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Letter of the EUROSIM President

Dear Members, Colleagues and Friends of the EUROSIM Federation,

It iswith a heavy heart that | write to you today, following the passing in September of our dear
A friend and distinguished colleague Agostino Bruzzone of the University of Genoa. His leadership,
his commitment to our community of modelling & simulation scholars and practitioners and his
personal warmth and generosity will be profoundly missed. Under his presidency the Federation
maintained the high standards of scientific and professional excellence for which we are known
and hislegacy in terms of vision and friendship will always remain with us.

In the spirit of continuity and renewal, | have accepted the honour of serving as President of
EUROSM for the period until September 2026, when the Congress of EUROSIM will be held in
Genoa from 21-23 September 2026. | am deeply aware of the trust the Board and our member
societies have placed in me and | pledge to devote myself to our service and to our shared mission.

Looking ahead, my purpose is to build on the firm foundations laid by Agostino and his predecessors, while seeking to strengthen
EUROSIM’srole as Europe’s premier forum for modelling and simulation in industry, research and development. To that end, | will
try to enhance collaboration and connectivity across our network of member societies so that ideas, tools and experience flow
more freely between countries and between academia and industry.

I will also try to promote stronger links between industrial users, service providers and academic developers (e.g. identification of
possible joint research projects opportunities) thereby increasing visibility for the practical value of simulation in decision-making,
product development and systems engineering. Together with Agostino's group, we will prepare for the 2026 Congressin Genoa,
ensuring that it becomes a fruitful event rich in technical content, vibrant in networking, and forward-looking in topics (especially
around digital twins, Al-enabled simulation, hybrid human-machine modelling) so that EUROSM remains at the forefront of
change.

| also think that keeping working on strengthening publications and dissemination, in particular via our journal Smulation Notes
Europe (as already done by my predecessors), is something relevant so that our community’s work not only appears in proceedings
but leads to broader uptake and recognition in science and industry.

| believe that by aligning these priorities with the contributions of our member societies, we will not only honour Agostino's
memory, but advance EUROSIM to the next stage of its evolution — a Federation that is more connected, more visible and more
impactful than ever.

Your involvement matters.

In that spirit, | warmly invite you — as members, colleagues, partners —to share your ideas, to volunteer your time and expertise,
and to help shape our shared agenda. Whether this means proposing special sessions for the 2026 congress, nhominating emerging
talent for awards, or initiating industry-academia collaboration platforms, your contribution isinvaluable.

Itisa privilegeto serve as President of EUROSIM during this transition period. Together, let us honour our past, live our present
with commitment and purpose, and embrace the future with confidence and curiosity.

With sincere thanks for your support,
Francesco Longo, President of EUROSIM
Until September 2026 !

Francesco Longo, PhD

Full Professor of Industrial Systems Engineering

Director of Modeling & Simulation Center - Laboratory of Enterprise Solutions
DIMEG, University of Calabria

Via Ponte Pietro Bucci, Cubo 45C - Third floor, Rende (CS) - Italy

T +39 0984 494891] f.longo@unical.it
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Editorial

Dear Readers, Thislast issue of SNE Volume 35, SNE 35(4), again presents as first publication a Benchmark solution: ARGESM
Benchmark C22 * Non-standard Queuing Policies’ with STROBOSCOPE, and we hope for more solutions with this simulation
environment, and with other tools and alter native approaches.

And we continue the post-conference publications from ASIM Symposium 2024 (Munich), and we start with the post-conference
publications from ASM’s Workshop 2025 at DLR (April 2025). The topics of the contributions show the broad range of modelling
and simulation: a drilling force model in multibody system, the system identification of an omnidirectional test vehicle, an evaluation
method for simulation results, a procedural model for selecting decision support methods in production and logistics, and a clus-
tering-based approach to identify similar driving sections. For 2026 we are planning also post-conference publications from
MATHMOD 2025 (Vienna), ASM Production and Logistics 2025 (Dresden), and from other European simulation conferences.

We are happy that Liophant, the Italian member society of EUROSIM, will organize the next EUROSIM Congressin Italy:

the 12th EUROSIM Congress EUROSIM 2026, September 21-23, 2026, Genova, Italy (together with 13M 2026. But we also have
to announce sadly, that Agostino Bruzzone, well-known European simulationist, Liophant president and EUROSIM president, has
suddenly passed away — see the obituary in thisissue. Francesco Longo from Liophant and Univ. of Calabria has taken over
EUROSIM presidency and will organize EUROSIM 2026 in memoriam of Agostino Bruzzone (see also his Letter of the President).
| would like to thank all authorsfor their contributions, and many thanks to the SNE Editorial Office for layout, typesetting, prepa-
rations for printing, electronic publishing, and much more. And have a look at the info on EUROS M-related simulation events of
the years 2025 and 2026: Winter Sm 2025 December in Seattle, further conferences of the EUROSIM societiesin 2026, e.g. SMS
2026 in September in Eskilstuna, Sveden, and the EUROSIM Congress 2026 and 13M 2026 in September in Genova.

Felix Breitenecker, SNE Editor-in-Chief, eic@sne-journal.org; felix.breitenecker @tuwien.ac.at
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Abstract. The STROBOSCOPE simulation system is used
to model a queueing system with four servers, each with
its own dynamically changing queue, where entities are
initially assigned to each of four queues based on mini-
mum gueue length. In addition to the base case, alterna-
tives examined include jockeying from one queue to a
shorter queue, reneging (leaving the system) if the waiting
time exceeds a limit, and serving entities based on classes.

Introduction

ARGESIM Benchmark C22 [1] investigates how to
model FIFO queues that include additional dynamic be-
haviour. In the base system, arriving entities can be
served by one of four servers, each with its own queue,
where entities choose the shortest queue to join upon ar-
rival. In ajockeying system, queued entities observe the
dynamic size of all queues and switch to a shorter queue
when possible. In a reneging system, queued entities
grow impatient if their waiting time exceeds a set limit
and depart from the system without being served. In a
classing system, arriving entities are assigned to different
classes and are served in groups according to their class.

These four queueing systems were modelled in
STROBOSCOPE [2] (an acronym for State and Re-
source-Based Simulation of Construction Processes).
STROBOSCOFPE is a free-to-use genera-purpose dis-
crete-event simulation language and system co-devel-
oped by thefirst author. Its simulation models use graph-
ical networks (similar to activity cycle diagrams) to com-
municate easily to others the main modelling elements
(queues, activities, links, etc.).

The complete models are defined in text files with
statements written in the STROBOSCOPE language.
These statements define the resources and their proper-
ties, the attributes and behaviour of the network model-
ling elements, the logic by which resources and network
elementsinteract, the definition of auxiliary objects (such
as for the collection of custom statistics), the initializa-
tion of queues with resources, the overall control of the
simulation, etc.

The design of STROBOSCOPE is based on three-
phase activity scanning that can easily model the com-
plex resource interactions that characterize cyclic opera
tions. In STROBOSCOPE, there is no distinction be-
tween resources that serve (servers or scarce resources)
and those served (customers or moving entities).

Resources can be

(a) generic resources (i.e., without attributes),

(b) characterized resources that are objects that
belong to types (genera classes) and to specific
subtypes (subclasses with specific properties), and

(c) compound resources that have types (general
classes) and which can be assembled by
combining any number of other resources.

For example, the resources “bus’ and its “passengers’
can be assembled into one compound resource object
caled a “loaded bus’ that can flow through queues and
activities as one object. Each characterized and com-
pound resource can have its own dynamic properties.

During simulation, resources spend time in queues or
in activity instances. An arriving entity, for example, en-
ters a queue where it waits conditionally until it can be
served. When the entity reaches the front of the queue,
and when the associated server becomes free, a new in-
stance of the service activity can be created and draw
both the entity and the server from their respective
gueues. The duration of the service activity instance is
the required service time.
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The relative order in which activities create instances
and draw resources from preceding queues (if they could
start at the same simulation time) is controlled by their
priorities which are evaluated dynamically while the
simulation runs. Similarly, the order in which resources
are arranged in a queue is controlled by a user-defined
discipline that is evaluated dynamically each time a new
resource enters a queue. The order, filter, and number of
resources drawn from aqueue by alink are also dynamic.

The following models make heavy use of STROBO-
SCOPE filters. Filters are powerful objects that can be
attached to queues or activities and that define the criteria
for creating dynamic subsets of the resources that are cur-
rently in a queue or an activity instance. Moreover, two
filters can call each other and create complex constructs
that filter two queues at the same time.

For example, two coupled filters working together can
create asubset of all entitiesin asingle queue (irrespective
of which actua physical queue they reside in) that can be
served by the subset of al currently idle servers.

The entities for al the models presented below wait
in asingle queue node called Q (instead of four separate
gueue nodes, Q1, Q2, Q3, Q4). Similarly, when idle, the
four servers wait in a single queue node called SQ (in-
stead of four separate queue nodes, SQ1, SQ2, SQ3, and
Q4). All models below utilize coupled filters to create
dynamic subsets and match waiting entities with their
corresponding servers.

There are several possible models for the C22 bench-
mark. The models below use a network with the fewest
nodes and links, and as aresult, require the most complex
filters. These models are available from the authors.

1 Basic Queuing System

The STROBOSCOPE network for all simulation models
(except for reneging) is shown in Fig. 1. This network
includes only one queue Q for all waiting entities, one
gueue SQ where al idle servers reside, and one Service
activity (instead of including four of each). The model
uses coupled filters to match entities to their servers.

In the deterministic model of the base system, entities
arrive every ta=1, select the shortest queue from among
four FIFO server queues, and store it in a SaveProp.

Each queue is served by a single server with service
timets=4.5. Simulation stops after ne=100 entities arrive.

The model defines two compound resource types:

COMPTYPE Entity; COMPTYPE Server;
SAVEPROPS Entity ServerID;

172 SNE 35(4) — 12/2025

SR1

SR2
EN1®EN2 o

Figure 1: STRBOSCOPE Simulation Model Network.

The SaveProp Server|D of the resource Entity isassigned
at runtime and stores the ResNum property (i.e., 1,2,3,4)
of the Entity’ s assigned Server.

Therelative order of eventsis controlled by the prior-
itiesof activities. Combi activity Service has ahigher pri-
ority to start and create an instance than IntArrival.

Thus, the order of events is as follows (important
when ending and starting activity events occur at the
same time).

1. Service ends. The idle Server is returned to SQ, and
the Entity that was in Service is terminated.

2. IntArrival ends: An Entity is generated and is assigned
a Server when it flows through link EN1 to queue Q.

3. Service starts: If any Entitiesin Q can be matched with
anidle Server in SQ, then anew Serviceinstance starts
and draws the first matched Entity and its Server.

4. IntArrival starts: A new IntArrival instance is created.

The assignment of a Server to an arriving Entity in (2)
considers both the number of Entities in Q aready as-
signed to each Server, as well as the Entity being served
by that Server. The counting of the Entitiesin Q that have
already been assigned to each Server is done with filters.

The matching of Entitiesin Q with their Serversin (3) is
done by the following two coupled filters as follows.

FILTER MatchedServers Server 1; /forward def

FILTER MatchedEntities Entity
SQ.MatchedServers.Count;

VARIABLE ChoiceOfCursoredEntity
'MatchedEntities.HasCursor?
MatchedEntities.ServerID :

FILTEREXP MatchedServers
'ResNum==ChoiceOfCursoredEntity’;

EN2.ServerID';

An instance of Service can start when the ENOUGH at-
tributes of its incoming links SR1 and EN2 return the
value true (i.e., any number greater than zero). Link SR2
has the default ENOUGH, which returns true when the
preceding queue SQ is not empty.



The more important ENOUGH is that of link EN2
(shown below) that applies filter MatchedEntities to
gueue Q to create the subset of Entities that have a free
Server in Q. If that subset is not empty, then a new in-
stance of Serviceis created.

ENOUGH EN2 'Q.MatchedEntities.Count';

The new instance of Service then draws resources
through its incoming links. First, it draws through link
EN2 the first Entity for which its Server is currently idle
in queue SQ. And then it draws through link SR1 the
matching Server (i.e., the one whose ResNum is the same
as the SaveProp ServerD of the Entity already drawn).

DRAWWHERE EN2 'SQ.MatchedServers.Count';
DRAWWHERE SR1
'ResNum==Service.Entity.ServerID';

1.1 Deterministic Basic Model Results

STROBOSCOPE can dynamically write data about the
state of the simulation to files. Figure 2 shows an exam-
ple Excel graph of thedatain such afilewiththelDs(i.e.,
ResNum) of the last 20 Entities vs. simulation time.
STROBOSCOPE dso has an add-on that can create Ex-
cel graphs of the contents of selected queues vs. simula-
tion time. Such agraph for queue Q isshownin Figure 2.
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Figure 2: Outgoing Entity IDs (ResNum) and total length of
queue Q for the base model.
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Table 1 shows statistics about the length Iy and the
waiting timetq; in Q, for the basic deterministic model.

|qt tq,i

SimTime Avg Max Avg Max
118 568 13.00 6.70 13.50

Table 1: Basic Deterministic Model Statistics.

1.2 Stochastic Basic Model Results

For the stochastic version of the base model, the number
of arriving Entities before simulation ends, and the dura-
tions of activities were as follows:
VARIABLE NE 500; /max arriving Entities
DURATION IntArrival Exponential[l]; /TA
DURATION Service Triangular([2.5,4.5,6.5];/TS

Table 2 shows the resulting statistics about the length ¢
and the waiting time tq; in queue Q, from three runs.

It tq,i

Run SmTime Avg Max Avg Max
1 577578 2734 64 3158 78.19

2 58133 2671 46 31.06 54.64
3 572973 3397 69 3893 79.32

Table 2: Basic Stochastic Model Statistics.

1.3 Variant Order of Concurrent Events

In the deterministic model, several concurrent events can
occur at the same time, and their relative order produces
different simulation results.

For example, the following order of concurrent events
occurs when activity IntArrival has ahigher priority than
activity Service:

1. IntArrival ends: An Entity is generated and is assigned
a Server when it flows through link EN1 to queue Q.

2. Service ends. Theidle Server isreturned to queue SQ,
and the Entity that wasin Serviceis terminated.

3.IntArrival starts: A new instanceis created.

4. Service starts: If any Entitiesin Q can be matched with

an idle Server in Q, then a new instance of Service
starts and draws the first matched Entity and its Server.

In thisvariant order of concurrent events, an arriving En-
tity isassigned a Server before the departing Entity in the
terminating instance of Serviceisreleased.
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Thus, the departing Entity is counted as still being in
Service at that Server (i.e., incorrectly) and changes the
assignment of a Server to the arriving Entity. The results
areshownin Figure 3. The statisticsareidentical to those
in Table 2.

Variant - Last 20 Entities, (Exit Time, ResNum)
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Figure 3: Outgoing Entity IDs (ResNum) and total queue Q
length for the variant basic model.

1.4 Large Version with 40 Queues
STROBOSCOPE has preprocessing statement capabili-
ties that enable scaling simulation models to any number
of queues, activities, links, resources, etc.

Here, the stochastic model was scaled to a larger
model asfollows:

No = 40, ta = Exponential[0.1], ne = 5000

The simulation results are shown in Table 3.

|qt tq,i
SimTime Avg Max Avg Max
57213 267.71 548 30.63 69.29

Table 3: Large Basic Stochastic Model Statistics
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2 Jockeying Queues

2.1 Model Description

In asystem with multiple queues, jockeying occurs when
an entity leaves its current queue to join a shorter queue.

In these simulation models, al Entities wait in queue
Q. Thus, jockeying simply requires changing their Save-
Prop ServerID from the currently assigned Server (with
the longer queue) to another Server (with a shorter
queue).

Thisisaccomplished asfollows, using filtersthat cre-
ate the appropriate logical subsets of Entities in Q to
make decisions and act (without the need to remove and
reinsert any Entity objectsin Q).

1. Jockeying may occur at the end of an instance of ac-
tivity Service when a Server returnsto queue SQ. This
reduces the Entities assigned to that Server by one.

2. At that point, the last Entity assigned to each of the
four Servers evaluates the minimum queue length for
the other three Servers, and if it is shorter than its own
queue by two Entities, then it changes its SaveProp
Server|D to the target Server with the shorter queue.

3.1n case of ties, the chosen target Server isthe onewith
the smallest Server ID (i.e., 1,2,3,4).

4. The comparisons and assignments in step (2) are done
inreverse order of Server |Ds, starting with the logical
queue (subset) for Server 4 and finishing with the log-
ical queue (subset) for Server 1.

2.2 Deterministic Jockeying Model Results

The result graphs for the jockeying model are shown in
Figure 4.

Thefirst five and last five jockeying events are shown in
Table 4. They are identical to the results shown in [3].

2.3 Stochastic Jockeying Model Results

The corresponding stochastic jockeying model was
obtained by changing the duration of activities IntArrival
and Service, like in the base model.

Table 5 shows results from three runs that were ob-
tained automatically as part of the standard STROBO-
SCOPE reports.
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Figure 4: Outgoing ids and total queue length

3 Reneging Queues

3.1 Model Description

Reneging occurs when the waiting time for an Entity in
Q exceeds its waiting time tolerance (e.g., tr = 9), and it
chooses to leave the system without being served.

The STROBOSCOPE network for the reneging
model is shown in Figure 5. In this model, each termi-
nating instance of IntArrival generates two resources, an
Entity and a matching Twin with the same ResNum.

Twin isanew compound resource type that makes re-
neging easy to model. Twin is released to an instance of
activity MaxWaitTime, with duration tr = 9, and then to
gueue TQ. Combi activity Reneg can then always start
and draw the Twin from TQ. Reneg also attempts to draw
the matching Entity with the same ResNum that might re-
nege from Q. Drawing the matching Entity can only oc-
cur if that Entity has not been served yet and is till in Q.
Otherwise, no Entity is drawn.

For this reason, combi activity Reneg is assigned less
priority than activity Service. Only Twinsfor the reneged
Entities are collected in queue RenTn.

for the jockeying model.

I e

SimTime, t Entity ID SourceQ Destin. Q

6.5
7.5
8.5
11.0
12.0
89.5
93.0
94.0

98.5
103.0

6 1 2
7
8
10

IntArrival

Service

Max\WaitTime —TW2TW3—b

A opy

Reneg

_TW4

11
89
92
93

98
100

R W N NN

e S N =

W N AW

A D DM W N

Table 4: First five and last five jockeying events.

It

tq,i

Run SmTime Avg Max Avg Max

1 565915 2203 46 2493
2 576728 1142 33
3 579266 19.13 63 2216

13.17

54.98
40.87
74.73

Table 5: Jockeying Stochastic Model Statistics.

Figure 5: STRBOSCOPE Simulation Model Network.

3.2 Deterministic Reneging Model Results

Figure 6 shows a graph of the IDs (ResNum) of the last
40 outgoing Entities and the total length of Q vs Smtime.
There were four reneging Entities, and they are shown by
orangecirclesin Figure 6. They arealso listed in Table 6.

SimTime, t Entity ID Server ID

77 68 1
86 7 2
89 80 1
104 95 1

Table 6: All four reneging events for deterministic model.
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4 Classing Queues

4.1 Model Description

In the deterministic classing queue model, an Entity is
generated at the end of an instance of activity IntArrival
and flows through link EN1 where it chooses the shortest
Server queue (which it storesin its SaveProp ServerID),
and an assigned class (i.e., a number from 1 to 5, which
it storesin anew SaveProp named Class). Thus, the first
Entity is assigned to Class 1, the second Entity to Class
2, etc. Thisassignment order repeats with Entity 6, which
isagain assigned to Class 1, etc.

Arriving Entities enter queue Q but are not served
right away. Instead, service at al Servers starts when
SmTime reaches 10. The order in which Entities are
served is controlled by dynamic filters and the SaveValue
CurClass, which is the number of the class called by an
operator. Only the queued Entities whose Class equals
CurClass can passthefiltersand be served in FIFO order.

The value of CurClass starts at 5 and is decremented
by 1 whenever there are no more queued Entities whose

Class equals CurClass. Eventualy, the value CurClass

Figure 6: Outgoing IDs and total length of queue Q for the .
decreases to 1, and after that, the process is repeated by

reneging model.

Table 6: All four reneging events for deterministic model.

SimTime, t Entity ID Server ID

setting CurClass back to 5, etc.

Activity Service can start and create an instance
whenever there are any matched Entities in queue Q.

” 68 1 Matched Entities are those whose Class equals CurClass
86 77 2 and which belong to alogical queue(i.e., afiltered subset
89 80 1 of Q) that currently has afree Server. Each new instance
104 05 1 of Service draws first the matched Entity from Q that is

3.3 Stochastic Reneging Model Results

The statistics results from three runs of the stochastic

reneging model are shown in Table 7.

currently at the front of itslogical queue and then draws
the matching idle Server from queue SQ.

Each time amatched Entity is drawn from Q to anew
instance of Service, the model counts the current number
of Entities still in Q whose Class equals CurClass. When
that number becomes zero, the value of CurClassis dec-
remented by 1. When CurClass reaches the value 1, and
there are no more Entitiesin queue Q with Class equal to

I to,
i il 1, CurClass starts again at 5.
Run SimTime Avg Max Avg Max
1 544171 426 14 464 9 STROBOSCOPE supports user-defined collectors
5 482'019 5.83 16 5‘62 9 that can collect any cal culated dataand produce statistics.
' ' ) Five collectors were defined in this model to produce
3 517067 494 15 510 9

Table 7: Reneging Stochastic Model Statistics.
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waiting time statistics for each of the five classes. Each
time a matched Entity was drawn from Q to a new in-
stance of Service, the model calculated its waiting time
in Q and sent it to the statistics collector for that Class.
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4.2 Deterministic Classing Model Results

Figure 7 shows a graph of the IDs (ResNum) of the last
20 outgoing Entitiesand the total length of Q vs SmTime.
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105
100
10 + 0 %
9 04 1
o ? | ? a3
T “ 9 80
3
Z +
[ % B4
g s * +
- a0
% - + | 79
w 75 74
w 75
o +
a 70 &
Eni e +
E & % o
60
]
55 T
5 |
125 1 135 " 145 150 155

End of Service Time For Each of Last 20 Entities

Total Queue Length - Classing

1

PR

. 1 |
: W M/ LILL
5 )J

JI

[ = 40 [ 80 10 120 140 50

Simulation Time (SimTime)

i # Entinties Waiting in Queue (Q.Cur.ount)

Figure 7: Outgoing ids and total queue length for the
classing model.

Table 8 shows the average and maximum queue waiting
timesfor the Entitiesin each of thefive Classesthat were
compiled by the user-defined statistics collectors.

Class: 1 2 3 4 5

Avg: 30.05 26.45 20.85 3255 30.52
Max: 6250 60.50 51.50 71.50 67.00

Table 8: Queue waiting times per class (deterministic
classing model).

4.3 Stochastic Classing Model Results

As in the base model, the stochastic classing model was
produced from the deterministic model by changing the
durations of the activities IntArrival and Service and in-
creasing the number of generated Entities to 500. For the
stochastic version, the Class of each arriving Entity was
chosen with equal probability from 1 to 5.

Table 9 shows statistics from three runs about the
length and the waiting timesin queue Q.

|qt tq,i

Run SmTime Avg Max Avg Max
1 733365 8449 179.00 123.92 350.00

2 706.638 60.05 133.00 84.87 259.83
3 702241 91.04 18400 127.86 322.06

Table 9: Stochastic Classing Model Statistics.

Table 10 shows the average and maximum queue
waiting times in Q for the Entities in each of the five
Classes from three runs of the stochastic classing model.

Run Class: 1 2 3 4 5
Avg: 1462 151.3 1242 581 131.2

! Max: 350.0 3269 2819 278.8 3429
Avg: 641 781 804 1126 918

2 Max: 2145 2274 246.4 250.8 249.7

3 Avg: 1429 1504 1035 96.0 1423

Max: 3221 299.0 2384 260.7 312.8

Table 10: Queue waiting times per class (stochastic
classing model).

5 Conclusion

The STROBOSCOPE graphical and statistical results are
very close to those produced by GPSSin [3]. The versa-
tility of STROBOSCOPE queues, activities, and especially
filters, makes it straightforward to model the non-stand-
ard queueing systems in ARGESIM Benchmark C22 by
using compact simulation networks that are suitable for
education.
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Abstract. Inthis work, a drilling-force model for the use
in multibody system simulations is presented. The model
is based on drilling-force calculations, collision detection,
a compliant contact model, and a method for applying
the forces to a multibody environment. The model can be
used in two ways. First, it can be used to calculate drilling
forces based on a given velocity and angular velocity of
the drill. Second, it can be integrated into a model to in-
teract as a body in a multibody scenario and be subjected
to an external force and angular velocity.

Introduction

Drilling processes are widely used and occur in many dif-
ferent areas, such as manufacturing or construction. Sev-
eral models exist to calculate the forces during a drilling
process. However, they usually cannot be used for body
interaction in a multibody context (e.g. if the drilling
forces are to be applied to the robot in order to optimize
the robot-assisted drilling process).

Therefore, in this work, a drilling-force model is pre-
sented that can be used in multibody simulations. The
goal is to use it in system simulation environments. This
allows the creation of multi-domain models. For exam-
ple, the drilling model can be combined with the dynam-
ics model of a robot and other models such as the con-
trol system or the motors of the robot. This can then be
used to analyze the influence of the drilling process on
the robot dynamics or energy consumption. The object-
oriented and multi-domain modeling language Modelica
[7] is used as system simulation environment.

Models are built based on the multibody components
[9] from the Modelica Standard Library (MSL) [8].

The developed drilling-force model is based on
drilling-force calculations, collision detection, a compli-
ant contact model, and a method for applying the forces
to the multibody environment.

In the next section, the state of the art is introduced.
In Section 2, the developed drilling-force model is pre-
sented. Examples are given in Section 3. Finally, the re-
sults are discussed and future developments for the model
are considered in Section 4.

1 State-of-the-Art

In this section, the basics are introduced. These include
the forces in the drilling process and collision detection
and response for multibody simulation environments.

1.1 Forces in the drilling process

Drilling is a machining process. Because the geometry of
the cutting edges is known, it is classified as a machining
process with a geometrically defined cutting edge (similar
to turning and milling) [5]. There are several models for
calculating the forces in the drilling process. Examples
are the works of Dietrich (2016) [2] and Fritz and Schulze
(2015) [5].

The most suitable parameters for a drilling process
are often determined using table values [3]. In this work
the model of Dietrich (2016) is applied [2]. It is used to
calculate the cutting force F,. and the feed force Fy from
a given rotational frequency n and feed per rotation f.

First, the feed per rotation per cutting edge f, as well
as the stress thickness £, the stress width b, and the stress
cross-section A are calculated.

Inputs the are number of cutting edges zg, the tip angle
of the drill o, and the drill diameter d (see Figure 1) [2].
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=L )
ZE
ho= fosin(3) @)
d
b= () )
A = hb )

The specific cutting force k. depends on the stress
thickness /# and the material dependent parameters z and
kc1.1 [2]. The latter is the specific cutting force of a given
material for # = 1 mm. There are also correction factors
which are not considered in this work.

0.001*
ke = ———5+ "kel.1 (5)
© (fersin(9))

The cutting force per cutting edge F,, the cutting
force (for the entire drill) F¢, and the feed force Fy are
then calculated as follows [2].

d-

F, = zfzkc (6)
d-

o= owDE Q

Fy = zg-F.-sin(0) 8)

1.2 Collision detection

The basis for calculating drilling forces in a multibody
environment is the interaction between the bodies. This
requires collision detection. Common algorithms for col-
lision detection are the Gilbert-Johnson-Keerthi distance
algorithm (GJK) [6] and the Minkowski Portal Refine-
ment algorithm (MPR) [12]. Both algorithms provide the
penetration depth of two colliding bodies.

There have been several approaches to enabling col-
lision detection for the system simulation environment
Modelica. Most of them extend Modelica with an ex-
ternal library for collision detection. An overview can be
found in Reiser and Reiner (2023) [11].

1.3 Multibody contacts

Based on the collision detection, the next step is to pre-
vent the bodies from intersecting. This is also known
as collision response. There are two main approaches to
handling multibody contacts: compliant (penalty-based)
and non-smooth (constraint-based).

T a0 [

In this work, only compliant contacts are considered.
Contact forces are calculated based on the penetration
depth. [4]

A common model is the Kelvin-Voigt contact force
model. It uses a spring-damper element to calculate the
normal force Fy based on the penetration depth s [4]:

Fy=k-s+d-s )

where k is the spring stiffness and d the damping factor.
In addition, a friction force dependent on Fy acts in the
tangential direction (not considered in this work).

Multiple works have dealt with compliant contacts be-
tween bodies in Modelica multibody environments. One
example is Buse et al. (2023) [1]. Further works are listed
in Reiser and Reiner (2023) [11].

2 A Drilling-force Model for
Multibody Environments

The developed model for drilling forces in multibody
simulation environments is presented in this section.

2.1 Overview

A key component of the model is collision detection. It is
used to determine the drill diameter and the penetration
depth of the drill. The model has two parts.

In the kinematic model, the rotational frequency and
the feed per rotation are provided and the model calcu-
lates the drilling forces. These are not used for body in-
teraction. However, they can be used in a simulation to
check if certain forces are exceeded.

In contrast, the drilling forces in the dynamics model
are applied to the bodies in the multibody environment.
This allows, for example, force-controlled robot-assisted
drilling processes to be simulated together with robot dy-
namics models.

2.2 Determination of the drilling diameters

The first step is to determine the drilling diameters dur-
ing the drilling process. If the drill does not come out
of the material on the opposite side during drilling, only
the outer diameter dp is relevant. Otherwise, the inner
diameter dj is also important.

Collision detection is used to determine the drilling
diameters during the process.
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Figure 1: Drilling diameters for several states during the drilling process. A distinction is made as to whether the material is
thicker than the height of the drill tip (left) or not (right). A drill is described by its length /, diameter d, and number of
cutting edges z¢ (shown in the bottom right), while the material is described by its thickness .

The MPR algorithm is used in the developed model.
It is connected to the multibody model in Modelica via
an external library, similar to the method in Buse et al.
(2023) [1].

Figure 1 shows the resulting drilling diameters for
several states during the process. Collision detection is
used to determine both the penetration depth of the drill
and if the drill cone is penetrating the workpiece, is within
the workpiece, or is leaving the workpiece. Depending on
the state, different calculations are used to determine the
diameters (see Figure 1). In addition, it is necessary to
distinguish if the material is thicker than the height of the
drill cone.

2.3 Kinematic model

The kinematic model uses the calculated drilling diam-
eters from Section 2.2. Taking into account the drilling
diameters, the cutting force per cutting edge F; is calcu-
lated with a modification of Equation (6) [2]:

(do—di)-f:

Fe; = B

(10)
Based on the cutting force, the feed force Fy is calcu-
lated using Equation (8). The kinematic part of the de-

veloped drilling-force model has already been used in the
MFlex 2025 project [10].

e 35 - 122005



Reiser

Drilling Force Model in Multibody System Simulation Environments

2.4 Dynamics model with applied forces

A different approach is used for the dynamics model. The
drilling forces are not applied directly to the bodies in
the multibody model. Instead, a compliant contact model
is applied to the drill body. This allows the drill to be
pressed against the table even when it is not rotating. This
also increases the numerical stability of the model. The
collision detection provides the penetration depth s for
the contact model.

The idea now is to make the feed force for the drilling
Fy equal to the contact normal force Fy (see Equa-
tion (9)). The cutting force per cutting edge F; can then
be calculated from this:

Fy = Fy an

=zp-F-sin(c) = k-s+d-s (12)
k-s+d-s

= F _ 13

cZ ZE'SiH(G) ( )

Next, the feed per cutting edge f; is calculated from
the cutting force per cutting edge. This is done by com-
bining Equation (10) and Equation (5):

(do —dy) - f;-0.001%
F, = -k 14
cz 2~(ﬂ~sin(%))z cl.1 ( )
(do—dp)- f}7%-0.001°
= F = 2 . k 15
cz 2~sin(%)z cl.1 ( )

F.;-2-sin(§)*

(do *d[) -0.001% - kep 1

=f = ( )TE(16)

The feed per rotation f is then calculated based on f;
and the number of cutting edges zg:

f=zf; (17)

This feed per rotation is now used to calculate the tar-
get velocity vy, of the drill, based on the angular velocity
o of the drill, which is derived from the rotational fre-
quency 7 of the drill:

Vr =f = f 5 (18)

Finally, the target drill depth s;,, can be calculated by
integrating the target velocity viarger:

Star = / Viar dr (19)

T e [

This target drill depth is used as the reference depth
for the calculation of the contact force. Equation (9) is
modified to calculate the contact normal force Fy:

Fv = k-As+d-As (20)

=F = k-(s—sw)+d-v (21)

The penetration depth s of the drill and the drill
velocity v are still used, but now the contact surface of

the workpiece moves based on the drilling process. Its
position is defined by sy,

|
\ Fextemal

J FN (S, Stars V)

Fn EE F;
F

- Fe (0, do, d)

77777 Workpiece

Figure 2: A substitute model of the drilling-force model. An
external force is applied to the spring-damper
element representing the compliant contact model.
The contact force is equal to the feed force of the
drilling-force model, here represented by a damper
element, with the damping force dependent on the
rotational frequency and the drill diameters.

A substitute model of the developed drilling-force
model is shown in Figure 2. It can be seen as a series
connection of a spring-damper element and a damper
element.

The former describes the contact normal force and the
latter the movement of the drill as a function of the rota-
tional frequency and the drilling diameters.

Figure 3 shows a more detailed representation of the
drilling-force model. It consists of three parts:

* A DrillGeometry model to calculate the drilling di-
ameters and the penetration depth of the drill based
on an external collision detection library (see Sec-
tion 1.2 and Section 2.2).
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Figure 3: The developed drilling-force model with all models included. The drilling diameters and the drill penetration are
calculated in the DrillGeometry model. The DrillDepthCalculation model provides the target position for the drill. The
contact force is calculated in the DrillContactForce model based on the actual and target position of the drill.

* A DrillDepthCalculation model to calculate the tar-
get position of the drill. The calculation is based on
Equations (11) to (19).

* A DrillContactForce model to calculate the com-
pliant contact force based on the actual and target
position and the velocity of the drill (see Equa-
tion (20) and (21)).

As mentioned above, the inputs to the drilling-force
model are the velocity v and the rotational frequency n of
the drill.

In addition, the position r and orientation 7 of the drill
are required for the collision detection in the DrillGeom-
etry model.

The same applies to the workpiece, described by ry
and Ty . Collision detection also requires the geometry of
the drill and the workpiece.

3 Applications

In this section, two drilling processes are shown. One of
them consists of drilling in a thin plate.

The kinematic model is used to calculate the forces
involved. In the other process, the dynamics model is
applied for a drilling process. This involves drilling into
a material with a high material thickness.

3.1 Kinematic drilling into a thin plate

In the first example, the kinematic model is used for the
drilling process of a thin plate. The plate is thinner than
the height of the drill cone.

The material 34 CrMo4 is used for the workpiece (see
(2, p. 19]):

N

kaa = 2240 — (22)
mm

z = 021 (23)

A rotational frequency of n =9.28 % and a velocity of
v=1.672 %% are used. The drill diameter is d = 16 mm
with an angle of 118 degrees.

From this, the feed per cutting edge per rotation f, can
be calculated, resulting in a specific cutting force k. of:

foov  lLezmm
: s
0.001* N
ke = ———5——"kc11 = 3836 — 25
= . -sin(9) el 2 (25

The calculated maximum cutting force is:

d-f.
2

Fc7 max = ZE* ke = 5524 N (26)
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However, this value is not reached because the dif-
ference between the inner and outer drilling diameter is
much smaller. The results are presented in Figure 4. The
cutting force, the feed force, and both drilling diameters
are shown. The maximum cutting force is F;, =986 N and
the maximum feed force is Fy = 2917 N (see Figure 4).

The simulation was run on a desktop computer with
an Intel Core i7-11700K processor. A Rkfix2 fixed-step
solver with a fixed step size of 0.001 seconds was used.
The computation time was 0.11 seconds for a simulation
time of 10 seconds (real-time factor of 0.011). The simu-
lation is real-time capable.

3.2 Drilling process using the dynamics
model

The second example shows the dynamics model.

A Modelica model has been created for a drilling pro-
cess. As in Section 3.1, the material used is 34 CrMo4.
The model is shown in Figure 5. An external force and
angular velocity are generated with source blocks from
the MSL. The drilling-force model is integrated into one
block. This block is connected to a revolute joint, which
in turn is connected to a prismatic joint. This allows
a linear motion and a rotation. The drilling forces are
applied directly to the frame of the model.

—F(;inN - FfinN

12001
i 1)

8001 i b

] \

400

0.0 25 50 75 10.0
—doinmm ---d;inmm

-5 T
0.0 25 50 75 10.0
Timeins

Figure 4: Results for the drilling process of a thin plate. The
cutting force and the feed force are shown above.
The drilling diameters are shown at the bottom.

T e [

The workpiece in the form of a plate is represented
by a second block. Both the DrillGeometry model of the
drilling-force model and this workpiece are modeled with
components from a contact detection library. This allows
multiple workpieces to be drilled in a multibody scenario
without the need for predefined contact pairs.

The results are shown in Figure 6. The variable-step
solver Dassl was used with a tolerance of le-8. It took
0.33 seconds to run the 40 seconds simulation.

As in Section 3.1, a desktop computer with an Intel
Core 17-11700K processor was used. Fixed-step solvers
are not suitable because the contact between the drill and
the workpiece is very stiff and therefore very small step
sizes are required at some points.

The actual and target position of the drill fit together
well. The feed force and cutting force results match the
manually calculated values. The specific cutting force is
not defined for the full range of feeds (see Equation (5)).
It is therefore limited.

When the feed is less than 1 mm, the specific cutting
force does not increase any further. This increases the
stability of the model.

angularVelocitylnput

speed
L > 1
[\_/ w_ref exact=
false
period=100 s
forcelnput

force

==

>

period=100 s
fixedDrill drillFrameForces
NN - 797
§—u—ua i |‘-'|| |
1={0,0,0} pri;;fggg}Drill re\?(jl‘gvt%grlll

world fixedPlate plate

1={0,0,-0.07}

Figure 5: The Modelica model of the drilling process based on
the dynamics model. The drilling model applies the
forces directly to the frame. An external force and
angular velocity are also applied to the frame.
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Figure 6: The results for the drilling process based on the
dynamics model. The image shows the actual and
target position for the drill (top), the external force,
the cutting force and the rotational frequency
(middle), and the specific cutting force (bottom).

4 Conclusion

In this work, a drilling-force model has been developed.
It consists of two parts. A kinematic model can be used
to calculate the forces of the drilling process without ap-
plying them. The drilling forces in the dynamics model
are applied to the bodies in the multibody environment
and can be used for body interaction.

The drilling-force model is based on drilling-force
calculations, collision detection, a compliant contact
model, and a method for applying the forces to the multi-
body environment. It can be used in system simulation
environments such as Modelica. The capability of the
developed model has been successfully demonstrated in
two example drilling processes. However, the model has
some limitations: Holes must be drilled at a 90 degree
angle to the workpiece without tangential motion.

And friction forces are not taken into account (for
both the contact force and the drilling forces).

Possible further developments include the integration
of a friction model. This would allow forces in the tan-
gential direction to be considered for the contact model.
Friction forces could also be included in the drilling-force
calculation. Torques from the drilling process could also
be considered, for example to model the drive of the drill
spindle. In addition, the combination of the drilling-force
model with force controlled robot models could be inves-
tigated.
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Abstract. System identification is an essential method
in control engineering that enables the creation and vali-
dation of mathematical models of dynamic systems. This
paper provides a detailed overview of the principles and
methods of system identification, with a particular focus
on validating the transfer function of an omnidirectional
test vehicle with a Killough chassis. Of particular inter-
est is the identification of the coupling structures of the
overactuated system. The identified model forms the ba-
sis for model-based function design.

Introduction

The multidisciplinary field of system identification,
which deals with the development of mathematical
models for dynamic systems based on experimentally
obtained data, plays a central role in engineering sci-
ence. This process is used in many application areas,
such as control engineering, signal processing, and me-
chanical engineering [1]. The ability to develop precise
models enables engineers and scientists to understand,
analyze, and control the behavior of complex systems.

The fundamental idea of system identification is to
find a model that describes the behavior of a system
based on input and output data. A dynamic system can
be represented by various mathematical models, includ-
ing differential equations, transfer functions, and state-
space representations.

These mathematical models enable the description
of the temporal or frequency-dependent behavior of a
system and the making of predictions about its future
states.

The acquisition of relevant data is the first and one
of the most important steps in the system identification
process. Data can be collected through experimental
procedures, which include targeted experiments to gen-
erate meaningful datasets, or through passive observa-
tion, where existing data from the operation of the sys-
tem is utilized. The aim of this work is to present the
fundamentals of system identification and to develop
a methodology for validating models based on exper-
imental data.

Here, a methodology presented below is used and
successively applied to a test vehicle described in Chap-
ter 4.1 in order to perform the verification and valida-
tion of the results on a real system in combination with
an iteratively built model.

1 Methodology

The consistently model-based and verification-oriented
function design and verification of networked mecha-
tronic systems according to [2] has proven to be
time and cost-efficient in numerous applications in
research and industry. Figure 1 shows the model-
based mechatronic development cycle, which includes
Model-in-the-Loop (MiL), Software-in-the-Loop (SiL),
and Hardware-in-the-Loop (HiL) simulations as well as
real-time realization through prototypes for verification.

The design process begins with modeling based on
the real system, which is reduced or simplified accord-
ing to requirements, initially resulting in a physical
model. This is converted into a mathematical model
using physical laws, which in turn can be represented
in the computer, for example in the form of signal
flow diagrams, and simulated using CAE tools and
appropriate numerics. The modeling process includes
measurements on the real system. The parameters
of the mathematical model are identified and the
simulation is validated.
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Figure 1: Mechatronic development cycle.

A subsequent analysis of the simulation results al-
lows conclusions about the fundamental static and dy-
namic properties of the real system, on the basis of
which the conception of functions takes place.

Both the function architecture and approaches for
its design and optimization are determined. Complex
functions are also broken down into hierarchical sub-
functions according to the generalized cascade principle
to reduce function complexity and thus make the design
process manageable.

For this purpose, hardware and software require-
ments are considered at an early stage of development
and interfaces for cross-functional communication are
defined.

The testing process is carried out in parallel with de-
velopment. When a subfunction has been developed, it
is tested and analyzed.

In this work, requirements are first d etermined us-
ing this method. Through the analysis of the physical
model as well as the mathematics, the function is mod-
eled. Each part of the function is tested accordingly.

SNE 35(4) - 12/2025

2 State of Knowledge

System identification refers to the creation of a model
for a dynamic system that describes the relationship
between input and output data. This paper covers the
theoretical fundamentals of system identification, with
particular focus on identification using linear models.
Methods for determining non-parametric models are
presented, such as the determination of transfer func-
tions from step responses and the determination of the
frequency response. For parametric models, parameter
estimation is an essential component of system identifi-
cation.

The theoretical fundamentals of parameter estima-
tion are explained in detail in [3, 4]. Excitation signals
play a central role here, as they reveal the behavior of
the system to be controlled. In control engineering, it
is particularly important that the excitation signal cov-
ers the relevant frequency spectrum in order to develop
accurate models and ensure effective control. Various
types of excitation signals, such as impulses, steps, si-
nusoidal oscillations, and pseudo-random binary sig-
nals (PRBS), are used to comprehensively character-
ize system behavior. Precise model building based on
these signals enables engineers to optimize the control
behavior of systems and improve the stability and per-
formance of control loops. [4]

Frequency response analysis is a central method for
the identification and validation of models in control
engineering. It includes the analysis of the system re-
sponse to sinusoidal input signals at different frequen-
cies. This method describes how the system responds to
different harmonic input variables, whereby amplitude
and phase shifts are measured and analyzed. A Bode
diagram graphically represents the results of frequency
response analysis. It displays the logarithmic amplitude
and phase shift as functions of frequency. This not only
allows the stability and dynamics of a system to be as-
sessed, but also weaknesses in the model to be identi-
fied. The practical steps of a frequency response analy-
sis include:

1. Applying input signals to the system.
2. Measuring the respective output signals.

3. Calculating amplitude ratios and phase shifts be-
tween input and output signals.

4. Presenting the results in Bode diagrams.

5. Comparing experimental frequency responses with
theoretical models.
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Through the systematic comparison of experimental
and theoretical data sets, the accuracy of the models can
be validated and possible modeling errors can be iden-
tified. [5, 6, 7]

3 Conception

The process of system identification begins with mod-
eling, in which the behavior of the system is described
by physical laws and equations [8]. Subsequently, in-
put and output signals of the system are measured,
which can be generated by suitable excitation signals,
see Chapter 2. Signals with a broad frequency spectrum
are particularly suitable for vehicle systems [9]. Based
on the measured data, a mathematical model is chosen,
often in the form of AR (Autoregressive), MA (Moving
Average), or ARMA (Autoregressive Moving Average)
models.

The parameters of the model are optimized using
methods such as the least squares method, the recursive
least squares method, or the prediction error method.
Validation is performed by comparing model predic-
tions with independent data sets to ensure that the model
adequately represents system behavior.

Challenges such as measurement errors, nonlineari-
ties, and temporal variations of the system require a bal-
anced relationship between model complexity and man-
ageability. Experimental methods are based on measur-
ing system responses to defined test signals, while theo-
retical approaches are based on modeling using physical
laws.

An important step in system identification is fre-
quency response measurement, which allows precise
validation of the transfer function.

In our case, the transfer function G(s), which
describes the ratio of the Laplace transforms of the
output to input signals, was established as follows:

Y(s)  bo+bis+---+bys"
U(s) ap+ars+---+a,s"

G(s) =

To verify the transfer function, the system was
exposed to harmonic input signals of different frequen-
cies, and the respective output signals were measured.
The frequency response measurement was performed
with an Abacus 901, which precisely analyzes ampli-
tude and phase changes.

Validation consists of comparing the experimental
frequency response with the model prediction. If the
measured behavior matches the modeled behavior, the
model is considered confirmed. Deviations may indi-
cate nonlinear effects, measurement errors, or insuffi-
cient model assumptions.

3.1 Kinematics

The Mecanum wheel shown in Figure 2 displays the
quantities necessary for describing the kinematics. The
angular velocity @ is shown, which is often also repre-
sented by the rotational speed # in the further course. In
addition, the speed of the wheel in the locking direction
is at the inclination angle o of the rolling element.
The vehicle velocity V can be calculated via the wheel
radius r and the angular velocity .

(e
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Figure 2: Kinematics of a Mecanum wheel [10].

The goal is to establish the kinematics matrix shown
in Equation (1). This describes the wheel speeds n as a
function of the total velocity of the test vehicle in its
three degrees of freedom vy, vy, and @y.
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ny Vi
=] g
n4 s

3.2 Decoupling

The decoupling of mechatronic systems is a central
concept in control engineering, which aims to mini-
mize or eliminate the interactions between different
components of a system.
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This enables independent control of the individual
components and improves the overall performance and
efficiency of the system.

In mechatronic systems, which often consist of
mechanical, electrical, and software-controlled com-
ponents, decoupling can be particularly challenging
since these components are closely interconnected. [11]

The decoupling is performed using the kinematics
matrix K. For a vehicle with four Mecanum wheels,
the result according to [12] is:

cos(6) —sin(8;)  —sin(g) .
sin( sin(ay ) sin(ay ) 1
095(52; —sin(&)  —sin(gy) .
K=| @) o —sen @
sin(ogg sin(az) sin(az) '3
cos(dy —sin(0y)  —sin(gy)
sin(ay) sin(ay) sin(oy) L

With the barrel angle of the Mecanum wheel ¢, the
position angle of the wheel axis f3; to the vehicle’s co-
ordinate system, and the orientation angle 7;.

Together with the absolute distance of the origin co-
ordinate system of the Mecanum wheel to the origin co-
ordinate system of the vehicle r;, the polar coordinates
result starting from the coordinate origin.

o; = (—1)"-45° (3)
Bi = arcsin <bl> —(i—1)-90° 4)

ri

¥; = arcsin <Izl> +(i—1)-90° Q)

l
2 2
ri=\/b}" +by ris =

The construction angles §; = o; — B; — % and & =
o; — B3 result from these. For the test vehicle used, the
kinematics matrix K is thus:

by | +b} (6)
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4 Test Setup Infrastructure

The identification of a simulation model requires, as al-
ready mentioned, additional hardware and software as
well as corresponding adaptations in the test vehicle.
All necessary interventions are presented below. The
transfer function of the test vehicle’s velocity is to be
determined.

4.1 Test Vehicle Setup

The test vehicle offers numerous functions, whereby
only the systems relevant to this work are described
here. Further details can be found in [12].

One relevant system is the microcontroller. The test
vehicle used is equipped with an STM32H743 board,
which has a dual-core architecture. The microcontroller
can receive instructions and transmit status information
via a LAN interface. The drive system of the test ve-
hicle can consist of swerve, holonomic, or Mecanum
systems.

Mecanum wheels, developed by Bengt Ilon, enable
omnidirectional movement through special rollers on
the circumference of the wheel, which allow indepen-
dent control of the direction of movement in all axes.
Swerve wheels combine rotational movements and lat-
eral displacements, allowing the vehicle to also be
steered in all directions, while holonomic wheels offer
similar freedom of movement, but in a completely dif-
ferent way. Mecanum, swerve, and holonomic wheels
offer advantages such as space savings, lower construc-
tion and maintenance costs, high precision, and easy re-
placement of rollers.

Mecanum wheels consist of obliquely mounted
rollers that allow the vehicle to move without direc-
tional restrictions. Swerve wheels are special steering
and chassis combinations that enable complete freedom
of movement in all directions by independently control-
ling the steering and speed of each wheel. Holonomic
wheels refer to systems that enable a vehicle to move
in all directions without restrictions on the direction of
movement. They are ideal for intralogistics, automated
guided vehicle systems, and mobile robotics [13]. The
test vehicle is scaled down; the scaling law will be taken
into account during evaluation and adaptation.

In a next step, a distance controller is to be imple-
mented on the test vehicle’s Raspberry Pi. This con-
troller continuously records the distance to a preced-
ing object and calculates an appropriate target velocity
based on this.
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The calculated velocity values are then transmitted
to the vehicle’s microcontroller, which takes over the
control of the drive unit.

4.2 Measurement Test System

Figure 3 shows the measurement test system. A host PC
with DP900 software from Data Physics is connected to
the Abacus 901 via an Ethernet connection. The exci-
tation signal as output, as well as the two inputs, are
connected to the test vehicle.

The Abacus 901 generates analog excitation signals,
which are converted into digital signals by the AD con-
verters of the dSPACE real-time hardware. This digital
excitation signal is immediately fed back through a DA
converter to the Abacus. This signal later serves as a
reference signal.

This makes it possible to compensate for the pos-
sible interfering influences resulting from the AD and
DA conversion. The chosen signal path was deliber-
ately designed so that the dead times that occur due to
signal and information conversions can be recorded.

The digital excitation signal is received via the Eth-
ernet interface of the microcontroller as a target velocity
signal [12].

The microcontroller now regulates the target veloc-
ity using a velocity controller implemented on the mi-
crocontroller. The drive motors are equipped with ro-
tary encoders.

With the help of these encoders, the microcontroller
can determine the current wheel speed and, using the in-
verse kinematics from Eq. (7), the velocity. The veloc-
ity is then sent back via the Ethernet interface of the mi-
crocontroller to the dSPACE real-time hardware, which
transmits this velocity as an analog signal to the Abacus
901.

This signal path is to be identified, since later the
Raspberry Pi will also send the target velocity to the
microcontroller via the Ethernet interface.

The setup shown in Figure 3 represents the transmis-
sion of measurements in the software. When forming
the transfer function, the excitation signal of the Aba-
cus is not used as the system input, but rather the signal
influenced by the real-time hardware.

Digetal ﬂnn;lhm;s‘iun system mit Mikrocontrolier

Realtirme-Interface

Tt

*pan

——
i1 i
s

Figure 3: Transmission of excitation in the software.

5 Results

The results of the frequency response measurements
were analyzed and compared with the mathematical
model. Through parameter adaptation, the parameters
of the model were modified and optimized with respect
to the deviation from the measurements.

Thus, the transfer matrix G of the system could be
found. o

Gv;x,x Gv;x,y Gv;x7 v
g = Gv;y7x Gv;v;yyy Gv;y,‘V ®)
Guyx  Guyy Guyy,

The main diagonal describes the direct effect of the
excitation signal set for the respective degree of free-
dom via the kinematics. The transfer functions of the
main diagonal were excited with the help of the trans-
formation matrix shown in Eq. (7) via the velocity con-
troller and related to the degree of freedom to be inves-
tigated by direct backward transformation of the mea-
surement signals.

The Bode diagram shown in Figure 4 represents the
transfer function of velocity in the x-direction with ex-
citation in the x-direction. The diagram shows the char-
acteristic of a PT1 system.

The transfer function G, thus results as a first-
order time delay element with a time constant of ® =
1.93-10' =T = 19% ~ 0.05 and a gain factor K = 1.

The off-diagonal elements of the transfer matrix rep-
resent the coupling of the system and would be disrup-
tive to the desired system dynamics with a relatively
high gain factor.
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Figure 4: Transfer function of velocity from MATLAB/Simulink.
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Figure 5: Transfer functions of some off-diagonal elements of
velocity from MATLAB/Simulink.

The Bode diagrams shown in Figure 5 represent the
transfer functions of the off-diagonal elements. The up-
per Bode diagram is the transfer function for velocity in
the y-direction with excitation in the x-direction. The
middle diagram shows excitation in the x-direction and
the system response in Y, the vertical axis of the vehi-
cle. The last diagram shows excitation in the y-direction
and again the system response in y around the vertical
axis of the vehicle.

What all responses have in common is that the gain
factor of the identified PT1 systems is at —320 dB =
20log,((K) — K a2 107'6 and thus the influence of the
coupling in relation to the desired system dynamics of
the main diagonal is very low.

T 10 [

Based on this modified model, the controller syn-
thesis and optimization can now be carried out using
the mechatronic development process.

For this purpose, a reference model of the same or-
der and structure with free parameters is built. The
identification of the optimal parameters is performed
by minimizing the squared error between an assumed
transfer element of the reference model as the feed-
forward transfer function of the separated transfer path
within the transfer matrix and the measured frequency
response.

The entirety of the transfer elements is thus opti-
mally fitted to the measured frequency response in their
course.

6 Summary and Outlook

To derive a model of the dynamic behavior of an
omnidirectional intralogistics vehicle on a reduced
scale, the presented methods of system identification
were applied. The omnidirectionality of the vehicle is
realized here through the use of a Killough chassis with
four Mecanum wheels.

In the field of kinematics, the Mecanum wheel de-
scribes the movement of a vehicle based on angular ve-
locity and vehicle velocity. Decoupling is a central con-
cept for minimizing interactions between system com-
ponents.

The test vehicle is also equipped with a microcon-
troller which is responsible for the local control of
the chassis. The hardware additionally required for
measurement includes a connection to the host PC and
the Abacus 901 signal analyzer; necessary additions
in the vehicle’s software include the processing and
retransmission of setpoint and actual values to these.
The results include the representation of transfer
functions for various degrees of freedom and show the
system responses to different excitations.

In the further course, the same method for identify-
ing the transfer function will be carried out on a larger
test vehicle. The test platform AURONA serves as a
platform for current research projects, therefore it is
necessary to identify basic driving dynamics models for
this vehicle and, based on this, to further develop vari-
ous autonomous driving functions that were first imple-
mented with the help of the small test vehicles.
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Abstract. The importance of energy and resource effi-
ciency has increased significantly in recent years. Indus-
trial symbiosis (IS) increases resource efficiency, among
other things, with the help of energy and material ex-
change relationships between companies. In addition to
efficiency, resilience is also becoming increasingly im-
portant. IS can contribute to avoiding production interrup-
tions through a broad network of alternative relation-
ships. The exchange relationships in an industrial cluster
can be simulated. However, a standardised method for
evaluating the simulation results is necessary in order to
be able to compare different variants with each other.
This article presents a target system that considers eco-
nomic, ecological, symbiotic and resilient aspects. Differ-
ent weightings of the target functions make it possible to
set individual priorities. The method is demonstrated us-
ing an example with four companies and different simula-
tion model variants.

Introduction

Recent years have impressively highlighted the im-
portance of energy and resource efficiency. Industrial
parksin particular can leverage potential through the ap-
plication of industrial symbiosis (1S). IS describes a con-
cept that increases resource efficiency through the ex-
change of water, energy, waste and by-products between
companies, among other things [1], [2].

In addition to efficiency, resilience, i.e. the ability to
respond to resource shortages, for example, is playing an
increasingly important role for companies[3], [4]. Inthis
respect, too, IS offers opportunities, on the one hand be-
cause not all material and energy requirements haveto be
covered externally — keyword: self-sufficiency — and on
the other hand because, where applicabl e, the networking
of companies provides aternatives to previous sources of
supply or customers.

Currently, the design and operation of industrial parks
are often not geared towards these internal exchange pro-
cesses. The research project "Energy-efficient industrial
cluster optimisation" (EnlCO) aims to optimise energy
and material exchange relationshipsin an industrial clus-
ter using simulation. Simulation is used to determine
overall optimal interaction relationships, taking into ac-
count various target functions.

This is based on a standardised method for evaluat-
ing the simulation results, which also takes into account
different weighting preferences with regard to the target
functions on the part of the users. To this end, a target
system has been developed that combines several target
functions and makesit possible to set different evaluation
priorities.

1 State of Research

Anindustrial cluster isa collection of several neighbour-
ing companies that engage in exchange relationships.
This fulfils the basic requirement of spatial proximity,
which CHERTOW identifies as an essential prerequisite
for industrial symbiosis (1S), even though internal com-
pany and supraregional symbioses are now also the sub-
ject of research [1].
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In the literature, such clusters are aso referred to as
Eco Industrial Parks (EIP) [1], [5]. One of the best-
known examplesisthe EIP in Kalundborg, Denmark [6].

MAIWALD ET AL. have developed a model library in
the SimulationX simulation environment (www.esi-
group.com/products/simulationx) that enables the dy-
namic simulation of an EIP [7]. Automated eval uation or
optimisation is not yet planned, but is considered by the
authors to be an important further development of their
simulation.

There are numerous key performance indicator sys-
tems for EIPs in the literature. These are often classified
according to economic, ecological and social key perfor-
mance indicator types|[8].

V ALENZUELA-VENEGASET AL. describe an important
key performanceindicator for thetopic of resilience. This
so-called resilience indicator has a value range of [0, 1],
where the value 1 corresponds to the best possible resili-
ence and the value 0 corresponds to no resilience. It is
composed of the Network Connectivity Index NCI and
the Flows Adaptability Index ¢ [9]:

- . 1 1
Resilience Indicator = 5 NCI + 5% ¢ (o

The Network Connectivity Index NCI of the industrial
cluster considers the number of connections. For exam-
ple, acompany may have only one connection to another
company or several connectionsto other companies. The
more connections there are within the EIP, the higher the
probability that, in the event of one company failing,
there will be at least one other source of supply or pur-
chase. The Flows Adaptability Index ¢ assesses the ex-
tent to which the lost resource flows can be compensated
for if a company fails. This is because such a failure
means that the company is no longer available as a buyer
of itsinput products and an emitter of its output products.
The proportion of non-compensable losses is determined
for each company [9].

Asthe research project focuses less on social aspects,
economic and ecological indicators in particular are in-
corporated into the assessment method. Due to its im-
portance, the resilience indicator is aso explicitly in-
cluded.

2 Description of the Method

A standardised evaluation is necessary for the classifica-
tion of simulation results. The steps underlying this arti-
cle are presented below:
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1. Selection of relevant indicators and conversion of
these into suitable target functions.

2. Weighting of the target functions under different ob-
jectives.

3. Consideration of decision-maker preferences with re-
gard to the weighting of these objectives.

The key figures are selected on the basis of a literature
review and a comparison with the information available
in the simulation model. Key figures with only limited
significance are not taken into account in order to keep
complexity to a minimum and thus increase traceability.

Theresult is atarget system with six target functions:

e Z1: Minimise connection costs

e Z5: Minimise external electricity procurement

e Z3: Minimise external heat procurement

o Z4: Minimise external resource procurement

e Zs: Maximise the proportion of symbiotic relation-
ships

e Zg: Maximiseresilience indicator

The objective function Z; takes into account both the in-
vestment and the operating costs of a symbiatic relation-
ship (e.g., district heating pipeline, truck transport), be-
cause not every theoretically possible connection is also
economically viable.

The objective functions Z, to Z, address the require-
ment that, as far as possible, all electricity, heat and re-
sources generated within an EIP should be reused inter-
nally. Zs also takes this into account by maximising the
proportion of symbiotic relationships between individual
companies.

Theresilience indicator in Zg is based on the consid-
erations of Vaenzuela-Venegas et al. and has been
adapted to the SimulationX environment [9].

economic ecological symbiotic  resilient
Z; 0.091 0.042 0.043 0.039
Z; 0.187 0.172 0.098 0.093
Zs  0.187 0.196 0.098 0.093
Zy 0.442 0.456 0.098 0.093
Zs  0.058 0.076 0.374 0.230
Zs  0.035 0.058 0.289 0.452

Table 1: Weightings of the target functions among the
various objectives.



In the second step, the weightings of the objective
functions for different objectives (economic, ecological,
symbiotic, resilient) are determined using the Analytic
Hierarchy Process (AHP) [10]. The objective functions
are compared in pairsin terms of their importance for the
individual objectives. In total, the weightings (value
range [0, 1]) for each objective add up to 1. This step was
carried out as part of the project using findings from the
literature review (see Table 1). In future, it is planned to
involve companies in the evaluation in order to validate
the results and adjust them if necessary.

Finally, the point allocation method is used to take the
decision-maker's preference into account, i.e. in the final
application, a decision can be made as to which
weighting should be given to the individual objectives
[11]. Todothis, 100 pointsare distributed among the four
objectives and a total weighting is calculated according
to the objective preference.

3 Application of the Method

The procedure for applying the method isillustrated be-
low using a simple and fictitious example. An industrial
cluster with four companies is considered: a steel pro-
ducer (11 STEE), a combined heat and power plant
(12_CHP), a paper manufacturer (1I3_PAMI) and a plas-
tics manufacturer (14_CHEM). Each company manufac-
tures a main product, the production of which generates
by-products.

heat

12_CHP
(50]200)

electricity 13_PAMI
(100]100)

co, 14 CHEM

] (200150)

11_STEE water
(010) T

Y [m]

X[m]

Figure 1: Schematic representation of the symbiotic
exchange relationships between the companies
(variants 1 and 2).

Figure 1 shows a schematic representation of the ex-
change relationships between the companies. The black
connections represent material connections, red connec-
tions represent heat connections and yellow connections
represent electricity connections.
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Four simulation model variants (SV) of the smula
tion model are created, which differ in the type of their
exchange relationships and are evaluated using the
method presented:

e SV 1: Multiple symbiotic relationships for material,
heat and electricity flows.

¢ SV 2: The symbiotic connections are analogousto var-
iant 1, but supplemented by the consideration of
losses.

e SV 3: All required energy and material quantities are
sourced externally; there is no symbiotic exchange.

e SV 4: Basic structure anal ogous to variant 2, but water
and electricity are sourced externally.

Sgetytiec  Lseppationd Lsappration, e

-t ¢|||FD:-L§;;

Figure 2: Complete simulation model SV 1.

Figure 2 shows the complete simulation model SV 1 with
all exchange relationships taken into account. The simu-
lation library by MAIWALD ET AL. isused, which hasbeen
expanded to include a loss component that enables,
among other things, the consideration of transmission
lossesin district heating pipes[7].

Each variant of the simulation model is evaluated us-
ing this method. The weighting of the target functions ac-
cording to Table 1 and the following decision-maker
preferences are used: economic: 30; ecological: 30; sym-
biotic: 25; resilient: 15. These fictitious decision-maker
preferences represent abalanced distribution with adlight
focus on economic and ecological objectives.

Thetotal utility values shown in Table 2 result in the
following ranking of the simulation variants. SV 1 >
SV2 > SvV4 =SV 3.
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This means that the total utility value of variant SV 1
exceeds the total utility value of al other variants and,
with the selected weighting and decision-maker prefer-
ence, represents the overall optimal solution. It should be
noted that the slight differences between SV 1 and SV 2
are solely dueto the consideration of transmission losses.
These arevery small in the example model and can there-
fore only be shown in the sixth decimal place. This is
more of atheoretical distinction with little practical rele-
vance, as losses are to be expected in any casein redlity.

Overdll, it is clear that simulation variants SV 3 and
SV 4 are rated significantly lower. This is because the
symbiosis potential is not fully exploited here.

Sv1 Sv2 SV3 SV4
0.211665 0.211662 -0.522877 -0.019082

Table 2: Total utility values of the simulation model vari-
ants (SV) of the scenarios.

4 Summary

The method presented here for evaluating simulation re-
sults in the context of industrial symbiosis makes it pos-
sible to systematically evaluate and compare simulation
results. Users can weight different objectives according
to their preferences. This enables the evaluation of se-
lected manually created simulation model variants, asin
section 3. However, aparticular strength of the method is
that it can also be used to evaluate numerous automati-
caly created simulation model variants and can be used
in the context of automated optimisation.

The next step is to check the weightings of the AHP
(see section 2). Here, it is advisable to have the pair com-
parisons carried out by company representatives, for ex-
ample, in order to obtain valid weightings for possible
practical use. The method can then be used in the context
of practice-oriented simulative optimisation.

Funding Information

This research project was funded by the German Re-
search Foundation (DFG) for a period from November
2020 to October 2023 (GEPRIS No.: 439187891; SCHM
2689/17-1; RO 2126/8-1).

DF

198 SNE 35(4) — 12/2025

Deutsche
Forschungsgemeinschaft

Publication Remark

This contribution is the improved English version of the
(German) conference version published in
Tagungsband Kurzbeitrdge ASIM SST 2024, p 9-12
ARGESIM Report AR 46
ISBN ebook: 978-3-903347-64-9
volume DOI 10.11128/arep.46

References

[1] Chertow MR. Industrial symbiosis. Literature and
taxonomy. Annual Review of Energy and the
Environment, 2000, 25, 313-337.

[2] VDI Centrefor Resource Efficiency. Industrial
symbiosis. https://www.ressource-deutsch-
land.de/themen/krei slaufwirtschaft/krei slauffuehrung-
im-verarbeitenden-gewerbe/unternehmenskoopera-
tionen/, accessed on 07.06.2024.

[3] Gabler Business Dictionary. Resilience.
https://wirtschafts exikon.gabler.de/definition/resilienz-
52429/version-275567, accessed on 07.06.2024.

[4] Kleemann FC, Frihbeis R. Resilient supply chainsin the
VUCA world. Supply chain management for Corona,
Brexit & Co., 2021, Springer Gabler, Wiesbaden.

[5] Martin M, Svensson N, Eklund M. Who getsthe
benefits? An approach for assessing the environmental
performance of industrial symbiosis.

Journal of Cleaner Production, 2015, Vol. 98, 263-271.

[6] Jacobsen NB. Industrial Symbiosisin Kaundborg,
Denmark. A Quantitative Assessment of Economic and
Environmental Aspects. Journal of Industrial Ecology,
2006, Vol. 10, No. 1-2, pp. 239-255.

[7] Maiwald M, Kosmol L, Pieper C, Schmidt T. ESProNet:
A Model Library for the Dynamic Simulation of Indus-
trial Symbiosis. International Journal of Modelling
and Optimisation, 2020, VVol. 10, No. 1, pp. 1-7.

[8] Fraccascial, Giannoccaro |I. What, where, and how
measuring industrial symbiosis: A reasoned taxonomy of
relevant indicators. Resources, Conservation &
Recycling, 2020, Vol. 157, 1-11.

[9] VaenzuelaVenegas G, Henriquez-Henriquez F, Boix M,
Montastruc L, Arenas-Araya F, Miranda-Pérez J,
Diaz-Alvarad FA. A resilience indicator for Eco-
Industrial Parks. Journal of Cleaner Production,

2018, 174, 807-820.

[10] Saaty TL. Decision making - the Analytic Hierarchy and
Network Processes (AHP/ANP). Journal of Systems
Science and Systems Engineering, 2004, 13 (1), 1-35.

[11] KhanJA, Ur Rehman |, Hayat Khan Y, Javed Khan I,
Rashid S. Comparison of Requirement Prioritisation
Techniques to Find Best Prioritisation Technique.
International Journal of Modern Education and
Computer Science, 2015, 7 (11), 53-59.



SNE SHORT NOTE

Conceptualization of a Procedural Model
for Selecting Decision Support Methods
In Production and Logistics

Katharina Langenbach

Department of IT in Production and Logistics, Technical University of Dortmund, Leonhard-Euler-Str. 5,
44227 Dortmund, Germany; katharina.langenbach@tu-dortmund.de

SNE 35(4), 2025, 199-202, DOI: 10.11128/sne.35.5n.10755
Selected ASIM SST 2024 Postconf. Publication: 2024-12-10
Rec. Rev. English Version: 2025-10-28; Accepted: 2025-11-15
SNE - Simulation Notes Europe, ARGESIM Publisher Vienna
ISSN Print 2305-9974, Online 2306-0271, www.sne-journal.org

Abstract. The complexity of modern production and lo-
gistics results in recurring decisions being made with the
help of decision support methods (DSM). However, choos-
ing an appropriate DSM is complex, especially when con-
sidering the available data. A procedural model assists
practitioners in this selection by providing a structured,
comprehensible, and repeatable approach. This paper
proposes a procedural model that categorizes questions
arising in production and logistics while supporting the se-
lection of suitable DSMs as well as techniques for aggre-
gating and disaggregating data.

Introduction

The processes of planning, implementation, and control
within production and logistics necessitate numerous de-
cision-making activities. These decisions vary according
to factors such as time horizons and system complexity
[1]. The advent of digital transformation has notably in-
creased system complexity [2].

Given the intricate nature of decisions pertaining to com-
plex systems, it is prudent to employ technical support
for decision-making.

A variety of methods can be utilized for decision sup-
port, each with specific requirementsto yield meaningful
outcomes. Consequently, the selection of appropriate
methods should be tailored to the specific decision sup-
port question at hand [1]. This selection process is both
challenging and essential [3].

All decision support methods (DSM) are dependent
on data. However, this data is often not available at an
appropriate level of aggregation, being either excessively
granular or overly condensed. Therefore, data aggrega-
tion, disaggregation, or in general data transformation
(DT) may be necessary.

This paper presents afoundational approach to the se-
lection and implementation of DSMs, while addressing
the provision of data at suitable aggregation levels.

1 Foundations

Problem-solving typically involves addressing specific
questions. Theformulation of questionsalowsfor aclear
delineation of problem statements. Depending on the do-
main or management level, these questions can vary sig-
nificantly. In the context of production and logistics, typ-
ical inquiries include evaluating changes in production
capacities or planning impacts [4].

DSMs are particularly beneficial when there are con-
flicting objectives or when analyzing the impact of indi-
vidual decisions on other decisions[5]. Three exemplary
types of DSMs are outlined below:

Spreadsheet tools or simple mathematical models are
frequently employed in production and logistics for effi-
cient quick calculations that capture system dependen-
cies[6]. Simplifications, such as static averages, are often
utilized in this context.

For more complex systemsinvolving randomnessand
interactions, which are critical factors in real-world sce-
narios, simulation can be employed [7]. However, it ises
sential to ensurethat aquestionis"simulation-worthy" [4].

Not all simulation characteristics, such astemporal or
stochastic elements, are necessary for every query within
production and logistics domains [8].
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For instance, heuristic or exact approaches may suffice
for transport planning tasks[9].

To mitigate the limitations inherent in individual
methods, hybrid approaches that combine multiple tech-
nigues can be advantageous, particularly during optimi-
zation tasks. Optimization strictly requires complete in-
formation availability (deterministic models). However,
uncertainties are ubiquitous, leading to oversimplified
representations of real systems [10]. Therefore, combin-
ing DSMs, such as simulation-based optimization, can be
beneficial.

Not all DSMsrequire identical forms or structures of
input data; hybrid applications further compound these
variations by necessitating tailored adjustments across
datasets beforehand. Dataquality significantly influences
the trustworthiness of outcomes generated by any em-
ployed method [11], with suitability, including proper
granularity, playing pivotal roles. Techniquesfacilitating
preprocessing transformations serve critical functions in
adapting datasets accordingly before deployment stages,
thereby enabling valid outputsto consistently emerge[12].

The interdependencies between the question under
consideration, the selection of the DSM, and the availa-
ble datathat can be transformed underscores the need for
a procedural model to ensure a structured, reproducible,
and reliable approach.

2 Conceptual Approach

To address complex questions, a structured, comprehen-
sible, and repeatable approach is essential. The specifics
of the questions and the existing boundary conditions
must be considered. Nonetheless, a general procedure
should be provided to systematically support especially
industry users. In the following, a suitable procedural
model is proposed for this purpose.

2.1 Decision Process

When adecisionisrequired inthefield of production and
logistics, it is associated with one or more questions (see
Section 1) of varying difficulty. These questions are al-
ways addressed while considering boundary conditions
such as the time horizon in question or available re-
sources. Based on these questions and boundary condi-
tions, a DSM is selected to facilitate an informed and
comprehensible decision.

The implementation of any DSM necessitates data
(see Section 1).
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At this stage, various challenges may arise. Data is
not available in the necessary quantity or often exists at
an unsuitable level of aggregation. If the chosen DSM
were applied using such data, it would lead to unreliable
or even incorrect results. Therefore, the data must be ad-
justed according to the specific question at hand. If the
datais appropriately formatted after this adjustment, or if
it was already available in a suitable form, the DSM can
be applied, and insights can be derived from analyzing its
results. Based on these insights, decisions can then be
made.

2.2 Input Variables

Asoutlined in Section 2.1, several input variables play a
significant role both in the selection of DSM and in de-
termining an appropriate DT. Theinput variablesfor both
subprocesses exhibit similarities and are briefly de-
scribed below.

The foundation for selecting both the DSM and the
extent of required DT lies in the underlying question.
This question defines the focus areas for answering in-
quiries, needed information, provides guidance on prior-
itizing objectives amidst conflicts, and determinesthere-
quired level of detail for results, like a yes/no answer or
adetailed forecast. However, the question cannot be con-
sidered in isolation; it is aways tied to boundary condi-
tions such as the available timeframe, accessible re-
sources, and existing knowledge bases. Accordingly, the
selection of DSM is always based on both the question
itself and its associated boundary conditions.

To implement the chosen method successfully, data
isrequired. The structure and level of aggregation of this
data determine whether a DSM can be applied effec-
tively. Thetype of datafundamentally required isdefined
by the question at hand. Specificaly, the information
needed to answer this question, dictates at what level of
aggregation this data must exist. Furthermore, DSMsin-
fluence structural requirements for data aswell as adjust-
ments needed prior to application. Additionally, other
boundary conditions, such as resources available for im-
plementing various transformation techniques, must also
be considered during this process.

2.3 Grouping

The selection of an appropriate DSMs and DT necessi-
tates a comprehensive analysis of the prevailing circum-
stances. The complexity of potential questions and their
answers vary significantly.
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To streamlinethe DSM selection process, it is advan-
tageous to categorize questions for example by their an-
swer complexity and application domain while consider-
ing the associated boundary conditions.

Recommendations regarding the appropriate DSM
can be derived by comparing the attributes of the ques-
tions with the requirements and strengths of individual
DSMs. This process incorporates boundary conditions
and their resulting groupings, thereby integrating expert
knowledge.

The early selection of a DSM is crucia, as each
method imposes specific requirements on the necessary
data, particularly concerning data structure and aggrega
tion levels. Boundary conditions (see Section 2.2), espe-
cialy those related to the underlying question, provide
key indicators for determining suitable aggregation lev-
elsfor data.

Selecting an appropriate DT-method presents signifi-
cant challenges for users. By creating groups, it becomes
possible to select a suitable method in a simplified and
comprehensible manner. These groups are established
based on content-driven criteria such as data aggregation
levels dictated by both questions and boundary condi-
tionsof DSMs, consideration of availabledata, and align-
ment with the requirements and potentials of variousDT-
methods.

L+ 144

BC Quesnnn

Gagestion Choice of DSM \L_O_J,

2.4 Workflow

Based on the considerations outlined in Sections 2.1 to
2.3, a fundamental procedural model emerges, as illus-
trated in Figure 1. It becomes evident that the selection
of aDSM and its corresponding DT-method based on the
clients question involves a complex and multi-layered
approach. This approach aims to address the underlying
question at hand. The selection process is preceded by
categorizing input variables (see Section 2.2) into groups
(see Section 2.3), ensuring that both the uniqueness of the
question and its associated boundary conditions are ade-
quately addressed before proceeding further with imple-
mentation.

Only after this step the DSM can be implemented ef-
fectively. Following implementation and analysis of re-
sults, different scenarios may arise: The question may be
fully answered; further refinement may become neces-
sary; or entirely new questions may emerge during this
iterative process. Thisisrepresented by the dashed arrow
in Figure 1. The whole process can therefore be seen as
iterative.

The structured workflow depicted in Figure 1 sup-
ports transparent and reproducible decision-making for
selecting and implementing DSMs. This enablesindustry
practitioners to tackle complex questions within produc-
tion and logistics effectively.
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Figure 1: Schematic representation of the procedural model.
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3 Outlook

The methodology delineated in Section 2 constitutes an
initial framework for the development of a procedural
model, thereby highlighting research imperatives that fa-
cilitate the comprehensive elaboration and practical im-
plementation of the model.

Initialy, it is imperative to analyze the questions to
be addressed, classifying their complexity while taking
into account boundary conditions. This classification
serves as the basis for selecting an appropriate DSM. In
thisregard, it isalso essential to collect and scrutinize the
requirements of individual DSMs.

Such analysis enables the alignment of the require-
ments and potentials of DSMs with the demands of each
specific question, thereby aiding in the selection of a suit-
able method. Existing methodologiesfor selecting DSMs
in production, logistics, and related fields should be con-
Sidered.

Furthermore, DT-methods must be provided to facil-
itate the application of selected DSMs. The requirements,
strengths, and weaknesses of individual DT-methods
must also be evaluated.

To implement the proposed approach in practice, it is
crucia to define the individual phases, phase outcomes,
and roles within the procedural model. Additionally, au-
tomated verification and validation of phase outcomes
should be prioritized to enhance the credibility of the
generated results and bolster trust in the reliability of this
newly developed procedural model.
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Abstract. Driving cycles are required for a variety
of applications including longitudinal dynamics simu-
lations. For the generation of representative driving
cycles, a driving data analysis is indispensable. This
paper proposes a method to efficiently segmenting
data and subsequently identifying typical trip sections.
A first cluster analysis is performed on individual data
points using the kmeans++ algorithm. Based on the
results, the consecutive data points are segmented into
microsegments. Subsequently, these microsegments
are being clustered in a second cluster analysis. The
results obtained reveal patterns of cluster formations
that are similar to those observed in the cluster analysis
of individual data points.

Another segmentation, based on the minimum du-
ration of standstill times between two driving sections,
enables the identification of typical trips of longer
durations. This is achieved by taking the proportions
of the microsegments assigned to the same cluster as
input variables for the third cluster analysis. Thereby,
groups of similar trips can be identified with the typical
distribution of microsegment proportions.

Thus, the developed method yields representative
trip sections for a driving dataset and thereby forms a
basis for generating representative driving cycles both
in the research and in the development of simulation-
based technologies.

Introduction

To reduce greenhouse gas emissions related to public
transit vehicles, such as buses, the transition from
conventional internal combustion drive trains to alter-
native drive trains is necessary. When developing new
drive trains, longitudinal dynamics simulations play an
important role. In order to fully exploit the capabilities
of these simulations, it is essential to use representative
driving cycles for different application scenarios as
stimuli. This facilitates the evaluation of the vehicle’s
ability to meet not only the requirements of standard-
ized driving cycles for buses, such as the Standardized
On-Road Tests (SORT), but also the requirements of
real customer use. To obtain these representative driv-
ing cycles, it is necessary to identify typical operating
trips by analyzing driving data from buses already
operating in the application area. To this end, this
paper proposes an approach to effectively segmenting
the dataset and finding groups of similar trips using a
clustering algorithm. This approach provides a basis
for generating representative driving cycles, which can
subsequently be used in longitudinal dynamics simu-
lations and support the development of new drive trains.

There are several approaches for analyzing driv-
ing data, whereby the dataset is segmented into brief
driving sections, hereby referred to as microsegments.
One of these approaches involves the establishment of a
fixed duration for the segments. Montazeri-Gh et al. use
a duration of 150 s [1] whereas Brady and O’Mahony
use a duration of 30 s [2]. The disadvantage of a fixed
duration is that a single microsegment contains several
different driving scenarios. Therefore, in this work, the
driving data is segmented into microsegments of vari-
able length which start or end when the driving condi-
tions change.
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A similar approach is employed by Langner et al. to
extract representative driving scenarios from real-world
driving data [3]. The segmentation is based on signif-
icant changes in features such as speed limits, street
types and curviness [3]. However, there is no detailed
description of how these significant changes in the fea-
tures are identified.

The approach in this paper is to realize the segmen-
tation by clustering individual data points and creating
microsegments from consecutive data points that are in
the same cluster. Chetouane et al. also perform a clus-
ter analysis of individual data points to identify similar
driving episodes from an autonomous driving dataset
[4]. However, the post-processing differs from the one
chosen in this paper and the identified driving episodes
are not used for further characterization of longer driv-
ing segments [4].

The methodology employed for the segmentation of
driving data and the identification of groups of similar
trips is examined first. Then a description of the dataset
utilized to develop the method follows. The implemen-
tation of the approach is divided into two steps. Ini-
tially, data points are segmented into microsegments,
which are then clustered. Subsequently, trips are seg-
mented based on a minimum standstill time, followed
by a cluster analysis. Finally, a discussion of the results
precedes the conclusion of this work.

1 Methodology

With the aim of identifying similar trips from a driving
dataset, the method shown in Figure 1 is developed. The
raw dataset undergoes a series of preprocessing steps to
obtain the desired data quality prior to segmentation.
Two segmentation levels are employed for this purpose.
On the first level, the data is segmented into microseg-
ments, which are characterized by similar driving con-
ditions. A new segment is created when the considered
variables change significantly. To achieve this segmen-
tation, all data points are categorized with a first clus-
ter analysis. For all cluster analyses in this paper the
kmeans++ algorithm by Arthur and Vassilvitskii is used
[5]. It is an augmentation of the well-known cluster al-
gorithm kmeans, which was developed by Lloyd [6].
Kmeans is a partitioning cluster algorithm and is
commonly used to cluster driving data [1, 2, 4, 7].
The algorithm takes the number of clusters k as an
input and chooses k cluster centers randomly from the
dataset. In the next step the Euclidean distances from
each point to the cluster centers are calculated and the
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data points are assigned to the cluster center with the
minimal distance to the point. New cluster centers
are calculated as the average of all assigned points
and the procedure is repeated. Kmeans++ chooses
the initial cluster centers based on the distribution
of the input data, which leads to better results and
a faster convergence [5]. To choose the number of
clusters k, three metrics are considered. The Silhouette
score compares the difference of the average distances
between a given point and the points within the same
cluster and the average distance between that point and
the points in the nearest cluster with the maximum of
these two values [8]. The values are in a range of -1
and 1, where a higher value indicates a better cluster
result [8]. The Davies-Bouldin index compares the
size of the clusters with the distance between them.
Better partition and separation are achieved with a
lower Davies-Bouldin index [9]. The third index used
is the Calinski-Harabasz index, which validates the
cluster validity by calculating the proportion obtained
by dividing the total dispersion between clusters by
the total dispersion within clusters across all clusters
[10]. A higher index indicates better results [10]. All
three metrics are also used by Chetouane and Wotawa
to evaluate the results of clustering driving data [11].

( )
Raw Driving Data
- J
1
Data Preprocessing
e ~
1. Cluster Analysis Group Data
of Data Points into Trips
¥
Group Data into
Microsegments
¥

2. Cluster Analysis
of Microsegments
1)

Assign Microseg-
ments to Trips
¥
3. Cluster Analysis
of Trips
¥
Groups of
similar Trips

Figure 1: Segmentation and clustering process.
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The first cluster analysis assigns to each data point
a cluster index, cij,. It is imperative to ensure that the
occurrence of single data points, possessing a different
cluster index compared to their surrounding data points
that share the same cluster index, does not result in
the initiation of a new microsegment. To this end, a
smoothing method is developed. Furthermore, driving
sections are identified that consist of data points with
highly divergent cluster indices. They are grouped as
self-contained microsegments. The values of the indi-
vidual data points are aggregated so that each microseg-
ment has one value for each cluster variable. The start
and end times of each microsegment are taken from the
first and the last data point of this microsegment. Sub-
sequently, a second cluster analysis is performed on the
aggregated microsegments, which assigns to each mi-
crosegment a cluster index ciy,.

On the second level of segmentation, the prepro-
cessed dataset is segmented into trips based on a defined
threshold for standstill time. If the vehicle stands still
for a duration exceeding the threshold, the current trip
ends and a new trip starts as soon as the vehicle moves
off again. This results in larger segments than those ex-
tracted from the individual data point clustering. There-
fore, each trip consists of several microsegments. The
start and end time of each trip and microsegment facil-
itates the temporal assignment of the microsegments to
the trips. For each trip, the proportions of time spent by
the vehicle in a microsegment of the clusters ci,, are cal-
culated and taken as new variables for the third cluster
analysis at the trip level.

The quantity of cluster variables at this level is de-
fined by the cluster number that is derived from the
second cluster analysis conducted at the microsegment
level. The analysis yields groups of trips with simi-
lar proportions of microsegments assigned to the same
cluster index ci,,.

2 Data Source and Preparation

The data source used for this paper is the Zurich
Transit Bus dataset [12]. It contains driving data from
two electric city buses over a period of 3.5 years.
To prepare the data for the cluster analysis and to
ensure sufficient data quality, a variety of filtering and
data preprocessing steps are carried out preceding the
clustering. The signals used from the dataset are the
time of recording, the latitude and longitude of the
vehicle and the velocity of the vehicle.

To filter out incomplete data, the dataset is split into
individual days. A day is only included in the analy-
sis if the positional information or the velocity signal
is not missing for more than 60 s. If the positional in-
formation and the velocity signal is missing, the day is
included since this corresponds to a break. This results
in a dataset of 7.5 million data points with a sampling
rate of less than 10 s for 99.2% of the data points and
a sampling rate of exactly one second for 93.1% of the
data points. If the positional information is missing, it
is interpolated linearly.

As described by Widmer et al., the dataset contains
the raw measurements of the sensors [12]. To coun-
teract on inaccuracies of the latitude and longitude sig-
nal introduced by the GNSS sensor, the Valhalla Map
Matching API [13] is used to map the coordinates onto
the road.

The altitude information for the matched coor-
dinates is retrieved from NASA’s publicly available
SRTM data [14]. To smooth the altitude signal, the
average altitude of the 15 seconds preceding and suc-
ceeding each data point is calculated and used for fur-
ther processing. The velocity of the vehicle is calcu-
lated by Widmer et al. based on the signal of rotational
speed sensors mounted on the motor shafts of the vehi-
cle and then multiplied with a transmission ratio y [12].
To counteract slight deviations introduced through this
estimation, all values with negative velocity values are
set to zero.

To calculate the slope, the difference in altitude is di-
vided by the distance traveled between two data points.
For the slope of one data point, the average slope of the
preceding and succeeding data point is used. To avoid
dividing by a small value of the traveled distance, the
slope is set to zero if the velocity of a data point or the
preceding or succeeding data point is less than 0.2 %.

3 Segmentation and Clustering
of Microsegments

In order to identify similar microsegments, individual
data points are clustered. For this, the slope and
velocity of the vehicle are used, as these are typical
input variables for longitudinal dynamics simulations.
To filter out any outliers, the interpercentile range (ipr)
between the 5 and 95 percentile is calculated. Values
smaller than ps — 1.5 -ipr or larger than pgs + 1.5 -ipr
are neglected. This filters out 0.2% of the values
corresponding to 14 385 data points.
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The data is then scaled using a Standard Scaler to
remove the mean and scaling it to unit variance [15].
Each data point is clustered using the kmeans imple-
mentation by Scikit learn [15] with the kmeans++ algo-
rithm for choosing the initial clusters [5]. This results
in each data point being assigned to one of k clusters.

To determine the number of clusters, the scores in
Table 1 are considered. As the Silhouette score and
Calinski-Harabasz index indicate, the best results are
achieved with k = 4. The cluster index a data point is
assigned to is called ci,. As can be seen in Figure 2,
the clusters with ci, = 2 and ci,, = 4 contain data points
with moderate slope but differ in velocity. The clus-
ters with ci, = 1 and ci, = 3 contain data points with
moderate to high absolute slope values regardless of the
velocity.

k | Silhouette Davies—Bouldin Calinski—-Harabasz
2 0.370 1.099 398668
3 0.374 0.929 435960
4 0.405 0.876 470390
5 0.356 0.885 459099
6 0.360 0.866 447477

Table 1: Scores to determine the number of clusters.

20 ——
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Figure 2: Clustering result of individual data points

In the next step, consecutive data points with the
same cluster indices ci, are grouped together into mi-
crosegments.

As can be seen in Figure 3(a), there are data points
with a different cluster index than the cluster index that
is dominating in this driving section. To address this
issue a smoothing process is introduced.

For this, each data point is first transformed into a
binary vector representation v, where only the value at
the index of the cluster (ci) is set to one.

V1
: 1 ifi=cip,
V= 1y; Vi = .
0 otherwise.
Vi

B 5 100005

Since each data point can only be assigned to one
cluster, each vector always only has one entry not equal
to zero, which means that all cluster indices have the
same Euclidean distance to each other and the smooth-
ing can be performed. The average is calculated row-
wise in a rolling window. The row with the highest av-
erage is then set to one and all other values are set to
zero. In a last step the vector can be transformed back
into the cluster assignment. An example of this process
is demonstrated in Table 2 with a fixed window size of 3
data points. The actual implementation of the algorithm
uses a window size of 9 s centered around the current
data point. Since the majority of data points have a sam-
pling rate of 1 s, this corresponds to a window size of
9 data points. As shown in Figure 3(b), this method
successfully assigns the dominating cluster index to in-
dividual points that differ from the dominating cluster
index. Depending on the size of the rolling window,
even multiple deviating points can be adjusted this way.
An important aspect which this method also fulfills is
that an already clear transition between microsegments
remains intact.

EIERENEREN RN RN
J Transformation in {0, l}k +

J Rolling Average |
] [17 (27 27 27 27 17
of 131 |3 13| 3] |3] |!
1 (3] 4] o] |o| [o] |o
1 1 1
0] (o] (o] 31 L31 L3 LO]
J Assignment]
(o] [o] [1] (1] [1] [1] [1]

} Transforming to Cluster],

ElENRNEN RN

Table 2: Example on how to smooth the cluster result with a
rolling window of length 3.
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Figure 3: Correcting missmatched points after clustering.
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In a next step the driving sections are handeled in
which a dominant cluster is not apparent. For this, the
variance of the smooth clusters is calculated.

If in a window of 9 s the cluster index changes more
than four times or the variance is smaller than 0.1 and
the cluster index changes more than two times, the data
point is labeled as diverse and assigned to an additional
cluster index value. After the introduction of this addi-
tional cluster index value, the smoothing is performed
again. If a microsegment has a duration of less than 5
s, it will be assigned to the microsegment closest to the
start or end time of the current microsegment. If the
time difference to the previous and next microsegment
does not differ, the microsegment will be assigned to
which ever has the shorter duration. The entire dataset
now consists of 325 311 microsegments with a duration
of at least 5 s. To uniquely identify each microsegment,
a microsegment index is assigned to each microseg-
ment. This index is employed to aggregate the data and
calculate the metrics later used for clustering. The ag-
gregated table also contains the start and end time of
each microsegment, which is later used to match the
microsegments to the corresponding trips.

To not only capture the average or median slope of a
microsegment, the cumulative sum of altitude gain and
altitude loss are calculated while aggregating. These
variables are now used to calculate the altitude gain per
distance and altitude loss per distance. Together with
the median velocity of a microsegment these two vari-
ables are used to cluster the microsegments.

To filter out any outliers, microsegments in which
the velocity falls within the bottom or top 5% of values
or the altitude loss per distance or altitude gain per dis-
tance falls within the top or bottom 3% of values, are
not considered. To determine the number of clusters,
the metrics in Table 3 are considered. Based on that, a
cluster number of £ = 6 is chosen.

k | Silhouette Davies—Bouldin Calinski—-Harabasz
2 0.324 1.292 139185
3 0.378 1.008 179274
4 0.385 0.909 207663
5 0.379 0.942 198766
6 0.404 0.876 213039
7 0.391 0.908 202768
8 0.390 0.922 200846

Table 3: Scores to determine the number of clusters.

As can be seen in Figure 4, the clusters are separated
by the median velocity, as well as the altitude gain and
altitude loss within a microsegment.

The cluster with ci,, = 2 contains microsegments
with the highest velocities but only little to moderate
changes in altitude gain and loss. The clusters with
ci, = 1 and ciy,, = 6 contain microsegments with mod-
erate velocities and are separated by altitude gain and
altitude loss. While the cluster with ci,, = 1 contains
microsegments with moderate altitude loss and almost
no altitude gain, the cluster with ci,, = 6 contains mi-
crosegments with moderate altitude gain and only very
little altitude loss. The cluster with ci,, = 5 contains
the microsegments with low velocity and almost no al-
titude gain or loss. In contrast to that, the clusters with
ciyy = 3 and ciy, = 4 contain microsegments with veloc-
ities up to 6.5 %. While the cluster with ci,, = 3 con-
tains segments with moderate to high altitude gain and
moderate altitude loss, the cluster with ci,, = 4 contains
segments with moderate altitude gain and moderate to
high altitude loss.

stance
i

Amitude Loss p. D¢
8

Atitude Gan . Distance

(a) Cluster of Microsegments (b) Alt. Gain - Alt. Loss

Modian Velocity in mis
Median Velocity in mis

T ide Loss b, Distance.
(c) Alt. Loss - Med. Velocity

Cim=1 Cim =2 Cim =3 Cim =4 Cim =5 Cim =6

(d) Alt. Gain - Med. Velocity

Figure 4: Cluster Result Microsegments.

4 Segmentation and Clustering
of Trips
In addition to segmenting the dataset based on changes

of the velocity or the slope, segmentation is performed
at a higher level based on a minimum time of standstill.
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A trip ends when the velocity signal is below 0.5
for a certain amount of time. As soon as the velocity
signal exceeds this value again, a new trip begins. Fig-
ure 5(a) shows a histogram of the standstill times up to
a duration of 900 minutes.

This exposes that most standstill times are below 20
minutes, which correspond to short breaks and traffic
flow interruptions during daily operation. The stand-
still times between 200 and 800 minutes most probably
reflect the nighttime breaks. However, choosing a min-
imum standstill time of 200 minutes would result in a
total of only 229 trips because only 0.16 % of stand-
stills have a minimum duration of 200 minutes.

Consequently, the minimum standstill time is set
at a lower threshold. As can be seen in Figure 5(b) a
high proportion of standstill times are below a duration
of three minutes. Standstills of less than three minutes
are therefore attributed to normal standstill times
during operation, for example at bus stops or traffic
lights. Standstills that last longer than three minutes
account for 2.44% of all standstills and are defined as
a segmentation criterion for the trips. This results in a
total number of 3475 trips, 99.42% of which have a
duration of less than 300 minutes.

Frequency
-
2

100: | _n ‘nnrrmﬂnrﬂh[‘m Mrmuﬂm-n M0,

0 100 200 300 400 500 600 700 800 900
Standstill Times in min

(a) Histogram of Standstill times until 900 minutes.

==+ 3 min mark

Frequency
[

20 25
Standstill Times in min

(b) Histogram of Standstill times until 25 minutes.
Figure 5: Histograms of Standstill times.

A closer look reveals that 10.16% of the trips are
shorter than 30 s and 11.08% are not longer than 5 min-
utes. However, a trip duration of less than 5 minutes
is not reasonable. Therefore, all trips of less than 5
minutes are excluded from further analysis. This leaves
3090 trips for the cluster analysis.

BT o c 5102005

After segmentation, all 325311 microsegments are
temporally assigned to the trip that includes the mi-
crosegment. Since trips with a duration of less than 5
minutes are neglected, 0.97% of microsegments cannot
be assigned to trips. For each trip, the temporal pro-
portions of microsegments with cluster index ci,, are
calculated. As the best result within the cluster analy-
sis of the microsegments is achieved when k = 6 is set,
it leads to six new input variables for the cluster anal-
ysis of the trips. Outliers are identified and excluded
by neglecting data points if the value of any of the used
variables fall within the 1% lowest or highest values.
From 3 090 trips before filtering there are 2 866 left af-
ter filtering for the cluster analysis. To determine the
number of clusters k with the best cluster results, the
metrics in Table 4 are calculated for different values of
k. As the Davies-Bouldin and Calinksi-Harabasz Index
indicates best results for k = 6, a cluster number of six

is chosen. In order to show the results of the cluster
k | Silhouette Davies—Bouldin Calinski—-Harabasz
2 0.240 1.804 731.8
3 0.175 1.740 631.8
4 0.183 1.625 598.5
5 0.185 1.534 559.7
6 0.189 1.441 540.9
7 0.174 1.450 504.3
8 0.163 1.459 479.6

Table 4: Scores to determine the number of clusters within
cluster analysis on trip level.

analysis with six input variables, a radar chart is plotted
in Figure 6. The chart visualizes the centers of the six
clusters with the cluster indices ci; = 1 to ci; = 6 from
the trip-level cluster analysis. Each axis of the radar
chart represents one cluster variable. These variables
represent the proportions of microsegments that are as-
signed to the cluster indices ci,; = 1 to ci, = 6 . The
proportions range from 0% in the center of the chart to
50% in the outermost circle. Each cluster on trip-level is
represented by one line. As an example, the trip corre-
sponding to the cluster center of ci; = 6 consists of 26%
microsegments which are assigned to ci,, = 6 and 5% of
microsegments which are assigned to ci,, = 3. Figure
6 also shows that the proportions for trips represented
by ci; = 2 and ci; = 4 overlap significantly. Likewise
ciy = 1 and ci; = 5 have similar curves, but differ in the
axes ciy = S and ci,, = 6. The cluster ci; = 6 clearly
stands out due to higher values for ci,, = 6 and the clus-
ter ci; = 3 differs by an overall flatter distribution. The
proportions of microsegments assigned to ci,, = 2 are
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the highest, ranging between 35% to 45%, whereas the
proportions of ci,,, = 3 are the lowest with proportions
under 9%.

Cim=1

—_— Cl.t=1

Cit=2
— Cit=3
— Cir=4
— Cig=5
— Cl.t=6

Figure 6: Radar chart of trip-level cluster centers of clusters
cip = 1,...,6 representing temporal proportion of
microsegment clusters ci,, = 1,...,6.

5 Results and Discussion

The clustering of individual points of driving data from
electric city buses leads to the differentiation of four
driving scenarios. Cluster ci, = 4 represents scenar-
ios in which the vehicle is not moving or moving at a
very slow velocity, for instance at bus stops. By con-
trast, ci, = 2 indicates normal driving in urban traffic
at velocities ranging from 6 to 19 %. The remaining
two clusters contain scenarios in which the bus is either
ascending or descending an incline, irrespective of its
velocity. When consecutive data points are combined
into microsegments based on the preceding cluster re-
sults and the microsegments are then clustered again, a
similar result is obtained. Again there is a cluster con-
taining microsegments with low median velocity and a
cluster containing microsegments with high median ve-
locity. Furthermore, there are two clusters, each pre-
dominantly containing microsegments with either alti-
tude gain or loss. However, two additional clusters are
identified, representing microsegments with high alti-
tude gain or loss, or both, and low to moderate values
for the median velocity. The additional clusters can be
attributed to the replacement of slope with the altitude
gain and loss and the fact that a driving section is now
considered instead of individual points. Therefore sec-
tions with altitude gain as well as altitude loss can occur.

Analyzing the results of the clustering concerning
trips, it can be seen that the most common microseg-

ments occurring in a trip are microsegments with ci,, =
2 and ciy, = 5 with over 30% for some trips. Those
microsegments correspond to segments with only mod-
erate values for altitude gain and loss. This aligns with
the topography of Zurich, as the city center is predom-
inantly flat, while the surrounding areas feature hilly
terrain [14]. This also corresponds to the observation
that all clusters contain less than 9% of microsegments
from ci,, = 3 and ci,, = 4 which represent microseg-
ments with high altitude difference. The distribution of
microsegments across trips is relatively balanced. One
reason contributing to this finding is that trips have a du-
ration of at least five minutes and can span over multi-
ple hours and therefore increase the probability of many
different microsegments being contained in one trip.
Another reason might be that the dataset is limited to
city buses within a single city, resulting in routes that
are inherently similar. Because of the variables avail-
able and to mitigate the complexity of the clustering re-
sults only two or three variables, respectively, are con-
sidered in the first step. However, these variables are
only capable of representing the actual driving sections
to a limited extent.

6 Conclusion

The aim of this research is to develop an approach to
effectively segmenting driving data and finding groups
of similar driving sections using a clustering algorithm.
For this purpose a dataset of electric city buses operat-
ing in Zurich is used. After data preparation, all data
points are being clustered in a first cluster analysis. The
categorization of the data points using the cluster results
enables a segmentation of the dataset into microseg-
ments. The dataset is aggregated on these microseg-
ments and a second cluster analysis is conducted. The
results show, that the characteristic patterns obtained in
the first cluster analysis of points can also be seen in the
second cluster analysis of microsegments. Addition-
ally, the dataset is segmented into longer driving sec-
tions, referred to as trips, based on the duration of stand-
stills between two consecutive driving sections. All mi-
crosegments are temporally assigned to the trips and the
proportion of microsegments with the same cluster in-
dex are computed and used as an input variable for the
cluster analysis on trip-level. The results demonstrate
minimal variation in the distribution of microsegments
across the trips. Considering the setting of Zurich, the
segmentation of microsegments and distribution of trips
achieves plausible results.
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Segmentation of Bus Driving Data: A Clustering-based Approach

In summary, this approach enables to identify rep-
resentative driving sections by segmentation of driv-
ing data based on cluster analyses. Thereby a basis
for generating representative driving cycles is provided,
which are essential to fully exploit the capabilities of
longitudinal dynamics simulations. In a further study,
more variables, for example a congestion index could
be taken into account, to potentially represent driving
sections more accurately. Another subject of interest
could be including driving data from other cities to gain
information on the typical trips of city buses in gen-
eral. Moreover, an investigation on data of intercity
buses or coaches could discuss the transferability of the
approach described in this paper to data of other bus
classes.
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6:* Information EUROSIM and EUROSIM Societies
EUROSIM Contact Information
EUROSIM -

the Federation of European Simulation Societies was
set up in 1989. The purpose of EUROSIM is to provide a
European forum for simulation societies and groups to
promote modelling and simulation in industry, research,
and development — by publications and conferences.

EUROSIM members are national simulation societies and
regional or international societies and groups dealing
with modelling and simulation.

Full Members are ASIM, CEA-SMSG, CSSS, DBSS,
KA-SIM, LIOPHANT, LSS, PTSK, NSSM, SIMS,
SLOSIM, UKSIM. Observer Membersare ALBSIM and
ROMSIM. Former Members (societies in re-organisa-
tion) are: CROSSIM, FRANCOSIM, HSS, ISCS.

EUROSIM is governed by a Board consisting of one rep-
resentative of each member society, president, past pres-
ident, and SNE representative.

Each year amajor EUROSIM event takes place, asthe EU-
ROSIM CONGRESS organised by a member society, SIMS
EUROSIM Conference, and MATHMOD Vienna Confer-
ence (ASIM).

The 12" EUROSIM Congress 2026 will be organized by
LIOPHANT in Genova, September 2026.

Furthermore, EUROSIM Societies organize local confer-
ences, and EUROSIM co-operates with the organizers of
I3M Conference and WinterSim Conference Series.

Contact Information
WWwWw.eurosim.info

President:
Francesco Longo (LIOPHANT)
francesco.longo@unical.it

SNE — Simulation Notes Europe is EUROSIM’s
membership journal with peer-reviewed scientific con-
tributions about all areas of modelling and simulation, in-
cluding new trends as big data, cyber-physical systems,
etc. The EUROSIM societies distribute e-SNE in full ver-
sion to their members as official membership journal.
SNE has also become a post-conference publication
journal for the EUROSIM societies, publishing revised,

improved or extended versions of the conference publi-
cations.

Thebasic version of e-SNE is available with open access
(Creative Commons license CC BY). Publishers are
ASIM, ARGESIM and EUROSIM.

www.sne-journal.org

SNE-Editor:
Felix Breitenecker (ASIM)
eic@sne-journal.org

EUROSIM Member Societies

ASIM - German Simulation Society
Arbeitsgemeinschaft Simulation

ASIM is the association for simulation in the German
speaking area, servicing mainly Germany, Switzerland
and Austria.

President

Oliver Rose, oliver.rose@unibw.de
Contact Information

WWW.asim-gi.org

info@asim-gi.org
ASIM — Office Germany, Univ. Bundeswehr Munich, Inst. fr

Technische Informatik, Tobias Uhlig, Werner-Heisenberg Weg
39, 85577 Neubiberg, Germany

ASIM — Office Austria, dwh Simulation Services,
F. Breitenecker, N. Popper, Neustiftgasse 57-59,
1070, Wien, Austria

CEA-SMSG - Spanish Modelling and
Simulation Group

CEA is the Spanish Society on Automation and Control.
The association is divided into national thematic groups,
one of which is centered on Modeling, Simulation and
Optimization (CEA-SMSG).

Representative

Emilio Jiménez emilio.jimenez@unirioja.es
Contact Information

www.ceautomatica.es/

modelado-simulacion-y-optimizacion/

simulacion@ceautomatica.es
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CSSS — Czech and Slovak Simulation
Society

CSSS is the Simulation Society with members from the
two countries. Czech Republic and Slovakia

President
Michal Stepanovsky
michal .stepanovsky@fit.cvut.cz

Contact Information
cssim.cz

michal .stepanovsky@fit.cvut.cz

CSSS — Cesky a Slovensky spolek pro simulaci
systémi, Novotného lavka 200/5,
11000 Praha 1, Ceskarepublika

DBSS — Dutch Benelux Simulation Society

DBSS was founded in July 1986 in order to create an or-
ganisation of simulation professionals within the Dutch
language area.

President
M. Mujica Mota, m.mujica.mota@hva.nl

Contact Information
www.DutchBSS.org

a.w.heemink@its.tudel ft.nl

DBSS/ A. W. Heemink, Delft University of Technology,
ITStwi, Mekelweg 4, 2628 CD Déelft, 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, ehajriz @ubt-uni.net

Contact Information
www.ubt-uni.net

ehajrizi @ubt-uni.net

Dr. Edmond Hajrizi, Univ. for Business and Technology
(UBT), LagjjaKalabriap.n., 10000 Prishtina, Kosovo
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LIOPHANT Simulation
is anon-profit association born in order to be a trait-d'u-
nion among simulation developers and users.

LIOPHANT is devoted to promote and diffuse the simula-
tion techniques and methodologies; the Association pro-
motes exchange of students, sabbatical years, organiza-
tion of International Conferences, courses and intern-
ships focused on M& S applications.

President
MarinaMassel, massel @itim.unige.it
Contact Information

www.liophant.org
info@liophant.org

LIOPHANT Simulation, c/o Marina Massei,
DIPTEM University of Genoa, Savona Campus,
viaCadorna 2, 17100 Savona, Italy.

LSS — Latvian Simulation Society

LSS has been founded in 1990 as the first professional
simulation organisation in the field of Modelling and
simulation in the post-Soviet area.

President
Artis Teilans, Artis. Teilans@rta.lv

Contact Information
www.itl.rtu.lv/imb/

Artis.Teilans@rta.lv, Egils.Ginters@rtu.lv

LSS, Dept. of Modelling and Simulation, Riga Technical Uni-
versity, Kalku street 1, Riga, LV-1658, Latvia

NSSM - National Society for Simulation
Modelling (Russia)

NSSM (HaumonansHoe OOmiectBo VIMHTAIMOHHOIO

Monenuposanus — HOUM) was officialy registered in
Russiain 2011.

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

Contact Information
www.simulation.su

yusupov@iias.spb.su

NSSM / R. M. Yusupov, St. Petersburg I nstitute of
Informatics and Automation RAS,
199178, St. Petersburg, Russia
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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.Nowi cki @wat.edu.pl

Contact Information
www.ptsk.pl

leon@ibib.waw.pl

PSCS, ul. Gen. Witolda Urbanowicza 2, pok. 222,
00-908 Warszawa 49, Poland

SIMS - Scandinavian Simulation Society

SIMS is the Scandinavian Simulation Society with mem-
bers from the five Nordic countries Denmark, Finland,
Norway, Sweden and Iceland.

President
Tiina Komulainen,
tiina.komulainen@oslomet.no

Contact Information
WWW.SCansims.org

vadi me@wolfram.com

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

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

Contact Information
www.slosim.si

slosim@fe.uni-lj.si, vito.logar @fe.uni-lj.si

SLOSIM, Fakulteta za el ektrotehniko, Trzaska 25,
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

Contact Information
uksim.info

david.al-dabass@ntu.ac.uk

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

Observer Members

ROMSIM — Romanian Modelling and
Simulation Society

Contact Information

florin_h2004@yahoo.com

ROMSIM / Florin Hartescu, National Institute for Research
in Informatics, Averescu Av. 8 — 10,

011455 Bucharest, Romania

ALBSIM - Albanian Simulation Society

Contact Information
kozeta.sevrani@unitir.edu.al

Albanian Simulation Goup, attn. Kozeta Sevrani, University
of Tirana, Faculty of Economy,
rr. Elbasanit, Tirana 355, Albania
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In Memoriam — Agostino G. Bruzzone

With profound sadness, the Federation of European Sim-
ulation Societies (EUROSIM) announces the passing of
Professor Agostino G. Bruzzone of the University of
Genoa, Italy, who died in September 2025.

Professor Bruzzone was an outstanding scholar,
leader and friend. As full professor at the University of
Genoa, he made enduring contributionsto the community
of modelling and simulation across many domains in-
cluding industrial logistics, autonomous systems, mari-
time and -defence applications.

As President of the Italian society Liophant Simula
tion and a devoted contributor to EUROSIM, he champi-
oned collaboration across Europe’s simulation societies
and built bridges between academia and practice.
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His leadership was marked by a rare combination of
deep technical insight, visionary thinking and warm per-
sonal engagement. Under his guidance the simulation
community worldwide grew stronger, more intercon-
nected and ever more relevant—particularly at the inter-
section of modelling & simulation with systems engi-
neering, digital twins and autonomous operations.

We honour his memory, his scholarship and his ser-
vice. In this time of loss, we aso reaffirm our commit-
ment to carry forward the work to which he dedicated so
much: fostering excellence in simulation science,
strengthening our networks and nurturing the next gener-
ation of researchers and practitioners.

On behaf of EUROSIM and al its member societies,
we extend our deepest condolences to his family, col-
leagues and students. His influence will long endure in
our community and in the many professionals and re-
searchers he inspired.

May herest in peace.
Francesco Longo, November 2025

Francesco Longo

Full Professor of Industrial Systems Engineering

Director of Modeling & Simulation Center - Laboratory of
Enterprise Solutions

DIMEG, University of Calabria

Via Ponte Pietro Bucci, Cubo 45C - Third floor,

Rende (CS) — Italy; T +39 0984 494891] f.longo@unical.it
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Calendar of Events

December 7 - 10, 2025, Seattle, WA, USA

2025 Winter Simulation Conference
Look to the Future! Simulation 2050 and Beyond

meetings.informs.org/wordpress/wsc2025/

March 25 — 27, 2026, Nurnberg/Ansbach, Germany

ASIM Workshop Simulation in den Umwelt-

und Geowissenschaften
Strémungssimulation und industrielle Energieeffizienz

www.asim-gi.org/SUGWorkshop2026

June 24 - 26, 2026, TU Wien, Austria

40th ACM SIGSIM International Conference

on Principles of Advanced Discrete Simulation
Cooperation of ASIM with ACM SIGSIM

sigsim.acm.org/conf/pads/2026/

September 16 -17, 2026, Eskilstuna, Sweden

SIMS 2026, 67th International Conference
of the Scandinavian Simulation Society

www.scansims.org

September 21 - 23, 2026, Genova, Italy

12th EUROSIM Congress
M&S & Al: Opportunities and Challenges for Present & Future

www.msc-les.org/eurosim2026/

together with
I3M 2026

The 23rd International Multidisciplinary
Modelling & Simulation Multi-Conference

www.msc-les.org/i3m2026/



12th EUROSIM Congress
September 21-23, 2026

Genova, ltaly

The 12th edition of the EUROSIM Congress will be held in Genova, ltaly, organized by the
Liophant Simulation Group. This edition’s congress is dedicated to the theme of

M&S & Al: Opportunities and Challenges for Present & Future

Genova has a rich maritime heritage and dynamic role as a hub for logistics, ICT, art, finance,
business and fashion.

Authors are welcome to submit their contributions to the following, but not limited to areas
such as: Agent-Based Simulation | System Dynamics Simulation | Discrete Event Simulation |
Supply Chain Management, Logistics & Transportation | Industrial Case Studies Complex,
Intelligent, Adaptive and Autonomous Systems | Data Science for Simulation | Environment
and Sustainability Applications | Artificial Intelligence | Agentic Al and Simulation | Military
Application | Hybrid Simulation | Manufacturing Applications | Simulation-Optimization |
Tutorials / workshops from academics and industry, PhD Track and many more

Researchers and practitioners are encouraged to submit their original contributions as:
Discussing paper (2-page extended abstract); peer-reviewed; accepted for presentation

Full paper (max 8 pages); peer-reviewed; accepted for presentation; published in the
Congress proceedings; considered for journal publication.

Deadlines

Abstracts or full draft papers: May 31st, 2026

Acceptance Notification: June 10th, 2026
Camera Ready Papers: July 10th, 2026

www.msc-les.org/eurosim2026/

www.sne-journal.org
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