SIMULATION
NOTES EUROPE

SNE

A i

| o |
f .I_-“ m—y !
| Humgryt ) 1 [ Fedi I:I
\ A — oy S
'Ii- = “Eait.Totinat |
e TR
oa o [mm
”_h“\ll csst Jo - csu2 |- =N
., 1 X [ 1 ~
\ F':li -r_il == At |ﬂxmﬂ!‘_'
_— ¥ ¥ ¥ e,
““EaS Totinst - ~Ent2 Totnst
Thinks 5 Eats Eat2 2 Thinkz
Dur Dur Dur Dur
i L, [ ] ¥ I =,
—+{ Hingys SN -l i A H
_ == = NS L
| esss ) | esa |
e e e N —
y It A i ¥ ;
!u Fodd o o —
oy J p TN I_ Y, _!
— 1% | I S A N, S
“Eams Totinst | - Et3 Totinst
Thilrikd 4 Eatd - Eatd 3 Think3d
Dur Dur ¥ . 0 Dur Our
i = iR i By Y
= .
| rungys S O . —+| Fea3
. A
P, e 1
e S

Journal on Developments and Trends in Modelling and Simulation

EUROSIM Scientific Membership Journal

ISSN Online 2306-0271
ISSN Print 2305-9974

Vol. 36 No.2, June 2026 DOl 10.11128/sne.36.2.1077




Calendar of Events

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, ltaly

12th EUROSIM Congress
M&S & Al: Opportunities and Challenges for Present & Future
with special ASIM Track
(reduced fee for ASIM members)

www.msc-les.org/eurosim2026/
together with
I3M 2026

23rd International Multidisciplinary Modelling & Simulation Multi-Conference

www.msc-les.org/i3m2026/

December 6 - 9, 2026, Glasgow, Scotland

2026 Winter Simulation Conference
Simulation for Climate Resilience
(reduced fee for ASIM members)

meetings.informs.org/wordpress/wsc2026/

September 20 - 22, 2027, Kassel, Germany
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Editorial

Dear Readers, This second issue of SNE Volume 36, SNE 36(2), continues with post-conference publications from ASM Symposium
2024 (Munich) and from ASIM’s Workshop GMMS/STS 2025 at DLR (April 2025) and starts with post-conference publications from
MATHMOD 2025 Vienna (February 2025). The topics of these six contributions show very broad range: system simulation with hybrid
thermal storage tanks, flatness-based control of heat equation, virtual sensors for reconstruction in single resident apartments, varia-
tional multiscale models for convection-dominated problems, health self-management applications for people with rheumatoid arthritis,
and terrain identification in simulation-driven terrain-aware military logistics supplier —from physics via ambient assisted living and
healthcare to logistics. For a better differentiation of a post-conference publications from the conference publication we have introduced a
classification: REVISED - correction of typos, improvement of text; IMPROVED - correction of typos, improvement and extension of text, a
bit more figures; EXTENDED - significant improvement and extension of text, more figures, change of title and authors; and FULL PAPER
- new publication based on conference abstract publication (with sametitle); additionally ENGLISCH VERS ON —in case of non-English
conference publication. And last but not least, P. G. loannou et al. continue ARGESIM Benchmarks solutions with STROBOSCOPE /
EZStrobe, in thisissue for Benchmark ‘ C10 Dining Philosophersii’.

I would like to thank all authorsfor their contributions, and many thanks to the SNE Editorial Office for layout, typesetting, prepara-
tions for printing, electronic publishing, and much more. And have a look at the info on EUROS M-related simulation events of this
year: 12th EUROSIM Congress EUROSIM 2026 in September 2026 in Genova (with ASIM tracks!), Winter Sm Conference 2026 in

December in Glasgow (this year in Europe!), and further conferences, e.g. SMS 2026 in September in Eskilstuna, Sweden.

Felix Breitenecker, SNE Editor-in-Chief, eic@sne-journal.org; felix.breitenecker @tuwien.ac.at
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This paper is focused on recent advancements in the inte-
gration of thermal storage systems with phase change
material (PCM) packed beds for energy storage applica-
tions. A simulation environment is presented that com-
bines detailed PCM modeling with dynamic load profiles
corresponding to specific consumers and producers. By
incorporating individual building and user parameters,
this approach provides the foundation for simulating and
analyzing application scenarios and their impact on the
thermal performance of storage systems with different
PCM configurations, compared to a conventional strati-
fied water tank.

Introduction

The model is based on a one-dimensional mathematical
approach that represents temperature distributionsin two
zones (Jager et a. 2024). It is adaptable to arbitrary tank
geometries and various PCM layer configurations and is
currently being enhanced to investigate storage behavior
under dynamic operating conditions.

The thermal dynamics within the water zone of the
storage tank during charging or discharging processes are
modeled as an open system with energy and mass ex-
change.

This is described through differential equations for
discretetank, accounting for heat lossto the environment,
conduction between layers using an effective conductiv-
ity, mass flow during charging and discharging pro-
cesses, and heat transfer between water and PCM cap-
sules.

1 Modelling

The governing equations describe the temporal evolution
of thermal energy within discretized storage layers. For a
generic layer i, wherei = 1,...,n, A,, denotes the base
area of the cylindrical control volume. The formulation
for the bottom layer of the water zone is given by:

dT.
pCy Axx € Azd_tl = Azank Utank(Tamp — T1) +
Aot (A — €
+M (’[’2 _ Tl) + (1)

+ mdown Cp (TZ - Tl) +
+mup Cp (Tdis - Tl) + UCAC (TPCMl - Tl)

For the intermediate layers between the bottom and top
of the storage tank:

d
pcpAge AZd—tl = Azank U rank Tame — Ti) +
/1 ff(A — 8)
+% (Tiog = 2T; + Tiyy) +

+ mdown Cp (Ti+1 - Ti) +

+ 1y, ¢p (Timgy = Ty) + UcAc (Tpeyi— Ty)

2

For the last layer n at the tank top:

d
pCy Axce AZd—: = Avzank Urank (Tamp — Tp) +

Aerr(Aax—€)
A== (T — T + @)

+ mdown Cp (Tch - Tn) +
+ mup Cp (Tn-l - Tn) + UCAC (TPCMn - Tn)

Heat exchange with the environment is represented by a
wall heat transfer term, whaose coefficient Uy, depends
on internal and external flow conditions aswell as on the
thermal properties of the tank wall and insulation and
may vary along the tank height.

SNE 36(2) - 6/2026



Jager & Renze Dynamic System Simulation with Hybrid Thermal Storage Tanks

For the bottom and top layers, the effective tank area
additionally includes the corresponding end surfaces,
which generally leads to increased thermal interaction
compared to intermediate layers. Axial heat transport be-
tween adjacent layersis represented by an effective ther-
mal conductivity that accounts for heat conduction
through both the water domain and the tank wall, thereby
capturing the additional vertical heat flux induced by the
high thermal conductivity of the metallic storagewall and
its influence on thermal mixing (Untrau et al. 2022).

The PCM domain is modelled by a separate energy
balance (4), assuming heat exchange exclusively with the
surrounding water and no interaction with adjacent lay-
ers. Heat transfer between the water and the PCM cap-
sules, as well as heat conduction within the capsules, is
represented by a temperature-dependent overall heat
transfer coefficient U, while phase change is modeled
using an enthal py-based approach.

Py Aar (1= ) 02 = UeAe (T Tocw )
Zones within the tank are determined based on PCM
placement and inlet and outlet locations, and if no PCM
is present, the corresponding heat transfer term is omit-
ted. Asthe PCM capsules form a packed-bed configura-
tion within the storage tank, only a portion of the total
tank volume is available for the water phase.

This portion is described by the porosity &, which is
defined astheratio of the void volume to the overall tank
volume. The void volume is obtained by subtracting the
total volume of the PCM capsules from the tank volume,
yielding

VT - VPCM

3 :V—T ®)

A schematic representation visualizing the described
model is provided in Figure 1.

2 Experiments and Results

Developed in MATLAB, the model was validated using
experimental data from a hardware in the loop test facil-
ity, successfully simulating continuous charging scenar-
ios. Thisintegration of simulation and experimental val-
idation enables a comprehensive evaluation of storage
system performance under realistic conditions.

User Load Profile

/

Hot Water

|_] Inlet/Outlet

Thermal Load Profile

Thermal Storage

Pz

Cold Water
Inlet/Outlet

e
N /

Figure 1: Schematic representation of the hybrid

thermal storage model, illustrating the
surrounding system modeled as load profiles.

The recent modifications enabling predefined charging
and discharging profiles to be implemented by convert-
ing hourly energy demands of both consumers and heat
generators, defined at specified hot water temperature
levels, into corresponding volume flow rates entering or
leaving the tank, thus directly affecting the energy bal-
ance calculations of the discretized tank layers.

A domestic hot water tank with V=2 m3 was top
loaded at 9 = 60 °C and discharged following a standard
family load profile (Bundesverband Wérmepumpe
(BWP) e.V. 2023).

The study compared three tank configurations with-
out losses: an ideal stratified tank, atank filled with PCM
capsuleswith amelting point of 58 °C, and one with cap-
sulesat 37 °C.

A 24-hour segment of asimulation cycle is presented
in Figure 2. The first column illustrates the hourly tem-
perature distribution a ong the tank height, while the sec-
ond column depicts the stored heat distributions at each
2 cm layer of height. The PCM58 capsules did not fully
melt in this scenario.

M
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Figure 2: Temperature Distribution and Stored Heat for each of 100 Layers across a 24-Hour Segment of a Simulation

In contrast, the PCM37 configuration demonstrated a Despite storing 109 kWh (PCM 37) at its peak or imme-

higher energy density spreading downward until hour 6, diately after the last charging hour, compared to 83.5

indicating significant latent heat absorption. kWh (PCM58), the temperature in the upper_section of
the PCM37 tank decreased more rapidly during dis-
charge, reaching 38 °C by hour 21.
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At the same time, the PCM58 tank retained 52 °C,
while the stratified tank provided 57 °C. After discharge
(after hour 22), both PCM tanks exhibited dight reheat-
ing, stabilizing near the melting temperature of the re-
spective PCM.

For this scenario, the stratified tank maintained a sta-
ble hot water temperature over a longer time period,
proving to be the better option when a minimum temper-
ature of 55 °Cisrequired.

For this scenario, the stratified tank maintained a sta-
ble hot water temperature for alonger period when amin-
imum temperature of 55 °C isrequired.

To place this observation into a broader context, the
following section examines the applied control strategy
and the temporal availability of energy above the usable
temperature level. Comparable boundary conditions are
ensured through a temperature-based control approach.
The system temperature is limited to a usable level of 55
°C, which corresponds to the required supply tempera-
ture of the building.

Charging of the storage tank is controlled by asimple
temperature based controller that stops charging once an
upper temperature limit is reached in defined storage re-
gions. This prevents the storage tank from being fully
heated, particularly in the lower section. After a defined
hysteresis, charging is enabled again. During discharge,
heat supply to the consumer is stopped if the temperature
falls below 55°C.

For comparison, the storage systems are simulated
over extended periods under identical conditionswith re-
spect to storage volume, control strategy, charging logic,
load profile and temperature requirements on the con-
sumer side. The weekday load profile differs dightly
from the weekend profile, with higher domestic hot water
demand occurring later in the day on weekends. Differ-
ences between the systems therefore result only from the
use of PCM capsules and the associated increase in en-
ergy density at the melting temperature.

Figure 3 illustrates the evaluation approach, showing
thetotal stored energy relative to areference temperature
of 10 °C asasolid gray line, while the fraction of energy
above the usable temperature level of 55 °C isindicated
by adashed gray line.

For the water storage, charging and discharging occur
without restrictions on the usable temperature range.
During charging, the temperature in the lower storage re-
gion increases gradually until charging is interrupted by
the controller.

Asaresult, thewater storageisableto supply the con-
sumer continuously over the entire simulation period.

The hybrid storage using PCM with a melting tem-
perature around 58 °C can store more energy at the de-
sired temperature level, athough this energy cannot al-
ways be delivered immediately. At high discharge rates,
temporary temperature drops occur, followed by a tem-
perature recovery. These effects are observed around 22
h on adaily basis. Thisbehavior is caused by the delayed
phase change process.

The available sensible heat in the water is utilized.
Cool water enters the region of freezing PCM capsules
and absorbs latent heat, reheating the water to a dlightly
higher temperature.

Consistent with thiseffect, the gray dashed line shows
that part of the stored energy remains available at the de-
sired temperature level at the end of the day.

In contrast, the storage system with PCM 37 cannot
provide the required supply temperature, even though the
total stored energy is higher, since the control strategy
allows charging to continue to lower temperature levels
before charging is stopped. Toward the end of each day,
the temperature drops well below the minimum required
level. Although some energy above 55 °C is available at
the beginning of each cycle, it is amost completely de-
pleted during the first heat extraction. The PCM latent
energy does not contribute, since phase change occurs
below the usable temperature level.

Under theinvestigated boundary conditions, no direct
benefit for the consumer is observed from PCM integra-
tion compared to an ideal stratified water storage. Alt-
hough the hybrid tank with PCM and a melting tempera-
ture of 58 °C maintains adlightly larger amount of energy
at the required temperature level, this additional energy
is not accessed in the considered scenario.

This outcome highlights that a higher overall storage
capacity alone does not lead to improved consumer level
performance and motivates the analysis of aternative
load profiles. Advantages arise when the limited dis-
charge power of the PCM capsulesisexplicitly taken into
account. If the maximum discharge power is reduced
while the daily energy demand is increased, the PCM
storage with a melting temperature of 58 °C provides
benefits compared to the water storage.

Under amodified load profile with reduced peak dis-
charge rates within one hour and a higher daily total heat
demand, the PCM storage is able to fully cover the de-
mand, as shown in Figure 4.

M
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Figure 3: Storage temperatures at the top and bottom and energy level over time under the weekly load profile,

including the fraction of energy available above 55 °C.
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Under the same conditions, the stratified water stor-
age reaches a coverage of 87 percent, leaving 948 hours
uncovered out of atotal of 7776 hours with heat demand.
These results demonstrate that PCM based storage sys-
tems can provide benefits under specific operating con-
ditions. Inthis case, for load profiles with lower peak de-
mands, PCM enables a higher amount of energy to be
available at the required temperature level than water
storage, while the discharge power remains constrained
by the PCM properties and its interaction with the sur-
rounding water.

Further evaluation is required for storage systems
with indirect heat transfer and for concepts with multiple
charging sources operating at different temperature lev-
els. On the system level, temperature dependent effects
must also be taken into account, since both the efficiency
of heat generators such as heat pumps and the require-
ments of consumers strongly depend on the operating
temperature level and influence overal system perfor-
mance.

In addition, long term thermal storage concepts that
operate beyond hourly fluctuations should be analyzed to
assess their impact on overall system efficiency. Within
this context, the presented approach provides a practical
tool for evaluating PCM integrated storage systems under
dynamic operating conditions.

Nomenclature

Latin Symbols

Symbol Unit Quantity

A m2 Area

Cp J/ (kg K) specific heat capacity at
constant pressure

T K temperature

t S time

U W/(mz2K) overall heat transfer co-
efficient

14 m3 volume

Greek Symbols

Symbol Unit Quantity

£ - porosity

A W/ (mK) thermal
conductivity

P kg /ms3 density
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Abstract. The EZStrobe add-on for the STROBOSCOPE
simulation system is used to model the classic “Dining Phi-
losophers” problem, where five philosophers sit around a
table in front of five plates of food and alternate between
thinking and eating. There are only 5 chopsticks available,
and because philosophers need two chopsticks to eat, at
most two can be eating at the same time. Thus, activities
compete for limited resources. The EZStrobe simulation
model is presented, and the reasons for the differences in
its results from previous solutions are examined.

Introduction

The ARGESM Benchmark C10 [1] depicts five philoso-
phers seated around a table, each with a plate of food in
front of them. The philosophers aternate between think-
ing and eating, which requires the use of two chopsticks.
Only five chopsticks are available, positioned between
the five plates. Thus, only two philosophers could be eat-
ing at the same time. The durations of the thinking and
eating activities are such that, although random, they
could result in more than one philosopher wanting to start
eating at exactly the same simulation time and thus com-
peting for the available chopsticks.

1 EZStrobe - STROBOSCOPE

EZStrobe is an add-on for the STROBOSCOPE discrete-
event simulation system [2] that provides a graphica
drag-and-drop modelling user interface (GUI) that runs
within Microsoft Visio using VBA (Figure 1).

Both EZStrobe and STROBOSCOPE are based on
three-phase activity scanning, which is especially suited
for cyclic operations, such as those in ARGESM Bench-
mark C10.

EZStrobe models are simpler and utilize only one pre-
defined type of generic resource named EZs. Simulation
models are networks of nodes where resources spend
time (such as activities and queues), connected by links
that control both when activities can start and the flow of
resources (from preceding to succeeding nodes).

Animportant objective of EZStrobeisthat it does not
require the user to be proficient in the STROBOSCOPE
modelling language. Additionally, the EZStrobe GUI is
designed to communicate graphically nearly all the key
details of a simulation model network, such as the dura-
tion and priority of activities, the initial contents of
queues at the start of simulation, the enough attributes
and draw amounts of drawing links, and the release
amount of releasing links. Only the global simulation
controls, such as the initial seed, the simulation stopping
conditions, and the number of replications, are hidden
fromview. They are accessed in adialog box that appears
when the user right-clicks the Visio model page.

2 EZStrobe Simulation Model

The EZStrobe simulation model network is shown in
Figure 1. Therectangleswith clipped corners are the con-
ditional activities (combis) “Thinkk” (blue) and “Eatk”
(green) for each philosopher k.

A key modelling concept in EZStrobe (and STRO-
BOSCOPE) isthat acombi activity can only be preceded
by queues, and queues can only precede combi activities.
Each combi activity cannot start and create an instance
unless it has the required resources, which are provided
by the directly preceding queues.
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Figure 1: EZStrobe Simulation Model Network for ARGESIM Benchmark C10 ‘Dining Philosophers'.

The startup of each combi activity is managed by its
drawing links, which are the links from each preceding
gueue to the combi, and through which a new combi in-
stance draws resources when it starts. To ensure that all
preceding queues will have enough resources to support
anew combi activity instance, each drawing link has two
attributes (defined below): the ‘enough’ and the ‘draw
amount’, which are displayed in white letters inside a
black box on top of each drawing link.

The enough attribute is alogical condition about the
contents of the preceding queue. The default enough ex-
pression is “>0", which checks that the contents of the
gueue are greater than zero.

This means that the preceding queue has enough re-
sources to support the start of a new instance of the suc-
ceeding combi activity when the queueis not empty.

A combi activity can start a new instance and draw
resources only when the enough attributes for all itsin-
coming drawing links return the logical value true.

The draw amount is the number of resources moved
from the queue to the combi each time the combi starts
and creates an instance. The default draw amount is 1.

Similarly, each releasing link from acombi to aqueue
displays its release amount with white letters in a black
box.
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The release amount is the number of resources re-
leased to the succeeding queue each time a combi in-
stance finishes. The default release amount is 1.

Each of the five “Fedk” queues represents a philoso-
pher who has just eaten and is ready to start thinking. At
the start of the simulation, they are initialized with one
resource, as shown at the bottom of each queue.

Each of the five “CSij” queues represents the chop-
stick between philosophersi and j. They are also initial-
ized with one resource each.

In this model, the enough attributes for al drawing
links are the default “>0". Thus, at time zero, dl five
“Thinkk” can start because their preceding queues
“Fedk” are not empty (they are initialized with 1 re-
source). Later, a combi “Eatk” will only be able to start
when all three of its preceding queues “Hungryk’,
“CSjk’, and “CSKkI” are not empty.

Each time the ssimulation clock advances, all combi
activitiesarefirst sorted according to their priority attrib-
ute and then examined one by one to determine if they
can start, in that order. If all the enough attributes of all
drawing links for the examined combi return the value
true, then the activity creates an instance and removes
draw amount, i.e., “1” resource from each preceding
gueue as shown on the drawing link.

Thus, in an EZStrobe simulation model with the de-
fault enough link attributes, each combi activity “Eatk”
first checks that both chopsticks it needs are available,
and then creates an instance and draws both chopsticks,
one dafter the other. Thus, it is impossible for only one
chopstick to be drawn and for deadlock to occur, unless
themodel is specifically contrived (which servesno prac-
tical purpose).

This model sets the priorities of the “Eatk” activities
by the dynamic expression “-Eatk.TotInst” (shown at the
top of the “Eatk” combi activity nodes in Figure 1).
Larger values of the activity priority attribute result in
higher priority. Thus, top priority is given to the combi
activity “Eatk” that has had the least total instances up to
now (to make eating equitable). (Priorities could also re-
flect the philosophers' current waiting-to-eat time.)

The durations of activities “Thinkk” and “Eatk” fol-
low discrete uniform distributions in the interval [1, 10]
that were implemented by the variable Dur, defined by
the expression: ‘Int{Uniform[0,10]] + 1'.

This ensured that more than one “Eatk” activity
would want to start at exactly the same simulation time
and thus compete for the adjacent chopsticks.

In this model, whenever adjacent “Eatk” activities
could start at the same simulation time, the one with the
fewest number of instances up to now will be the one ex-
amined first and be able to start a new instance and take
both adjacent chopsticks.

3 Results

The model shown in Figure 1 was run for 100,000 time
units (this run took 0.3 seconds). A subset of the default
statistics reported by STROBOSCOPE is shown in Ta-
bles1and 2.

As expected, the statistics for “Thinking” and “Eat-
ing” are close to the moments m=>5.5 and ¢ = 2.87 for
the discrete uniform distribution in the interval [1, 10].

However, the Avg=4.19 and StDev=4.39 for the
times when the philosophers are “Waiting” to eat are less
than half of those in [3] and [4], which report values
closer to Avg=11.5 and StDev=8.

State P1L P2 P3 P4 P5 Al
553 551 541 551 554 550
287 288 284 286 284 2.86
413 419 427 418 417 419
432 445 454 428 437 439
550 546 548 546 546 547
290 287 287 288 286 2.88

Thinking

Waiting

Eating

Table 1: Philosophers' times in respective states
(average and standard deviation).

State CSl1 CS2 CS3 C#A Css5 Al
210 211 211 212 210 211
257 258 257 260 256 2.58
Utilization 72% 72% 72% 72% 72% 72%

Waiting

Table 2: Chopstick times in respective states (average
and standard deviation) and utilization.
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The chopstick “Utilization” of 72% in Table 2 isalso
less than the 92% reported in [3] and [4]. (Previous solu-
tions do not report the “Waiting” times for chopsticks.)

A possible explanation for the differences in the re-
ported statistics is that the default enough attribute of
links in EZStrobe does not allow a hungry philosopher to
draw just the chopstick on his left without also drawing
the one on his right and start eating. Drawing just the
chopstick on the left would also block the philosopher on
their left from eating and increase their waiting time, too,
as they would have to wait for the philosopher on the
right to start and finish eating. It might also cause a dead-
lock when al five philosophers are hungry and have all
drawn the chopsticks on their | eft.

By design, the enough link attributesin EZStrobe and
STROBOSCOPE do not allow deadlock to occur by en-
suring first that an activity can draw all the resources it
needs, before allowing the activity to start anew instance
and draw any resources. Clearly, this is the preferred
strategy since it reduces the time philosophers wait be-
fore they can eat to less than half (from 11.5 to 4.19).

Toinvestigate the system’ sbehaviour, thismodel was
also run with adifferent priority rulefor the*Eatk” activ-
ities. Specifically, higher priority was given to the “ Eatk”
activity for the philosopher who had currently been wait-
ing the longest time to eat. The resulting statistics were
indistinguishable from those in Tables 1 and 2.

4 Conclusion

The simulation model presented here is particularly suit-
able for educational purposes, as it can be easily devel-
oped in EZStrobe using drag-and-drop graphics.

All the modelling elements (i.e., activities, queues,

and links) shown in Figure 1 are instances of predefined
intelligent EZStrobe shapes in Visio that were dragged,
positioned, and connected on the model page.
The only additional requirement was to double-click
these shapes and define the initial contents of queues, as
well as the expressions for the duration and priority of
activities in the custom dialogs that would appear.

To define the time at which the simulation should
stop, the user right-clicks the model page, which opens
the appropriate dialog. To run the simulation, the user
right-clicks the model page and selects the option “Run
simulation” from the menu that appears.

This instructs EZStrobe to construct the appropriate
simulation model using the STROBOSCOPE language
and send it to STROBOSCOPE for processing (al of
which are hidden from the user). STROBOSCOPE then
performs the simulation and presents the results in its
own window.
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Abstract. Flatness-based control design is a well es-
tablished method to generate open-loop control signals.
Several articles discuss the application of flatness-based
control design for (reaction-) diffusion problems in vari-
ous scenarios. Beside the pure analytical derivation also
the numerical computation of the input signal is crucial
to yield a reliable trajectory planning. Therefore, we de-
rive the input signal step-by-step and describe the influ-
ence of system and controller parameters on the compu-
tation of the input signal. In particular, we benchmark the
control design of the one-dimensional heat equation with
Neumann-type boundary actuation for pure aluminum
and steel 38Si7, and discuss the applicability of the found
input signals for realistic scenarios.

1 Introduction

The flatness-based control method is an open-loop tech-
nique to steer the system output along a reference tra-
jectory [1]. In case of finite-dimensional linear and
nonlinear systems the input signal u(#) is found by a
finite number of derivatives of a (differentially flat) out-
put which equals the reference signal. This approach
is extended to infinite-dimensional and distributed pa-
rameter systems where theoretically an infinite number
of derivatives of output signal y(¢) is necessary to com-
pute the input signal u(z), see [2, 3, 4].

However, for practical reasons we can only consider
a finite number of derivatives of the output signal.
Thus, we need to show that the computation of input
signal u(t) converges for a certain number of deriva-
tives of y(¢).

Temperature @
Measurement

—
Input

Length L

1

1

1
&

1€

S
?

Figure 1: Scheme of one-dim. heat conduction with heat
supply at x = 0 and temperature measurement
atx=L.

In general, this estimation of convergence is not triv-
ial because the computation of u(¢) depends on system
and control parameters. A related approach about the
controllability of the heat equation with a finite number
of derivatives of y is discussed in [4].

In this contribution, we assume a one-dimensional
linear heat equation with Neumann boundary actuation
as depicted in Fig. 1 to discuss the impact of system
and control parameters on the computation of input sig-
nal u(r). For this purpose, we compare pure aluminum
and steel 38Si7 to exemplify our findings. They differ in
their material properties: thermal conductivity A, spe-
cific heat capacity ¢ and density p. Regarding the con-
trol parameters, we design the reference trajectory as a
smooth step, which is configured by the transition time
and the steepness [5]. In each step of the analysis, we
evaluate numerically the significance of the system and
control parameters on the final control signal. Hence,
we show the transition from a pure analytical towards
a simulation-based control design and this enables us
to distinguish whether or not a control signal is indeed
applicable for a system.

In Section 2, we introduce the flatness-based mod-
eling for the one-dim. heat equation and we derive an
input signal u(¢). The influence of the system parame-
ters are analyzed in Section 3.
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The trajectory planning problem and the subsequent
discussion of the control parameters are described in
Section 4 and 5, respectively. Finally, we present the
simulation results of the open-loop system and review
the applicability for realistic scenarios in Section 6.

2 Flatness-based Control

We assume a one-dim. heat conduction model as por-
trayed in Fig. 1 with a rod of length L > 0, final time
T > 0, temperature 9 : [0,L] x [0,T] — R> and dif-
fusivity a = %, where A4, ¢, p > 0. We describe the

thermal dynamics inside the rod as

. 9?
ﬂ(tvx) - aﬁﬁ(tax) (D
for (¢,x) € (0,T) x (0,L) and we model the dynamics
on the boundary sides x € {0} U{L} with Neumann
boundary conditions. On the left side we have actua-

tion 5
)= A =—0(@,x) 7 , 2
M( ) Ox ( 7x) no o (2
and on the right side we note thermal insulation as
0= 21 J O(t,x) -7 3)
= A= X)-n
ox ’ t x=L
with the outer normal vectors 7ip = —1 and 7y, = 1.

This heat conduction model is strongly simplified
because in real world scenarios, often we have to
consider two- or three-dimensional heat conduction
with temperature-dependent material properties and
probably thermal emissions consisting of linear heat
transfer and nonlinear heat radiation towards the
environment, see also [6, 7, 8].

However, such realistic heat conduction scenarios
lead to a much more complex mathematical discussion
which is out of scope of this contribution, and the pre-
sented control method and its numerical analysis might
not be applicable anymore. We have the constant uni-
form initial temperature data

9(0,x) =

for x € [0,L] and the temperature is measured on the
right boundary as

¥g >0

y(l):ﬁ(l,L). “4)
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As known from the literature [2, 3, 4] the heat equation
can be represented by a power series approach. So, we
define power series

%) = i;,)wl'(t) (L;x)z

and find its derivatives with respect to position x as

Zwl“ >l and (5)

7WZ‘X

ox

92 fx)"

ﬁw(t,x) = ;)WiJrz(f)

We model heat equation (1) in terms of

&2

wt,x)= a ﬁw(t,x),

identify both sides by its power series expressions as

- L—x) - L—x)
ZW,‘(Z)( ) = ZWH_Q(I) )
i=0 i=0
and yield identity
Wi(t) = ot wiga (7). (6)

Next, we apply the information of both boundary sides
on identity (6) to derive the input signal.

Firstly, we consider the output signal (4) as

() sz

-*.—WO )

which implies dl,y( )= j;l wo(t) = ot'wy; with identity

(6) above.

Secondly, the boundary condition on the right side
(3) is formulated as

0 oo i
lgw(t,L) =-A ;)wiﬂ(t)—' =—Aw(t)=0

and we find < W

(l‘) = OCiW2i+1 =0.
Thus, identity (6) is described by the sequences
wai(t) = a”yD() and wyii1(1)=0 (7)

foralln € {0,1,...,o0}.
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— i

In the definition of boundary actuation (2) we insert
Equation (5) to derive the input signal u(¢) as

d
u(t) = —la—wto lZw,H —
and further with i — 2i+ 1 and Equation (7) as

oo L2i+1 1
D@ ®)

U= AL G T G,

3 Influence of System
Parameters

We are interested in the sequence values of series (8) be-
cause for implementation reasons we need to how much
memory has to be reserved for the computation of u and
at which iteration i the summation can be stopped. The
power series to compute input signal u(¢) can be sepa-
rated in sequence

L2i+l 1

ot 2 1) 2

ni=

and the derivatives of the (desired) output signal
y(i“)(t). In this section, we discuss the influence of
the physical properties length L and diffusivity & on se-
quence 7);, and in section 5 we analyze the parameters
of (target) output y(¢) and its derivatives.

Sequence 1); is positive for all i € {0,1,...,} as
we assume L > 0, o > 0, and has a crucial influence
on the computation of the input function u because it
scales the derivatives y™!). Thus, we need to know the
approximate values of 1;. We use a rescaled version of
sequence (9) as

. L2 1 ,},t+]
= (a) @+l @it o

where v := %2 to show that 1; and 7j; increase up to
some index i and decrease afterwards to zero. Increas-
ing iterator i by one we yield
[i+1]+1
2li+1]+1)!
r! Y

=Gt @i @it hi

Miy1 =

where f8; = m and we notice
nijl >1 & ﬁi > 1
ni
and .
Nit+1

<1 & pi<l
l

Due to the definition of 7] this concept holds also for
the original sequence (9) as 1;+1 = B; M;. So, the maxi-
mum value of 7; and 1); and its corresponding iterations
imax depend only on 7.

For example, if we assume y = 100 then y < (2i +
2)(2i+3) holds for i € {1,2,3} and we find the maxi-

mum value 74 = 100 ~ 27557.

Example: Comparison Aluminum and Steel

For our numerical evaluations we consider a rod of
length L = 0.2 for two case scenarios: a rod made of
pure aluminum [9] and a rod made of steel 38Si7 [10].
The physical properties of both materials are listed in
Table 1. For aluminum we have },; ~ 410 and for steel
38Si7 we have ¥, ~ 3588.

The sequences 7,;; and 7;; and their ratios 4

and % are portrayed in Fig. 2 in seml-logarlthmlc
St
scaling.

These ratios e+l

Nat,i
of the sequences by iteration and we find that inequal-

lty TI;]+|

case of aluminum for i € {1,...

and - ;“ describe an evolution

> 1 or equally log;, <Th+|> > 0 holds in

,8} and in case of steel

i €{1,...,28}. Thus, the maximum values of n; for
aluminum and steel are calculated by
L19
= — —~553-10°
Mal:9 = 510793
and
L59 57
= ——— ~1.59-10°.
nsl,29 agfo 59'

Table 1: Physical Properties

_ A

A, p C o= ﬁ
Aluminum 237 2700 900 9.75-107°
Steel 38Si7 40 7800 460 1.11-107°
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Figure 2: Sequence n;(top) and ratio ﬂ;"f,_l(bottom) for

aluminum and steel 38Si7.

As both sequences 7),; and 7 ; reach such enor-
mous maximum values, computational issues related to
big numbers and data types have to be considered in the
implementation process.

Moreover, sequence log;(a,;) drops below zero
for i > 27: Ny28 = 0.73, log;o(Na2s) ~ —0.13; and
log;((Ns,i) drops below zero for i > 82: 1y g3 ~ 0.13,
log;(Ns,83) = —0.87 (not displayed in Fig. 2).

T a0 [

4 Trajectory Planning

According to [3, 5] we consider a transition from one
fixed operating point to the next one as

y(t) =yo+ Ay @y () (10)

where Ay =y — yo.

The transition is defined by

0 <0,

q)w,T(t): 1f’Q (0)d t>T,
0%20,7 T)aT
Toor@ar [€OT)

with the integral of the bump function

o oo 0 t¢[O,T],
w’T()_{exp(—l/([l—H})w) tE(O,T).

Parameter w steers the steepness of transition @, 7
and is chosen such that the Gevrey order go =1+ % <2
or equally w > 1.

A small value of @, e.g. ® = 1.1 means a rather flat
transition, whereas a large value, e.g. ® = 3.0 means a
quite steep transition, as depicted in Fig. 3.
To compute the input signal u(z) in Equation (8) we
only need to find the derivatives
i .
To(t) = By By (1) (11)

where the derivatives of transition ®, 7 are calculated
as

QU=
_Qor O e 0,7) (12)
Qo1
and CIDEQT(I) =0fort ¢ (0,1), using integral

R T
Qor = /0 Qo7 (t)dT. (13)

In Fig. 3 trajectory @y 7(f) and its first derivative
are portrayed for varying o € {1.1,1.5,2.0,2.5,3.0}.
The derivatives ¢E;)T(t) can be computed symbolically
using for example ’computer—algebra systems, see for

example the MATLAB implementation [11].
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Figure 3: Trajectory @, r(top) and its first derivative (bottom)
with 7= 100 seconds and varying steepness .

In this contribution, we compute the derivatives
QUl),. with the JULIA library BellBruno.jl [12, 13].

We note without a proof that an increasing order of
(@

differentiation of Q' o.T leads to stronger oscillations be-
cause bump function Qg r is a function composition
and smooth as Qg 7 € €((0,T)), see also [2, 13].

5 Influence of Control
Parameters

The configuration of transition ®¢, 7 and its derivatives
are mainly driven by two parameters: final time 7 and
exponent .

In this section, we apply the L? norm

T
7z =/ [ 170

n 45 40, .7(t) to unveil the influence of final time 7 and
exponent o on the computation of input signal (8).
Noting the input signal with sequence 7, as

=lim y(iﬂ) an

i=0 wT i=

and applying the identities (11, 12, 13), we find the L?
norm of u(t) as

lAy

a2 = Z Q)

(L)Tl

<Ayl =— an

wT,

gl

where we assume A,Qg 7,1; > 0.

We see that the power series is mainly driven by 1);
(as discussed before) and derivatives QEO)T(t). There-
fore, we are able to describe the quantitative behavior
of the input signal by evaluating sequence

_ Ayl

Qor (4

Qa)),T(t)

2’

The scaled norm || <4; o Qo 7()|l;2/Qo.1 is portrayed in
Fig. 4 in logarithmic scaling for two scenarios: fixed
® = 2 and varying T € {10,100,1000}; and fixed
T = 1000 and varying @ € {1.1,1.5,2.0,2.5,3.0}. One
notes that an increasing value only of final time 7 leads
to a reduction of ||Q£;)T(t)||/f2wj, the influence of
steepness @ may not be so clear here.
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Furthermore, we take advantage of sequence y; to
find a suitable maximum iteration number i,,,, to termi-
nate the power series of u(¢) in Equation (8).

Sequence p; consists of 1; as defined in Equation

(9) and so we distinguish aluminum and steel 38Si7 as
noted in Table 1).
The different values of 1; for aluminum and steel 38Si7
as in Fig. 2 lead to different values of y;: sequence L;
approaching zero faster in case of aluminum than steel
38Si7 as depicted in Fig. 5 (a).

Introducing the ratio je?}fw, we find that the
sequence elements y; vanish in case of aluminum for

iterations approximately above i = 5 whereas in case
of steel 38Si7 it takes at least i = 12 iterations - as
portrayed in Fig. 5 (b).

T o [

I I I
10 |- === Aluminum ||
RN Steel 38Si7
0| i
-
’Q’
__-10} . ,
2 -
e
S -20 ‘e B
20 ‘~
2 .
’5
-30 ”o .
Q”
-40 . B
’0
-50 [ | | | | [
0 10 20 30 40
Iteration i
(a) Sequence y; as in (14)
T I I I
1 ¢ === Aluminum ||
—~ . Steel 38Si7
Dosh o i
- H
= 1
V)] 0.6 |- L] |
< '
§ 0.4 . B
>< | ]
= .
g o02f & .
.\& ]
= 5
s Y e — ]
! ! ! ! ! !
0 10 20 30 40

Iteration i

(b) i/ [N M

Figure 5: Sequence y; (top) and ratio___&
et gt

(bottom) for
o =2.0and T = 1000.

. . . IJ’I .
The evaluation of ; and ratio — - unveils two

jellmi}y
facts about the generation of input signal u(z).

Comparing the results for aluminum and steel
38Si7, we find in case of aluminum that only the very
first derivatives of @, r are weighted by 7n; and higher
order derivatives have almost no influence on the com-
putation of u(t).

In case of steel 38Si7, the weights of derivatives
increase up to the fifth derivative and this means that
higher order derivatives (which tend to oscillatory be-
havior) influence the found input signal, too.
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We find an approximation of the signal input

ut) = 5= L@yt = un(t)  (15)
where N € Nx( denotes the upper limit of iterations.

Following the previous ideas, in case of aluminum
a small value of N, e.g. N =7, suffices to generate a
good approximation. However, for steel 38Si7 we need
a higher number of iterations, e.g. N = 15.

The progress of input signals for aluminum with

N € {1,3,7} and steel 38Si7 with N € {5,10,15} are
presented in Fig. 6.
These results confirm our previous analysis that the in-
put signal needs more series elements for steel 38Si7
than for aluminum, and this leads the stronger oscilla-
tions in Fig. 6 (b) because higher derivatives of trajec-
tory QDEQT(t) are necessary.

In a nutshell, we find four important parameters to
compute the input signal: length of rod L and diffusiv-
ity o, which define sequence 7),,, and final time 7 and
steepness @, which adjust the derivatives of trajectory
Dy 1.

6 Simulation Results

In this section, we compare the computed input signals
and the resulting heat conduction simulation for alu-
minum and steel 38Si7.

As above, we assume the physical properties for
both materials as listed in Table 1 and two trajectories
with simulation time 7" = 1000 seconds and steepness
parameters @ € {1.5,2.0}.

Further, we have an initial temperature ¥y = 300
Kelvin, which shall be increased by Ay = 100 Kelvin;
and we take a maximum iteration number of N =40 to
approximate the input signal (15) for both materials and
both trajectories.

As explained in Section 5 lower values than N = 40
are also sufficient sbut it may rather imitate a summa-
tion until N = co. Heat equation (1) is discretized in
space using finite differences with 101 grid points and
is simulated using a Runge-Kutta numerical integration
method for stiff systems, see [14].

| | | |
400 600 800 1000

Time t in [s]

|
200

o

(a) Aluminum

Input upn

4 !
0 200

1 [ 1
400 600 800
Time ¢ in [3]

(b) Steel 38Si7

Figure 6: Progress of approximated input signals uy for
aluminum (top) and steel 38Si7 (bottom) with
T =1000 and o = 2.

The input signals and the resulting temperatures are
illustrated in Fig. 7: the input signals for both trajecto-
ries are drawn in the first row for aluminum in (a) and
for steel 38Si7 in (b); the resulting thermal dynamics
for the less steep trajectory (@ = 1.5) is visualized in
the second row (c,d) and for the steep case (@ = 2.0) in
the third row (e,f).
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In all cases the output, meaning the temperature at
x = L = 0.2 meter, follows the reference and reaches
400 Kelvin; and we notice that a steeper trajectory
(@ = 2.0) causes higher temperatures in the rod, x < L.
So, from a pure mathematical point of view the input
signals are computed correctly for all scenarios.

However, from a physical point of view we need
to discuss the input signals and the resulting temper-
atures rather critically. Beside the fact that it may
not be possible to apply negative input signals, e.g.
if the actuator offers only heating and not cooling,
it is in fact not possible to reach temperatures below
zero Kelvin as portrayed for steel reference in Fig. 7 (f).

We highlight that the strong oscillations of the input
signal for steel 38Si7 in Fig. 7 (b) lead to the unrealistic
temperature evolution in Fig. 7 (f). Therefore, the con-
trol parameters final time 7" and steepness @ have to be
readjusted to decrease the necessary number of series
elements, to yield a input signal with weaker or elim-
inated oscillations and hence a realizable temperature
evolution.

7 Conclusion & Discussion

In this article we presented the computation of input sig-
nals for trajectory planning of a one-dim. heat equation
using flatness-based control design.

We found in our analysis of the influence of system
and control parameters on the computation of the in-
put signal that different material properties (aluminum,
steel 38Si7) result in completely different input signals
and open-loop dynamics - even if all other parameters
(length of rod, final time, steepness of transition) are the
same.

We demonstrate that strictly following the flatness-
based control design may not lead to an physically re-
alizable input signal even if the series in Eq. (8) con-
verges.

Thus, we recommend to simulate the heat equation
with input signal to gain trustworthy arguments for the
applicability of the computed flatness-based input sig-
nal.

We motivate further research on the proposed ap-
proach for realistic scenarios in two and three dimen-
sions including thermal convection and radiation.

T o [

Source Code

The source code is developed in JULIA programming
language [15] and is available on GitHub and Zenodo:
[16]. We used the JULIA libraries OrdinaryDiffEq.jl
[17] for the numerical integration in time of the spa-
tially approximated heat equat(i)on and BellBruno.jl [12]
l

to compute the derivatives 7.

ated with TikZ and pgfplots.

The figures are cre-
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Abstract. The advancements in Ambient Assisted Liv-
ing (AAL) have been prompted by the growing population
of elderly individuals facing diagnoses such as Demen-
tia or Alzheimer’s, aiming to enhance their overall quality
of life. To provide support it is important to know their
daily activities and aid them when needed. A large por-
tion of research in the field of Human Activity Recognition
uses black box learning approaches such as deep learn-
ing, but there are cases where model based methods,
such as Virtual Stochastic Sensors (VSSs) are competitive.
This is possible because the model based methods can
include system structure in the modeling process if it is
known. VSS's are derived from Hidden Markov Models
(HMM) and applied to single resident datasets, which are
collected in apartments fitted with different types of am-
bient sensors. For future applications a generalization of
behavior, sensors or models is necessary so that models
are not just trained and used for one specific apartment
and setup. In this paper we test different model and ac-
tivity setups while training and testing on different apart-
ments. The results show that a model trained on a set of
similar apartments can be used for behavior reconstruc-
tion on an apartment outside of that training set.

Introduction

Advancements in the medical field led to long and
healthier lives, roughly around 20% of the world pop-
ulation will be aged above 60 by 2050 [1], seeking to
explore effective solutions that empower elderly indi-
viduals to maintain independent living.

Studies of Counsel and Care in UK showed that el-
derly people have a preference to stay in their apart-
ments rather than nursing homes [2]. Researchers have
shown that having clinical therapy at home has no nega-
tive effect on the process [3]. There are multiple ways to
make this happen, one way is Ambient Assisted Living,
where some ambient sensors are installed, e.g. motion
sensors, to monitor the behavior of elderly residents,
a model is used to guess the behavior using the sen-
sor readings, then, this is used to identify if everything
aligns with the usual behavior, and if not, assistance can
be provided. This ensures a safer living space without
unduly intruding on the privacy of the residents.

For replicating human behavior [4], [5] and [6] suc-
cessfully implemented machine and deep learning al-
gorithms for this task. In [7] Virtual Stochastic Sensors
(VSSs) are used, which are designed to facilitate the re-
construction of partially observable stochastic systems
and enable solving backward problems in the realm of
stochastic modeling and simulation. The model is based
on the ideas of Hidden Markovian Models (HMM) but
extends these by arbitrary non-Markovian distribution
functions for multiple concurrent processes and symbol
outputs at arbitrary points in time [8]. VSS discretize
the time domain and use a simple iterative algorithm to
discover the reachable state space of a model, therefore
being very flexible. However, they cannot be applied in
real-world scenarios on a large scale yet, because model
parametrization is not automated, and the model needs
to be trained for a specific system to be used for re-
construction. The application of pre-trained models is
tested in this paper for the first time, where previously
the training and testing data were taken from the same
apartment.

This research aims to test different model setups and
activity granularities for the task of using a pre-trained
model on the behavior reconstruction for a different
apartment, comparing different performance measures.
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The datasets contain activities performed by the res-
idents and the corresponding active sensors for the ac-
tivities performed. The rest of the paper is structured
as follows, Section 1 contains the details of related re-
search, Section 2 underlines the details of the datasets,
Section 3 explains the conceptual model and the algo-
rithm design, Section 4 shows the outcome of the re-
search.

1 Related Work

This section explores different approaches for recon-
structing human behavior in the field of ambient as-
sisted living that are similar in approach or goal to this
research. Additionally, it presents relevant information
for Virtual Stochastic Sensors (VSSs).

[9] has mainly emphasized the duration of the ac-
tivity to find the abnormality in human behavior using
Explicit State Duration Hidden Markov Model (ESD-
HMM). They checked the deformity of current activity
which might be shorter or longer than the usual rou-
tine, the dataset used for this research was limited to
the kitchen.

[10] introduced a new observation probabilistic
model to recognize daily activities, incorporating tem-
poral data which had information regarding 77 sensors.

[4] tried to identify the critical features from the sen-
sor data, these features are used to classify overlapped
activities. Unsupervised K nearest neighbor (KNN) was
applied to day-to-day activities but with a small set of
activities.

[5] implemented long short-term memory (LSTM)
recurrent neural network (RNN) to perform activity
recognition from wearable sensors, this implementation
was not tested for activities of daily living.

[11] suggested another approach using RNN on
three different datasets, this approach outperformed
similar approaches concerning accuracy and speed, but
the dataset is not publicly available.

[6] proposed an unobtrusive activity recognition
classifier using deep convolutional neural network
(DCNN) and publicly available CASAS Aruba dataset.

[12] used a knowledge-driven approach, includ-
ing a Partially Observable Markov Decision Process
(POMDP) and exploited the task information, while the
location is combined with the sensor events in the smart
home, but the series of conditions are used to classify
activity.

This shows that AAL is a current research field with
several approaches all with their individual features.

NE 360) - 6/2026

1.1 Virtual Stochastic Sensors

Virtual Stochastic Sensors represent a framework for
analyzing partially observable stochastic systems, in-
cluding different modeling paradigms and solution
methods [13]. VSS can compete with some black box
models when the hidden system structure information
is available [7], and can incorporate such information
to accurately represent dynamic system behavior and its
relationship with the observable output. VSS use aug-
mented stochastic Petri nets (ASPN) as user models that
contain multiple concurrent non-Markovian transitions
[14]. ASPNs generate observable output by the firing of
transitions depending on the discrete system state, the
discrete system output is collected in a protocol with
associated time stamps, since in contrast to the Hidden
Markovian Model (HMM), the model is defined in con-
tinuous time and can produce output at arbitrary points
in time [7].

[7] has applied VSS on CASAS Aruba 2010 dataset
and produced a very promising result, based on this
VSS is considered to be a viable option for activity clas-
sification. However, the previous implementations were
all trained and tested on the same use case, which is not
a feasible approach for broad scale applicability. There-
fore we are examining different methods of generaliza-
tion to eventually enable generalized models to be ap-
plied on systems not used for the training.

2 CASAS Dataset and VSS Model

In this paper we are using data from the CASAS Re-
search Project of Washington State University [15].
There are different types of datasets, one contains the
daily activities of 20 participants, few other datasets in-
clude pets for single or multiple residents, and finally,
HH datasets are mostly single residents but a small por-
tion of them are two-resident apartments. In this re-
search, the HH101 to HH105 single resident apartment
datasets are considered because they are multivariate,
sequential, and time series. The data is collected us-
ing different kinds of sensors, like motion, door/tem-
perature, and light switch sensors placed throughout
the apartment, while the residents perform their nor-
mal routines. The dataset format is Date, Time, Sen-
sor, Room, Furniture, Activity, and Sensor Type (Table
1). In this research we will concentrate on the motion
sensors, omitting all other sensor types.

The time frame of the datasets is for all roughly two
summer months in the years 2011 and 2012.
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Date Time Sensor Room Furniture  Activity Type
08/01/2012  00:00:06 MO008  LivingRoom Chair Watch_TV  Control4Motion
08/01/2012  00:00:07 MO008 LivingRoom Chair Watch_TV  Control4Motion
08/01/2012  00:00:09 MO008 LivingRoom Chair Watch_TV  Control4Motion
08/01/2012  01:12:51  MO12 Bedroom Bed Sleep Control4Motion
08/01/2012  01:12:54 MO12 Bedroom Bed Sleep Control4Motion
08/01/2012  01:12:55 MO12 Bedroom Bed Sleep Control4Motion

Table 1: Sample extract from single resident HH101 dataset.

To ensure balance, one full month is selected from
each dataset, for details check [16]. The remainder
of the section will outline the generalization steps that
were performed on the sensors and the activities, in
preparation for the experiments.

2.1 Generalization of Sensors

Different types of sensors are installed across the apart-
ments to record the resident’s behavior, such as motion
sensors for specific locations or broader areas. Based
on these sensor readings the activity that the person is
performing is recorded.

There are three levels of sensor descriptions in the
datasets, one field (Sensor) contains the actual sensor
ID that is active. The second one (Room) contains
room-level reading, specifying on which room the sen-
sor is located.

The third (Furniture) contains a specification of the
place or area the sensor is monitoring, which can be a
specific piece of furniture (e.g. Chair or Bed), or the
room which the area sensor is monitoring.

Where the sensor ID is unique to a particular apart-
ments sensor setup, both the room level and furniture
level sensor descriptions are shared across apartments.
The superset of rooms contains six rooms: Bathroom,
Bedroom, Kitchen, Livingroom, wich are present in all
five apartments and Diningroom and Work_area, which
are present in three out of five apartments each.
Similarly, some furniture is present in all apartments
(e.g. Bed, Chair) while others is only shared in some
(e.g. Desk).

These three different levels of sensor descriptions
already provide two levels of generalization, where in
the current research we will use the room level sensors
and the furniture level sensor descriptions, as only these
allow a generalization across apartments.

2.2 Generalization of Activities

Each of the five datasets contains around 30 labeled ac-
tivities that were recorded, describing the daily routine
of a person living in this residence. Before grouping
similar activities, some were removed from the datasets,
specifically activities with very short durations or very
rare occurrences. Very short activities (e.g. Step_Out)
are hard to detect using the given sensor setups. Mod-
eling infrequent activities, such as Work_At_Table, do
not have enough data to model properly, and are also
not relevant for regular behavioral patterns.

In the first step, a combined set of activities for all
five apartments is created. Some activities like e.g.
Go_To_Sleep or Wake_Up also have very low occur-
rence, but can be combined with Sleep, and will there-
fore not be omitted. Furthermore, functionally sim-
ilar activities, such as Cook_Breakfast, Cook_Lunch,
Cook_Dinner, and Cook are grouped to Cook, even
though these activities occur during different times of
the day. Similar to cook, we can combine all eat, wash
dishes and sleep activities into Eat, Wash_Dishes and
Sleep respectively. The resulting combined set of activ-
ities is depicted in Table 2, with the activities present in
all five highlighted in bold.

To obtain the first level of generalization, the five
activities with the lowest duration overall were omitted,
as they do not contribute significantly to the overall be-
havior. For the second level of generalization, meal re-
lated activities were grouped together, as well as leisure
related activities and personal hygiene, resulting in six
very general activity categories. Table 3 shows the two
groupings.

2.3 Data preparation

After cleaning the data, the next step is to modify the
data into distributions and probabilities so that it can be
used as input in the model.
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Activity Percentage %
Sleep 47.2%
Watch_TV 14.4%
Relax 13.9%
Work 4.6%
Eat 4.1%
Cook 3.5%
Personal_Hygiene 3.2%
Read 3.2%
Toilet 1.7%
Dress 1.4%
Wash_Dishes 1.2%
Entertain_Guests 0.7%
Phone 0.6%
Medicine 0.2%
Drink 0.2%
Step_Out 0.1%

Table 2: All 16 activities from the combined set and their total

share in occurence time the five CASAS HH datasets,
activities common to all datasets in bold

Each activity has breaks, which can be characterized
as short breaks or long breaks.

Distributions for all the breaks and activities are
based on their duration in minutes. Distributions are
estimated with the help of the MATLAB distribution
fitter app. Probabilities for an activity to go to breaks
are needed to be calculated.

If a break is less than or equal to 60 minutes it is
considered a short break and anything longer is a long
break. Depending on this probability for an activity to
go to short or long break is obtained.

Once all the distributions and state transition proba-
bilities are determined, probabilities for output symbols
are calculated.

This is the final input required to run the model, and
this is achieved with Equation (1).

AIlVS =8;NA :A,')
(AMVA—A))

P(Si|A;) = ( (1)

* S; the sensor
* A the activity
* P(S;|A)) is the probability of sensor given activity

The distributions and sensor descriptions can now
be used to create ASPN for the VSS reconstruction task,
which will be discribed in the next section.

T oo [

All Activities 11 Activities 6 Activities
Sleep Sleep Sleep

" Watch_ TV~ Watch_ TV ] Personal_Activity
Relax Relax
Read Read

“EBat Eat 1 Meal
Cook Cook

Toilet Toilet

Entertain_Guests
Phone

Medicine

Drink

Step_Out

Table 3: Activity grouping, separated by dashed lines.

3 Conceptual Model and
Algorithm Design

3.1 Conceptual Model

There are different ways to model the daily activities
of a resident. In this research, we compared two dif-
ferent model designs. The first design was also used in
previous research [17], where each activity has is repre-
sented as an individual Augmented Stochastic Petri net
(ASPN) with places representing three tangible system
states, Activity where the person is currently engaged in
said activity, Short_Break and Long_Break, which rep-
resent the period in between different instances of the
same activity. (see Figure 1) As most activities show a
distinct differentiation of the time between activity in-
stances, two timed transitions represent the duration of
long breaks and short breaks. Each ASPN is indepen-
dent of the other activities ASPNs.

The second model design contains one ASPN per
room. Here the places represent the tangible system
states of performing a certain activity (e.g. Work or
Eat) or of not performing an activity in the room Break,
which can either mean being in between tagged activ-
ities, or performing an activity in another room of the
apartment. Figure 2 shows the SPN, without the aug-
mented symbol emissions, for better readability.
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Figure 1: Augmented stochastic Petri net for one activity.
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Figure 2: Stochastic Petri net for a room.

Once the structure of the Petri net is finalized, the
output symbol emissions for the behavior reconstruc-
tion algorithm are added. These output symbols are
linked with the Petri net places [8], as they occur, when
an activity is being performed rather then when a state
change occurs. From Figure 1 and 2 the output symbols
are connected to all places except No_Activity. The py
denote transition probabilities of the immediate transi-
tions, p,; denotes the output probability of symbol ay.

The two different model designs will be augmented
with the two different sensor level descriptions. The
activity-based model can be augmented with both room
level sensors as well as furniture level sensors. The
room-based model is only augmented with the furniture
level sensors, as the room level sensors would not en-
able differentiation between different activities within
the room.

This results in three distinct model layouts: room-
based model with furniture level sensors, activity-based
model with furniture level sensors and activity-based
model with room level sensors.

3.2 Algorithm Design

To reconstruct the unobserved system behavior, here
the residents activities, the Proxel algorithm is used.
The Proxel algorithm determines possible development
paths of the system and their probability [18, 19, 8]. A
Proxel is a 5-tuple, which represents one point in the
expanded system state space, this tuple consists of the
state of a system, age intensity, current point in simula-
tion time, route through the state space and probability.
All individual models are executed independently and
determine output paths for all activities. This output
path contains the probability of an activity occurring at
a certain point in time.

The final reconstruction step has a different struc-
ture for the two model layouts. For the activity model,
first the probabilities for each activity ASPN are com-
puted and then the activities need to be classified. For
classification a simple decision system is incorporated.
This system outputs the activity which has the highest
probability for all individual models for their activity
state at that point in time. For every timestep of the pro-
tocol, this decision system results an activity. This type
of system works because all the activities have individ-
ual ASPNs independent of each other. If for a particular
timestep the probability of all activities is zero then the
model returns Other_Activity.

For the second model setup with one model per
room, the actual Proxel simulation is followed up by a
reconstruction step, where the most likely path for each
room is determined. Then these paths are combined
over the different rooms and the most likely sequence
of activities is the reconstruction result. Details of both
the solution and post-processing methods can be found
in [16]. The results obtained using the activity models
and the room models are presented and reviewed in the
following section.

4 Experiments and Results

In this section, the performance of the three different
models on the three different generalization levels of
activities is evaluated. These results are classified cor-
rectly if at a given time the reconstructed activity corre-
sponds to the trace’s ground truth.
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The metrics precision, recall and F1 score are cal-
culated for individual activities, and then they are aver-
aged in two different ways one by averaging for all the
activities (Average) and the other by adding weights de-
pending on the overall activity duration (Weighted Av-
erage). The average recall is also often used as an over-
all accuracy measure. The above-discussed metrics are
evaluated for weekdays and weekends separately, to ac-
count for differing behavioral patterns.

In a baseline experiment, the three models are ap-
plied to the reconstruction of the full set of 16 activi-
ties for model HH101. In k-fold cross validation, three
weeks are used for training and one week for testing
each. For all other experiments the k-fold cross valida-
tion is used for the five different datasets, training with
four and testing on the fifth for each in turn.

4.1 Baseline Experiment

The results of the baseline experiments are shown in
Table 4, the three different model designs are room-
based model with furniture level sensors (RoomM/-
FurnS), the activity-based model with room level sen-
sors (ActM/RoomS) and the activity based model with
furniture level sensors (ActM/FurnS). This experiment
shows, that the accuracy per activity is less than the
time weighted accuracy, as longer activities are detected
more reliably. For the time weighted F1 score and accu-
racy, the room based model with furniture level sensors
performed best.

4.2 Generalization Experiment

In the main experiment, we tested all three model se-
tups and three different activity granularities, when us-
ing four apartments for training the model and the fifth
as test set. This is a more realistic use case than using
training and testing data from the same apartment. Hav-
ing a small set of fully annotated apartments for training
can be the basis of reconstruction models for apartments
with a similar sensor setup, but without annotated train-
ing data.

Table 5 shows the full set of relevant performance
measures, again separated by weekends and weekdays.
Combining the data by averaging weekends and week-
days for the accuracy by activity results in the data
shown in Figure 3. Similarly Figure 4 shows the
weighted accuracy for all three models.

Compared to the basline data, the accuracy by ac-
tivity seems to be improved for both models with fur-
niture level sensors, whereas the activity-based model

T o [

with room level sensors shows better performance only
with the 11 activity set. This improvement in the per
activity accuracy is most likely due to an increase in
training data when using 4 apartments instead of just
one. The improvement in performance for the furniture
level sensors with more generalized activities is due to a
grouping of activities with similar semantics, and there-
fore similar sensor activations.

Accuracy over Activities

0.2 — i =0
1.1 I

ActM-Furns RoomM-Furns
mBaseline = 16 Activities

11 Activities b Activities

Figure 3: Accuracy per activity for all three models
comparing baseline with different activity granularities.

The weighted accuracy performs better than in the
baseline for the two activity based models, where in the
room-based model, the baseline performance is better.
The improvement in the activity based models is most
likely due also to an increase in training data.

The decrease in performance for the room based
model can be due to the larger differences between
the apartments in the locations where activities are
performed, and therefore more overlap in the models
for the different rooms, which in turn results in worse
reconstruction results.

Accuracy over Time

ActM-RoomSs ActM-FurnsS RoomM-Furns

Figure 4: Time-weighted accuracy per activity for all three
models comparing baseline with different activity
granularities.
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RoomM/FurnS ActM/RoomS ActM/FurnS
Evaluation Metric Weekday Weekend Weekday Weekend Weekday Weekend
Average_Recall 0.18 0.19 0.27 0.33 0.16 0.17
Weighted_Average_Recall 0.68 0.71 0.35 0.46 0.45 0.31
Average_F1 0.66 0.64 0.36 0.62 0.55 0.38
Weighted_Average_F1 0.53 0.55 0.32 0.50 0.35 0.29

Table 4: Baseline experiment performance of different models.

RoomM/FurnS ActM/RoomS ActM/FurnS
Evaluation Metric Weekday Weekend Weekday Weekend Weekday Weekend
Average_Recall 0.20 0.24 0.22 0.19 0.25 0.30
Weighted_Average_Recall 0.58 0.54 0.36 0.31 0.56 0.51
Average_F1 0.56 0.52 0.33 0.27 0.46 0.45
Weighted_Average_F1 0.54 0.48 0.34 0.28 0.54 0.47
Average_Recall 0.30 0.28 0.35 0.39 0.38 0.34
Weighted_Average_Recall 0.62 0.56 0.53 0.55 0.58 0.51
Average_F1 0.53 0.49 0.46 0.47 0.58 0.54
Weighted_Average_F1 0.54 0.51 0.49 0.49 0.51 0.47
Average_Recall 0.49 0.42 0.32 0.30 0.37 0.34
Weighted_Average_Recall 0.60 0.62 0.50 0.51 0.51 0.46
Average_F1 0.49 0.49 0.49 0.48 0.48 0.45
Weighted_Average_F1 0.56 0.55 0.46 0.46 0.51 0.45

Table 5: Experiment performance of different models for full activity set (top), 11 activites set (middle),

and 6 activites set (bottom).

4.3 Experiment Discussion

Overall the experiment shows that models trained on a
set of apartments can be used for behavior reconstruc-
tion on a different apartment with similar sensor setup
and resident behavior. Sometimes the performance even
improves due to a larger amount of available training
data when using multiple apartments for training, also
avoiding overfitting. However, the selection of a fit-
ting activity granularity and good model setup is cru-
cial. The combination performing best overall and at
the same time yielding still useful results in this exper-
iment was the activity-based models and the furniture
level sensors.

A semantic grouping of activities by similar time
of day and living area, which corresponds to a similar
sensor footprint, leads to an improvement in accuracy.
However, the information content of the reconstruction
is considerably less, when more activities are combined
under the same label.

It has to be investigated with the help of domain ex-
perts at which point the generalized set of activities with
better performance measures still holds enough infor-
mation to assess the residents status.

Ultimately the goal is to use this ambient sensor ob-
servation to decide, whether the residents behavior is
still within normal bounds, or whether outside assis-
tance or intervention is necessary.

5 Conclusion

This research used the CASAS datasets for several
single-resident apartments. Three different model se-
tups and three different activity granularities are tested
on the behavior reconstruction of the residents when
the apartment reconstructed was not part of the training
set. Virtual Stochastic Sensors (VSS) are used to recon-
struct resident activities. Using activity-based models
and furniture level sensors resulted in the overall best
performance.

5.1 Future Work

The analysis presented in this paper is only part of the
research aiming at providing generalized models to be
pre-trained and then applied for the reconstruction of
previously unknown apartments, or systems in general.
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In order to validate the results, the experiments need
to be conducted on larger datasets and discussed with
domain experts.

The paper shows that the approach is feasible in
general, but also needs some more automation steps.
An automatic adaption of the trained model to an
apartment not in the trainings set can also be of interest,
as well as the transfer of the idea to different domains
such as non-intrusive appliance load monitoring.

Publication Remark. This contribution is the English
full version of the German abstract version published
in ASIM Workshop GMMS/STS 2025 Tagungsband
ARGESIM Report 48, e-ISBN 978-3-903347-66-3,
Volume DOI 10.11128/arep.48, p 77.
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Abstract. In this work, we propose a novel resid-
ual based data driven closure strategy for reduced-
order models (ROMs) of under-resolved, convection-
dominated flows. The proposed closure model is de-
veloped within a variational multiscale (VMS) framework,
leveraging available full order model (FOM) data and an
ansatz that explicitly depends on the ROM residual. We
emphasize that this approach is fundamentally different
from existing data driven ROM closure models, which
typically rely on the ROM coefficients as inputs. In con-
trast, the proposed residual based method utilizes the
ROM residual to account for the effects of unresolved
scales. We assess the performance of the proposed
residual-based data-driven VMS-ROM in the numerical
simulation of two-dimensional flow past a cylinder at
Reynolds number Re = 1000. The results demonstrate
that the proposed method yields significantly improved
accuracy compared to standard coefficient based data
driven VMS-ROM approaches.

Introduction

We consider the Navier-Stokes equations (NSE) (1)-(2)
as the mathematical model:
du 1
E—Re Au+u-Vu+Vp=0, (1)
V-u=0, (2)

where u denotes the velocity field, p the pressure,
and Re the Reynolds number. Homogeneous Dirichlet
boundary conditions are imposed.

To construct reduced order models (ROMs), we use
the proper orthogonal decomposition (POD) to generate
the ROM basis functions and associated operators. Ow-
ing to the orthogonality of the POD modes, the ROM
space can be decomposed into large-scale and sub-scale
components:

X =x'p xS, (3)
where

Xd = Span{(pl"”v(pd}:
Xt :=span{@,,...,0,},
x5 = span{(PLHw-a‘Pd}'

Using all d modes, the ROM approximation

M=

Ug =

(aq);@; “4)
1

J

provides the most accurate representation of the full or-
der model (FOM) solution in the POD sense.

For laminar flows, a low dimensional approximation
ur, with L < d, is typically sufficient to accurately rep-
resent the FOM solution. In this regime, the standard
Galerkin ROM (G-ROM) is given by

ap =ArpLap+aj Brpar, )

where (Azp)ij = —V(VQ;,VQ;), (Brrr)ijk = — (9, 9;-
Vo,),foralli,jk=1,...,L.

The G-ROM system (5) is derived by substituting u;,
into the NSE (1)-(2) and projecting the resulting equa-
tions onto the large-scale ROM space X*.
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However, for turbulent flows, the low dimensional
G-ROM solution uy, is generally insufficient to accu-
rately approximate the FOM solution. To alleviate this
inaccurate behavior, standard ROMs are typically aug-
mented with numerical stabilization techniques or ROM
closure models, which aim to account for the effects of
unresolved scales [2, 3, 4, 5, 6].

1 ROM Closure Models

ROM closure modeling aims to approximate the closure
term arising in a variational multiscale (VMS) frame-
work [2, 3]. To construct this closure term, we first de-
compose the most accurate ROM solution u; into large
and sub-scale components:

L d
uL =Y (aw); ;, us:= Y (as);j@;. (6
= J=Lt1

Next, we derive the governing equations for the
large and sub-scales. To this end, we substitute u =
ug = up + ug into (1)—(2) and project the resulting sys-
tem onto the ROM spaces X and X5, respectively. This
yields the following coupled system:

. T T
ar, =Arprar +Arsas+a; Brirarp +ap Brsas
T T
+ag Brspar +ag By ssas, (7a)
. T T
as = Assas +Asray +ag Bsssas +ag Bsspar,

+aj Bsrsas +aj Bsprar. (7b)

Here, the matrices A;; and tensors Bjjg, with indices
I,J,K € {L,S}, are defined by

(A1)ij = —Re‘l(V(p,I-,V(pj),
(Bu)ij = —(9!, (Pf Voy),

where ¢* := {@,...,¢,} and ¢° := {@;.1,..., 94}
denote the large-scale and sub-scale ROM basis func-

tions, respectively. The subscript indices /,J, K indicate
which ROM subspace each basis function belongs to,
making the coupling structure between large and sub-
scales explicit.

In this work, we consider two distinct ROM closure
strategies, leading to two different models: the coeffi-
cient based data driven variational multiscale ROM (C-
ROM) and the residual based data driven variational
multiscale ROM (R-ROM).

T o [

2 Basis of ROM Closure Models

2.1 Coefficient based ROM (C-ROM)

The coefficient-based ROM, C-ROM, [2, 3] is derived
from the large-scale equation (7a) by introducing a clo-
sure model and a corresponding ansatz. Since the clo-
sure term is not available in closed form, we approxi-
mate it using a quadratic, coefficient-based ansatz that
depends on the large-scale coefficients ay :

closure = A;gag + aZBLLSaS + aSTBLSLaL + a_—grBLssas,

ansatz = gLL ar +aLT ELLL ar. (8)

2.2 Residual based ROM (R-ROM)

In the proposed residual-based ROM, R-ROM, the clo-
sure modeling is constructed using information from
the sub-scale equation (7b). In this case, the closure

term and the corresponding residual-based ansatz are
defined as:

closure = ag,

ansatz = ;{SS Resg(ar) + Resg (ClL)T ESSS Resg(ayr),

)
where the sub-scale residual is given by

Resg(az) := Aszar +aj Bsyrar. (10)

2.3 Minimization Problem: Optimal Data
Driven Operators

To identify the unknown operators AVLL, Avss, ELLL, and
Esss, we employ a data-driven (D2) approach [2, 3].
These operators are obtained by solving the following
least-squares minimization problem:

M
. 1 FOM) _ t FOM 2 .
Dz(l)gelgmrs ;HC osure(a; ) — ansatz(a; )HL2
(1)

Using the respective closure terms and ansatz for
the C-ROM and R-ROM, we solve (11) to obtain the
corresponding D2 operators. Substituting the resulting
ansatz into the large-scale equation (7a), the C-ROM
reads

ap = (ALL +ZLL> ap+a; <BLLL +§LLL) a, (12)
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while the R-ROM is given by

. T ~ T ~
ap, =Aprar+a; Brppar +Apsas+ap Brrsas

+ag Brsp a +ag Brss ds, (13)

where the approximated sub-scale coefficients are com-
puted as

ds := AssResg(az) + Ress(ar) " BsssResg(az). (14)

3 Numerical Results

We investigate the numerical accuracy of the G-ROM,
C-ROM, and R-ROM for 2D channel flow past a cir-
cular cylinder at Re = 1000 in the predictive regime:
the ROM basis and operators are built from FOM snap-
shots over r € [13,16], the data-driven operators are
trained over ¢ € [13,13.134], and all ROMs are tested
overt € [16,23], with d = 22.

In addition to the ROM accuracy, we investigate the
consistency between the closure term and the ansatz for
both the C-ROM and R-ROM. To assess ROM perfor-
mance, we examine the average L? projection errors, the
evolution of the kinetic energy, the average L? kinetic
energy errors, Pareto plots, and the vortex shedding fre-
quency.

3.1 Consistency and ROM Projection Errors

We define the following metrics:

1

M
Evons 1= M/; closure(aEgM’k) — ansatz(a, ") 2
(15)
| M L
éaproj = M Z uL(tk) - Z (”FOM(tk)a (Pi)LZ 9, )
k=1 i=1 12
(16)

where &.ons measures the discrepancy between the clo-
sure term and its approximation, and &p; denotes the
ROM projection error.

In Table 1, we list the average L> consistency er-
ror (15). The R-ROM consistently yields lower con-
sistency errors than C-ROM, with an overall decaying
trend despite non-monotone behavior due to the sensi-
tivity of (11). In Table 2, we list the average L> ROM
projection errors. Both C-ROM and R-ROM signifi-
cantly outperform G-ROM, with R-ROM consistently
achieving better accuracy overall.

L | C-ROM R-ROM
2 | 2.28e-01 2.59¢-02
5 1.49e+00 1.72e-02
8 | 4.01e-01 1.22e-04
11 | 1.35e+00 1.27e-08
14 | 2.46e-01 1.29¢e-02
20 | 1.43e-01 2.34e-03
2210 0

Table 1: Average L> FOM consistency error (15) for C-ROM
and R-ROM across different values of L.

L | G-ROM C-ROM R-ROM
2 | 1.15e+00 4.11e-01 3.59¢-01
3 | 9.22e-01 5.51e-01 6.16e-02
4 | 7.21e-01 1.98e-01 1.18e-01
5 | 7.28e-01 5.81e-01 3.11e-01
6 | 3.54e-01 1.48e-01 4.36e-02
7 | 3.02e-01 2.81e-01 5.29e-02
8 | 1.59e-01 9.44e-02 2.53e-02

Table 2: Average L? ROM projection errors (16) for different
values of L.

In Figure 1, we present a Pareto plot comparing
C-ROM and R-ROM in terms of average L’ error
and offline ansatz computational cost, averaged over
low-dimensional (L = 2,3,4,5) and higher-dimensional
(L=6,7,8) ROMs.

For low-dimensional ROMs, R-ROM yields higher
accuracy than C-ROM at a higher computational cost.
For higher-dimensional ROMs, R-ROM is both more
accurate and more efficient than C-ROM.

Pareto Plot
8'%0345 )
-'__; ﬁ.?.B 52'3'4':‘
< 107 B6.7.8 < C-ROM BR-ROM
0.8 0.85 0.9 0.95 1 1.05 1.1

Average Offline Ansatz Cost [5]

Figure 1: Pareto plot of average L? error of C-ROM and
R-ROM.
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3.2 Kinetic Energy

In this section, we use the kinetic energy (KE) crite-
rion to compare the numerical accuracy of G-ROM, C-
ROM, and R-ROM, where the KE is defined as follows:

1 1
Epin := 5”“”%2 = §/Q|“\2d9~ (17)

In Figure 2, we compare the KE evolution of C-ROM
and R-ROM for L = 6. R-ROM is significantly more
accurate than C-ROM.

Kinetic Encrgy (L=f)
09 =,

08

—FOM —G-ROM —C-ROM —R-ROM

‘3 B.5 10
I

Figure 2: Time evolution of the kinetic energy for ROMs.

3.3 Vortex Shedding Frequency

In this section, we compute the average vortex shed-
ding frequency f; of C-ROM, R-ROM, and FOM based
on the vortex shedding period .7, which is defined as
follows:

Ny
To= L (k1) — (k). (18)
N &

where f,(k) denotes successive KE peaks within 7 €
[18,23]. In Figure 3, R-ROM more accurately recovers
the FOM vortex shedding periods than C-ROM, and the
KE peak amplitudes in C-ROM are noticeably higher
than in R-ROM.

We observe that R-ROM more accurately recovers
the vortex shedding periods of the FOM than C-ROM.
Furthermore, the amplitudes of the KE peaks in C-ROM
are noticeably higher than those in R-ROM.

Consecutive Kinetic Energy Peaks (L=0)

*FOM <« C-ROM »R-ROM = 4
ar Y
09 - q
<«
08 ( « « « ¢
b 4 [ N R 4
[

[ 2 20 2R 2 A 2R 40 0 440 -4 Suh G
0.7
18 19 20 21 22 23

]

Figure 3: Comparison of vortex shedding frequency for FOM,

C-ROM, and R-ROM.
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Abstract. For the containment of chronic diseases,
mHealth tools, for example mobile apps, provide great
opportunities to track the disease progression and to
give useful recommendations. In this project, possible
data-driven enhancements for an already existing mobile
app for patients with Rheumatoid Arthritis are discussed,
developed and implemented. This happens in an ongo-
ing feedback-cycle, including app developers, medical ex-
perts, patients and data scientists. The new features im-
prove the app experience and are currently being evalu-
ated in an observational study.

Introduction

Rheumatoid Arthritis (RA) is a chronic autoimmune
disease, which affects over 3 Million people in Eu-
rope. People dealing with RA usually suffer from
painful and tender joints. This and the whole plethora
of also more subtle symptoms like fatigue strongly im-
pacts their every day life [1], [2]. There is no cure
for RA, but the symptoms and the progress of the dis-
ease can nowadays be halted effectively and improved
by targeted pharmacological and non-pharmacological
interventions. mHealth tools provide opportunities
for the tracking and self-management of symptoms
on a patient-individual basis [3].

RheumaBuddy is such an app that serves as an elec-
tronic diary for RA-specific symptoms: Users can track
their symptoms, such as Mood, Pain, Fatigue and Stiff-
ness, as well as activities such as walking or sleeping,
on a daily basis. This helps keeping track of their dis-
ease progression, in general or for the next doctor
appointment.

Throughout the project RheumaBuddy4.0 (RB4.0),
it is the aim to improve this app. In order to
achieve this, firstly, an extensive data analysis has
been performed to figure out which additional
features are possible and make sense in the current
app. Next, these data-driven recommendations are
implemented in the app and tested by the users. The
whole process takes place in a permanent feed-
back loop including the Danish app developers
DAMAN, medical experts from the Medical University
of Vienna (MUV), data scientists from dwh GmbH,
and RA patients who use and test the app. Fig.1 shows
a schematic depiction of the workflow in the project.

1 App Status at Begin of Project

At the beginning of the project, RheumaBuddy is
already available as a mobile app in multiple language
with German, English, and Danish being the most
popular ones. Users have the possibility to enter RA-
related symptoms, such as Mood, Pain, Fatigue and
Stiffness as well as self-reported symptoms, where they
could track whatever they are interested in.
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Figure 1: A schematic depiction of the general workflow of the project. The development of new features and the discussion

with the experts is often repeated multiple times.

Every symptom can be scored on a smiley scale indi-
cating the extent of the respective symp-tomatology.
These smileys rank from very happy to very unhappy in
five steps. Users can also enter acti-vities, such as
walking or sleeping, and how long these activities took
on that day. Furthermore, they can document their joint
pains on a body map. And finally, they can write free-
text in a diary, as well as use the community to ask or to
answer to questions.

The community is also available in different
languages. The user’s status and progression can always
be seen on the Status page, where line graphs visualize
the development of all the values tracked by the user.

The goal of the project is to implement a virtual
coach within the app. This coach should provide users
entering sufficient data into the app with personal rec-
ommendations based on their individual entries. This
goal comes with the following challenges:

* Amount of regular data: In order to provide use-
ful, data-based information, a sufficient amount of
data per user is required, i.e. the users must enter
data on a regular (ideally daily) basis over a few
weeks, at the very least. Usually, it is difficult to
motivate app users to provide this amount of input.

* Subjectivity of app entries: The app entries are
subjective for every user, and it is not trivial to
compare them. E.g., for one user, "good mood"
means they actually had an amazing day, while for
another user, it only means that everything is
alright.

T o0 [

* Not measurable disease parameters: There are
hardly any RA-specific parameters that can be
measured objectively on a remote basis, i.e. with-
out a medical expert. As opposed to e.g. Dia-
betes, where blood sugar can be objectively mea-
sured and provides a good indicator for the current
disease activity, rheumatologists can only evaluate
a patient’s disease status by assessing the swollen,
hurting and tender joints of a patient besides devia-
tions in inflammatory parameters, blood levels, or
changes in bone and joint structure with imaging
modalities.

2 Data Analysis

An extensive data analysis was conducted in order to
determine which app enhancements are possible with
the available data, and how the results look like. The re-
sults were frequently discussed with the app developers
and medical experts. Furthermore, feedback was con-
stantly obtained from app users. Based on these feed-
back loops, possible app features are discussed and de-
signed.

The data analysis with its results is presented in this
chapter. The next chapter describes a new app feature,
which evolved from this analysis.

2.1 User Behavior

First we analyzed, how extensively the app is used by
the users. We analyzed the development of the num-
ber of unique users per day (which means they entered
at least one value into the app on that day) and which
entry types are the most popular.
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The development of the users can be seen in Fig-
ure 2. A peak is visible in October 2020 as a result of
a big marketing campaign. The number of users didn’t
stay that high, but remained significantly higher than
before.

The most popular entry types can be seen in Figure
3. The most popular ones are the four main symptoms
Mood, Pain, Fatigue and Stiffness, followed by the Pain
Map. The diary and activity tracking is far less popular,
as well as the self-reported symptoms. The latter shows
that the four main symptoms seem to be sufficient for
most app users. The least popular is writing and reading
in the community.

Possible reasons for this heterogeneous behaviour
were discussed with the consortium, especially with
some app users. The users claimed that for those en-
tries that are used the most often, it is much easier and
faster to enter values than for the others. It goes with-
out saying that writing into the diary or community is
more time-consuming than choosing a smiley value for
a symptom. The activity values, on the other hand, are
not trivial to measure. Users claimed that it is hard to
remember in the middle of the day, how long
exactly they slept. Considering "Motion", it was not
clear to them, what accounts to this, e.g. whether a
walk counts already, or only exhausting physical
activities, which is why they soon stopped entering
values there.

2.2 Numeric Correlations

We investigated the correlations between the entries of
the users. The entries are obtained directly from the
app: As mentioned in section 1, a user can enter their
symptoms via a smiley, which ranks from happy to un-
happy in five steps. These steps are denoted in the
back-end with the integer values 1 to 5 (1 being the
most unhappy one), which are used to compute
correlations. Considering activity values (Sleep,
Motion, Working hours), the actual time spans in
seconds are used. These correlations are displayed in
Figure 4. Strong corre-lations can be seen between
the four main symptoms, but not between the rest of
the entry types. However, no correlations between
symptoms and activities might also be because the
users had problems entering reasonable values for
these fields, as discussed in Subsection 2.1.

2.3 Free-Text Analysis

Although these types of entries are less popular, we also
analyzed the free-text entries, i.e. diary, community,
and self-reported symptoms. We wanted to grasp what
the users are writing about (besides the pre-defined en-
tries), and whether some information that is relevant for
all users can be extracted from the entries. To achieve
this, we firstly translated all self-reported symptoms, di-
ary and community entries to English language (using
the Python Library Deep Translator), removed fill- and
stop-words (using [7]) and counted which words ap-
peared the most often in the entries. This is visualized
in Figure 5.

As it can be seen immediately in the Subfigures 5b
and S5a, the most important topics in the diary and in
the community are RA-related symptoms or medica-
tion. Considering the self-reported symptoms in Sub-
figure Sc, interestingly, four of the five most frequent
ones are exactly the four main symptoms that are pro-
vided in the app anyway, i.e. Mood, Pain, Fatigue and
Stiffness. We assume, the users entered their data in
the self-reported symptoms due to a misunderstanding -
however, this indicates again that these symptoms seem
to be of utmost importance. However, as the remaining
symptoms (resp. the self-reported symptoms in general)
are used by very few users, no further analysis was con-
ducted in this area.

2.4 Community Crawling

The community is open for every RheumaBuddy-user,
but as it was shown in Figure 3, there are only few users
that use the community - even just for reading. Figure
5b indicates that many community posts and comments
deal with RA-related symptoms and medication. As the
community is built in a question-and-answer-style, i.e.
a user can ask a question and any other user can answer
to them, we assume that there are many recommenda-
tions hidden in the community. These recommenda-
tions would be of great value for many RheumaBuddy
users, not only those who read and write in the commu-
nity.

Therefore, we wanted to systematically collect help-
ful recommendations from the community. Depending
on the information that could be gained, these could be
forwarded to all users, or only to specific ones where it
might fit (depending on the entries the users make). We
collected recommendations using the following, semi-
automated approach:
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1. Filter the community posts by posts which ask for
advice on something, using regular expressions.

2. Retrieve all answers to this post and remove all an-
swers from the user who asked the question.

3. Read the answers in combination with the question
and decide whether to keep or to discard it.

250
v 500 Unique Users per Day
u — Unique Users per Day, Rolling Average
= 150
S
= 100
c
) 50

A fully-automated approach was not developed
within the scope of this project, as the Community
Crawling was only experimental, and the amount of
data available in the community is too small to justify
much research in the field of automated text mining.
Nevertheless, this semi-automated approach gravely re-
duced the manual work and enabled to quickly obtain
a document with possible recommendations collected
from the community.

JuI%O19 Oct 2019 Jan 2020 Apr 2020 Jul 2020 Oct 2020 Jan 2021 Apr 2021
Date

Figure 2: Plot of the development of the number of users per day. The thick line depicts a seven-day rolling average, the thin line
the actual values. A peak can be seen as the result of a big marketing campaign, which led to a general increase of users per day.
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Figure 3: Depiction of the total count of entries for each entry
type. The fast-to-enter symptoms as well as the
pain map are the most popular entry types.
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Figure 4: Linear, numeric correlations between the entry
types based on 456,998 observations.
Correlations between the four main symptoms
are present, symptoms and activities seem to be
uncorrelated.
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(a) Most frequent words in the diary.

(b) Most frequent words in the community. (c) Most frequent Self-Reported Symptoms.

Figure 5: Heatmaps for the most often used words in all kinds of free texts. The main topics for all sources are disease-related,

i.e. symptoms and medication are the most popular.

However, the obtained recommendations cannot be
used as they are as app recommendations. These rec-
ommendations are mainly tips from the users who usu-
ally do not have any medical background. Sharing what
might help one user does not necessarily help another
user, but could in the worst case actually harm them.
And while it is fair to have recommendations in the
community that might not be suitable for all users, app-
provided recommendations must in any case be med-
ically solid and do no harm to the users. Therefore,
the recommendations obtained via community crawling
cannot automatically be used in the app.

Still, the recommendations can be collected and fur-
ther used. For example, they can be shared with medical
experts which can assess on a patient-individual basis
whether some of the recommendations could be helpful
for some of their patients. Or specific medical studies
could be started, proving (or disproving) some of the
interesting recommendations. And finally, t he devel-
oped method can be used in different contexts, where
obtaining unsuitable recommendations is not that prob-
lematic.

2.5 User Clustering

Another idea was grouping similar users, based on their
entries. Having such a group of users, the app could
e.g. provide specific r e commendations, based on the
group characteristics. Users in such a group could also
be brought together in an anonymous chat (if they
consent) and share their experiences.

To achieve this, we measured the similarity between
the main symptom entries (Mood, Pain, Fatigue and
Stiffness) of the users. In order to recognize similar
patterns even if they are shifted in time or slightly dis-
torted, we measured the similarity using Dynamic Time
Warping (DTW, [5]). We focused on one of the symp-
toms at a time and computed for all users with at least
10 entries the pairwise similarities between their val-
ues using DTW. Next, we grouped the users based on
their pairwise distances. We tried different clustering
algorithms using Scikit-Learn [6], finding that Spectral
Clustering provided the most promising algorithm.

However, on the available app data, it was not pos-
sible to find useful c lusters. Hardly any user provides
daily entries, but rather one entry every few days. Fur-
thermore, the values are discrete values between 1 and
5, which resulted in entry curves where no sensible pat-
tern could be found. With the available values, it is not
possible to recognize users that get steadily better or
worse over some time. To achieve this, a scale where
more precise entries are possible would be required.

3 User-individual Correlations

We figured that the users of the app might not
be interested in the development of their values,
but also in the relationship between these values. As
we showed in Subsection 2.2, significant c orrelations
between the symptoms are present when considering
all users at once.
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To our surprise, no correlations between symptoms
and activities could be found. However, during our
consortium discussions, also including patient research
partner, we agreed that relationships between activity
patterns and symptoms should exist. Not finding any
with the current approach could be due to several rea-
sons:

* Asdiscussed in Subsection 2.1, the users had prob-
lems entering reasonable values to the activity
functions in the app, and as can be seen in Figure
3, the number of entries for activity values is much
smaller.

* Users with positive and negative relationships
could even each other out when being considered
all at once.

* Also when it comes to one user, they don’t nec-
essarily have a linear relationship between their
activities and symptoms, but rather some level of
activity where they feel best/worst.

We decided to have a closer look at user-individual
relationships between the values, and to not only take
into account linear correlations. Additionally, the re-
lationships between a user’s individual input values is
probably far more interesting to them than the correla-
tions of all users. Therefore, we investigated on a user-
individual basis, between which input values we could
find the strongest significant relationships.

3.1 New Activity Values

First, we wanted to overcome the problem with enter-
ing reasonable activity values into the app. To achieve
this, a step counter was added to the application. Of
course, this does not cover the whole variety of physi-
cal activity (a step counter does not distinguish between
walking and jogging, for example), but these values are
added to the app automatically and provide a good ap-
proximation of the user’s level of physical activity. Fur-
thermore, the smiley values were enhanced by activity
categories, enabling a user to provide input on a scale
of 1 to 5, how physically active they were that day.

3.2 Model

We focus on the relationships between symptoms and
activities per user, and consider three different kinds of

relationships that could occur between the values:

T 10 [

* Linear relationships, e.g. "The more you walk,
the better is your mood."

 Cut-Off values, e.g. "Your mood increases
signifi-cantly when you walk around 6,000 steps
per day."

* Extreme values, e.g. "Your mood is best when
you walk around 6,000 steps per day."

These relationships are computed twice for each
symptom-activity-pair, between same-day data as well
as between activity data on one day and symptom data
the next day. Thus, a possible output could also be
"The more you walked the day before, the better is
your mood." Additionally, every relationship can also
be negative, e.g. "The less you walk, the better is your
mood."

To achieve this, we firstly retrieved a user’s recent
data from their last 30 entry days. If they provided val-
ues for the considered symptom-activity-combination
on at least on 10 different days (i.e. if we have at
least 10 entry pairs), we fitted the user-data with three
different models: A linear regression model (LR), a
decision tree (DT), and a piece-wise linear function
(PWLF).

Linear Regression Model. We fitted the data with
a linear regression curve of the form

yi=a-xi+b+r;

with y; being the symptom values, x; the activity
values and r; the residuals. a is the slope of the
function, which is later used to determine if there is
a positive or negative relationship between the two
values.

Decision Tree. We also fitted the data with a
decision tree with one split node and constant values at
the leaves.

Piece-wise linear function. If the user provided at
least 15 value pairs in the given time frame, we also
fitted the data with a continuous piece-wise linear func-
tion with one split, using the python library PWLF [8].
In order for this model to be valid in our context, the
slopes of the two linear functions must have different
signs, i.e. the break point must be a minimum or a max-
imum value. Additionally, the break point was only al-
lowed within the inner 60% of the data range, and both
linear functions must be supported by at least 5 data
points. Otherwise, the PWLF would always fit the data
better than the other two models without providing ad-
ditional information.
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Figure 6: Example plots of four users, depicting their
individual relationships between number of steps
and mood. The rather simple models still provide
an interpretable relationship between the values.

Figure 6 shows some sample plots of the actual val-
ues of four different users, together with the model that
fits their data. Note that for Subfigures 6¢ and 6d,
only a very weak linear relationship would have been
found. From each of these models, the R2-Score is com-
puted as a measure of fitting, and the model with the
highest R? is kept. Thus, for every symptom-activity-
combination, we compute one relationship. Finally,
from all the symptom-activity-combinations, we choose
the one with the highest R>-Score and display it as an
insight to the user.

3.3 Deployment

This feature was added into the RheumaBuddy app. It
was deployed via a Docker Container [9] which runs
on the server of the app provider DAMAN. Thus, the
described relationships are computed in real-time and
are communicated live to the users. A sample output
from the app can be seen in Figure 7.

However, the number of entries required to obtain a
significant relationship is quite high, and only few
users entered enough values to obtain such a recom-
mendation.

Figure 7: An actual
recommendation
(in German language)
as provided from the
RheumaBuddy app,
stating that this user’s
mood seems to be
better the more

Einblicke

Latest: 07, funi.

Neuer Einblick fir dich!

Deine Stimmung scheint besser
2u sein, je mehr du dich kérperlich
betatigst. Wie wire es, wenn

du versuchst, dich ausreichend
karperlich zu betatigen?

physically active e
they are. :

Tagebuch  Kon

4 Validation Process

The new app features are validated concerning face va-
lidity from the app developers. They check whether the
app feedback makes sense and fits to the provided user
input. Furthermore, they make sure that the insight is
prompted to the users, and to how many. A selection of
patients from their company review board tests the new
features and provides thorough feedback on the func-
tionality and the insights.

However, validation is at this point not complete and
refinements would potentially be tackled in several it-
eration rounds. For putting RheumaBuddy4.0 on the
track for CE marketing, certain aspects of a final soft-
ware product would need to be submitted.

The validation process can be optimized by integrat-
ing results from the observational study at the Medi-
cal University of Vienna ("Successful Implementation
of an RA management app - the IRAMA study" with
ethical approval number: EK-Nr: 1846/2022) which is
in process. The major aims of the IRAMA study con-
cern the assessment of the RheumaBuddy mobile app
quality, using a standardized questionnaire to evaluate
patients’ experiences, preferences and needs for the use
of the RheumaBuddy App in semi-structured tele-
phone interviews, and finally to gain more detailed
insight on patients’ experiences, needs and preferences
in semi-structured focus group sessions.
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The data of this study is directly linked with a clin- Publication Remark
ical registry and the app information the users are col-
lecting. Thus, the foundation for a thorough validation

via an observational study is already in place.

This contribution is the revised version of the con-
ference version published in ASIM SST 2024 Munich
Tagungsband Langbeitrige, ARGESIM Report 47,
e-ISBN978-3-903347-65-6,Vol. DOI 10.11128/arep.47,

5 Discussion and Outlook

Overall, it can be stated that the project is progressing
successfully. An interesting, helpful feature for the app
users has been implemented, and we gained a lot of
insights by means of the data analysis and the discus-
sions in the consortium. We expect further interesting
insights when the observational study is finalized.

Article DOI: 10.11128/arep.47.a4725, p 43-50.
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Abstract. Military planning operations require navi-
gating constantly changing environments. To support
decision-makers, innovative concepts are essential for
automatically generating effective solutions tailored to
specific logistics operations. These tools aim to acceler-
ate planning procedures, minimize risks, and reduce op-
erating costs. This paper introduces a simulation-based
optimization framework designed to enhance the mo-
bility of military vehicles through terrain-aware naviga-
tion. It specifically examines a key component of the
framework: terrain identification. This challenge is ad-
dressed using unsupervised methods, ensuring applica-
bility even in unfamiliar operational settings. The experi-
mental findings demonstrate promising results in identi-
fying terrain characteristics, particularly in discerning sur-
face waviness, slant, and curvature.

Introduction

The mobility of supplies, equipment, and personnel
is crucial to the success of land-based military mis-
sions. Unlike civilian logistics, which often prioritize
the shortest and fastest routes, military operations must
consider factors such as environmental uncertainty [17],
route vulnerability [16], and terrain passability [14]
when determining the most suitable logistics routes.

Furthermore, military operations often extend
across geographically diverse regions, where terrain
conditions have a direct impact on their specific effec-
tiveness [14].

Therefore, planners must carefully assess terrain
characteristics such as landform features, soil condi-
tions, and slope degree when preparing military logis-
tics plans.

The terrain encountered by military land vehicles of-
ten falls outside typical mapped areas, leaving planners
with limited information regarding its topology. In such
scenarios, battlefield commanders rely on terrain ana-
lysts to interpret the geographic features of an area and
assess their impact on the military mission [18].

Over time, this process has evolved from a pre-
dominantly manual endeavor to one increasingly reliant
on computer-based systems [15]. One aspect of ter-
rain analysis that can be addressed through computa-
tional means is terrain identification. This field of re-
search involves estimating ground characteristics (e.g.,
cohesion, curvature, inclination) or categorizing terrain
types (e.g., gravel, asphalt, sand) by collecting diverse
sensor data under various road conditions and analyzing
vehicle responses to the terrain.

Numerous researchers have made significant contri-
butions to terrain identification methodologies. Among
these, supervised learning techniques such as Support
Vector Machines [1, 10], Decision Trees [12], Neu-
ral Networks [9, 13], and Gaussian Process Regression
[11] have emerged as popular choices. Although these
approaches have proven effective, they often require
prior human intervention or additional hardware, such
as laser line striping sensors, for data labeling. Con-
versely, unsupervised approaches do not require labeled
data and can be directly applied in scenarios where the
external environment is unknown.

In addition to the configuration of the learning algo-
rithm, the accuracy of a terrain identification strategy
depends on the data it receives. Various sensors can be
mounted on the vehicle to collect this data.
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Cameras [4, 5], lidars [7, 8], and accelerometers
[1, 2, 3] stand out as prominent choices in recent re-
search. Each sensor type has its limitations [6]. For
instance, vision-based sensors such as cameras and li-
dars are sensitive to weather conditions that reduce vis-
ibility, such as fog or rain, whereas reaction-based sen-
sors such as accelerometers are sensitive to speed and
load variations. Despite this disadvantage, reaction-
based techniques demonstrate strong cost-effectiveness
and robustness across diverse terrain types [19].

This study focuses on solving the terrain identifi-
cation problem, aiming to differentiate distinct terrain
characteristics such as roughness, waviness, slant, and
curvature. The approach involves conducting multi-
ple test drives at military test sites to collect reaction-
based data, including acceleration, roll, pitch, and angu-
lar rate, captured by an accelerometer and a gyroscope.
Initially, the signal data undergo windowing, followed
by the segmentation of each route into predetermined
lengths.

Subsequently, the unsupervised learning algorithm
Multivariate K-Means is used to differentiate between
terrain characteristics. We employ the Dynamic Time
Warping (DTW) algorithm to calculate the pairwise
proximity between road segments.

Moreover, this research introduces a simulation-
driven logistics framework that integrates terrain iden-
tification, scheduling, and vehicle routing processes
to assist planners in developing terrain-aware logistics
strategies.

The plans generated by this framework are designed
to optimize the utilization of available assets by consid-
ering surface characteristics when determining efficient
transportation routes. Within the broader logistics con-
text, this approach offers the potential to improve oper-
ational efficiency and achieve substantial cost savings.

In addition to immediate reductions in fuel and per-
sonnel expenses, it can also contribute to lowering long-
term vehicle maintenance costs. This is achieved by im-
plementing intelligent routing strategies that minimize
vehicle wear and tear, thereby extending vehicle lifes-
pan and reducing the frequency of repairs and replace-
ments.

T 10s [

1 Conceputal Approach of a
Simulation-based
Terrain-aware Logistics
Framework

Developing military logistics strategies presents a sig-
nificant challenge in optimizing asset scheduling and
route selection for the efficient transportation of person-
nel, equipment, and supplies to designated destinations.
This challenge is further increased by the absence of
basic infrastructure in certain locations and the diverse
terrain conditions encountered during transit. Addition-
ally, different vehicles are tailored for navigating spe-
cific types of terrain. Some are designed for rough,
steep terrain with obstacles, while others perform bet-
ter on smooth, paved roads.

To ensure effective and efficient transportation op-
erations, it is essential to consider the mobility capa-
bilities of vehicles across various surfaces, along with
critical logistics factors such as route length, transport
duration, and delivery time requirements.

To address these challenges, we introduce the
simulation-based logistics framework depicted in Fig-
ure 1. The primary objective of this framework is to as-
sist planners in developing efficient military transporta-
tion systems by focusing on sustainable resource man-
agement and enhancing vehicle mobility across favor-
able terrain conditions.

The framework begins by prioritizing the identifica-
tion of terrain characteristics along the routes. These
details, along with information on road networks, vehi-
cle availability, and load requirements for transportation
between origin and destination points, serve as inputs.

Subsequently, the framework proceeds to optimize
fleet utilization. The scheduling component determines
which loads should be transported by each vehicle and
in what sequence, aiming to minimize costs while sat-
isfying constraints such as vehicle capacities.

Following scheduling, the routing process uses the
scheduled assets to establish logistics routes. This pro-
cess extends beyond selecting the shortest and fastest
paths by incorporating terrain conditions. As certain
terrains disproportionately affect vehicle performance
and wear, selected routes must align with the mobility
characteristics of the vehicles.
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Figure 1: Conceptual model of the proposed
simulation-driven terrain-aware logistics
framework.

During the simulation phase, logistics plans are exe-
cuted, and the behavior of simulation agents is moni-
tored. Each transportation task is evaluated using a cost
function designed to minimize both duration and cost,
while accounting for travel feasibility across different
surfaces.

Given the critical role of terrain characteristics in
terrain-aware logistics, terrain identification is explored
throughout the remainder of this paper.

2 Terrain Identification

This section explores terrain identification, a key com-
ponent of the logistics framework detailed in Section 1.
This process is essential for enabling the computation
of terrain-aware logistics routes, as it provides critical
information about the interaction between vehicles and
the underlying surface conditions.

2.1 Problem Description

We address the challenge of terrain identification using
reaction-based sensor measurements collected from ve-
hicles operating in diverse environments.

The primary objective is to differentiate between
specific terrain characteristics such as roughness (Fig-
ure 2a), waviness (Figure 2b), slant (Figure 2c), and
curvature (Figure 2d), even in scenarios where prior
knowledge of the terrain is limited or unavailable.

This is achieved through analyzing unique signal
patterns captured by standard sensors like accelerom-
eters and gyroscopes, which record the dynamic inter-
action between the vehicle and the terrain.

To accomplish this task, we introduce the technique de-
tailed in Section 2.2.

(o]

(a) Roughness
(lateral cross-section)

0y
\\
I

(c) Slant
(frontal cross-section)

A

(b) Waviness
(lateral cross-section)

(d) Curvature
(driver's perspective)

Figure 2: Terrain characteristics under investigation.

2.2 Solution Approach

We propose the methodology illustrated in Figure 3 for
terrain identification. This approach relies on data ac-
quired from reaction-based sensors during vehicle op-
eration on various road surfaces.

In the preprocessing phase, the input data are sub-
jected to windowing and segmentation to generate
frames for feature extraction. Subsequently, the un-
supervised learning technique Multivariate K-Means is
applied to identify distinct terrain characteristics.

In the upcoming paragraphs, each component of the
terrain identification approach will be elaborated.

Data Acquisition. Over the course of 24 test runs
at a military test site, data were collected from multiple
ground surfaces exhibiting varying degrees of rough-
ness, waviness, slant, and curvature.

For this purpose, a military vehicle traveled approx-
imately 500 km, equipped with an accelerometer, a
tri-axial gyroscope, and a Global Positioning System
(GPS). Each sensor recorded data at a sampling rate of
500 Hz.
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Figure 3: Proposed terrain identification methodology.

To mitigate the speed dependency of reaction-based
terrain identification, the vehicle was driven at varying
speeds ranging from 5 to 45 km/h.

Data Preprocessing. The preprocessing phase in-
volves two key steps: windowing and segmentation.

Windowing is a technique used to transform sequen-
tial data, such as the dataset under consideration, into a
format suitable for traditional machine learning algo-
rithms [22].

Additionally, it helps reduce computational com-
plexity. This process involves dividing the sensor data
into non-overlapping frames, each consisting of 500
samples, corresponding to one second of data given a
sampling frequency of 500 Hz.

Clustering entire routes poses challenges in detect-
ing local similarities. Conversely, clustering individual
observations fails to produce cohesive patterns and in-
stead results in fragmented clusters across multiple ter-
rain categories.

T o [

To address this issue, we partition each test drive
into segments of 40 m, approximately five times the
length of the vehicle. Each segment is treated as an
individual observation.

Feature Generation. The sensor data in the time
domain, including tri-axial acceleration, tri-axial rota-
tion rate, roll, and pitch, are converted into the fre-
quency domain using the Fast Fourier Transform (FFT)
algorithm.

Features are extracted by considering observations
from both the original time-domain representation and
its frequency-domain transformation within the previ-
ously generated windows. Each window is aggregated
into a single output value by computing statistical mea-
sures such as the mean, standard deviation, minimum,
maximum, and interquartile range. In total, this process
yields 80 features.

Clustering. We approach the task of terrain identifi-
cation by examining similar patterns within segments of
routes traversed by vehicles. Since each segment con-
tains multiple observations, the problem inherently be-
comes multivariate. To handle this complexity, we uti-
lize Multivariate K-Means clustering.

While deep learning—based clustering techniques
could also be applied, they tend to be complex, chal-
lenging to interpret, and computationally expensive.
However, the K-Means method also has its limitations,
particularly its sensitivity to the choice of the number
of clusters k.

To address this issue, we employ the Silhouette Co-
efficient, introduced in [23], to determine an optimal
number of 9 clusters.

In the clustering process, we use the DTW prox-
imity measure, a technique proposed in [20]. This
method offers advantages over conventional Euclidean
distance by effectively recognizing similarities between
sequences, even when they differ in length or exhibit
slight temporal shifts.

For enhanced visualization and evaluation of
the clustering results, we adopt the Multivari-
ate T-distributed Stochastic Neighbor Embedding
(m-TSNE) technique introduced by [21].
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This approach enables the projection of high-
dimensional multivariate data onto a lower-dimensional
space while preserving similarity relationships between
data sequences. Consequently, sequences that are simi-
lar in high-dimensional space remain close in the lower-
dimensional space.

3 Experimental Results

The solution described above was implemented and
evaluated in Python 3.11.5 on a standard PC running
Windows 11, equipped with an 11th-generation In-
tel Core i7-11370H CPU at 3.30 GHz and 16 GB of
RAM. Training the model on a preprocessed dataset of
200 MB requires approximately 15 minutes.

The computational complexity of training arises
from the large number of pairwise similarities that must
be computed, specifically (3), where N denotes the
number of route segments.

The 24 trips are partitioned into approximately
12,000 segments, each assigned to one of 9 clusters us-
ing the Multivariate K-Means algorithm with 80 fea-
tures. To enhance visualization of the high-dimensional
space, the data are reduced to two dimensions using the
m-TSNE method, as shown in Figure 4. Each point in
the plot corresponds to a route segment, revealing dis-
cernible separation patterns among groups.

While certain groups, particularly those at the pe-
riphery, exhibit clear separation from others, observa-
tions in the central regions lack well-defined bound-
aries. Nevertheless, the clustering method captures the
underlying structure, with only a few instances dis-
persed across multiple groups in the two-dimensional
space.

Figures 5a—5d illustrate the key features essential
for cluster formation. Each displayed feature is aggre-
gated through windowing using the mean function, as
detailed in Section 2.2, and is derived from frequency-
domain transformations. Analyzing these plots enables
the characterization of clusters based on the distinct ter-
rain traits outlined in Figure 2. High signal magnitudes
indicate the presence of specific terrain characteristics,
while lower magnitudes suggest their absence.

The accelerometer supports the measurement of
the vehicle’s vertical displacement relative to the
ground (z-axis acceleration), facilitating the evalua-
tion of terrain roughness. Notably, cluster C5 stands
out as representing rough terrain, as shown in Figure 5a.

200

Principal Component 2
o

=100

—=200

-200 -150 -100 -50 O 50 100 150 200
Principal Component 1
Figure 4: Representation of the two-dimensional m-TSNE

components depicting route segments clustered
based on the Multivariate K-Means method.

Waviness, in contrast, involves larger, repetitive un-
dulations compared to roughness, resulting in a rocking
motion of the vehicle rather than purely vertical accel-
eration. These movements are captured through pitch
measurements from the gyroscope. As depicted in Fig-
ure 5b, clusters C6 and C8 exhibit wavy terrain charac-
teristics. Surface slant, indicative of tilts to the right or
left, is discernible via the roll signal. Slanted terrain is
observable in clusters C2 and C8 from Figure 5c. Fur-
thermore, the gyroscope captures the rotational motion
of the vehicle, reflecting road curvature, as evident in
clusters CO and C4 in Figure 5d.

The remaining clusters do not exhibit distinctive
terrain characteristics based on the examined features,
suggesting that the corresponding road segments are
relatively smooth and straight.

An overview of the characteristics exhibited by each
cluster is provided in Table 1.

Since the test drives were conducted on a special-
ized test course, certain segments of the underlying sur-
faces have known labels. For instance, cluster C2 repre-
sents the inclined test track, featuring an incline ranging
from 20% to 30%. Cluster C5 corresponds to the wash-
board test track, while the sine-wave road is identifiable
within cluster C6. Cluster C7 encompasses cobblestone
and gravel surfaces.

sne 36062026 S
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Figure 5: Selection of features employed in the clustering
procedure, presented individually for each cluster.
These features were derived from raw signals
transformed into the frequency domain and
aggregated using the mean function during the
windowing process.

Roughness Waviness Slant Curvature
Co - - - v
C1 - - - -
C2 - - v -
C3 - - - -
C4 - - - v
Cs v - - -
Cé - v - -
Cc7 - - - -
C8 - v v i

Table 1: Summary of the terrain characteristics observed
within the clusters.

Lastly, cluster C8 represents the distortion road, charac-
terized by alternating waves on each side.

Table 2 presents a comparison between the cluster-
ing results and the known ground-truth labels.

T 2 [

An examination of the model’s performance across
clusters reveals that it performs better for certain road
types. Specifically, slanted (C2) and distorted (C8)
roads are identified with high precision, recall, and F1-
score. However, the model performs less effectively in
identifying washboard (C5) and sine-wave (C6) tracks.

Cluster Precision Recall F1-score
C2 0.99 0.95 0.97
C5 0.92 0.35 0.51
C6 0.86 0.49 0.62
C7 0.93 0.82 0.87
C8 0.93 0.93 0.93

Table 2: Summary of the model performance.

4 Conclusion and Outlook

In military operations, terrain-aware logistics are cru-
cial, particularly when navigating challenging land-
scapes with limited infrastructure to transport supplies,
equipment, and personnel.

In such contexts, logistics planning must consider
not only factors such as travel distance, duration, and
delivery schedules but also the unique characteristics of
the terrain traversed.

In response to this need, this research introduces
a simulation-driven terrain-aware framework designed
to support decision-makers in improving the mobility
of military vehicles by enabling more efficient naviga-
tion across favorable terrain conditions. The primary
focus of this paper is the terrain identification process,
which employs unsupervised methods to distinguish be-
tween terrain characteristics even in the absence of prior
knowledge of surface conditions.

The experimental findings d emonstrate promising
results in discerning roughness, waviness, slant, and
curvature from reaction-based signals. Each terrain
characteristic is represented by a dominant signal, for
instance, high magnitudes of the z-axis acceleration sig-
nal indicate rough terrain. Additionally, terrains ex-
hibiting multiple characteristics can be identified by
considering multiple signals. For example, higher mag-
nitudes in the pitch and roll signals suggest a wavy and
slanted road.
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Despite its effectiveness, this approach requires
careful consideration in certain areas. As noted in
previous research [6], reaction-based terrain identifica-
tion is sensitive to vehicle speed and load, causing ter-
rain signatures to vary under different operating condi-
tions. For accurate identification, the algorithm must be
trained on a diverse dataset encompassing a wide range
of speeds and loads.

Moreover, while unsupervised learning is valuable
in the absence of prior terrain knowledge, it requires
human interpretation of the results. Defining thresh-
olds for specific signals that indicate particular terrain
features is essential for precise categorization. Further-
more, the current approach focuses on identifying ter-
rain features but does not quantify their intensity. Fu-
ture work should incorporate a scoring system to evalu-
ate terrain surfaces based on their characteristics. Iden-
tifying specific surface types, such as concrete, grass, or
soil, would further enhance the optimization of logistics
route planning.

While this paper emphasizes terrain identification,
it is essential to implement the subsequent steps of the
framework to fully realize its potential in terrain-aware
logistics. This includes integrating fleet scheduling,
terrain-informed route planning, and simulation-based
evaluation to refine and optimize military logistics op-
erations.
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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, SLO-
SIM. Observer Members are ALBSIM and ROMSIM.
Former Members (societies in reorganisation) are:
CROSSIM, FRANCOSIM, HSS, ISCS, UKSIM.

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

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

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 iSEUROSIM’s mem-
bership journal with peer-reviewed scientific contribu-
tions about al areas of modelling and simulation, includ-
ing new trends as big data, cyber-physical systems, etc.
The EUROSIM societies distribute e-SNE in premium
version 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 4.0), the premium
version is available for members of the EUROSIM so-
cities, for authorsand for ARGESIM staff members. Pub-
lishersare 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
systémii, Novotného lavka 200/5,
11000 Praha 1, Ceskéa republika

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

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 (Haumonanssoe OOmiectBo VMHTAIMOHHOIO
Monemuposanus — 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
|eon@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

vadime@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

Observer Member Societies

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

Publication-Active Member
Societies

Publication-Active Societies have avalid full ARGESIM
Publication Society Membership and provide for their
members privileged accessto e-SNE in premium version:

ASIM CEA-SMSG CSSS
DBSS KA-SIM LIOPHANT
SIMS SLOSIM

Member Societies in
Reorganisation

e CROSSIM — Croatian Society for Simulation
Modelling

e FRANCOSIM - Société
Simulation (Belgium, France)

Francophone de

e HSS —Hungarian Simulation Society
e UKSIM - United Kingdom Simulation Society
e |SCS —Italian Simulation Society



Information ARGESIM and SNE

(ARGESIM)

ARGESIM isanon-profit association generally aiming for

dissemination of information on system simulation —

from research via development to applications of system
simulation. ARGESIM is following its aims and scope by
the following activities and projects:

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

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

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

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

e  Support of the Conference Series MATHMOD
Vienna, EUROS M Conference, ASM Symposium
Smulation Technique and others (co-operation with
EUROSIM, ASIM, and TU Wien)

e Administration of ASIM (German Simulation
Saciety) and administrative support for EUROSIM)

EUROSIM societies are ARGESIM Publication Society
Members, they get for their members access to the pre-
mium version of SNE, they can publish in the ARGESIM
series ARGESIM Reports (proceedings) or FBS Simula-
tion (monographs). ARGESM Personal Members are
people working on SNE, on websites for SNE, EUROSIM
and ARGESIM, on related conference activities, etc. - al
voluntarily (e.g. editors, layout specialists, web managers
etc; at present mainly people from TU Wien Group Math-
ematics in Smulation and Education and from ASIM) —
they have voting right for the ARGES M Board).

And ARGESIM Review Members are the scientist from
SNE Review Board and related review boards.

ARGESIM is aregistered non-profit Austrian association
(ZVR 213056164) and a registered scientific publisher:
ARGESIM Publisher Vienna, root ISBN 978-3-901608-
(978-3-903347) -xx-y, root DOI 10.11128/z...zz.zz.

Contact

— ARGESIM / Mathematics in Simulation and Education,
Inst. of Analysis and Scientific Computing, TU Wien,
Wiedner Hauptstrasse 8-10, 1040 Vienna, Austria

Attn. Prof. Dr. F. Breitenecker, Prof. Dr. A. Korner
- www.argesim.org office@argesim.org

Association
Simulation News
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SNE - Simulation
Notes Europe

SNE

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

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

SNE, primarily an electronic journal, follows an open
access strategy, with free download in a basic version
(OA version: B/W, low resolution graphics). This basic
version is is licensed under CC BY 4.0 by ARGESIM
Vienna-ASIM/ Gl — EUROSIM.

SNE is the official membership journal of EUROSIM,
the Federation of European Simulation Societies. Mem-
bers of (most) EUROSIM Societies are entitled to down-
load the premium version of e-SNE (PM: colour, high-
resolution graphics), and to access additional sources of
benchmark publications, and related conference publica-
tions, etc. (group login for the ‘ publication-active’ socie-
ties; please contact your society). Furthermore, SNE of -
fers EUROSIM Societies a publication forum for post-
conference publication of the society’ sinternational con-
ferences, and the possibility to compile thematic or
event-based SNE Special Issues.

Call for SNE Contributions

Simulationists are invited to submit contributions of any
type — Technical Note, Short Note, Project Note, Soft-
ware Note, Educational Note, Benchmark Note, etc. via
SNE’swebsite www.sne-journal.org

Contact
SNE Editorial Office /ARGESIM

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

ARGESIM / Mathematics in Simulation and Education,

Inst. of Analysis and Scientific Computing, TU Wien

Wiedner Hauptstrasse 8-10, 1040 Vienna, Austria

- www.sne-journal.org
eic@sne-journal.org

office@sne-journal.org,
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: ASIM Books - ASIM Book Series — ASIM Buchreihen

Simulation-based Optimization: Industrial Practice in Production and Logistics
Lothar Mérz, Markus Rabe, Oliver Rose (Eds.); to appear; ASIM Mitteilung 191
Energy-related Material Flow Simulation in Production and Logistics.
S. Wenzel, M. Rabe, S. Strassburger, C. von Viebahn (Eds.); Springer Cham 2023, print ISBN 978-3-031-34217-2,
elSBN 978-3-031-34218-9, DOI 10.1007/978-3-031-34218-9, ASIM Mitteilung 182
Kostensimulation - Grundlagen, Forschungsansatze, Anwendungsbeispiele
T. Claus, F. Herrmann, E. Teich; Springer Gabler, Wiesbaden, 2019; Print ISBN 978-3-658-25167-3;
Online ISBN 978-3-658-25168-0; DOI 10.1007/978-3-658-25168-0; ASIM Mitteilung 169
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Simulation in Produktion und Logistik 2025 - Tagungsband 21. ASIM-Fachtagung Simulation in Produktion und Logistik,
Dresden, 24. bis 26. September 2025, S. Rank, M. Kithn, T. Schmidt (Hrsg.)
ASIM Mitteilung 194, e-ISBN 978-3-86780-809-5, DOI 10.25368/2025.233, Technische Uni Dresden / Qucosa Publ., 2025
Tagungsband ASIM Workshop 2025 - GMMS/STS - ASIM Fachgruppenworkshop 2025, DLR Oberpfaffenhofen
W. Commerell, U. Durak, D. Zimmer (Hrgs.), ARGESIM Report 48; ASIM Mitteilung AM 193
ISBN ebook 978-3-903347-66-3, DOI 10.11128/arep.48, ARGESIM Verlag Wien, 2025
Tagungsband Kurzbeitrage ASIM SST 2024 -27. ASIM Symposium Simulationstechnik, Univ. Bundeswehr Miinchen,
Munchen/Neubiberg, Sept. 2024, O. Rose, T. Uhlig (Hrgs.), ARGESIM Report 46; ASIM Mitteilung AM 189
ISBN ebook 978-3-903347-64-9, DOI 10.11128/arep.46, ARGESIM Verlag Wien, 2024

Tagungsband Langbeitrage ASIM SST 2024 -27. ASIM Symposium Simulationstechnik, Univ. Bundeswehr Miinchen

Miinchen/Neubiberg, Sept. 2024,0. Rose, T. Uhlig (Hrgs.), ARGESIM Report 47; ASIM Mitteilung AM 190

ISBN ebook 978-3-903347-65-6, DOI 10.11128/arep.47, ARGESIM Verlag Wien, 2024
Simulation in Production and Logistics 2023 — Tagungsband 20. ASIM Fachtagung Simulation in Produktion und Logistik

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

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

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

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

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

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

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

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

Proceedings™

Beschleunigung von Diskret-Ereignisorientierten Simulationsstudien unter Verwendung des DEVS-Formalismus
auf HPC-Systemen. D. Jammer, FBS 42, e-ISBN 978-3-903347-43-4, DOI 10.11128/fbs.42, ARGESIM/ASIM Publ. Vienna, 2026.

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

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

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

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

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

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

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

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

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

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

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

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

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

* Download via ASIM www.asim-gi.org  Open Access - Basic Version ~ Member Access - Enhanced Version
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12th EUROSIM Congress
Federation of European Simulation
Societies’ Conference

September 21-23, 2026

Genova, Italy
in collaboration with I3M 2026

Keynote Talks:

Tillal Eldabi, University of Bradford, UK - When Al Meets Simulation:
Towards Complementary Intelligence Biographical Sketch

Andreas Korner, TU Wien, Austria
Modelling and Simulation in Computational Biology and Medicine

Plenary Panel
On the convergence of Modelling & Simulation with Artificial Intelligence

Special Track dedicated to contributions from the ASIM community:
ASIM - Developments in Simulation Technique

www.msc-les.org/eurosim2026/

www.sne-journal.org
www.argesim.org
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