on an international expert survey.

Comprehensive systematic and narrative literature re-
view studies addressed wood transport simulation related
topics published from 1983 until 2021 (Table 2). Identi-
fied research gaps are addressed in this article by present-
ing simulation models for detailed modeling of more sus-
tainable transport modes (i.e., multimodal, multi-echelon
unimodal) and development of resilient management
strategies (i.e., contingency planning, simulation work-
shops) as well as modeling of wood quality devaluation
and derivation of logistics strategies for proactive risk
management.

o 5 o ©
[17] 2022 1989-2020 43 12
[18] 2021 20112021 45 17
[19] 2021 2000-2020 138 27
[20] 2019 1987-2018 99* 61
[21] 2018 1995-2017 132 72
[22] 2018 1997-2017 44 81
[23] 2017 1989-2017 31* 43
[24] 2017 1990-2015 25 25
[25] 2014 1983-2012  136* 142
[26] 2013 1986-2013 34 46

Table 2: Ten most relevant literature reviews of the
last decade addressing simulation and wood
transport topics (*based on the bibliography
of the narrative reviews).

SNE 34(2) — 6/2024
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4 Wood Transport Simulation

The models presented in this article simulate unimodal,
multi-echelon unimodal, multimodal, and quality-pre-
serving wood transport strategies.

Alongside providing scientific impact and practical
insights, the DES models are particularly suitable for us-
age in serious game-based workshops. These empower
stakeholders of the wood supply chain, students, and re-
searchers to test new approaches in simulation experi-
ments without having to fear negative real consequences
(e.q., high costs, hazardous risks, long durations) due to
complex and unpredictable interactions. The simulation
models can be applied to promote cooperation,
knowledge, and risk management as well as increase re-
silience, improve sustainability, and save costs.

A scientific simulation model was redesigned, tested,
and revised in line with feedback received from students,
researchers, and stakeholders of wood supply chains to
provide intuitive usability for serious game-based simu-
lation workshops [27].

Figure 2 shows the scenario building view of the re-
sulting software application allowing to parametrize
(e.q., costs, durations, volumes) and configure the simu-
lation model interactively through diders and buttons as
well as predefined or adjustable plans, and input data
(e.g., spreadsheets, datatables).

The control view (Figure 3) shows the harvest vol-
umes of each case study region for the upcoming week
on the left side (A) and the harvested volumes the previ-
ousweeksin the center (B). Taking thisinto account, the
transport plan for the current week can be determined by
defining the number of train wagons (1), self-loading log
trucks (2), train pick-ups at the terminal per day (3), allo-
cation of transport types (4), and prioritized transport
strategy (5).

Following ongoing analysis of the current and past
supply chain situation and metrics in supplementary sta-
tistics, animation, and logic views, the workshop partici-
pants of every group discuss strategic options and agree
on a transport plan before they submit the decisions for
the current week by starting a simulation run (6).

At the end of the workshop the key performance in-
dicators are exported and discussed with the participants
to develop concrete transport strategies for practical ap-
plication based on the learnings of the game-based simu-
lation workshop experience.

SNE 3402 - 612024

4.1 Multimodal Wood Transport

Multimodal wood transport strategies reduce truck-re-
lated environmental burdens (e.g., emissions, noise, haz-
ards) and increaseresilience (e.g., additional transport ca-
pacity and flexibility after calamities, interim storage ca-
pacity at terminals) through short self-loading log truck
transportsto train terminals and subsequent rail transport
of wood. However, multimodal supply chain manage-
ment is substantially more challenging (e.g., additional
transshipment operation, complex transport planning, co-
ordination of more involved actors) than unimodal
transport, making the developed DES model ahelpful de-
cision support tool.

The model of Kogler and Rauch [28] simulating uni-
modal, multimodal, and mixed transport strategies in-
cludes a unique level of detail [20] as well as the most
comprehensive representation of key performance indi-
cators for costs, emissions, capacities, utilizations, wait-
ing and lead timesin DES model sfor wood supply chains
(Figure 4). Transport managers can use the simulation
model to improve the standard process flow (e.g., capac-
ity, utilization, time and resource planning to avoid bot-
tlenecks) as well as to test new strategies in response to
changed circumstances and conditions (e.g., potential for
additional rail terminals, limited availability of rail wag-
ons) before implementing cost-intensive changesin real-
ity. In addition, the simulation model provides the basis
for time-critical contingency planning after salvage wood
events (e.g., storms, bark beetles) or preparation for fu-
ture disturbances (e.g., fluctuations in demands or pro-
ductions, breakdown of transport resources) through pro-
active risk management.

Quantitative decision support for competing planning
objectives was provided by devel oping sophisticated key
performance indicator rankings together with industry
and research experts. In simulation experiments of differ-
ent risk scenarios critical key performance indicators for
supply chain management such as transport volume, pro-
curement lead time, waiting times at theterminal, utiliza-
tion of transport, and storage capacities were calculated.
Results were structured in intuitive planning tables for
short, medium and long transport times as well as one or
two train pickups a day to be used in industry practice
and derive managerial implications. Conclusions re-
ported that wood supply chains combining unimodal and
multimodal wood transport are more resilient and less
vulnerable due to the gained substitutability, diversity
and flexibility.
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Figure 4: Statistics view of the simulation model with key performance indicators for production, storage, and transport.
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4.3 Multi-Echelon Unimodal Wood Transport

Multi-echelon unimodal wood transport strategiesbuild on
short self-loading log truck transports to transshipment ter-
minals, where semitrailers are provided (i.e, instead of
train wagons at train terminals). After the self-loading log
trucks loaded the semitrailers, they get picked-up by prime
mover trucks for the remaining transport to industry. Due
to the lower tare weight of the semitrailer trucks compared
to the self-loading log trucks, wood can be transported
more efficiently and the dramatic shortage of self-loading
log truck drivers (i.e., decreasing number of truck driving
licenses due to high workload, danger, unpopular imagein
society) can be mitigated.

Figure 5 shows the process logic and interactions of
self-loading log trucks, semitrailers and prime mover
trucksin aflow diagram modelled in accordance with the
Business Process Model and Notation (2.0) standard.
Kogler et al. [29] developed the first DES model for the
simultaneous optimization of the fleet configuration
(number of self-loading log trucks, number of prime
mover trucks, number of semitrailers) and handling in-
frastructure (number of transshipment slots for semitrail-
ers) for individualy parametrizable system configura-
tions (e.g., transport distances, costs, volumes). For this
purpose, the solution space was restricted to the reasona
ble factor combinations corresponding to the respective
transport capacities (i.e., decision tree method), so that
the optimal factor combinations of the simulation results
could be determined by means of an exact method of
combinatorial optimization (i.e., complete enumeration).
Along with the scientific analysis of the results, optimal
factor combinations were summarized in planning tables
allowing transport managers to implement optimal fleet
configurations for their respective situations in practice.
For example, they can derive the optimum ratio of prime
mover trucks and semitrailers for an available terminal
size and regionally disposable number of self-loading log
truck fleet. Moreover, practitioners can look up the best
supply chain network configuration (i.e., transport dura-
tion, terminal size) and optimal fleet constellation to meet
the industry targets for required transport volumes (e.g.,
fulfillment levels, delivery quotas). Findings showed sig-
nificant cost savingswith increasing terminal size for the
same turnover, because of shorter waiting times and in-
creasing flexibility at the terminal. Optimal results re-
garding the truck fleet outperformed unimodal transport
cost benchmarks for short, medium and long transport
distances by 5.45%, 6.95% and 11.28%, respectively.

4.4 Quality-Preserving Wood Transport

Quality-driven wood transport strategies rely on the sig-
nificant correlation between procurement lead time and
quality loss of roundwood during storage and transport.
The DES by Kogler and Rauch [30] integrated for the
first-time interfaces to weather-based models analyzing
the development of fungi (blue-stain [31]) and insect
(bark beetles [32]) infestations as well as their impact on
the quality and value of wood stored at the forest street
landing.

The animation view (Figure 6) visualizes the wood
quality development along unimodal and multimodal
supply chains. The wood supply area is illustrated in
three different atitude and vegetation levels (left). Piles
with fresh wood are shown in green, piles with wood at
risk of devaluation in yellow, and piles with already de-
valued wood in red. The aeria picture shows a typical
wood loading terminal with wagons (grey) and self-load-
ing log trucks (red-grey).

Currently utilized wood transport strategies in prac-
tice are not based on explicit information on concrete
threats of wood value losses and thus served as bench-
mark strategies. These were compared with the newly de-
veloped strategies specifically utilizing the forecast of
wood quality development based on the expected
weather conditions according to selected key perfor-
mance indicators including procurement lead time, wood
quantity with quality loss during the procurement lead
time, and wood value loss due to quality loss (Figure 7).

Knowledge of the quality development and the fore-
cast of the expected devaluation week proved to be par-
ticularly important in the event of transport capacity bot-
tlenecks, aswood value losses can be decisively reduced,
especially through strategic transport allocation (i.e., on
average more than half of the devaluation can be
avoided). Increasing multimodal and unimodal transport
capacity during peak periods of wood devaluation risks
even leads up to almost three quarters devaluation avoid-
ance. Prioritizing transports of wood with high devalua-
tion risk over fresh wood and already devaluated wood
has proven to be expedient. The results of extensive sim-
ulation experimentsin risk scenarios quantify for thefirst
time the importance of including expected wood value
losses in the management of the wood supply chain (sta-
tistically significant correlation between procurement
lead time and wood quality loss modelled in regressions)
and show corresponding strategic and tactical transport
options for proactive risk management.
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Figure 6: Animation view of a virtual wood supply chain environment visualizing sawlogs, trucks, train wagons, terminal,

stockyards, and harvesting regions in three altitude zones.
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5 Conclusion Developing digital twins and using the opportunities

of artificial intelligence for wood transport simulation

Current and future challenges call for innovative, digital,
and quantitative decision support tools for the tradition-
ally conservative stakehol ders along wood supply chains.
The DES models presented in this study demonstrate the
high suitability and intuitive applicability of this method
for cooperative contingency planning (e.g., concrete
transportation planning tables), proactive risk manage-
ment (e.g., climate crisis-related extreme scenarios), and
strategy development (e.g., serious game-based simula-
tion workshops) in wood transport logistics. This pro-
vides key contributions to sustainability and resilience of
the wood value chain.

The scientific impact of the three models presented
for wood transport simulation include:

1.an unprecedented level of detail in the modeling of
multimodal wood supply chains as well as the most
comprehensive representation of key performance in-
dicatorsin DES models for wood supply chains,

2.the first simultaneous optimization of fleet configura-
tion and transhipment infrastructure for individually
parameterizable initial situations and intuitive visuali-
zation of the resultsin transport planning tables, and

3.first-time quantification of wood value losses caused
by the procurement lead time and avoidance of such
losses through the development of logistics strategies
for proactive risk management.

Innovation comprises both the development of new
methods, techniques, and models as well as the applica
tion and implementation of new ideas and knowledge in
reality. The stakeholders along thewood value chain ben-
efit from the findings and managerial implications
through knowledge transfer within conventional (e.g.,
lectures, consulting, publications in industry magazines)
and innovative communication formats (i.e., serious
game-based simulation workshops for strategy develop-
ment, simulation games with a variety of scenarios for
hands-on application of transport planning tables).

Crucial advancement pathways for simulation re-
search include the knowledge discovery in simulation
data[33] aswell asintegration of rea-time data[34] and
artificial intelligence [35] (particularly machine learning
[36]) in comprehensively verified and validated simula-
tion models [37].

opens up great research potential for further innovative
contributions to sustainable and resilient wood logistics.

Organizational efforts are required to ensure internal
system readiness for the implementation of technological
developments along traditional wood value chains and
their conservative actors. For this purpose, it is expedient
to accompany the technology-driven implementation of
new processes with sound change management and pro-
cess reengineering to establish the necessary organiza
tional culture (e.g., willingness to innovate through data-
based decision support) and structural trust (e.g., willing-
ness to cooperate for transparent data exchange) across
the forestry and wood-based industry.
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Abstract. This paper proposes a simulation-based planning
concept and a simulation architecture for the design of hy-
brid AC/DC grids, which have the potential to significantly
contribute to the energy transition. The paper discusses the
lack of knowledge for the design of these grids, and presents
a simulation approach to efficiently design hybrid grids and
analyze them based on an electrical simulation. The authors
also address the need to include process-specific character-
istics in the planning and analysis of the electrical network,
which is why common simulation tools for production pro-
cesses are included in the approach. This allows economical,
ecological, safety-relevant and technical aspects to be inte-
grated into the planning process. The proposed concept is
further discussed and planned for validation on the basis of
a demonstrator currently under construction.

Introduction

The use of alternating current for general and widespread
el ectrification was not set from the beginning. The war of
currentswas fought between the proponents of direct cur-
rent (DC) and aternating current (AC) represented by
Thomas Alva Edison and George Westinghouse respec-
tively. The invention of the transformer in 1881 made it
possible to transport electrical energy efficiently over
long distances. This central aspect shapes our current
electricity grid, which is based on alternating current.

Nowadays, the widespread use of electronic devices
has led to questions regarding the usefulness of general-
ized AC electrification. Most electronic devices require
DC supply, which hasto be generated from the AC mains
through an internal rectifier. Taking a closer look at pro-
duction facilities, it reveals that many electronic devices,
such as converters, inverters, and other consumers, are
coupled to the AC mains via rectifiers, taking up space
and reducing the efficiency of the devices [1]. In addi-
tion, the energy transition with its DC-based generators
and storage systems necessitate a reassessment. In this
context, system structures based on centralized rectifica-
tion of AC mains voltage and bidirectional connection of
all DC-based consumers and generators via this grid
branch have been established in various research projects
and are already being used in the first industrial and do-
mestic test networks.

Renewable Energy
Producers
(e.g. PV-Modules)

o | S o2 _ﬁ

AC Energy Storage
{c.g Balleries)

Infeed

I:J
]
]
]

3~ 3~ = =

OO =

Charging infrastruchure
{e.g. bidirectional
charging points)

Industrial energy conswmers within the production system
(e.g. machines, robots, drives, passive loads, lighting, ete.)

Figure 1: Industrial hybrid AC/DC grid with exemplary
generic grid participants.
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An exemplary hybrid AC/DC grid with industrial
consumers, storage technologies, renewable energy
sources and the connection to an electric vehicle charging
infrastructure on the DC sector is shown in Figure 1.

The largest previous project works in Germany are
DC-Industrie 1 and its follow-up project DC-Industrie 2,
which deal with the design of industrial DC grids [2,
3]. The Open Direct Current Alliance (ODCA) of the
ZVEI was in turn founded to be the genera follow-up
research alliance for DC grids [4].

Participating project partners are involved, for exam-
ple, in the devel opment of power electronic components,
switching and protection components as well as the asso-
ciated standardization in internationa standards and
guidelines. Numerous other research projects like DC-
Schutzorgane, DC-Smart or SIC4DC have resulted in a
wide range of studies that investigate suitable protection
concepts or the use of wide-bandgap semiconductors in
power converters, theinteraction of grid components and
the potential for integration of regenerative energy use
and storage or recuperative energy use [5, 6].

For this hybrid AC/DC grid structure, the first quasi-
standards and prototypes were developed in the projects,
but the general knowledge of economical, ecologica and
safe planning is still limited to afew experts who arein-
volved in such research projects.

For this reason, there are few people who are able to
design such grids correctly so that the systems can be put
into operation safely. [4, 7, 8]

This publication presents a concept on the cross-sec-
tor integration of research content, new prototypes and
proposed standards. Furthermore, it outlines how these
areas can be profitably integrated into a simulation envi-
ronment to facilitate the safe and economic planning and
construction of hybrid grid structures promoting distribu-
tion of scientific and economic knowledge.

The presented planning concept is based on a model-
ing approach to efficiently assemble these hybrid grids
within a simulation environment and to analyze them
based on an electrical simulation for safety-related fac-
tors, network stability and load flow behavior.

On the other hand, connecting the electrical grid anal-
ysisto simulation tools commonly used in the field of
production planning are made possible. This will allow
process-specific properties to be incorporated into the
planning and analysis of the electrical network.
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1 Goals and Purposes of DC Grid
Design

Software-based solutions for electrical system planning
have great potential in terms of analyzing and optimizing
systems for efficiency, economy, safety, and system sta-
bility. This chapter provides an overview of thegoalsand
purposes that are relevant for the planning of industrial
DC grids.

1.1 Economic Planning

First, knowledge about the grid participants or prosumers
must be available so that the electrical energy demand of
the grid connection and the technologies for generation
plants and storage can be selected and dimensioned ap-
propriately. A simulation of the power demand of thegrid
shows the utilization of the planned energy converters,
the coverage of energy by generators and helps with op-
timally dimensioning storage devices in terms of charg-
ing and discharging power as well as capacity [9]. Cou-
pled with acquisition and operating costs, the simulation
data can be used to carry out a profitability anaysis,
which is often indispensable for the investment decision
in the new technology [10].

This results in requirements for planning on an en-
ergy-related design and the return and understandable
preparation of economic KPIs for the implementation of
investment decisions.

1.2 Planning of the protection concept

Personal safety and object protection are essential re-
quirements for electrical installations. |n standardization,
the aspects basic protection, fault protection and ex-
tended protection are concepts that must be considered in
a protection concept. This includes protection against
electric shock, overcurrent protection of equipment and
transmission units as well as the mitigation of fire haz-
ards, e.g. dueto insulation faults [11]. Depending on the
type of network and the associated earthing concept, dif-
ferent components are necessary to form a reliable pro-
tection concept [12]. If, in addition, the aim is to achieve
the highest possible system availability with selective
protective devices, the design of DC networks with sen-
sitive electronics, storage units and comparably high grid
voltages and associated arcing risk is particularly compli-
cated dueto thelack of voltage and current zero crossings
[7, 13, 14].



For power distributions in the AC voltage range, the
planning experience is available and software-based de-
sign has been established for a long time (e.g. Simaris
Design, Curve Select, Hager CAD etc.). In DC based sys-
tems, software solutions and simulations to check the se-
lection and combination of switching and protective de-
vices are lacking.

For modeling, protection device tripping characteris-
ticsaswell as essential data sheet parameters and el ectri-
cal propertiesin the components arerequired. If these are
not provided by the manufacturer, empirical values
should be available. Warnings and error messages should
be issued if the planning does not comply with the rules.

1.3 Verification of the System Stability

After al grid participants, energy converters, the power
system and the switching and protection devices have
been suitably selected, there is till the risk of instability
of the system. For this, detailed information about the dy-
namic behavior and parameters such as the current con-
trol of the power electronic components as well as the
line lengths and resistances, capacitances and induct-
ances are relevant. This detailed information is often un-
known to planners and is frequently only provided in
anonymized models. The mathematical calculations re-
garding the overall system resonances and stability crite-
ria are so elaborate and complex and therefore error-
prone that simulations validated in practice are the only
practical solution.
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The requirements for the simulations are, in particu-
lar, very detailed models of the power electronics with
uniform interfaces, which can be integrated in a com-
bined manner as far as possible with regard to know-how
protection for manufacturers. The simulation must cover
high dynamics in the time and frequency range.

1.4 Measurement and Automation
Technology

Every automated production cell requires at least one su-
pervisory control system, typically a PLC. In addition to
process controal, it's necessary to manage grid functions
such as preloading, switching connection of grid
branches, and partially coordinating functional safety ac-
cording to IEC 61508 [15] and 1SO 13849 [16]. In addi-
tion, there are measurement functions related to power
supply and energy storage systems, aswell as monitoring
of the grid condition. Especially in complex energy grids
with generators and storage systems, it is advantageous
to use these control modules to control the connected
power electronics and to coordinate the converters with
each other. In this way, functionalities such as price-
based control of electricity can be integrated.

For software-based grid planning, it is therefore im-
portant to consider these control functions and communi-
cation interfaces to individual functional components
such as switching and protection devices, functional
safety, and the energy management.
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Figure 2: Software Architecture for Simulation-based Planning of hybrid AC/DC Grids.
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2 Software Architecture for
Simulation-based Planning of
Hybrid AC/DC Grids

According to the requirements of the previous chapter, a
concept for a simulation-based software for planning hy-
brid AC/DC grids has been developed. The concept of
the planning software is based on an intuitive and user-
friendly operation that guides the user step-by-step
through the use of the simulation study and is oriented
towards the use of common E-CAD tools. The resulting
software architecture is shown in Figure 2.

This software should enable the user without the need
for simulation skills to optimize these networks with re-
gard to their load flow behavior, to design components
sensibly and safely and to carry out analyses with regard
to network stability and fault cases.

The software architecture is based on three core con-
cepts: amodular software structure, the chronological ex-
ecution of a simulation study according to VDI 3633
[17], and the domain coupling from the electrical domain
of the electrical grid, aswell asthe process domain of the
production system, which specifiesthe electrical |oad and
allows production-dependent factors to flow into the
analysis.

The modularity of the software architecture is based
verticaly in the division into a graphical user interface
(GUI), function-specific modules, and defined data struc-
tures for data exchange. Furthermore, external interfaces
form the connection to various model libraries and simu-
lation tools as well as to the data exchange of the simula-
tion results.

The horizontal arrangement of the architecture de-
scribes and arranges the functionality of the different
modul es according to the temporal procedure of a simu-
lation study according to VDI 3633.

The mentioned standard describes the procedure of a
simulation study, beginning with a description of the ob-
jective and task definition. Based on this, the system
analysis, model formalization and implementation follow
for the model creation, as well as the aspects of data ac-
quisition and processing in parallel.

Finally, the created simulation model is used to gen-
erate added value through the execution of experiments
and analysis. Additionally, every aspect of thisprocessis
subject to verification and validation activities [17].

Based on this, the proposed simulation tool supports
the user in conducting the simulation studies of AC/DC
grids in the sections of modeling, simulation, experi-
ments and analysis without the need for an in-depth un-
derstanding of simulation and analysis methods. The
functional structure of the tool is therefore divided into
the modules pre-configuration, modeling, simulation and
post-processing which are described in more detail in the
following chapters. The tool guides the user through
these functions chronologically, picking up the results of
the previous function block in each case.

Thelast core aspect is the coupling of the process do-
main of the factory with the domain of the energy grid.
Energy-related simulation of production systems has be-
come increasingly important in today's world due to the
rising significance of energy costs and the CO; footprint.
It is used for various purposes such as forecasting energy
behavior, load-shifting, optimizing energy consumption
and energy costs, as well as designing and dimensioning
of the energy infrastructure in production systems [18].

In order for redlistic and production-related power
curves of the individual grid participants within the fac-
tory to flow into the analysis of the eectrical grid, it is
essential to connect and model the energetic behavior of
the factory’ s resources and processes.

In addition to analyses of the hybrid network, thiswill
also alow energy optimization to be derived in the future
with regardsto the use of stored recuperation energy, pro-
cess-oriented energy management as well as the influ-
ence of energy storage systems on the process. The cou-
pling strategy is described in more detail in chapter 3.

2.1 Pre-Configuration Module

The use of the simulation tool begins with the pre-con-
figuration phase. Within this module, basic settings are
made with regard to the libraries and interfaces used. In
the technical sense, basic, unchangeable model proper-
ties are set.

Considering common design approaches in Systems
Engineering, such as the V-Model or the Quality-Gate
Model, requirements and specifications are defined [19].
These properties are stored within the model specifica-
tion and can be reused in the following modeling module.

2.2 Modeling Module

With the help of the modeling module, the user is able to
intuitively design the electrical network in asimilar man-
ner to established E-CAD tools.
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By using model libraries, no detailed modeling of the
electrical components is required by the user, only pa
rameterization. This allows the network to be put to-
gether in a plug-and-play manner. The processes at the
production level, which as prosumers provide the el ectri-
cal loads or sources of the network, can also be modeled
or coupled to external applications in this module and
linked to the network. A detailed description of the mod-
eling of the electrical components as well as the process
participants and prosumers within the factory isgivenin
Chapter 3. Asaresult, the modeling module generates an
executable simulation model which is continued in the
following simulation module.

2.3 Simulation Module

The Simulation Module is used to run the created simu-
lation models and to define simulation experiments.
Basic simulation settings, such asthe simulation duration
to be carried out and simulation time increments, can be
set. Furthermore, basic simulation parameters for the ex-
periments such as the possible dimensioning parameters
of an energy storage can be selected and parameterized.

The module provides the raw simulation data as re-
sults, which can be analyzed in more detail in the follow-
ing Post-Processing module. The raw simulation data are
primarily the generated current, voltage and power
curves of the various network components over time. In
the case of the desired stability analysis, the correspond-
ing impedance curves in the frequency range are also
transferred.

2.4 Post-Processing Module

The last module analyses the generated raw simulation
datain post-processing. Thedatais analyzed, statistically
processed and visualized here to provide the user with a
simple, intuitive and provable statement about the simu-
lation results. Depending on the different types of anal-
yses, load flow analysis, fault analysis and stability anal-
ysis, appropriate visualization and evaluation forms are
selected automatically.

In addition to the fully automated calculation and
identification of KPlsand potential patternsin simulation
data through established data mining approaches, intui-
tive visual representations of the processed result data
utilize the existing human ability to recognize patternsin
visualizations, allowing semi-automatic evaluation and
thus supporting the planning process [20].

The most important key figures for decision-making
in relation to the design of the components, the security
and the profitability of the network should be handed
over to the planner through the preparation and the suita-
ble visualization of the simulation resultsin KPIs.

2.5 Verification and Validation

Verification and validation (V&V) are integral parts of
the simulation study process, as per the VDI3633 model.
They are not one-time actions but consistently accom-
pany the entire simulation process [17, 21].

Therefore, in each module of the presented architec-
ture V&V isaddressed explicitly. It should be noted that
V&V alsoneedsto beimplicitly considered, for example,
when integrating external simulations through the Pro-
cess Interface (see Chapter 4).

Verification ensures the correct implementation of
the conceptual model into the executable simulation
models. Validation, on the other hand, guaranteesthat the
model accurately describes the system behavior for the
corresponding use case [22]. Various methods for the
verification and validation of simulation components are
described in [22-24].

The architecture presented verifies and validates the
partial results of each module for functionality and com-
pliance with the specified requirements. Automation of
these procedures is pursued to relieve the network plan-
ner of this task, ensuring a time-efficient and reliable
planning process.

3 Modeling and Simulation
Concept

3.1 Electrical Simulation of the DC Grid

Pre-Configuration and Modeling Module:
Input and Model Generation

Theelectrical grid of the production plant is modeled and
simulated separately from the production process. Gen-
eral system characteristics such as grounding type and
grid voltage schemes are set using the interface of the
pre-configuration module as previously explained. The
grid topology, components, grounding points, as well as
electrical parameters are entered into the program using
the graphic user interface of the modeling module.
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Figure 3: Level Concept for Modelling Grid Components.

Since the computing time of the simulation increases
with the size and complexity of the models, different
analysis use cases are introduced [25]. For each use case
agrid model is generated which uses models with differ-
ing level of complexity for the same component. Asare-
sult, power flow and energy management simulations
with no dynamics but long simulation times do not re-
quire as much computation time as using the most com-
plex models for system stability analysis.

Simulation Levels and Use-cases

Three analysis use cases are introduced to keep compu-
ting time as low as possible. The use cases employ mod-
els of different complexity levels. A summary of the use
cases and their respective characteristicsis shown in Fig-
ure 3. The complexity level models utilized in the grid
models of the individual use cases are based on the re-
spective component functionality group: power convert-
€rs, passive components, and protection devices.

The analysis use cases, and the level models are grouped
asfollows:

Use case 1 - Power flow and ener gy management
evaluation:

Level 1 component models for protection devices, pas-
sive components such aslines and filters, and power con-
vertersare used. If large energy storages are directly con-
nected to thegrid, or low dynamics are observed in power
converters, their level 2 models need to be included into
power/energy management simulations.

I snes42) - 672024

Use case 2 - Fault behavior and selectivity evaluation:
Level 3 models with non-linear and non-ideal behavior
are used for protection devices and passive components.
The level of power converter models used depends on
whether the control actively regulates faults. If the power
convertersimpact on the fault behavior isnegligible sim-
plified level 2 models can be used, if not level 3 models
must be chosen.

Use case 3 - System stability and dynamic response
evaluation:

Power converters are modeled using non-linear complex
level 3 models while passive components and protection
devicesare modeled using level 2 modelsaslong asthere
is no impactful operating point dependent change of im-
pedance.

Simulation Module Output: Data Structure
Simulation Output

In the simulation modul e the model s are parametrized for
the different analysis cases. Furthermore, complex simu-
lations for fault behavior and system stability analysisre-
quire data from the respectively less complex simula-
tions. This data is used to set initial conditions for the
simulation that define the operating point of the individ-
ua grid components. Therefore, the simulations for the
use case models must be carried out in a certain order:
from least to most complex. These parametrized models
are then simulated.

The raw output data includes the voltages and cur-
rents of al grid nodes for the different parameter setsand
use cases.




This large amount of raw datais the basis of the evalua-
tions carried out in the post-processing module men-
tioned in the previous chapter.

3.2 Usage of Metadata

The utilization of metadatato provide additional descrip-
tions of grid componentsis a central aspect of grid plan-
ning, especialy in the areas of modeling and post-pro-
cessing, but also in the subsequent project phases of grid
planning. Metadata offers supplementary information
about the components and facilitates clear assignment be-
tween the component in the simulationmodel and the fu-
ture physical device. The planning process results in a
Bill of Material for the energy grid due to the direct con-
nection between the model and the physical component.
Additionally, metadata provides further information
about the component, such asitstype, operating location,
manufacturer specifications, and price information, al-
lowing for extended post-processing considerations. Ad-
vanced analyses, such as considering the operating loca-
tion and the associated sizing of control cabinetsand their
cooling units, are thus possible. In the future, it may be
possible to analyze material savings by incorporating
metadata about space requirements, weight, and materi-
als used.

The process of selecting and modeling descriptive
metadata for an asset depends significantly on its future
application to ensure high-quality usage [26]. To consider
current use cases in the electrical industry, well-estab-
lished standards within this industry, such as e.g. the
ECLASS Standard, and emerging sub-models of the As-
set Administration Shell are employed.

A
Simulation |

Figure 4: Coupling Paradigms for Simulation of energy

flows in Production Systems, adapted from [27]
(Top) and Coupling of Process and Electrical
Domain (Bottom).
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3.3 Coupling and Modeling of the Process
Domain

In the realm of energy-related simulation of production
systems, coupling is often described in the literature us-
ing three paradigms, illustrated in Figure 4 (top):

A) Modding and simulating the production system in an
application for process smulation (e.g., Plant Simu-
lation). The consideration of energy influences of the
process takes place in a separate evaluation tool.

B) Coupling different simulation domains e.g. through
co-simulation to consider dynamic properties of
energy flows. Optionally, an evaluation tool can be
included.

C) Monolithicintegration of energetic influencesinto the
simulation application of the process domain. [27]

The presented work involves an adaptation of simulation
paradigm B. In the process simulation, various methods
enable the modeling of energy behavior. These are cou-
pled in a unidirectional linkage to the simulation of the
energy grid. The coupling concept presented between the
process domain and the energy domain is shown in Fig-
ure 4 (bottom).

In the first step, the energy behavior of individual
components within the process domain is determined.
This includes evaluating the energy consumption of in-
dustrial consumers and the energy generation from
sources such as renewable energy, like PV systems. In
[28] various approaches to categorize modeling methods
for the energy behavior of production systems are pre-
sented. The energy behavior of production systems can
span al hierarchical levels, from individual components
and machines to a network of factories.

When modeling the energy network and itsrespective
components, it is crucial to choose an appropriate hierar-
chical level to accurately capture the energy behavior for
the corresponding use case and energy grid analysis. In
this case, the modeling of the energy behavior of the pro-
cess domain can occur in three different ways.

1. Connection of measurement data
2.Linking of externa applications or simulations as a

Co-simulation

3. Integrated energy process modeling within the tool.

In the second step, the determined power curve is trans-
ferred to a prosumer model together with relevant meta-
data about the corresponding component.
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The information about the energy behavior of the
components, as well as the metadata, is used in the third
step for simulation and the subsequent evaluation in the
post-processing module.

Measurement Data

The simplest option is to connect measurement data via
the standardized Process Interface in the presented soft-
ware architecture. Table-based time series of the perfor-
mance curve can be assigned to various prosumersin the
electrical network. This means that the connection and
analysis of existing production systems and their behav-
ior can be mapped in the tool without the need of com-
plex simulation of the process. Through this connection,
the user is empowered to analyze the electrical DC grid
through the load behavior of existing plantsin the brown-
field.

Usage of External Applications or
Process Simulation Tools

Furthermore, it is possible to connect external applica-
tions and simulation tools such as material flow simula-
tion software like Plant Simulation or other common
tools for virtual commissioning of machines and plants
(e.g. NX MCD, ISG virtuos, iPhysics) via the presented
Process Interface. In thisway, existing simulationsin the
greenfield can be used to analyze the influence of the
electrical network in addition to the analysis of the pro-
cess behavior. This variant has the greatest effort in re-
gard to the design of the electrical grid, as the process
behavior of the factory must first be modeled and, based
on this, the electrical behavior model for characterizing
the load flow must also be created. Although this ap-
proach presents a chalenge due to the increased re-
sources and effort required for model creation, which is
often seen as a barrier to the industrial adoption of simu-
lations for virtual commissioning [29], it enables more
sophisticated analyses for energetic process optimiza-
tion.

Furthermore, a standardized interface enables the in-
tegration of other tools, such as the forecasting tool pre-
sented in [30] for predicting the energy produced by PV
modules.

Integrated energy process modeling

Lastly, the third variant, which creates a compromise be-
tween the two previous methods in terms of detailing and
effort, is the integrated modeling of the power curves of
the process components. The load behavior of the com-
ponents can be modeled by the user within the modeling
module. Common and proven methods that describe the
energetic behavior of the components at different levels
of detail and level swithin thefactory are considered here.

Theseinclude procedures and modeling methods sim-
ilar to the EnergyBlocks method according to [31], state-
based procedures as in [32] and physical and analytical
modeling proceduresasin [33], to further model dynamic
components like electric drives.

4 Discussion and Conclusion

This paper describes the advantages of DC grids in pro-
duction environments and the resulting requirements for
the design process of these grids. In order to simplify
planning, the paper presents a basic concept for grid de-
sign and planning with consideration of connected pro-
cess participants within a factory by using simulations.
The user does not need to have in-depth knowledge of
modeling, simulation, grid analysis or statistics. The sim-
ulation of the electrical network is based on a use case
dependent approach to create a compromise between
computing time and detail. Through the connection of ex-
ternal simulation tools, measurement data and the simple
modeling of the power curves of the process participants,
the electrical network can be planned, analyzed and de-
signed in every life cycle of an existing or planned fac-
tory. In future publications, the individual modules, the
modeling concepts and the validation by means of ahard-
ware demonstrator currently under construction will be
dealt with in more detail.
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Abstract. Supply chain simulation could be used to
identify the risk of bottlenecks due to disruptions in
global supply chains and to improve the availability of
products and materials for emergency services. How-
ever, these stakeholders do not have the capabilities and
in-house know-how about their supply chains required
for reliable simulation results. To overcome this issue,
this manuscript provides a method to enable the mod-
eling of supply chains without a comprehensive knowl-
edge of all process parameters and nodes. It con-
sists of generic data containers, each representing typ-
ical nodes within a supply chain with plausible generic
process parameters, boundaries, and distributed values.
We present the conceptual feasibility of the approach
through a case study and demonstrate the methodology
for modeling a supply chain for detailed bottleneck analy-
sis and automated risk assessment of a public health and
safety supply chain.

Introduction

Societies around the world have been confronted with
numerous challenges during the last years, which have
been further intensified in the context of recent crises
like the COVID-19 pandemic and the Ukraine war.
These crises occurred in rapid succession and across
several economic areas.

Manufacturing companies and wholesalers in partic-
ular were faced with the challenge of maintaining their
globally interconnected supply chains. With highly
dynamic demand and interrupted productions, process
variables such as transportation times and costs were
also greatly affected [10]. This did not only have con-
sequences for the manufacturing industry. Addition-
ally, sectors that previously deemed supply chains as
secondary, such as public health, safety services, and
healthcare, were also impacted by these disruptions. In
addition to drugs [4], shortages were reported for nu-
merous products necessary for patient care or the pro-
tection of personnel [13]. Thus, in addition to the pre-
vailing shortage of personnel, the limited availability of
supplies, consumables, and drugs also jeopardized the
security of supply in critical infrastructures. The need
for resilient supply chains and the possibility of iden-
tifying impending supply bottlenecks at an early stage
were thus impressively illustrated.

An established method for analyzing the impact of
disruptions on supply chains is supply chain simulation.
It allows the impact of disruptions on the entire sup-
ply chain to be examined on a scenario basis and bot-
tlenecks to be identified [12]. Cope et al. (2007) and
Hermes (2011) describe different methods using model
building blocks to facilitate supply chain modeling and
the transfer of models into a simulation environment
[6, 11].

Supply chain simulations are primarily used by
manufacturing companies, which have in-depth knowl-
edge about their supply chain - even beyond Ist-tier
suppliers [17]. When this information is accessible,
it enables the meaningful and reliable analysis of
processes [2].
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However, in the sectors of public health and safety
services, such information is often unavailable due to
the procurement practices involving wholesalers. To fa-
cilitate the use of supply chain simulation within public
health and safety services, it is imperative to address the
challenge of incomplete supply chain data.

1 Related Work

The issue of incomplete data is recognized in the lit-
erature as a topic relevant to practice and has been ad-
dressed through scientific research [9]. The emphasis
is placed on methodologies designed to handle miss-
ing quantitative data, as discussed in [20]. Oliver et al.
(2022) address this issue with a modeling study of na-
tional supply chains in the United States in the context
of natural disasters [18]. They use stochastic methods
to describe key parameters such as order quantities and
transportation times at an aggregated product class level
(e.g., "package meal").

To conduct a supply chain simulation, it is essential
to model both quantitative and qualitative data. This
paper presents a methodology that supports filling data
gaps and enables the application of supply chain simu-
lation.

2 Case Study

Within the context of this use case, we consider the sup-
ply chain of an emergency medical service for two es-
sential products: syringes and the medical ingredient
Acetylsalicylic Acid (ASA). This scenario involves a
multi-stage supply chain, as depicted in Figure 1. This
supply chain model acknowledges the potential risks
associated with overseas shipments between producers
and wholesalers, a factor that is critical to the reliability
and efficiency of emergency medical services [15].

The emergency service’s demand for syringes and
ASA is met by a wholesaler, who procures syringes
from two different producers. These producers, in turn,
are supplied with necessary raw materials by a vari-
ety of suppliers. On the other hand, ASA is sourced
from a single producer, which similarly depends on sev-
eral suppliers for its raw materials. This structure high-
lights the complexity and interconnected nature of sup-
ply chains in the healthcare sector, emphasizing the im-
portance of robust and risk-aware supply chain manage-
ment.
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3 Methodology

Each relevant object of a supply chain is represented by
anode in the simulation model. Each node is character-
ized by its type — such as a producer, transport route, or
warehouse — and its corresponding process parameters,
which might include transport time or warehouse ca-
pacity. By specifying successor nodes, these individual
nodes are interconnected to form a network that repre-
sents the specific structure of the supply chain.

This results in certain information requirements that
are necessary for producing meaningful outcomes of
the simulation. Although the overall structure of the
supply chain can be examined at an abstract level with
relative ease, acquiring detailed process parameters for
the individual nodes is either impossible or requires sig-
nificant effort. For example, it can be assumed that the
active ingredient ASA is produced in Asia and shipped
to Europe, where it is further distributed through road
transportation [15]. However, product-specific trans-
port times, production capacities, or suppliers are usu-
ally unknown.

To address the challenge of incomplete data, a strat-
egy of modularized abstraction for sub-processes is
adopted. This approach involves generalizing pro-
cesses, such as transportation from the country of man-
ufacture to the country of consumption, to a higher,
generic level. These generalized processes are then de-
scribed in broad terms within a "data container," allow-
ing for a more flexible and adaptable simulation frame-
work that can accommodate the gaps in specific data
points. The description is based on publicly available
data sources, expert estimates within the domain, and
analogous cases. The resulting process parameters of
the simulation nodes are finally made available as data
containers. For instance, there may be a data container
for shipping from Southeast Asia to Europe that con-
tains common transportation times and capacities. A
supply chain under investigation can thus be modeled
and simulated within a modular framework, utilizing
both existing real data and generic data containers. The
assumptions embedded within these data containers can
be revised or substituted with more appropriate data
containers at any point, ensuring the model’s adaptabil-
ity and accuracy.

To evaluate the resilience of the supply chain against
disruptions, the process parameters are enhanced with
plausibility limits, including minimum and maximum
values, alongside a distribution, in addition to the de-
fault values.
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Figure 1: Simplified sample supply chain for an essential device (syringes) and a medical ingredient (ASA) for an emergency

medical service.

Using this data, the supply chain can be simulated
manually or automatically with different configurations
in order to examine the effects on the entire supply
chain. During an acute crisis, the simulation can be
adjusted to reflect disruptions, allowing for an inves-
tigation of their effects on the resilience of supply and
to assess potential mitigation strategies and their effec-
tiveness.

4 Results and Discussion

The case study serves as an illustration to demonstrate
the methodology for developing generic data containers
to facilitate the modeling of a supply chain. Addition-
ally, it simulates and evaluates the impact of disruptions
on supply-related metrics, thus demonstrating and con-
firming the methodology’s applicability.

This approach underscores the importance of a re-
silient supply chain structure in enhancing the robust-
ness against potential disruptions, and - in consequence
- leading to a more consistent and reliable supply chain
performance.

4.1 Introducing Generic Data Containers for
Supply Chains

The development of data containers is exemplified
through the use case of the medical active ingredient
ASA.

It is chosen from a comprehensive inventory of 569
products, including 68 medical active ingredients, pro-
vided by an emergency medical service in Germany.
This methodology is similarly applicable to describing
the process parameters for consumable material.

ASA is a widely used active ingredient in preclinical
emergency medicine, adhering to current guidelines for
its anti-inflammatory, analgesic, and antipyretic effects,
in particular in the prevention of heart attacks, ischemic
strokes, and blood clots [1, 14]. The active ingredient is
no longer patented. This results in its availability under
various brands such as Ascriptin, Aspergum, and As-
pirin. In Germany, only the commercial product ’As-
pirin i.V. 500 mg’ from the manufacturer Bayer Vital
AG is approved for intravenous use. The Federal Insti-
tute for Drugs and Medical Devices (BfArM) reported
a persistent shortage of this specific product throughout
2023 [3]. To mitigate this, the importation of Aspégic,
which is an alternative product available in France, was
permitted under §73 AMG. Although the shortage was
resolved at the beginning of 2024, this highlights the
vulnerability associated with reliance on single manu-
facturers.

First, the locations of production sites are ap-
proximated using the addresses of the holders of the
Certificates of Suitability (CEP) issued by the Euro-
pean Pharmacopoeia [7]. A valid certificate is a critical
element in the approval procedures for pharmaceuticals
within the European Economic Area [8].
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Specifically for the active ingredient acetylsalicylic
acid, four valid certificates authorize its marketing in
the European Economic Area. The holders of these
certificates, located in La Felguera (Spain), Zibo (PR
China), Tanuku (India), and Ecully (France), are high-
lighted with square markers in Figure 2, indicating their
potential roles as production sites for suppliers of the
active ingredient ASA.

Second, a distance matrix was employed to calculate
the times needed. For road transport routes originating
from the production site in La Felguera (ES) and Ecully
(FR), the calculations were based on driving and rest
times according to German legislation assuming an av-
erage of six daily driving periods of nine hours each.
This model does not account for special circumstances
such as occasional extensions of driving times or re-
ductions in rest periods over weekends. For sea trans-
port, transportation times were estimated for shipments
in less-than-container (LCL) mode from the ports clos-
est to the production sites in Zibo (CN) and Mumbai
(IN).

The effort to approximate the production character-
istics for syringes is fraught with uncertainties com-
pared to pharmaceuticals. While the marketing of phar-
maceuticals is regulated at the European level, allow-
ing for possible production sites to be identified through
publicly available databases, syringe bodies, as medical
devices, are governed by national regulations.

BfArM oversees marketing authorization for med-
ical devices and offers a national database (DMIDS),
which is subject to a fee, for searching manufacturers of
medical devices [5]. In addition, in a hypothetical crisis
scenario, the production of plunger syringes, as defined
by the DIN EN ISO standard 7886-1 and using poly-
olefin granules, could be undertaken by numerous man-
ufacturers equipped with the necessary molding tech-
nology, scale printing, and thermoforming along with
the means for subsequent sterilization.

To generate a global view of production sites for
syringes, data "Healthcare" and "Chemicals" sectors
published by the Open Supply Hub initiative were
used[19]. This led to the hypothesis that syringe
manufacturing could be predominantly situated in
Bangladesh, the USA, or Eastern China. The data
sources used for node parameterization are detailed in
the Additional Materials section.
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4.2 Simulation Results

To validate the data containers, that were previously de-
veloped, the simulation tool OTD NETWORK ("Order-
To-Delivery-Network") was used. OTD NETWORK,
which was developed by Fraunhofer IML, is a discrete-
event simulation environment designed for modeling,
simulation, and analysis of supply chains. Its abstract,
object-oriented architecture allows for versatile appli-
cations across various industries and a wide range of
specific issues [16].

The simplified supply chain, as shown in Figure 1,
was modeled. This model includes a scenario where
the sea route between the ASA producer and the whole-
saler (identified as Transport 9) experienced a disrup-
tion. The simulation also integrated data that the emer-
gency medical service has from its supply agreements
with the wholesaler. The inventory management for
both the wholesaler and the emergency medical service
was designed around the minimum stock levels and the
range of stock specified in these contracts, in addition
to the standard procurement times. Figure 3 presents a
selection of the simplified supply chain model, how it
was parameterized, and an indication of the sources of
the data used.

Various simulation trials were conducted with dif-
ferent parameter settings using this supply chain model.
The disruption led to significant delays in sea shipments
from the ASA producer to the wholesaler serving the
medical service, causing a critical bottleneck. This is-
sue is depicted in the left section of Figure 4. As a re-
sult of these delays, the ASA inventory at the whole-
saler progressively decreases, eventually dropping be-
low the agreed-upon minimum stock level and deplet-
ing entirely for ten days. Subsequently, the emergency
medical service’s warehouse, which maintains a smaller
reserve stock, also experiences a stock out, lasting for
two days, albeit with a slight delay.

This predictive analysis enables the initiation of
measures to enhance resilience in advance. For in-
stance, identifying alternative suppliers could facilitate
immediate replacement shipments to bridge the bottle-
neck. The inventory projection depicted in the right
section of Figure 4 shows that the bottleneck could be
circumvented by engaging an alternative ASA supplier
based in France.

Additionally, it is possible to use a scenario-based
variation of the parameters (e.g. duration of disruption)
to investigate the inventory strategy’s limits and facil-
itate adjustments to the inventory parameters as needed.
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Figure 2: The Distribution of certificate holders, serving as a proxy for production sites of each active ingredient within the
product portfolio, is visualized through a cumulative sum for each country. The size of each scatter point
corresponds to the number of Certificate of Suitability(CEP) holders. Additionally, approximated sea routes are
mapped out, highlighting potential bottlenecks from New York (USA) and Ningbo-Zhoushan (PRC) to
Hamburg (GER), providing a geographical context to the supply chain’s vulnerability. Data: [7]

Trends in inventory levels, influenced by varying du-
rations of transportation delays, can be explored in the
Additional Materials section.

The simulation results for the different scenarios
outlined above align with the anticipated behavior of
the supply chain, considering the established minimum
stock level. The previously developed data containers
have successfully facilitated the incorporation of de-
tailed supply chain information, which is typically not a
feature enabled for emergency services, into the model.
This integration has enabled a credible inventory fore-
cast and bottleneck analysis, demonstrating the practi-
cal utility of the data containers in enhancing supply
chain modeling and analysis.

4.3 Transfer to Application

The service for evaluating supply security (EvaVe), de-
veloped within the scope of the ResKriVer research
project, exemplifies how data containers can be applied
to applications (Figure 5).

This service is designed to assess the impact of
disruptions on supply chains. If bottlenecks occur, it
presents crucial key performance indicators on a dash-
board. Moreover, it employs artificial intelligence to
recommend parameter adjustments to users, aiming to
prevent or mitigate the anticipated bottleneck scenarios.
This approach enhances decision-making by providing
actionable insights based on simulated supply chain dy-
namics.

On the left-hand side of the dashboard, the service
displays analyzed supply chain events, in particular
disruptions, along with their consequences and effects.
It also shows the simulation period and the various
nodes within the supply chain. At the top of the
dashboard, a visualization of the inventory trend for
the analyzed product is provided. This section also
provides a summary of delivery reliability and features
a traffic light system to quickly indicate the presence
of any bottlenecks. The lower part of the dashboard is
dedicated to showcasing solutions proposed by Al.
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Figure 3: Selection of process parameters.

For each suggested solution, a forecast of the inven-
tory trend and a summary of delivery reliability are pre-
sented, offering a comprehensive view of potential out-
comes following the implementation of these solutions.
This service exemplifies simulation-based services that
require comprehensive data for effective utilization, a
need that the data container methodology adeptly sup-
ports.

4.4 Limitations

The quality of simulation outcomes generated by OTD
NETWORK is significantly influenced by the precision
of the model parameterization. This intrinsic limita-
tion underscores the necessity for careful evaluation
and validation of simulation results, especially those
derived from data containers, which are a composite of
numerous assumptions and generalizations.
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Thus, at the cost of precision, information gaps
are closed with approximations. Plausibility cannot be
guaranteed without the involvement of domain experts.

In addition, creating data containers demands con-
siderable research effort and, often, extensive domain
expertise, presenting a balance between generalization
and specificity. While data containers need to be de-
tailed enough to yield relevant results, they must also
maintain a level of generality to be applicable across
various scenarios and usecases.

Simulations offer the flexibility to vary parameters,
enabling the investigation of various scenarios. Due
to the emergent nature of complex systems, structural
changes in the model may affect all nodes and edges.
It is therefore advisable to integrate alternative paths al-
ready in the modeling stage in close coordination with
domain experts and to characterize them with additional
data containers if necessary.
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Figure 4: Inventory development as a function of time for the active ingredient ASA depending on the selected sourcing strategy,
single sourcing (left) and multi-sourcing (right).
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5 Conclusion

Internationally interconnected supply chains are com-
plex systems characterized by numerous attributes and
interdependencies, making the prediction of disruption
impacts on supply resilience challenging.

Scenario-based supply chain simulation offers a
methodological approach to examine these interdepen-
dencies systematically and mitigate disruption impacts
immediately.

A fundamental requirement for modeling and simu-
lating supply chains is a comprehensive understanding
of their structure and process parameters. This knowl-
edge is often lacking in emergency services due to their
reliance on wholesaler procurement.

The data container methodology presented in this
paper enables the substitution of absent supply chain
information with generic, preliminary assumptions.

Using these generic build blocks, users with incom-
plete data are empowered to identify the impacts of dis-
ruptions on the supply security of their organizations
and to initiate countermeasures. Furthermore, they can
evaluate scenario-based preventive approaches for in-
creasing supply chain resilience. Thus, the developed
methodology contributes to the reduction of dependen-
cies on regional actors in the German healthcare sec-
tor and the emergency services on international supply
chains.

However, the considerable effort and domain ex-
pertise required to create high-quality data containers
are notable limitations of this methodology. A po-
tential solution could be the establishment of a (open-
access) platform for data container exchange, facilitat-
ing the creation and sharing of a library of data contain-
ers across various fields.

Integrating these data containers directly into exist-
ing simulation software could further streamline their
use. Achieving this would necessitate standardizing the
structure for data containers.

Additional Material

Further information, the model parameters used for
the simulation as well as the data containers used
for parameterization are made available permanently
and freely under CC BY 4.0 license under the doi
10.5281/zenodo.10809378
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Abstract. The casualty numbers of the ongoing war
in Ukraine significantly surpass the ones of recent con-
flicts. Since medical resources are limited on the battle-
field, efficiently utilizing the available capacities is cru-
cial. At the same time, planning and coordinating this
constantly changing logistic network is challenging due to
the high dynamic of combat. As data is limited, current
planning base on expert assumptions. This process can
be supported by simulation models, allowing to analyze
the interplay of assumptions and planning decisions. Re-
cent studies showed that flexible dispatching policies can
lead to a better utilization of the available capacities and,
therefore, to better patient treatment. To further inves-
tigate different dispatching strategies in several dynamic
combat scenarios, we propose a conceptual model cov-
ering the entire medical evacuation process.

Introduction

Since the Russian attack on the Ukraine, traditional
warfare for national and alliance defense has once
again become the cornerstone of NATO’s strategic
orientation [1]. Current reports of the ongoing war
in the Ukraine indicate a level of combat intensity
significantly surpassing the ones NATO has faced
in the Afghanistan mission [2, 3]. Concurrently,
the number of individuals sustaining life-threatening
injuries tends to rise significantly. At the same time,
the medical resources available in such conflicts are
severely constrained, and the time required to evacuate
the injured is prolonged [4].

To provide the best possible treatment to injured
soldiers, efficiently utilizing the available medical re-
sources is crucial. For this purpose, the patients must
be evenly distributed to the medical facilities and trans-
porters. At the same time, the specific needs of each
patient, depending on the injury, needs to be taken into
account. This leads to a complex logistic network that
is further subject to constant changes due to the com-
bat dynamics. The standard for medical support within
the NATO is described in the regulation AJP-4.10 [5].
It shows, that the current planning process of the med-
ical evacuation is based on expert assumptions used to
estimate casualty figures and injury patterns.

From here, plans for the most likely scenarios are
formulated based on expected patient flows, derived
from these estimates. Consequently, there is a static
planning process for a highly dynamic logistics system.

In prior work, we have demonstrated, that simula-
tion can be applied to support this planning process [6].
This especially applies to large-scale combat scenarios,
as we can currently observe in the Ukraine, where high
numbers of patients must be treated with limited re-
sources. For this purpose, a flexible simulation model
is required, allowing to test a wide range of dispatch-
ing strategies for medical resources in different combat
scenarios [6]. Based on these earlier considerations, we
present a conceptual model covering the evacuation and
preclinical care of injured soldiers.

The paper is structured as follows: First, we briefly
describe the medical evacuation chain as the system un-
der examination. In Section 2, related simulation mod-
els are briefly discussed, leading to our preliminary
considerations presented in Section 3. The conceptual
model is introduced in Section 4 covering the different
simulated objects with underlying submodels. Finally,
the paper concludes with a summary and an outlook.
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1 Medical Evacuation Chain

In war, it is only rarely possible to access an existing
healthcare system. Therefore, it is imperative to es-
tablish a medical service system on-site to ensure the
provision of medical care. Nowadays, combat scenar-
ios tend to occur over extensive areas, which results
in prolonged evacuation times for injured soldiers. At
the same time, life-threatening injuries are common and
the assessment with proper treatment of such patients is
time-critical. Therefore, evacuating the patients while
providing timely preclinical treatment is of utmost im-
portance for the patient’s chance of survival [4].

To ensure timely evacuation of patients while pro-
viding adequate treatment, the medical evacuation
chain was established [4, 7]. This chain is hierarchical
and consists of different treatment levels, as visualized
in Figure 1. Here, each rectangle represents one level of
medical care, while the arrows represent the transporta-
tion between them.

First, injured soldiers are brought to a casualty col-
lection point (CCP), where they receive first aid and are
handed over to the medical service. From there on, the
patients are treated along four successive roles, namely
Role 1 to Role 4.

Each role represents a set of medical facilities with
increasing capabilities and resources. For example,
Role 1 facilities provide emergency care, stop major
bleeding, and prepare patients for transportation to a
Role 2, where first surgical interventions can be pro-
vided. Role 3 facilities extend these capabilities by pro-
viding further medical specialists, reaching the stan-
dards of a university hospital. Finally, the rehabilita-
tion of patients takes place in Role 4, which is usually
located in the patient’s home country.

Transportation between these roles can either be per-
formed ground-based or airborne. The selection of
the appropriate transporter depends on both the current
combat scenario and the needs of each individual pa-
tient. Plans for treating patients along the medical evac-
uation chain must meet the NATO clinical timelines [5].

Accordingly, critical patients must receive Role 1
treatment within one hour of after getting injured.
Within two hours of injury, Role 2 must be reached.
After the first surgical intervention, the patient must be
evacuated to Role 3 within an additional two hours.

T o [

Point of Injury Casualty Collection

Point
[
Role 1
Mobile Aid Station

J

Role 2
Mobile Surgical Hospital

J

Role 3
Field Hospital

J

Role 4
Hospital

Medical Service

Figure 1: Patients are collected at a casualty collection point
and receive treatment in four successive roles with
increasing medical capabilities.

2 Related Work

For planning the medical evacuation, two different sub-
problems are commonly studied [8]. The location-
allocation problem studies the best layout of the medi-
cal resources in combat scenarios.

The dispatching problem investigates different poli-
cies of utilizing the available resources to respond to
the different requests. In addition to static planning, the
response to various effects of battle dynamics must be
considered, too [9]. For example, these effects can be
triggered by resource shortfalls which then may require
a dynamic relocation or redistribution of resources.

It has already been shown, that simulation is a useful
tool to evaluate both of these subproblems and, there-
fore, assess the planning process of the medical evacua-
tion chain [6]. Several models were described covering
different aspects of the medical evacuation. For exam-
ple, a model for investigating the transporter dispatch-
ing for the patient evacuation to Role 1 was presented
[10].

Another research extends this approach by addition-
ally analyzing the Role 1 treatment [11, 12]. Further, a
model covering the medical evacuation until the Role 3
for an artillery strike scenario was proposed [13].

A simulation covering the medical evacuation
from the CCPs to Role 3 is currently utilized by the
Bundeswehr Medical Service [14, 15]:
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Here, the patient arrival rates and injury patterns,
as well as the quantitative and spatial distribution of
medical resources such as facilities and transporters are
adaptable.

3 Preliminary Considerations

First experiments with the existing model of the
Bundeswehr Medical Service revealed that patients
do not receive their required treatment due to limited
surgery resources in Role 2 facilities [16]. An approach
to avoid these bottlenecks is to skip early roles [4].
In this case, the intended treatment of both roles is
provided in the higher one. This process is visualized in
Figure 2. Here, the roles that can be skipped according
to NATO [5] are presented with dashed arrows. For
example, patients can be transported from Role 1 to
Role 3 immediately, saving resources in the Role 2.
This works since the higher roles extend the previous
ones by additional capabilities and resources [4].

Point of Injury Casualty Collection
Point
I
Role 1
Mobile Aid Station

]

f—————

i Role 2
Mobile Surgical Hospital

J

Role 3 <1 -
Field Hospital

y

_d_ Role 4
2 Hospital

Medical Service

Figure 2: Certain roles of the evacuation chain can be skipped
to avoid bottlenecks in early roles.

In another experiment, we investigated how flexi-
ble dispatching of transporters can affect the evacuation
process [17]. For this purpose, a model covering the
evacuation process from two CCPs to a Role 1 facility
was utilized. It turns out, that the ability to reroute al-
ready dispatched transporters can significantly improve
the evacuation process in terms of transporter utiliza-
tion.

Furthermore, the waiting times of critical patients at
the CCP could be reduced up to 30%, helping to comply
with the NATO clinical timelines.

The earlier conducted experiments show, that pa-
tient evacuation can be significantly improved by apply-
ing flexible concepts like skipping roles and dynamic
transporter rerouting. While real-world experience in
this context is limited, conducting live exercise exper-
iments to test different concepts are expensive, time
consuming and therefore not sufficient. At the same
time, the simulation model currently utilized by the
Bundeswehr Medical Service does not offer the flexibil-
ity for testing such concepts [6]. Further, it was shown
that none of the existing models allows sufficient inves-
tigation and optimization with regard to the introduced
problems [6].

4 Conceptual Model

To allow a simulation-based analysis concerning the
location-allocation and dispatching problem in a variety
of dynamic scenarios, we propose a conceptual model
for a flexible simulation.

We aim to cover the whole evacuation process, in-
cluding the preclinical care from the CCP to the accom-
plished Role 3 treatment and the subsequent transporta-
tion to Role 4.

In our previous work, we proposed to perform the
static evacuation chain planning via input data and
parameters to adapt the simulation model [6]. The
dynamic behavior of the objects, however, should be
realized using submodels that can be flexibly adapted
and exchanged without adjusting the simulation model
itself. By providing a first prototype, we could verify
the feasibility of this approach [18].

Based on our earlier considerations, we describe the
different submodels in this section. For this purpose,
we consider three different types of objects in our sim-
ulation model of the medical evacuation chain:

1. Patients are treated along the rescue chain. A
treatment plan, which defines the necessary treat-
ment steps, is derived from an assigned injury pat-
tern. The patient’s condition can deteriorate to the
point of death, if treatment is not provided in time.

2. Facilities can accommodate patients and provide
treatment. They differ in the kind of treatment that
can be provided .
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3. Transporters move patients between different fa-
cilities. They differ in the kind and number of pa-
tients that can be transported.

The different object types, together with their interac-
tions, are visualized as gray rectangles in Figure 3. For
analyzing different dispatching rules in various scenar-
ios, the dynamic behavior of the simulated objects has
to be adjustable easily. It must be possible to map a
wide range of resource-dispatching strategies, particu-
larly considering various evacuation concepts. At the
same time, the combat scenarios, in which the concepts
are tested, must be adaptable, too. This applies, for ex-
ample, to the definition of changing patient arrival rates,
troop movements, or resource breakdowns.

In order to achieve the required dynamics and
flexibility, components of the simulation that need
to be adapted are decoupled from the actual model
as submodels. For each object type, a submodel is
defined, encapsulating the structure and behavior
of the associated object type. These submodels are
visualized as yellow boxes around the different object
types in Figure 3. The submodel Patient, for example,
defines how the patient reacts to treatment as described
in Section4.1. It informs the submodel Treatment
about state changes in the patient’s health, which then
might require a treatment adaptation. The submodels
Treatment and Transportation, described in Section 4.2
and 4.3, respectively, define the internal behavior
of the assigned object type. The allocation of the
medical resources, however, is delegated to another
submodel called Resource Dispatching. This submodel
is introduced in Section 4.4.

Resource Dispatching:

SubMod
state change —> resource request 4\
Patient: Treatment: Transportation:
SubMod SubMod SubMod
Patient Facility Transporter
T T
nono N < treats 1 1
occur in—=>
<—transports

Figure 3: The model is composed of four different submodels
(SubMod, yellow) and three types of simulated
objects (gray).

T o [

4.1 Patient Submodel

Patients are transported and treated along the medical
evacuation chain. Here, we subsume both injured and
sick soldiers as patients. The corresponding submodel
is shown in Figure 4 and is described in the following.

To ensure good adaptation, we divide each sub-
model into different subordinated submodels, each en-
capsulating a specific functionality. Here, we differenti-
ate structure and dynamic behavior describing submod-
els.

The first one is visualized as a gray rectangle, the lat-
ter one as blue rectangles in Figure 4. The same applies
to the submodels described later in this paper. Submod-
els describing the structure of simulated objects cover
attributes and general internal behavior. While these are
assumed to be fixed, we aim to ensure good adaptabil-
ity for the dynamic behavior describing submodels by
providing interfaces that can be used to implement own
behavior.

The submodel Patient Pattern describes the static
structure of the simulated patients. Patient Arrival gen-
erates patients and assigns injury and sickness patterns
as well as the according treatment plan. For defining the
arrival rates, different aspects like the number of troops
in contact and the current combat situation can be con-
sidered.

Currently, we generate the patients using a Poission
process with arrival rates determined by domain ex-
perts. Later, we plan to derive the patient arrivals from
another combat simulation. The dynamic behavior of
each patient is described in the corresponding submodel
Patient Behavior. It defines how the health state of each
patient changes based on a treatment plan.

Patient:
SubMod

Patient Pattern:
SubMod

Patient Arrival:
SubMod

Patient Behavior:
SubMod

Figure 4: The submodel (SubMod) Patient consists of one
structure describing submodel (gray) and to
behavior describing submodels (blue).
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The treatment plan of a patient is defined as a state
machine. Each state describes the current patient’s con-
dition and defines the necessary treatment step and re-
quirements for transportation. In both cases, we distin-
guish three different types of preconditions that must be
met by a facility or transporter:

1. Capabilities are the most general precondition.
They must be met by the facility or transporter but
do not get claimed or consumed by patients.

2. Resources extend capabilities as they are
claimable by patients. Therefore, each resource
can only be used by one patient at a time.

3. Consumables extend resources as they can only
be seized once and become unavailable afterward.

Further, a time to treatment failure (TTF) is assigned
to each step. Expiration of the TTF leads to a condition
worsening and, therefore, a state change. This process
is visualized in Figure 5, where the current patient state
is presented as a gray box. As green and red boxes,
the possible subsequent states are displayed, signifying
a health improvement or worsening, respectively. If the
required treatment step is applied in time, its success
probability can be defined. An unsuccessful treatment
also leads to a health worsening. In case of a success-
fully applied treatment step, the health condition im-
proves. This way, the treatment plan has a tree struc-
ture, where the leaves indicate the end of the treatment
process. Possible scenarios for ending the treatment are
the patient’s death, the return of the soldier to combat,
or transportation to Role 4.

4.2 Treatment Submodel

The submodel Treatment describes the structure and be-
havior of the medical facilities. It consists of three sub-
ordinated submodels and is visualized in Figure 6. The
structure and internal behavior of the facilities is de-
scribed by the submodel Facility. As internal behav-
ior, we designate the general treatment process as de-
scribed later in this section. The dispatching of medical
resources, however, is not part of this submodel, as ex-
plained earlier. The dynamic behavior of facilities in-
cludes breakdowns and relocations, modeled via Facil-
ity Breakdown and Facility Relocation, respectively. As
breakdowns we consider facilities being destroyed and
therefore not being available anymore to accommodate
and treat patients.

Patient

Patient Treatment Plan | ‘

treated & success]

State_1

[treated &
Isuccess]

[ State_2 } [ State_3 ] ( State_4 ]

Figure 5: The treatment plan describes different health states
together with the required treatment steps.
Consecutive states represent a health improvement
(green) or worsening (red).

Relocating a facility requires dismantling, trans-
porting, and building up the considered facility.
Therefore, each relocation includes a temporary facility
breakdown. Initially, breakdowns and relocations are
defined by schedules based on the results of a combat
simulation.

Treatment:
SubMod

Facility:
SubMod

Facility Breakdown:
SubMod

Facility Relocation:
SubMod

Figure 6: The submodel (SubMod) Treatment consists of one
structure describing submodel (gray) and two
behavior describing submodels (blue).
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The internal behavior, modeled in Facility, describes
the general treatment process applied to patients in the
facilities. This process starts with a patient arriving at a
considered facility. The following procedure is visual-
ized in Figure 7.

In the first step, the facility checks whether the pa-
tient requires treatment. If not, the patient leaves the
facility and exits the simulation. This is for example
the case, if the considered facility is a Role 4, where
modeling the treatment is beyond the scope of our sim-
ulation. If the patient needs to be treated, the facility
checks whether the required treatment step can be per-
formed.

For this purpose, the facility ensures that the re-
quired capabilities, resources, and consumables are
available. If the treatment step can be completed, the
facility requests the execution of the actual treatment.
Otherwise, a transporter is requested to take the patient
to a suitable facility.

patient
arrival

[no treatmentE C
required]
[can treat S request
patient] treatment
request
transport

Figure 7: For arriving patients, the submodel Facility checks if
the patient needs to be treated and whether the
treatment step can be performed. Accordingly,
transportation or treatment resources are
requested.

The treatment resources and transporters are
dispatched by the submodel Resource Dispatching,
explained in Section 4.4. Once the treatment is sched-
uled, the facility receives a treatment task together with
its prioritization, as displayed in Figure 8. Based on
this task, the required consumables are assigned, if they
are available.

In case they are not, the already assigned consum-
ables from lower-prioritized tasks can be reassigned, if
the treatment has not started yet.

T o [

In this case, the lower prioritized patient must be
transported to another facility. If there is no re-
assignable consumable available, a transporter is re-
quested to move the considered patient to another fa-
cility.

Once the consumables are assigned, the required re-
source is requested. The assignment is done based on
the prioritization of the treatment task. To avoid dead-
locks, we assume only one resource to be required for
each step. This assumption aligns with the current sim-
ulation model of the Bundeswehr Medical Service men-
tioned in Section 3.

Once the required resource is available and assigned
to the patient, the actual treatment is performed. The
duration of this process is defined by the treatment step.
Afterwards, a new patient arrival is sent, and the pro-
cess from Figure 7 is restarted. This way, all subsequent
treatment steps that can be performed in the current fa-
cility are executed. This procedure aligns with the as-
sumptions of domain experts.

During the entire process, the patient’s health con-
dition can worsen, leading to a patient state change and
different treatment requirements. In this case, the cur-
rently assigned treatment task is discarded, and a new
patient arrival is sent. For the sake of clarity, we do not
visualize this process in both Figures 7 and 8.

treatment
task

assign
consumables
_

[not transport
available] request

[available]

)
request

resource
___

[assigned]

)
treat
patient

[treatment
finished]

patient
arrival

Figure 8: Facilities receive treatment tasks together with a
prioritization. Available consumables and resources
are assigned accordingly.
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4.3 Transportation Submodel

The submodel Transportation is structured similarly to
the previously described Treatment. It consists of two
subordinated submodels, describing the structure and
behavior of the transporters. It is visualized in Figure 9
and is described in the following.

Transportation:
SubMod

Transporter:
SubMod

Transporter Breakdown:
SubMod

Figure 9: The submodel (SubMod) Transportation consists of
one structure describing submodel (gray) and to
behavior describing submodels (blue).

The submodel Transporter describes the structure
and internal behavior of the transporters. In this sub-
model, the general processing of transport tasks is
modeled, as explained later in this section. Again, the
dispatching of transportation resources is not part of this
submodel but is described in Section 4.4. The dynamic
behavior of transporters includes breakdowns modeled
via Transporter Breakdown. Transporters affected by a
breakdown are not available for dispatching anymore.
Similar to the breakdowns of facilities, they are initially
defined by a schedule based on the results of a combat
simulation.

Transporters receive transport tasks from the Re-
source Dispatching submodel. Each task is processed
according to the diagram visualized in Figure 10. To
each task, a facility as its destination is assigned to-
gether with the patients to be loaded and unloaded at
this facility.

In the first step, the transporter drives to its des-
tination and unloads the specified patients. To start
the treatment process, the Treatment submodel gets
informed about the patient’s arrival. In the next step,
the patients get loaded according to the task. Patients in
a transporter seize a resources, similar to the treatment
process in the facilities. At the same time, transporters
can have different configurations, specifying the type
and number of resources available. Accordingly, for
loading the patients, a suitable configuration must be
determined by the transporter.

transport
task

drive to
destination

patient
arrival

transport
finished

[next task available]

Figure 10: Transporters receive transport tasks specifying its
destination as well as the patients to be loaded
and unloaded there.

In case there is none, a new transport request is cre-
ated for the patients who cannot be transported. After
the patients have been loaded or unloaded, the trans-
porter can wait for a specified amount of time at the fa-
cility for further patients to occur. In this time, the trans-
port task can be adjusted by the Resource Dispatching,
if required. Finally, the current transport task is pro-
cessed, and the transporter checks whether a subsequent
task is available. If yes, this task gets processed, too.
Otherwise, the Resource Dispatching submodel gets in-
formed about this transporter being available again.

4.4 Resource Dispatching Submodel

The dispatching of treatment and transportation re-
sources is done by the Resource Dispatching submodel.
It is divided into two subordinated submodels as shown
in Figure 11.

The Treatment Dispatching coordinates the treat-
ment of patients within the facilities. It receives
treatment requests from the Treatment submodel,
prioritizes the patients, and creates treatment tasks.
These are then processed by the Treatment submodel as
explained in Section 4.2. Selecting the facility for the
patient treatment, however, is out of the scope of this
submodel and is done by the Transporter Dispatching.
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Resource Dispatching:
SubMod

Transporter Dispatching:
SubMod

Treatment Dispatching:
SubMod

Figure 11: The submodel (SubMod) Resource Dispatching
consists of Transporter Dispatching and Facility
Dispatching, coordinating transportation and
treatment resources, respectively.

For this purpose, incoming transport requests get
prioritized. Then, the submodel checks whether a suit-
able transporter is available or if the requests can be
added to existing transport tasks. Here, the submodel
must consider both the for transportation and the fol-
lowing treatment in the approached facility required ca-
pabilities, resources, and consumables.

Transport requests that cannot be answered imme-
diately are deferred. If a transporter becomes avail-
able, deferred requests can be assigned. If there is no
open request, the transporter can be relocated. The
Transporter Dispatching also must react to both, trans-
porter and facility breakdowns. If a transporter is de-
stroyed, new transportation requests are created for the
patients already planned in future tasks of the consid-
ered transporter. In case of a destroyed facility, the
transporters that are about to approach this facility need
to be rerouted.

5 Conclusion and Outlook

In this paper, we proposed a conceptual model for a
simulation of the medical evacuation chain. The goal of
our model is to provide enough flexibility to test differ-
ent dispatching strategies in various combat scenarios.

The underlying logistic problems were introduced
and existing simulation models were discussed. Prelim-
inary experiments showed, that the treatment of patients
can be improved by applying dynamic dispatching con-
cepts.

Currently available simulations, however, do not al-
low testing such concepts in highly dynamic combat
scenarios.

Our conceptual model covers patients, medical
facilities, and transporters as simulated objects.
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For each object type, a submodel was proposed,
which is further divided into subordinated submodels
describing the structure, internal and dynamic behavior.
Especially for the latter one, we ensure a high adapt-
ability by providing appropriate interfaces.

This way, a wide range of dynamic combat scenarios
can be modeled. Further, the dispatching of the treat-
ment and transportation is outsourced to another sub-
model, offering the same adaptability. Here, we define
which decisions have to be made in different situations
while the rules used to make the decision can be easily
adapted later.

With the proposed conceptual model and its high
adaptability, we aim to support the planning process of
the medical evacuation chain in the future. It allows
testing different flexible dispatching strategies in a wide
range of dynamic scenarios.

Therefore, we cannot only detect current bottle-
necks but can test strategies for a more efficient usage
of the currently available resources. In the next step, we
aim to implement the executable simulation model. For
this purpose, the interfaces of the different submodels
need to be defined. This way, we want to ensure that
various problem solvers and machine-learning ap-
proaches can be utilized for the dispatching submodels.
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Abstract. In Flexible Manufacturing Systems (FMS), an
Automated Guided Vehicle (AGV) is often used for ma-
terial transport. To simulate this system, a production
environment with aisles and I/0 points is required. The
arrangement of individual areas within a production en-
vironment can be done by solving the Facility Layout
Problem (FLP). However, the previous methods only con-
sider individual aspects and there are hardly any solution
methods that consider the entire production system with
regard to the material transport. Due to this, a FLP solv-
ing method that also considers aspects regarding the ma-
terial handling system is useful so that the created pro-
duction environments can be simulated and/or used in
practice. Therefore, both topics - FLP and AGVs - should
be considered together.

Introduction

Flexible Manufacturing Systems (FMS) — a specific
type of multi-stage production system [10] — often use
an automated guided vehicle system (AGV-System)
for material transport [12, 11]. One possibility for
optimizing AGV-Systems is the arrangement of vari-
ous facilities, which can represent, for example, ma-
chines, storage locations, workplaces, production loca-
tions [13, 15], I/O points (where Automated Guided Ve-
hicles (AGVs) can load and unload material), parking
areas for AGVs as well as necessary AGV travel areas
within a production environment. The problem of ar-
ranging these facilities is known as the Facility Layout
Problem (FLP) and aims to minimize the costs of ma-
terial transport of the resulting production environment

so that they are as low as possible [13, 14, 15]. One
problem with the previous solution methods of the FLP
is that often aspects for the use of a real AGV-System
are not taken into account. These include the driving ar-
eas of the AGVs, the connection of the I/O points to the
AGYV driving area and the consideration of routing, dis-
patching and scheduling for the AGVs [2] on the basis
of the generated production environment.

Reference to simulation In this paper, a simula-
tion model is developed which, on the one hand, can be
used to the requirements of an AGV-System when cre-
ating the layout of the production environment (FLP).
On the other hand, the dynamics of the AGV-System are
already taken into layout by means of an abstract sim-
ulation of the AGV routing. For example, it is checked
whether the AGV-System is capable of handling all nec-
essary transport orders within a certain period of time.

1 State of the Art

In this section the basics are presented. The FLP is ex-
plained first, followed by the AGV-System and all re-
lated aspects.

1.1 Facility Layout Problem

The FLP positions a fixed number of facilities within
a limited area so that the cost of material transport is
minimized [13, 15, 14]. The FLP belongs to the NP-
hard combination problems and has been researched for
decades [15]. Due to this, there is a multitude of solu-
tion methods with different approaches.

Many of these only consider selected aspects, such
as the determination of I/O points. Steps one to three
from Figure 1 are known from the literature.
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In [13] a FLP approach for the arrangement of facili-
ties based on a special data structure — Slicing Tree (ST)
— was developed. This offers the possibility of inserting
an aisle structure in the layout with a simple procedure.
In [9] the FLP solution procedure extended by the deter-
mination of the I/O points. Thereby, an I/O point could
be positioned within one of the four corners of the fa-
cility. This is useful for the subsequent connection to
the transport aisles — the insertion of the transfer areas
— makes sense. In [15] they added the transport aisles
depending on the transport relationships and intensities
between the the facilities within the production environ-
ment for material transport. However, this method does
not take into account the aspects of AGV routing.

arrangement 2 determine 3] ]
[ of facilities [ | /O points | | insert aisles
6 | cCBS-Routing le—] 5 [BSNCTatEAGYI | 4|  create
! waypoints 1/O areas

Figure 1: lllustration of the steps to generate a FLP layout for
the creation of an production environment. Steps
one to three can be found in the literature. Steps
four to six should be considered with regard to
aspects of a material handling system and should
also be taken into account during the creation.

To evaluate a layout, the material transport costs C
are determined [13, 14, 15]:

M

C= Y (t-dij) (1)

i=1,j=1

This sum is defined by the distance d;; from facility
i to facility j weighted by the transport intensity #;;.
The transport intensity can be taken from the transport
matrix and corresponds to the material units that
are transported between the facility pairs. M is the
number of facilities to be placed in the layout. The
distance d;; is calculated differently depending on the
FLP approach. The FLP approaches in [13, 7, 8, 6]
calculate the distance between the centers of gravity
of the facility. With regard to AGVs, this assumption
of the travel distance between the centers of gravity
is unrealistic. In the method of [9], it is assumed that
the AGVs travel along the boundaries of the facility.
I/O points are determined which lie at the edge and
the distance is calculated between them along the
boundaries of the facilities.

T o [

The physical space to travel in is missing. In the
approach of [14], it is assumed that the travel paths are
always in the middle of the corridor. The path-based
distance is calculated between the I/O points taking the
aisles into account.

1.2 AGV-System

An AGV-System consists of one or more AGVs. It can
now be found in almost all industries and production
areas and is therefore an important part of intralogis-
tics [1]. According to the VDI 2510, AGVs are defined
as indoor, floor-based systems with automatically con-
trolled vehicles for the handling of material transport
[1]. In order to coordinate the AGVs, the AGV needs
to know about the possible routes. One possibility is to
create these in the form of topological graphs [19].

Topological graphs A topological graph G =
(V,E) is a planar graph with a finite set of nodes N
and edges E [18]. Each edge connects two nodes. In
the context of AGVs, the edges of the topological graph
represent paths or roads for the AGV. Intersections and
important stops, e.g. stations for loading and unloading
material at the facility, are represented by graph nodes.
To create the topological graph, an approach further de-
veloped at the Fraunhofer IML called Roadmap Graph
Creator (RGC), based on [19] is used.

Readers are referred to the literature [20]. The topo-
logical graph is used to calculate the distance between
the I/O points (path-based distance metric). The simula-
tion model for routing requires the topological graph to
determine the paths for the AGVs to execute the trans-
port orders.

CCBS-Routing An abstract simulation model is cre-
ated to take into account the dynamic behavior of the
AGVs in the created production environment. For this
purpose Continuous-time conflict-based search (CCBS)
is used. CCBS is an algorithm for searching paths
for multiple AGVs in a defined environment, so that
each each AGV reaches its destination without causing
conflicts with other AGVs [17, 16]. In doing so, a
set of transport orders is defined where the start and
destination are defined by nodes of the topological
graph. For each transport order one AGV is assumed.
The paths of the AGVs are selected via the topological
graph.




As aresult, CCBS returns certain characteristic met-
rics for the routing of the set of transport orders, includ-
ing the makespan m.

m = M(TI) 2)

The makespan corresponds to the time it takes the last
AGYV to reach its destination. CCBS plans in batches,
i.e. no new transport orders can be issued to an AGV
until all AGVs have reached their destination [17, 16].

2 Requirements regarding
AGV-System

Before a solution can be developed, the requirements
with regard to layout and topological graph for use
within an AGV-System must be defined. Based on
these criteria, the solution procedure is further devel-
oped so that a production environment model that is
well matched to the requirements of the AGV-System
can be generated. This model can be used for simula-
tion and/or implemented directly in practice if required.

2.1 Layout Requirements

In order for the layout created on the basis of the FLP
to be suitable for use within an AGV-System, the fol-
lowing aspects should be fulfilled: Transport aisles for
the AGVs between the individual facilities should be
defined [14, 15]. Additional several I/O points for each
facility should be created, instead of only one I/O point
for each facility like in [9]. With regard to application
in the AGV-System, only one I/O point can lead to a
problem. For example several AGVs arrive at the same
facility and at the same time. First of all it must be clar-
ified which AGV is allowed to drive to the I/O point to
load or unload the materials. This means waiting for the
other AGVs. The waiting AGVs could obstruct other
AGVs that are in the process of fulfilling other trans-
port orders. This leads to congestion and delay in the
entire FMS. Therefore, it may be necessary if multiple
I/O points can be identified. In our approach we use an
I/O area for this purpose (see later section 3.1).

2.2 Graph Requirements

The topological graph and thus the waypoints for the
AGVs are to be generated on the basis of the aisle struc-
ture. The topological graph must fulfill two require-
ments for use within an AGV-System.
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First, it must be ensured that from one node every
other node in the graph can be reached via the edges.
This property can be tested via the graph coherence,
if this is one, the requirement is fulfilled [3]. Further-
more, it must be checked whether all facilities also have
a connection to the aisle structure via graph nodes and
edges. For this purpose, it is checked whether at least
one graph node is located within the I/O area.

3 FLP - Solver

Due to the FLP solution procedures known to us, which
do not consider the requirements with regard to the ap-
plication in an AGV-System, we have developed our
own approach. This means that the production envi-
ronments created can be used in practice. Steps one,
two and three (see Figure 2) are known from the lit-
erature. Our further development of the FLP solution
method includes steps four to six from Figure 2, which
take into account the requirements with regard to the
AGV-System. For this purpose, the FLP solution pro-
cedure of [13] is extended. The individual steps are ex-
plained below.

3.1 Arrangement of the Facilities and
Determination of the I/0 Points

In order to solve the FLP, a number of input data are
generally required [13]. These include the dimensions
of the location support, the number of facilities to be
placed, the required area for each facility, the dimen-
sions of each facility and the transport matrix. The
transport matrix indicates how much material needs to
be transported between the individual facilities [13].
Based on this required random STs are generated in or-
der to determine the final positions of the facilities and
thus their arrangement (see Figure 2a).

To determine the I/O points (= stations for AGVs to
load and unload material at the facility), the procedure
of [9] is applied. First, candidates of I/O points are
identified based on the dominant region. For each
corner of the facility a node is added to a graph. The
boundaries of the facilities are represented by edges.
The dominant region consists of one or more contigu-
ous facilities that have at least one vertex or graph
node for each facility. These nodes in the dominant
region represent the candidates of I/O points. We have
resolved the restriction of [9] that a dominant region
must be rectangular.
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(c) FLP-layout after

(a) FLP-layout after (b) FLP-layout after

step 1. step 2. step 3.
seoe ecee
see (XX

(f) FLP-layout in step
step 4. step 5. 6.

(d) FLP-layout after (e) FLP-layout after

Figure 2: Representation of the generated production
environment according to the steps from Figure 1.

In our approach, the dominant region can also be a
polygon. After the candidate transfer points have been
determined, the facility pairs are sorted in descending
order according to their transport intensity. For each fa-
cility pair, the two I/O points with the smallest distance
to each other are selected (see Figure 2b) [9].

3.2 Creation of the AGV Driving Areas

The structure of the STs is used to create the driving
areas. The idea is based on [13] and was adapted for
our purpose. Each cut node in the ST is considered.
The right child of the intersection node and all nodes
are shifted along the x- or y-axis in a positive direction
by a predefined path width. This creates the driving
areas for the AGVs (see Figure 2c).

I s\ 3402) - 672024

3.3 Inserting the 1/0 Areas

On the basis of the I/O points determined in step 2 (see
Figure 2b), I/O areas of a predefined size are inserted.
All I/O areas are of the same size (see Figure 2d). The
idea is to treat these transfer areas also as driving areas
for the AGVs. This automatically generates a set of I/O
points for each facility related to the next step: gener-
ation of the AGV waypoints. All graph nodes of the
topological graph within the I/O areas can be identified
as I/O points.

3.4 Generation of the AGV Waypoints

The generation of the topological graph is carried out
over the open space, consisting of the driving and I/O
areas using the RGC software tool (see Figure 2e). It
is important that the graph fulfills the two requirements
mentioned (see section 2.2), otherwise the created lay-
out cannot be evaluated.

3.5 Simulation of the AGVs with CCBS Routing

To evaluate the layout, the CCBS makespan is used in
our approach (see eq. 2) and replaces the cost function
from the literature (see eq. 1). This leads to the consid-
eration of the dynamic driving behavior of the AGVs
and the parallelism of the transport orders to be pro-
cessed in the layout, which is not considered in other
evaluation criteria for the FLPs layout (e.g. in eq. 1).
For this purpose a set of transport orders must first be
generated. Then, taking into account a time window
(see section 3.6), CCBS is executed with the generated
transport orders and the makespan is assumed to be the
cost of the layout. If CCBS does not find a solution
within the time window, twice the longest distance in
the layout is calculated for evaluation:

c=2-max(d; ;) 3)

This can be done, because in CCBS the assumption is
made that the AGV has a velocity of 1 m/s [17, 16].
The longest path therefore also corresponds to the
makespan. In order to evaluate this solution more nega-
tively, since CCBS has not found a solution, the longest
path is considered twice.

3.6 Parameters

There are a number of parameters for the FLP-solver
that influence the result. In principle, the FLP-solver
distinguishes between the necessary input data and the
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parameters to be set for the best possible result. The
following input parameters are required for each data
instance: the number of facilities to place, the dimen-
sions of the entire layout or maximum allowed size for
the FLP-layout to be generated e.g. the production hall,
the minimal and maximal width and length of each fa-
cility, the area for each facility and the transport matrix
containing the transport intensities for each pair of fa-
cilities.

The parameters to be set for the best possible result
can be further differentiated. The first group of param-
eters influences the layout itself, e.g. the size of the I/O
area (see section 3.3). The width of transport aisles (see
section 3.2) can also be defined and thus the number of
parallel roads within a transport aisle. A time limit is
set at two points when creating a layout. When creating
the topological graph (see section 3.4), the time limit is
determined depending on the size of the layout and the
width of the transport aisle. To determine the costs via
CCBS (see section 3.5), a time limit of 10 seconds is
set, which is based on previous studies [20].

The second group of parameters influences the
search for the best FLP-layout, because the number of
STs considered is limited so that the runtime remains
within a certain period. These parameters are already
known from the literature e.g. [13]. An example is the
parameter iterations. The parameter defines how
often a random ST is created for searching a best FLLP-
layout.

One problem in creating a production environment
is finding the optimal parameters so that the runtime re-
mains within reasonable limits and the result is still as
satisfactory as possible. To find the right parameters,
we focused on the runtime. So that production environ-
ments can be created in a reasonable time for us (see
Table 2, 3, 4, 5).

4 Evaluation

For the evaluation, we have compared several data
instances (DI) from different publications and com-
pared their results with our approach. For this we
took into account different numbers of steps from
the literature to generate a layout (see Figure 1).
The evaluations were performed on an AWS server
instance EC2 C5A.XLarge [4]. Table 1 shows the
four different versions. The specified minimum and
maximum side lengths of the individual facilities could
not always be adhered due to the selected cuts in the ST.

The limitations for the side lengths are not taken
into account in the evaluation. Tables 2 - 5 compare
our results with the best results from the literature. The
numerical value in the columns "best result" and "our
result" represents the material transport cost C for the
respective DI. The value "nr. of STs" corresponds to
the number of valid ST found for the listed run of the
FLP-solver.

FLP- | litera-
solver | ture

considered
steps for gener-
ating a layout
(see Figure 1)

distance
metric

Vi1 [13, 7, | center of grav- | 1
8, 6] ity distance
V2 9] contour-based 1 and 2
distance
V3 [14] path-based dis- | 1,2 and 3
tance
V4 our ap- | path-based dis- | all steps seen in
proach | tance via topo- | Figure 1

logical graph

Table 1: Overview of evaluation applications V1 - V4.

4.1 FLP-solver: Arrangement of the Facilities
(V1)

Table 2 shows that the results from the literature for the
FLP procedure with center of gravity distance. With the
exception of data instance AB20, all results are better
by an average of 7.53%. It is likely that with further
elaboration for data instance AB20 a similar or better
result could be obtained.

4.2 FLP-solver: Determination of I/0 Points
(V2)

The results in [9] could not be achieved (see Table 3.
One reason for this is the adherence to the dimensions
of the layout. While [9] allows layouts with larger
dimensions, our approach only allows layouts that lie
within the specified dimensions. This is more practical,
since the necessary space, e.g. a production hall, is lim-
ited. To enlarge the hall afterwards is unrealistic. As
before, there is also the chance to achieve better results
with further designs.
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data instance | best result | our appro.ach deviation |
bestresult | nrof STs runtime [HH:MM:SS]

OE7 131.57 [7] 108.78 5 00:00:06 -17.32%
OE8 242.73 [8] 220.94 7 00:00:16 -8.98%
OE9 235.84 [7] 207.51 9 00:00:25 -12.01%
VC10 19994.10 [6] | 19183.98 6 00:02:58 -4.05%
BAI12 8021 [13] 8071.28 34 00:02:21 +0.63%
BA14 4628.84 [13] | 4469.25 19 00:04:27 -3.45%
AB20 5073.82 [6] 67725.68 1 00:10:46 +92.51%

Table 2: Results of FLP-solver V1: arrangement of the facilities.

data instance | best resultin [9] | our approac.h deviation |
bestresult | nrof ST runtime [HH:MM:SS]
OE7 21.64 36.85 7 00:00:12 +41.28%
OES8 52.09 66.64 6 00:00:25 +21.83%
OE9 53.29 76.32 7 00:00:32 +30.18%
VCI10 3097.91 18134.46 6 00:04:46 +82.92%
BAI12 3089.91 4747.06 27 00:08:25 +34.91%
BAI14 2188.33 3318.85 21 00:15:19 +34.06%
AB20 1185.99 89280.45 2 04:02:16 +98.67%

Table 3: Results of FLP-solver V2: arrangement of the facilities and determination of the I/0 points.

4.3 FLP-solver with Aisles (V3)

The comparability between [14] and our approach is
difficult due to some differences, e.g. the procedure
for inserting waypoints and the individual parameters,
which additionally influence the result [13].

In comparison with the four published data instances
in [14], data instance BA14 performs best. Here, too,
there is a chance to achieve better results with further
versions.

4.4 FLP-solver: 1/0 areas and CCBS-Routing
(V4)

Table 5 presents the results for our own metric, which
takes into account CCBS routing and thus parallelism
in the AGV-System and FMS.

Just as before there is a chance for better results with
further executions, since with each execution random
data instances are generated. Based on this random ST
the optimization is carried out [13].

T o6 [N

5 Discussion

In the following we will pick out some aspects and look
at them more closely. To do this, we will first examine
how much time it takes to create a layout (see section
5.1). Then we will look at the question of why STs
are created randomly (see section 5.2). Finally, we will
briefly show that the approach cannot create standard
layouts exclusively (see section 5.3).

5.1 A Runtime Analysis - Data Instance BA12

This section presents the results of a runtime analysis
of data instance BA12. For this purpose, the runtime
analysis is split into two parts. The first part aims to
analyze which steps for creating a layout (see Figure 1)
take the longest in terms of runtime. In the second part,
some experiments are carried out to show the effects of
the optimization and some input parameters.

For the first part, the optimization itself plays no
role. Only a layout is created using a ST. To do this,
a ST is first generated randomly. This is then passed to
all four FLP-solver versions (V1- V4).
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data instance | best resultin [14] |

our approach
PP deviation |

bestresult | nrof STs runtime [HH:MM:SS]
VCI10 7116.14 27315.12 15 04:43:27 +73.95%
BAI12 5561.12 8105.33 1 00:15:28 +31.39%
BAI14 3784.47 3964.14 1 00:20:27 +4.53%
AB20 1529.63 89516.26 3 08:26:22 +98.29%

Table 4: Results of FLP-solver V3 with aisles.

data in- our approach

stance | bestresult | nrof STs runtime mmmwss
VCI10 59,31 2 04:21:18
BA12 14,85 1 00:34:03
BA14 15,15 1 00:41:37
AB20 62,15 1 08:17:12

Table 5: Results of FLP-solver V4 with aisles and
CCBS-Routing.

This increases the comparability with regard to the
runtimes during the creation of the layouts.

The total runtime is recorded as well as the runtime
for certain steps (see Figure 1) during layout creation.
Step 4 is not considered because the final position is
already given by the I/O point and thus this step consists
only of cutting rectangular areas. As the previous time
display [HH:MM:SS] is not suitable at this point, all
running times determined are recorded in seconds. For
this evaluation, a timeout of 30 seconds is selected for
the creation of the topological graph. The time to start
and end the ROS-nodes to create the topological graph
is also measured, but the pure creation is limited to 30
seconds. The CCBS has a time limit of 10 seconds.

Table 6 shows an example of an evaluation for the
scenario described. As expected, the time required to
create the random ST is the same, as the same ST is used
for all FLP-solver versions (see column initialization in
Table 7). No time is required for steps 2, 3, and 5 with
V1, as this FLP-solver version does not carry out these
steps. The same applies to V2 with steps 3 and 5. Each
step takes approximately the same amount of time to
complete. Obviously, the most time-consuming step is
the creation of the topological graph. The more steps
are carried out to create the layout, the more time is
required overall (see column total time in Table 7).

To find out whether the runtimes from Table 6 are
average values or exceptions, the scenario described is

repeated 100 more times. The average value is deter-
mined from these 100 evaluations in Table 7. When
looking at the results, it was noticed that some of the
random STs are not suitable for creating a layout. These
invalid STs were filtered out in order to recalculate the
average values for the 82 remaining STs (see Table 7 at
the bottom). This gives a clearer picture of the runtime
to create a layout. It is striking that CCBS was not even
used in all 100 results. The time to calculate the costs
in V4 is lower than 10 seconds (see Table 7). This phe-
nomenon should be analyzed in detail in the future. Just
like the fact that some of the randomly generated STs
for the FLP-solvers V2, V3 and V4 are invalid. Perhaps
the solution space can be narrowed down even more be-
forehand. This would lead to a reduction in the total
runtime in connection with the optimization, as invalid
STs are no longer considered from the outset. To sum-
marize the first part of the runtime analysis: the values
in Table 6 correspond to the general average from Ta-
ble 7 (lower part) when considering the valid STs from
the initialization. In the case of data instance BA12 in
combination with the selected parameters, a layout can
be created in all FLP-solver versions within 60 seconds.
The longest part in terms of runtime is the creation of
the topological graph. The aforementioned phenomena
should be investigated further in the future.

The second part of the runtime analysis is about the
optimization time. Again for each FLP-solver (V1, V2,
V3, V4) the same ST is used. In principle, there are no
major changes, but (in contrast to the previous analy-
sis) the optimization of the created layout is carried out
after each step. The time required for the optimization
and how many different layouts (= STs) are created and
checked during the optimization are examined.

In the first experiment, the parameter iterations
is set to one. Table 8 shows the results. Compared to
the previous results (see Table 2, 3, 4, 5), Table 8 shows
a significantly longer total runtime for data instance
BA12. This highlights a problem with the heuristic pro-
cedure: depending on which ST is randomly created at
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time in seconds
FLP-solver o ) ) .
initial ~ arrangement I/O points aisles topo graph  costs total time
(step 1) (step 2) (step 3) (step 5) (step 6) (steps 1-6)
Vi 0.02362 0.0017 0 0 0 0.0015 0.00321
V2 0.02362 0.00132 0.18767 0 0 0.00578 0.19479
V3 0.02362 0.00173 0.18379 0.00814 47.89754 0.02436 48.11566
V4 0.02362 0.00144 0.18852 0.00832 49.2727 0.08869 49.55979

Table 6: An example of an evaluation for the first part of the runtime analysis of data instance BA12. For each FLP-solver version
(V1 - V4), the same ST - randomly generated ST in the initialization - is used to create a layout. The total runtime and
selected steps for creating the layout (see Figure 1) are recorded. The time is displayed in seconds.

nr of averaged time in seconds

FLP- ev‘alu- initial ~ arrangement I/O points aisles topo graph  costs total time
solver ations (step 1) (step 2) (step 3) (step 5) (step 6) (steps 1-6)
V1 100 0.01822 0.00154 0 0 0 0.00149 0.00304
V2 100 0.01822 0.00142 0.14851 0 0 0.00845 0.18018
V3 100 0.01822 0.00144 0.14793 0.00635 39.46056 0.02364 39.66755
V4 100 0.01822 0.00166 0.1525 0.00663 40.71342 0.07399 40.96945
V2 82 0.01846 0.00141 0.18111 0 0 0.0103 0.19284
V3 82 0.01846 0.00143 0.1804 0.00774 48.12264 0.02883 48.34702
V4 82 0.01846 0.00168 0.18598 0.00808 49.65051 0.09023 49.9366

Table 7: Result of the first part of the runtime analysis for data instance BA12. The average times (in seconds) are shown on the

basis of 100 evaluations as in Table 6.

the beginning, many STs may be invalid and therefore
not considered. Furthermore, the search for the local
minimum for BA12 converged relatively late compared
to other results. As result, significantly more layouts
were viewed than in the previous search (see Table 8).

FLP- layout

solver creation optimization  nr of STs
V1 [00:00:01] [00:00:01] 215

V2 [00:00:01] [00:01:02] 215

V3 [00:00:48] [07:34:20] 644

V4 [00:00:50] [02:59:44] 236

Table 8: Runtime analysis of data instance BA12 with layout
optimization (iterations=1). The time required to
create the first layout is also listed (for comparison
with the values from Table 7) as well as the time
required to optimize this created layout. A number
of layouts are created during the optimization
process (see column "nr of STs").

T op [N

In the second experiment the parameter
iterations is set to five. This will be used to
analyze the impact of the number of iterations in the
runtime. Table 9 shows the results. As expected,
the number of STs (=layouts) seen has increased:
However, only for V1 and V2. For the other two
FLP-solver versions, the number of STs has actually
fallen. This is also accompanied by the lower runtime.
It is likely that the 5 randomly created STs have led to
faster convergence to the local minimum than with the
previous 3 randomly created STs. The random creation
of STs at the start of the approach is always disruptive
in this case, as the influencing factors — in this case
parameter iterations — cannot be analyzed in a
meaningful way. This raises the question of how useful
the random generation of STs is (see section 5.2).

5.2 The Complexity of Creating Layouts

In this section we discuss the number of possible STs
for a given data instance. Figure 3 shows the number
of possible STs (y-axis) for a data instance with differ-
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FLP- layout

solver creation optimization  nr of STs
V1 [00:00:01] [00:00:01] 338

V2 [00:00:01] [00:01:34] 324

V3 [00:00:48] [03:29:36] 635

V4 [00:00:50] [02:32:53] 209

Table 9: Runtime analysis of data instance BA12 with layout
optimization (iterations=5). The time required to
create the first layout is also listed (for comparison
with the values from Table 7) as well as the time
required to optimize this created layout. A number
of layouts are created during the optimization
process (see column "nr of STs").

ent facilities (x-axis). The number of possible STs is
growing exponentially.

It can be observed that the number of STs increases
with the number of facilities. For example there are
8100 possible STs for a layout with 10 facilities. For a
data instance with 100 facilities 98010000 possible STs.
The number of possible STs is growing exponentially.
As soon as the number of facilities increases, the ST is
getting bigger and thus the runtime increases. There-
fore we decided to follow Scholz’s approach [13] with
the creation of random STs and test them to find a lo-
cal minimum FLP-layout. An alternative would be to
calculate the costs for all STs. Based on data instance
AB20 with 20 facilities and a runtime of approx. 160
seconds per ST, a runtime of 267.4 days is calculated
from the 144400 possible STs. First of all, it was im-
portant to create a layout that took material transport as-
pects (e.g. I/O points, transport aisles and routing) into
account. In future, research can be carried out into how
the topological graph can be created more quickly so
that more layouts can be considered in less time. This
would mean that it would no longer be a decision of
benefit vs. runtime.

- 98010000 240250000

29942400
12531600

2433600
Jdada00
104 B100

144

) 0 100 120
nr of facilities

Figure 3: The number of STs in addition to the number of
facilities due to a data instance.

5.3 How to Create Non-rectangular Layouts?

With small changes, layouts with non-rectangular facil-
ities and also non-rectangular layouts can be created.
To create layouts with non-rectangular plants, a list of
nodes of the actual shape must also be stored for each
leaf node of the ST. When reading in the input data, a
rectangle is placed around each non-rectangular shape.
To create layouts with non-rectangular shapes, a list of
points (or a function) describing the desired shape is
passed instead of the previous two points (min, max) of
the area. Figure 4 shows some examples. The vertical
and horizontal alignment due to the ST is maintained.

(a) FLP-layout with (b) FLP-layout with

non-rectangular non-rectangular
facilities. area.

(c) FLP-layout in
ellipse form.

Figure 4: Representation of possible FLP-layout without the
limitation of rectangular shapes.

6 Conclusion

In summary, it can be said that in this publication a
practical FLP approach for the generation of layouts
for production environments taking into account the re-
quirements for the use in an AGV-System is presented.
Each resulting layout of our approach can be used in an
AGV-System.

For future research work, on the one hand, optimization
should be carried out with regard to the runtime, so that
more layouts can be calculated in less time. This in-
creases the probability of a good result. Furthermore,
some aspects should be optimized further, such as the
question whether transfer areas should be chosen that
are adapted to the transport intensities of the facilities.
Thus, facilities with high transport intensities could be
approached by more AGVs at the same time. Also the
procedure for determining the I/O points and thus the
positioning of the I/O areas can be adapted, as it is based
on the procedure of [9], it is also possible to drive along
the outer edges (=boundaries of the facilities).

sne 34062024 S
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In reality, however, after insertion of the aisle struc-
ture, this is hardly possible, as additional space would
be required. Furthermore, the routing itself can be ex-
changed, for example by using a more practical anytime
routing method.

In contrast to the stacked planning CCBS [17, 16],
with anytime routing, e.g. CARP [5], an AGV can di-
rectly receive a new transport order as soon as the pre-
vious one has been completed, without having to wait
for the completion of transport orders from the other
AGVs.
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Abstract. The article discusses the challenges posed by
increased individualization of products, shorter product
life cycles, and external factors on the flexibility of modern
production systems.

In particular, flexible workshop-oriented manufacturing
principles are being implemented to replace or supple-
ment traditional assembly lines, with various terms such
as "modular assembly" and "matrix production" etc. used
to describe similar concepts. The article presents these
concepts under the umbrella term of modular production
or assembly systems, which utilize adaptable work-
stations and autonomous vehicles to transport produc-
tion orders between stations.

The design of such systems is crucial to their perfor-
mance, with considerations such as task allocation, mate-
rial supply, and fleet sizing requiring complex interplay.
The article compares traditional matrix layouts with alter-
native options, such as single-lane pathways and non-ma-
trix layouts like honeycomb or star shapes, using simula-
tion-based analysis to evaluate their potential impact on
system performance.

Introduction

New challenges based on increased individualization of
products, shorter product life cycles, externa influences,
etc. [18] lead to increased requirements regarding the
flexibility of modern production systems. Final assembly
in particular must be able to react flexibly to changing
conditions and requirements without neglecting the eco-
nomic efficiency of product assembly or the various
product variants[7, 8, 22].

One of the main planning problems here is that the
individual tasks (process steps) can be very different, and
it istherefore almost impossible to define a uniform sys-
tem cycle time, see Figure 1. Furthermore, it is increas-
ingly desirable to realize changes in the production sys-
tem without or at least with very little interruption to the
production process.

time

Uniform Overload
CYCIE HiME i o s e s s s e s

. Waiting
INAIVIHUE] o e s

process
LN N

Assembly
Process  Process Process Process  Process order
Step 1 Step 2 Step 3 Step 4 Step 5
Work Work Work Work Work

Station 1 Station 2 Station 3  Station4  Station 5

Figure 1: Individual process times vs. uniform cycle time [13].

Traditional flow shop/line production sometimes
reaches its limits and is replaced or supplemented by
more flexible, workshop-oriented production principles.

A number of pilot projects can be observed in the au-
tomotive industry in particular [12], in which different
players describe similar concepts using different terms
that sometimes only differ in detail. For example, terms
such as "modular assembly" [1, 15], "Flexi-Line" [19],
"fully flexible factory" [6], or "matrix production" [13]
can be found in the literature.

The common goal of al these approachesisto manu-
facture severa product types or their variants efficiently
in the same production facility and, in the best case, to
avoid lengthy conversions or new builds when introduc-
ing new products. In the best-case scenario, new products
can even be introduced without interrupting ongoing op-
erations[10]. In this article, these concepts are subsumed
under the collective term modular production or assem-
bly systems.

SNE 34(2) - 6/2024  klelk




Bergmann & Ehrle Basic Layouts for Modular Assembly Systems - a Comparison

Such modular production or assembly systems con-
sist of adaptable workstations (production cells) with
their specific tools and trained personnel, at which one or
usualy severa different production or assembly activi-
ties (tasks) can be carried out. The production orders, in
the case of final car assembly the car bodies, are trans-
ported using automated guided vehicles (AGVs). The
specific routing is determined ad hoc by the system, tak-
ing into account the existing technical restrictions and the
individual task packages of the products or product vari-
ants to be manufactured as well as the current status of
the overall system [8, 14].

According to Kern [15], the main features of modular
assembly systems can be summarized as follows:

o Decoupled stations, in particular the elimination of cy-
cles and assembly lines,

o self-control, both at the level of orders and of al re-
sources,

e integrated processes, particularly with regard to logis-
tics, materia provision and quality management, and

o the ability to adapt to changing requirements over
time.

The most obviousinitial challengeisthe operational con-

trol of such systems. For example, various levels must be

considered when controlling the AGVs alone [8, 9], see

Figure 2.

Furthermore, the material supply of the production
cells is also a non-trivial task with very specific addi-
tional requirements.

In addition to the control system, the system designis
crucial for the performance of the entire production sys-
tem. When designing a modular production system, var-
ious design dimensions, which are already complex in
themselves, must be considered in their interactions. For
example, the alocation of activities/skills to production
cells, i.e. which production steps are possible on which
production cells, isacrucial point [2, 3]. The design and
dimensioning of the AGV fleet, the number and training
of workers and much more must also be considered.

Level I: Definition of task and destination

Level II: Routing and pathfinding

Level IlI: Collision detection and
prevention
Level IV: Sensors
and actuators

Figure 2: Hierarchy of decision-making [9].
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In the vast majority of cases, the production cells have
so far been positioned in a chessboard/matrix arrange-
ment with often complete two-lane path systems in the
hall layout [13]. This article will use a simulation-based
comparison to investigate whether thereis general poten-
tial for improvement here or whether other equivalent or
even better alternatives are conceivable. On the one hand,
deviating path topologies for matrix layouts, e.g. single-
lane paths or incomplete path networks, will be exam-
ined. On the other hand, deviating basic layouts, e.g. an
arrangement of the production cell in the form of honey-
combs’hexagonal or in astar layout, will be examined. In
particular, the achievable system performance (through-
put, workloads, etc.) as well as the utilization of the
routes, the congestion behaviour of the AGVs or the
space requirements of the route network, among other
things, must be examined.

In addition, the interaction between the layout and the
allocation of activities/skills to production cells will be
shown using an initial small test setup.

Thearticle, whichisan extended version of thearticle
published at ASIM Dedicated Conference 2023 [4], is
structured as follows: The introduction introduces the
topic of the article and clarifies the motivation. This is
followed by abrief description of the current state of re-
search and the necessary theoretical foundations on the
subject of modular production systems, in particular their
layout. Building on this, the main part of the article first
presents a basic comparative scenario of realistic modu-
lar production as well as various layout variants. Where
necessary, assumptions and restrictions are discussed.
Furthermore, the results of initial simulation experiments
on the individual layout variants are briefly presented, as
well as ashort excursus on the effects of different alloca-
tion of activities/skills to production cells. A critical as-
sessment and an attempt to generalize the findings are
also made. The article closes with a conclusion and an
outlook on further interesting research opportunities in
the context of modular production.

1 Layouts of Modular Assembly
Systems

In modular assembly systems, which are largely used
synonymously for a number of similar termsin this arti-
cle, the principle of flow production that has often pre-
vailed in final assembly to date is replaced by a more
workshop-oriented assembly.

7,
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Such systems can often also be understood as cyber-
physical systems, whereby the use of data, e.g. sensor
data and automated transport systems, enables a certain
degree of decentralized autonomous control that can re-
act to the individual situation of the assembly system at
any time [5, 15, 16].

Such systems are characterized in particular by

o decoupled workstations (production cells) with indi-
vidual cycletimes,

o several activities/ skills per production cell,

e redundancies of skills on different production cells
and

o flexible material flows by means of AGV's (automated
guided vehicles).

When designing modular assembly systems, various de-
sign dimensions must be taken into account, which often
interact with each other. These include

o the assignment of activities/skills to production cells
(3],

o the design of the control of production orders includ-
ing AGVs[10],

o the planning of material supply [11] and

e the distribution and arrangement of the production
cells (layout).

This article focuses on the influence of layout on the per-
formance of modular assembly systems, although there
are significant interactions with other design dimensions,
e.g. in the allocation of activities/skills to production
cells, control strategies, etc.

In the following, layout is understood as the result of
layout planning, i.e. the (often graphical) spatial arrange-
ment of the structural and functional elements relevant to
production [17, 20]. One subtask is the planning of
transport routes and material flows, which has a signifi-
cant influence on system performance [20]. As flexible
transportation systems such as AGV sare used in modular
assembly systems, the route network and buffers, both at
production cells and in the warehouse etc., are particu-
larly relevant.

Currently, matrix or chessboard-like arrangements
are common in the mostly rectangular hals, in which
complete two-lane road networks that can bedrivenonin
both directions usually predominate [10, 21].

To evauate the performance of modular assembly
systems, the broad portfolio of key figures from the con-
text of factory planning [20] can be used.

In thefollowing, static indicators such as the required
space, the total length of the route network and the pro-
portion of routes in the total area are calculated and indi-
cators such as the throughput, the average throughput
time per product type, the average travel distance/travel
time per product and the utilization of the routes are de-
termined by means of simulation experiments.

2 Simulation-based Comparison of
Basic Layouts Using a Case Study

Before, as promised, various aternative layouts with the
corresponding route networks are considered, a scenario
for a modular assembly system will first be introduced.
The scenario is designed in such a way that it is suffi-
ciently complex and takes into account many factors
known from practice. At the sametime, it is explainable
and can be described within the scope of the article.

The following assumptions and characteristics are
used as a basis: the area available for modular assembly
is max. 80x70m, 16 possible production cells (each with
its own buffer areafor 3 AGVs) are planned. Production
cellstake up approx. 11x11m of hall space. Lanesrequire
aminimum width of 2m per lane.

production cell no assigned activities
I A,B,H
I C D,E
" A,B,H
v C,DE
V J F

Vi JF
VI G, |
VI G,

IX R, ST
X R, ST
Xl K,M,P
Xl K,M,P
X1 O, L
X1V o,L
XV N, Q
XVI N, Q

Table 1: basic scenario assignment of activities to
production cells.
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A — E H Iptheevent of atiebgtvyeen several cells, the closest
- cell is approached. If this is dso not clear, a random

é choiceis made.
.L G }— J |— The selection of the control method influences the
D performance of the modular production system and it can
_F s also be assumed that there is an interaction between the
| _.;f’pl\‘-| control and the layout, which is neglected in the follow-
K ing explanations.
L "N
M —
Q. a. Two-lane route
— e
T
A — E —H
B
L G )
F
K [\
N |
M —_—
%]—»T |
S

Figure 3: Priority graphs for product 1 (top) and product 2
(bottom).

The assignment of activities to production cells (see Ta-
ble 1) was defined in advance and is comparable for all
basic scenarios. Alternative assignments are introduced
in the explanations of the effects of the assignment in in-
teraction with the layouts.

Basicaly, between two and three different activi-
ties/assembly steps are assigned to each production cell.
In addition, two product types were defined that occur
with equal frequency. Each product type has up to 18 pro-
duction steps and has its own priority graph (see Figure
3) aswell asindividua processing times.

AGV control is decentralised and rule-based. Specif-
icaly, from the possible production cell, which depend
on the currently possible assembly steps, the AGV s select
the one with the shortest queue or the one that is not yet
occupied.

Figure 4: Three variants of matrix layouts.
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Furthermore: thg number of AGV's and thgs the num- a. Two-lane route
ber of orders active in the system at the same time was set ¢ RPN

to 22 based on preliminary experiments. For the material
supply, shopping baskets are assumed which are on there-
spective AGV sfrom the outset. This meansthat an explicit
mapping of the material supply can initially be abstracted.
The simulation time in the Siemens Plant Simulation sim-
ulator was 144 hours (6 days) per experiment run.

In addition to the classic matrix arrangement already
mentioned (Figure 4, top) with a complete two-lane route
system, 6 other layouts or route network variants were
compared (see Figure4, Figure 5, and Figure 6). It should
be noted that the idea of a free arrangement of stations
without fixed routes was initialy rejected for this com-
parison due to the lack of comparability.

In addition to the obvious visual differences between
the basic variants matrix layout (see Figure 4), honey-
comb/hexagonal layout (see Figure 5), and star layout
(see Figure 6), the detailed design of the road networksis
of particular interest. For al two-lane road systems, it is
assumed that al roads have two lanes and are therefore 4
meters wide. This not only enables overtaking, but also
allows AGVsto meet on one section of the route. In con-

trast, all single-lane path systems are assumed to be one- Figure 5: Two variants of honeycomb/hexagonal
way streetsin order to avoid deadlocks. It is essential to layouts.
ensure that there are no dead ends. a. Two-lane route

Thetwo variants referred to as "mixed road systems'
are special cases in which both two-lane and single-lane
roads are present in the road network. In the mixed matrix
arrangement, the paths at the top and bottom are two-
lane, while all vertical pathsin theillustration are single-
lane. The direction of the single-lane paths is aternating.
In the star-flow arrangement, single and double-track paths
are also used in the mixed path system. In concrete terms,
the inner ring is a one-lane road and therefore one-way.

Base Path

Total
layout . area area
length / width (7] 7]

Matrix 2-lane | 64m/ 64m 4.096 2.146
Matrix 1-lane | 54m/54m 2916 977
Matrix mix 58m / 55m 3.190 902
Hex 2-lane 80m/ 68,5m 4.385 2221
Hex 1-lane 68m / 58,5m 3.318 1.017
Star 2-lane 62m/ 62m 2.907 647
Star mix 62m/ 62m 2.907 499

Table 2: Area comparison of the implemented layout and

route network variants. Figure 6: Two variants of a star layout.
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As aready mentioned, initial key performance indi-
catorsfor theindividual layouts can aready be calculated
without simulation experiments. The required area and
the proportion of paths in the total area differ considera-
bly in some cases (see Table 2).

It is clear to see that the star layout, which at first
glance appears quite unusual, has the smallest area re-
quirement in this scenario, whereby the free space cre-
ated in the interior has been deducted here. However, the
practical scalability of this layout to more stations is
doubtful. It can also be seen that single-lane routes gen-
erally require less space and that the honeycomb / hexag-
onal layoutsrequire adightly larger area overall than the
classic matrix layout. But, it should be noted that the hon-
eycomb/hexagonal layouts have negative edge surfaces
(half hexagons) and that one hexagonal remains com-
pletely free. These free areas could possibly be used for
other purposes in practice. It can also be assumed that
there is further potentia for saving space with non-rec-
tangular production cells, ideally also designed as hexa-
gons.

Using simulation, a screenshot of the modd for the
honeycomb layout is shown in Figure 7, further parame-
ters were determined for all 7 variants; the throughput,
the average travel distance per product and the average
travel time per product can be seen in Table 3. These
comparative values also show clear differences.
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Figure 7: Screenshot of the simulation model for the
honeycomb/hexagonal layout in the simulator
Siemens Plant Simulation.
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layout Through | Avg.route | Avg.
put [pcs] | length[m] | movement
time [min]
Matrix 2-lane 170 | 699,85 11,5
Matrix 1-lane 161 | 1.592,11 26,5
Matrix mix 171 | 1.482,82 245
Hex 2-lane 171 | 771,12 13,0
Hex 1-lane 170 | 1.381,15 23,0
Star 2-lane 112 | 605,04 10,0
Star mix 116 | 970,47 16,0

Table 3: Comparison of throughput, average route length,
and movement time of the layout variants.

A significantly lower throughput can be observed for
both star-shaped layouts, as blockages occurred in the
simulations that led to a complete standstill in produc-
tion. The single-lane matrix layout also achieves dightly
lower throughput values, asthe AGV's occasionally have
to wait in front of full buffers, which are then difficult to
avoid. Improved control of the AGVs or mechanisms to
prevent and eliminate blockages could possibly counter-
act this problem.

Such effects do not occur with two-lane matrix or
honeycomb/hexagonal layouts, as the lanes are not com-
pletely blocked and overtaking are possible. With the
mixed matrix layout, the possibility of overtaking on the
two-lane paths is obviously sufficient to avoid negative
effects. The single-lane honeycomb/hexagonal layout
shows surprising behaviour, with hardly any blockages
occurring despite the lack of overtaking opportunities.
This is due to the fact that there are often very good al-
ternative routes between two points. The fact that there
are no junctions with four entrances or exits also has a
positive effect, which significantly reduces the complex-
ity in the event of a conflict.

In general, however, it can be seen that transportation
times do not immediately affect throughput and should
therefore not be the main criterion for planning. In con-
trast, the occurrence of blockages is an important factor
that must be taken into account during planning.

In order to provide further insights, the last parameter
presented hereis the utilization of the routes. The analy-
sisof the utilization of the routes, based on the number of
trips per route segment, provides further insightsinto the
system. In order to makethe utilization of the routes more
comparable, all route segments or subsections were di-
vided into one of four classes.

7,
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The classification is based on the number of journeys
made on the respective route segments. These classes
serve to better differentiate the utilization and allow a
comparison of the routes so that bottlenecks and conges-
tion can be identified. The classes are as follows: Green
0-499 travel orders (very low utilization), Yellow 450-
899 travel orders (medium utilization), Orange 900-1349
travel orders (high utilization), and Red 1350-1800 travel
orders (very high utilization). Table 4 shows the results
of thisanalysis.

It can be seen that in the two-lane matrix and honey-
comb/hexagonal layouts, the utilization of the routes is
lower overall, as vehicles have the opportunity to over-
take and/or use aternative routes. The utilization values
tend to be higher for the single-lane routes, as there are
no overtaking opportunities and vehicles may have to
wait. Interestingly, the star-shaped layouts have lower
utilization values, despite the blockages and lower
throughput.

This is because the routes inside the star, where the
blockages occur, have fewer trips due to the production
standstill. The routes outside the star, on the other hand,
are relatively free and therefore have lower utilization
values.

With single-lane or mixed matrix layouts, on the other
hand, a small number of the routes are used much more
frequently (orange and red). It can be assumed that this
effect can possibly be reduced, but probably not com-
pletely eliminated, by adjusting the distribution of activ-
ities on the production cells or optimizing the AGV con-
trol strategies.

With single-lane or mixed matrix layouts, on the other
hand, a small number of the routes are used much more
frequently (orange and red).

Figure 8: Visualization of the utilization of the routes for
the single-lane honeycomb/hexagonal layout.

It can be assumed that this effect can possibly be reduced,
but probably not completely eliminated, by adjusting the
distribution of activities on the production cells or opti-
mizing the AGV control strategies.

Again, the single-lane honeycomb/hexagonal layout
provesto be surprisingly robust in the test, in which some
routes have a higher utilization than in the two-lane case,
but no very highly utilized routes (red) occur. The visu-
alization of the path utilization, as shown in Figure 8 for
the single-lane version, can provide additional insights
into problematic areas of the modular assembly system.

The experiments conducted so far do not provide any
definitive and generally valid results regarding the ad-
vantages of a specific layout for any modular assembly
system.

layout Number of route segments per class Total number of
Green Yellow Orange Red path segments
(0-449) (450-899) (900-1349) | (1350-1800)

Matrix 2-lane 85 13 0 0 98

Matrix 1-lane 58 28 16 17 119

Matrix mix 25 25 26 10 86

Hex 2-lane 94 20 0 0 114

Hex 1-lane 56 28 30 114

Star 2-lane 16 16 0 0 32

Star mix 13 3 0 16 32

Table 4: Utilization of the route system of the implemented layout variants.
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Figure 9: Cell Position in the matrix layout (top) and the
honeycomb/hexagonal layout (bottom).

Nevertheless, it can already be summarized that the lay-
out apart from the classic matrix arrangement represents
a previously underestimated design factor. The single-
track honeycomb/hexagonal layout in particular shows
potential in the results presented. They offer agood com-
promise between system performance and space require-
ments.

If edge areas (half honeycombs) can be used sensibly
and the production cells are not restricted to rectangular
layouts, but can ideally be designed in the form of hexa-
gons, the honeycomb/hexagonal layout could represent a
serious alternative to classic matrix layouts.

On the other hand, layouts that tend to block, such as
star layouts, are not suitable. If such layouts are chosen,
it is essential to implement mechanisms to prevent and
eliminate blockages.

0l SNE 34(2) - 6/2024

Short Excursus on the Effects of Different
Allocation of Activities/Skills to Production Cells

As already mentioned, it can be assumed that there are
dependencies between the design dimensions of modular
production systems, so that it is relatively obvious to as-
sume interactions between the assignment of tasksto pro-
duction cells and the layout.

The following is not a comprehensive study on this
topic, but the interactions are shown and qualitatively
evauated in arather small-scale experimental setup.

Therefore, only two layoutsare considered for thefol-
lowing analyses: the two-lane matrix layout and the two-
lane honeycomb layout (Figure 9). In order to minimize
the direct effects of activity allocation, which have been
shown to be very significant (see [3]), no changes are
made to the combinations of activities on the cellsin the
experiments. For example, there are always two cells (I
and I11) in the system that have the combination of activ-
ities A, B, H. All 16 combinations can be looked up in
Table 1.

In the experiment, only the positiong/station numbers
are varied, e.g. in the first experiment the positions of
production cell 1 and V, Il and VI etc. are swapped. A
total of 5 variants were simulated in both layouts, see Ta-
ble 5.

Position | production cell in variant:

inthe 1 2 3 4 5

layout (base)
1 | V 1 v \all
2 I i I " IX
3 Il VI v I 11
4 v VIl " I X1l
5 \Y | A\ VI \
6 VI I Y, VI Xl
7 Vil " VIl A XV
8 VIl v Vil vV I
9 IX X1 X Xl Xll
10 X XIV IX XI Y,
11 Xl XV Xll X Vil
12 XIl XVI XI IX XV
13 X1l IX XIV | XVI I
14 XV | X X1 XV X
15 XV XI XVI XIV | XVI
16 XVI XIl XV X1 v

Table 5: Cell positioning variants.
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Theanalysisof the simulation data showed that, at |east
inthis case study and the selected cell positioning variants,
there was hardly any influence on throughput, station uti-
lization, etc. For example, the throughput in the experi-
ments deviated upwards or downwards by less than 1%.

Only the utilization of individual routes changed,
whereby here too there were no critical (red) loads on
routes in any variant, but rather moderate shifts in the
loads on routes. Only the matrix layout in variant 5 re-
sulted in a high but not yet critical load on the central
intersection, which was already over-utilized in all sce-
narios. Otherwise, the class distribution compared to the
basic variant (see Table 4) was amost identical for all
variants.

In summary, it can be said that interactions were
shown to be weaker than initially expected; further inves-
tigationsin other layouts and in combination with differ-
ent ability distributions seem advisable.

3 Conclusion and Outlook

Inthisarticle, asimulation-based comparison of different
layouts and route network topologies for modular assem-
bly was carried out. A fictitious scenario was used, and
although the results are certainly not universally valid, it
was at |east possible to show the potential of non-classi-
cal matrix arrangements and the influence of the design
of the route networks.

Further considerations on layouts and route network
topologies for modular assembly systems are certainly
appropriate. Several limitations were encountered in our
analysis. On one hand, not all possible variants were con-
sidered; for example, freely positioned production cells
without an explicit route network were excluded dueto a
lack of direct comparability. On the other hand, further
investigations are necessary. ldeally, thesewould involve
real-world scenarios to enable more generally valid con-
clusions.

Furthermore, some points are still need additional re-
search. For example, the supply of materials for modular
assembly systems has hardly been investigated to date.
The article assumed a supply with a shopping basket,
which is not always possible in practice. However, other
material supply concepts may lead to additional traffic on
the routes and thus to a considerable increase in the load
on these routes, which may increase the risk of block-
ages, etc.

Furthermore, despite individual publications on this
topic, thereis still considerable potential for research into
the control of modular assembly systems.

Finally, atransition from partial considerationsto ho-
listic approaches will be necessary in the medium term
because, for example, as indicated here, decisions such
as the assignment of tasks to workstations are closely
linked to layout design, material supply and control. The
excursus on selecting the station positioning could pro-
vide asmall insight here.

However, mastering the complexity of such compre-
hensive approaches represents a major challenge.

Furthermore, fundamental research topics from the
world of simulation are also relevant here. On the one
hand, Al and simulation isan exciting subject area, where
awidevariety of approachesare conceivable, e.g. for sys-
tem control or system design, but also for analyzing ex-
periments or communicating the results.

On the other hand, automation and support for model
generation continue to be an issue; in addition to classic
data-driven approaches, Al-based methods can also help
to achieve good simulation models more quickly.
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Calasanz 31, 26004 Logrofio (La Rioja), Spain

@' CSSS - Czech and Slovak
csss Simulation Society
CSSS isthe Simulation Society with membersfrom the two

countries: Czech Republic and Slovakia. The CSSShistory
goes back to 1964.

Michal Stepanovsky
michal.stepanovsky@fit.cvut.cz

Vice President | Mikulas Alexik, alexik@frtk.fri.utc.sk

President

Contact Information
cssim.cz
michal.stepanovsky@fit.cvut.cz

CSSS — Cesky a Slovensky spolek pro simulaci
systému, Novotného lavka 200/5,
11000 Praha 1, Ceska republika

DBSS.i DBSS - Dutch Benelux
i syt Simulation Society
The Dutch Benelux Smulation Society (DBSS) was

founded in July 1986 in order to create an organisation of
simulation professionals within the Dutch language area.

President M. Mujica Mota,

m.mujica.mota@hva.nl

Vice President |A. Heemink,
a.w.heemink@its.tudelft.nl

Secretary P. M. Scala, paolo.scala@fedex.com

P
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Contact Information
www.DutchBSS.org
a.w.heemink@its.tudelft.nl

DBSS / A. W. Heemink, Delft University of Technol-
ogy, ITS — twi, Mekelweg 4, 2628 CD Delft, The
Netherlands

KA-SIM Kosovo Simulation Society

The Kosova Association for Modeling and Simulation
(KA-SIM) is closely connected to the University for Busi-
ness and Technology (UBT) in Kosovo.

President Edmond Hajrizi, ehajrizi@ubt-uni.net

Vice President | Muzafer Shala, info@ka-sim.com

Contact Information
www.ubt-uni.net
ehajrizi@ubt-uni.net

Dr. Edmond Hajrizi
Univ. for Business and Technology (UBT)
Lagjja Kalabria p.n., 10000 Prishtina, Kosovo

m\ LIOPHANT Simulation

LIOPHANT Simulation is a non-profit association born in
order to be a trait-d'union among simulation devel opers
and users; LIOPHANT is devoted to promote and diffuse
the simulation techniques and methodologies; the Asso-
ciation promotes exchange of students, sabbatical years,
organization of International Conferences, courses and
internships focused on M& S applications.

President A.G. Bruzzone, agostino@itim.unige.it

Director E. Bocca, enrico.bocca@liophant.org

Contact Information
www.liophant.org
info@liophant.org

LIOPHANT Simulation, c/o Agostino G. Bruzzone,
DIME, University of Genoa, Savona Campus, via
Molinero 1, 17100 Savona (SV), Italy

LSS — Latvian Simulation Society

The Latvian Simulation Society (L SS) has been founded
in 1990 as the first professional simulation organisation
in the field of Modelling and simulation in the post-So-
viet area

President Artis Teilans, Artis.Teilans@rta.lv

Vice President | Oksana Kuznecova,
Oksana.Kuznecova@rtu.lv

Contact Information
www.itl.rtu.lv/imb/
Artis.Teilans@rta.lv, Egils.Ginters@rtu.lv

LSS, Dept. of Modelling and Simulation, Riga Tech-
nical University, Kalku street 1, Riga, LV-1658, Latvia

ﬁ) NSSM - National Society for

nanm  Slmulation Modelling (Russia)

NSSM — The National Society for Simulation Modelling
(HarmonansHoe O6mectBo Mmutammonnoro Mojenu-
posanus — HOMM) was officially registered in Russiain
2011.

President R. M. Yusupov, yusupov@iias.spb.su

Chairman |A. Plotnikov, plotnikov@sstc.spb.ru

Contact Information
www.simulation.su
yusupov@iias.spb.su

NSSM/ R. M. Yusupov, St. Petersburg Institute of In-
formatics and Automation RAS, 199178, St. Peters-
burg, 14th line, h. 39

PTSK — Polish Society for Computer
Simulation

PTSK is a scientific, non-profit association of members
from universities, research institutes and industry in Po-
land with common interests in variety of methods of
computer simulations and its applications.

President Tadeusz Nowicki,

Tadeusz.Nowicki@wat.edu.pl

Vice President |Leon Bobrowski, leon@ibib.waw.pl

Contact Information
www.ptsk.pl
leon@ibib.waw.pl

PSCS, 00-908 Warszawa 49, ul. Gen. Witolda Ur-
banowicza 2, pok. 222
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SIMS - Scandinavian Simulation Society

SIMS is the Scandinavian Simulation Society with mem-
bers from the five Nordic countries Denmark, Finland,
Norway, Sweden and Iceland. The SIMS history goes
back to 1959.

President Tiina Komulainen,

tiina.komulainen@oslomet.no
Erik Dahlquist, erik.dahlquist@mdh.se

Vice President

Contact Information
WWww.scansims.org
vadime@wolfram.com

Vadim Engelson, Wolfram MathCore AB,
Teknikringen 1E, 58330, Linkdping, Sweden

FS,M SLOSIM - Slovenian Society
) for Simulation and Modelling

The Slovenian Society for Simulation and Modelling was
established in 1994. It promotes modelling and simula-
tion approaches to problem solving in industrial and in
academic environments by establishing communication
and cooperation among corresponding teams.

President Goran Andonovski,

goran.andonovski@fe.uni-lj.si

Vice President |Bozidar Sarler,

bozidar.sarler@fs.uni-lj.si

Contact Information
www.slosim.si
slosim@fe.uni-lj.si, vito.logar@fe.uni-lj.si

SLOSIM, Fakulteta za elektrotehniko, Trzaska 25,
SI-1000, Ljubljana, Slovenija

UKSIM - United Kingdom Simulation Society

The UK Modelling & Simulation Society (UKSim) isthe
national UK society for all aspects of modelling and sim-
ulation, including continuous, discrete event, software
and hardware.

President David Al-Dabass,
david.al-dabass@ntu.ac.uk
Secretary | T. Bashford, tim.bashford@uwtsd.ac.uk

Contact Information
uksim.info
david.al-dabass@ntu.ac.uk

UKSIM / Prof. David Al-Dabass, Computing & Infor-
matics, Nottingham Trent University, Clifton lane,
Nottingham, NG11 8NS, United Kingdom

Observer Members

ROMSIM - Romanian Modelling and
Simulation Society

ROMSIM has been founded in 1990 as a non-profit soci-
ety, devoted to theoretical and applied aspects of model-
ling and simulation of systems.

Contact Information

florin_h2004@yahoo.com

ROMSIM / Florin Hartescu, National Institute for Re-
search in Informatics, Averescu Av. 8 — 10, 011455
Bucharest, Romania

ALBSIM - Albanian Simulation Society

The Albanian Simulation Society hasbeen initiated at the
Department of Statistics and Applied Informatics, Fac-
ulty of Economy at the University of Tirana, by Prof. Dr.
Kozeta Sevrani.

Contact Information
kozeta.sevrani@unitir.edu.al

Albanian Simulation Goup, attn. Kozeta Sevrani, Uni-
versity of Tirana, Faculty of Economy , rr. Elbasanit,
Tirana 355, Albania

Former Societies / Societies in
Re-organisation
e CROSSIM — Croatian Society for Smulation

Modelling
Contact: Tarzan Legovi¢, Tarzan.Legovic@irb.hr

e  FrancoSim — Société Francophone de Simulation

e  HSS —Hungarian Simulation Society
Contact: A. Gébor, andrasi.gabor @uni-bge.hu

e |SCS —Italian Society for Computer Simulation

The following societies have been formally terminated:

e MIMOS —talian Modeling & Simulation Association;
terminated end of 2020.

P
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Association
Simulation News

(ARGESIM)

ARGESIM isanon-profit association generally aiming for
dissemination of information on system simulation —
from research via development to applications of system
simulation. ARGESIM is closely co-operating with EU-
ROSIM, the Federation of European Simulation Societies,
and with ASIM, the German Simulation Society.
ARGESIM is an 'outsourced' activity from the Mathemat-
ical Modelling and Smulation Group of TU Wien, there
isalso close co-operation with TU Wien (organisationally
and personaly).

— Www.argesim.org
— office@argesim.org

— ARGESIM/Math. Modelling & Simulation Group,
Inst. of Analysis and Scientific Computing, TU Wien
Wiedner Hauptstrasse 8-10, 1040 Vienna, Austria
Attn. Prof. Dr. Felix Breitenecker

ARGESIM is following its aims and scope by the follow-

ing activities and projects:

e Publication of the scientific journal SNE —
Smulation Notes Europe (membership journa of
EUROSIM, the Federation of European Simulation
Societies) — www.sne-journal.org

e Organisation and Publication of the ARGESIM
Benchmarks for Modelling Approaches and Smu-
lation Implementations

e Publication of the series ARGESIM Reports for
monographs in system simulation, and proceedings
of simulation conferences and workshops

e Publication of the special series FBS Simulation —
Advances in Simulation / Fortschrittsberichte Simu-
lation - monographs in co-operation with ASIM,
the German Simulation Society

e  Support of the Conference Series MATHMOD
Vienna (triennial, in co-operation with EUROSIM,
ASIM, and TU Wien) —www.mathmod.at

e Administration of ASIM (German Simulation Soci-
ety) and administrative support for EUROSIM
WwWw.eurosim.info

e Simulation activitiesfor TU Wien

ARGESIM isaregistered non-profit association and areg-
istered publisher: ARGESIM Publisher Vienna, root ISBN
978-3-901608-xx-y and 978-3-903347-xx-y, root DOI
10.11128/z...zz.zz. Publication is open for ASIM and for
EUROSIM Member Societies.

SNE - Simulation
Notes Europe

SNE

The scientific journal SNE — Simulation Notes Europe
provides an international, high-quality forum for presen-
tation of new ideas and approaches in simulation — from
modelling to experiment anaysis, from implementation
to verification, from validation to identification, from nu-
mericsto visualisation —in context of the simulation pro-
cess. SNE puts special emphasis on the overall view in
simulation, and on comparative investigations.
Furthermore, SNE welcomes contributions on education
inffor/with simulation.

SNE is aso the forum for the ARGESIM Benchmarks
on Modelling Approaches and Smulation Implementa-
tions publishing benchmarks definitions, solutions, re-
ports and studies — including model sources viaweb.

SNE Editorial Office /ARGESIM

—www.sne-journal.org
office@sne-journal.org, eic@sne-journal.org

Johannes Tanzler (Layout, Organisation)
Irmgard Husinsky (Web, Electronic Publishing)
Felix Breitenecker EiC (Organisation, Authors)

ARGESIM/Math. Modelling & Simulation Group,
Inst. of Analysis and Scientific Computing, TU Wien
Wiedner Hauptstrasse 8-10, 1040 Vienna, Austria

SNE, primarily an electronic journal, follows an open ac-
cess strategy, with free download in a basic version
(B/W, low resolution graphics). SNE isthe official mem-
bership journal of EUROSIM, the Federation of European
Smulation Societies. Members of (most) EUROSIM Soci-
eties are entitled to download the full version of e-SNE
(colour, high-resolution graphics), and to access addi-
tional sources of benchmark publications, model sources,
etc. (group login for the ‘publication-active’ societies;
please contact your society). Furthermore, SNE offersEU-
ROSIM Societies apublication forum for post-conference
publication of the society’s international conferences,
and the possibility to compile thematic or event-based
SNE Special Issues.

Simulationists are invited to submit contributions of
any type — Technical Note, Short Note, Project Note, Edu-
cational Note, Benchmark Note, etc. viaSNE’ s website:

— www.snhe-journal.org
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ASIM Books — ASIM Book Series — ASIM Buchreihen

Simulation-based Optimization: Industrial Practice in Production and Logistics
Lothar Mérz, Markus Rabe, Oliver Rose (Eds.); to appear; ASIM Mitteilung 191

Energy-related Material Flow Simulation in Production and Logistics.
S. Wenzel, M. Rabe, S. Strassburger, C. von Viebahn (Eds.); Springer Cham 2023, print ISBN 978-3-031-34217-2,
elSBN 978-3-031-34218-9, DOl 10.1007/978-3-031-34218-9, ASIM Mitteilung 182

Kostensimulation - Grundlagen, Forschungsanséatze, Anwendungsbeispiele
T. Claus, F. Herrmann, E. Teich; Springer Gabler, Wiesbaden, 2019; Print ISBN 978-3-658-25167-3;
Online ISBN 978-3-658-25168-0; DOI 10.1007/978-3-658-25168-0; ASIM Mitteilung 169

Simulation und Optimierung in Produktion und Logistik: Praxisorientierter Leitfaden mit Fallbeispielen
L. Mérz, W. Krug, O. Rose, G. Weigert (Hrsg.); Springer-Verlag Berlin Heidelberg, 2010; VDI-Buch; ISBN 978-3-642-14535-3,
eBook ISBN 978-3-642-14536-0; DOI 10.1007/978-3-642-14536-0; ASIM Mitteilung 130
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Simulation in Production and Logistics 2023 — 20. ASIM Fachtagung Simulation in Produktion und Logistik

TU limenau, September 2023; S. Bergmann, N. Feldkamp, R. Souren, S..StraBburger (Hrsg.);

ASIM Mitteilung 187; ISBN ebook 978-3-86360-276-5, DOI: 10.22032/dbt.57476, Universitatsverlag llmenau, 2023
Proceedings Langbeitrdge ASIM Workshop 2023 STS/GMMS/EDU - ASIM Fachgruppenworkshop 2023

Univ. Magdeburg, Marz 2023; C. Krull; W. Commerell, U. Durak, A. Kérner, T. Pawletta (Hrsg.)

ARGESIM Report 21; ASIM Mitteilung 185; ISBN ebook 978-3-903347-61-8, DOI 10.11128/arep.21, ARGESIM Verlag, Wien, 2023
Kurzbeitrage & Abstract-Beitrage ASIM Workshop 2023 STS/GMMS/EDU - ASIM Fachgruppenworkshop 2023

Univ. Magdeburg, Marz 2023; C. Krull; W. Commerell, U. Durak, A. Kdrner, T. Pawletta (Hrsg.)

ARGESIM Report 22; ASIM Mitteilung 186; ISBN ebook 978-3-903347-62-5, DOI 10.11128/arep.22, ARGESIM Verlag, Wien, 2023
Proceedings Langbeitrage ASIM SST 2022 -26. ASIM Symposium Simulationstechnik, TU Wien, Juli 2022

F. Breitenecker, C. Deatcu, U. Durak, A. Kdrner, T. Pawletta (Hrsg.), ARGESIM Report 20; ASIM Mitteilung AM 180

ISBN ebook 978-3-901608-97-1, DOI 10.11128/arep.20, ARGESIM Verlag Wien, 2022

Proceedings Kurzbeitrdge ASIM SST 2022 -26. ASIM Symposium Simulationstechnik, TU Wien, Juli 2022
F. Breitenecker, C. Deatcu, U. Durak, A. Kdrner, T. Pawletta (Hrsg.), ARGESIM Report 19; ASIM Mitteilung AM 179
ISBN ebook 978-3-901608-96-4, DOI 10.11128/arep.19, ISBN print 978-3-901608-73-5, ARGESIM Verlag Wien, 2022

Simulation in Production and Logistics 2021 — 19. ASIM Fachtagung Simulation in Produktion und Logistik
Online Tagung, Sept. 2021, J. Franke, P. Schuderer (Hrsg.), Cuvillier Verlag, Gottingen, 2021,
ISBN print 978-3-73697-479-1; ISBN ebook 978-3-73696-479-2; ASIM Mitteilung AM177

Proceedings™

An Architecture for Model Behavior Generation for Multiple Simulators. H. Folkerts, FBS 42
ISBN ebook 978-3-903347-42-7, DOI 10.11128/fbs.32, ARGESIM Publ. Vienna,2024

Das Verhalten von Transuranelementen in Erdbdden - Theorie, Beprobung und radiochemische Analysen. K. Breitenecker,
FBS 41; ISBN ebook 978-3-903347-41-0, DOI 10.11128/fbs.41, 2024; ISBN print 978-3-901608-99-5, 2010; ARGESIM Publ. Vienna

Aufgabenorientierte Multi-Robotersteuerungen auf Basis des SBC-Frameworks und DEVS. B. Freymann, FBS 40
ISBN ebook2020_978-3-903347-40-3, DOI 10.11128/fbs.40, ARGESIM Publ. Vienna, 2022

Cooperative and Multirate Simulation: Analysis, Classification and New Hierarchical Approaches. I. Hafner, FBS39
ISBN ebook978-3-903347-39-7, DOI 10.11128/fbs.39, ARGESIM Publ. Vienna,2022

Die Bedeutung der Risikoanalyse fiir den Rechtsschutz bei automatisierten Verwaltungsstrafverfahren. T. Preif3, FBS 38
ISBN ebook 978-3-903347-38-0, DOI 10.11128/fbs.38, ARGESIM Publ. Vienna,2020

Methods for Hybrid Modeling and Simulation-Based Optimization in Energy-Aware Production Planning. B. Heinzl, FBS 37
ISBN ebook 978-3-903347-37-3, DOI 10.11128/fbs.37, ARGESIM Publ. Vienna,2020;

Konforme Abbildungen zur Simulation von Modellen mit verteilten Parametern. Martin Holzinger, FBS 36
ISBN ebook 978-3-903347-36-6, DOI 10.11128/fhs.36, ARGESIM Publ. Vienna, 2020

Fractional Diffusion by Random Walks on Hierarchical and Fractal Topological Structures. G. Schneckenreither, FBS 35
ISBN ebook 978-3-903347-35-9, DOI 10.11128/fbs.35, ARGESIM Publ. Vienna, 2024

A Framework Including Artificial Neural Networks in Modelling Hybrid Dynamical Systems. Stefanie Winkler, FBS 34
ISBN ebook 978-3-903347-34-2, DOI 10.11128/fbs.34, ARGESIM Publ. Vienna, 2020

Modelling Synthesis of Lattice Gas Cellular Automata and Random Walk and Application to Gluing of Bulk Material. C.R6Rler, FBS 33
ISBN ebook 978-3-903347-33-5, DOI 10.11128/fbs.33, ARGESIM Publ. Vienna, 2021

Combined Models of Pulse Wave and ECG Analysis for Risk Prediction in End-stage Renal Desease Patients. S. Hagmair, FBS 32
ISBN ebook 978-3-903347-32-8, DOI 10.11128/fbs.32, ARGESIM Publ. Vienna, 2024

Mathematical Models for Pulse Wave Analysis Considering Ventriculo-arterial Coupling in Systolic Heart Failure. S. Parragh, FBS 31
ISBN ebook 978-3-903347-31-1, DOI 10.11128/fbs.31, ARGESIM Publ. Vienna, 2024

Variantenmanagement in der Modellbildung und Simulation unter Verwendung des SES/MB Frameworks. A. Schmidt,
FBS 30; ISBN ebook 978-3-903347-30-4, DOI 10.11128/fbs.30, ARGESIM Verlag, Wien 2019

Classification of Microscopic Models with Respect to Aggregated System Behaviour. Martin Bicher, FBS 29
ISBN ebook 978-3-903347-29-8, DOI 10.11128/fbs.29, ARGESIM Publ. Vienna, 2020

Model Based Methods for Early Diagnosis of Cardiovascular Diseases. Martin Bachler, FBS 28
ISBN ebook 978-3-903347-28-1, DOI 10.11128/fbs.28, ARGESIM Publ. Vienna, 2024

* Download via ASIM www.asim-gi.org  Open Access - Basic Version ~ Member Access - Enhanced Version
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ASIM 2024

27th Symposium Simulation Technique

September 4-6, 2024, Universitidt der Bundeswehr, Munich, Germany

www.asim-gi.org/asim2024

2nd SIMS EUROSIM 2024 and 65th SIMS 2024
6 September 10-12, 2024, Oulu, Finland

www.scansims.org

I3M 2024

Int. Multidisciplinary Modeling & Simulation Multiconference
September 18-20, 2024, Tenerife, Spain
www.msc-les.org/i3m2024

2024 Winter Simulation Conference
December 15-18, 2024, Orlando, Florida

www.wintersim.org

MATHMOD 2025
February 19-21, 2025, Vienna, Austria

www.mathmod.at

ll Simulation in Produktion und Logistik
@ ASI M September 24-26, 2025, Dresden, Germany
‘Fachtagung www.asim-gi.org/spl2025

EUROSIM Congress 2026

6 July 2026, Italy

www.eurosim.info




ASIM 2024

www.asim-gi.org/asim2024 m._ _

Liriversitdr

27. Symposium Simulation Technique

September 4-6, 2024

Universitat der Bundeswehr Miinchen

The scope of the ASIM Symposium Simulation Technique — also including the workshop of the working
groups GMMS, STS, and EDU — covers basics, methods, and tools of modeling and simulation as well as all
areas of application (from engineering sciences to computer science, production and logistics, bio-,
environmental and geosciences, climate and ecosystem, up to training and education in modeling and
simulation.

Conference languages are German and English.

Submission of Short Contributions is possible until June 2, 2024

www.asim-gi.org/asim2024
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SIMULATION in Produktion und Logistik

24. - 26. SEPTEMBER 2025 | DRESDEN | GERMANY

As the largest European conference aiming simulation in the field of
production and logistics, biannually the ASIM conference “SIMULATION
in Produktion und Logistik“ provides an overview of trends, current
developments, and project highlights. Scientific papers and interesting
applications from industry are presented and discussed.

Giving the topic "The key role of simulation: Shaping the change.
Mastering challenges." we invite you to Dresden, Germany in September
2025. We are looking forward to your participation and an inspiring
conference.




