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VORWORT

ASIM ladt zum 27. ASIM Symposium Simulationstechnik, zu einer bereits klassischen ASIM-
Tagung. Traditionell findet das ASIM Symposium Simulationstechnik (SST) alle zwei Jahre
im Herbst statt, alternierend Tagung ASIM SPL, der internationale Fachtagung Simulation in
Produktion und Logistik. Mit ASIM SST 2024 ist die Tagung nach Verschiebungen und virtuel-
len Durchfihrungen in der Corona-Zeit wieder in den planmaRigen ASIM-Tagungskalender
zuruckgekehrt.

ASIM SST 2024 bietet traditionellerweise zwei Arten von Beitragen, die alle einem Peer
Review Prozess unterzogen wurden und sich in der Publikationsform unterscheiden:

e ASIM SST 2024 Langbeitrage (6-10 Seiten, deutsch oder englisch)
mit individueller DOI fur jeden Beitrag e-Tagungsband:
Tagungsband Langbeitrage ASIM SST 2024, ARGESIM Report 47, ASIM Mitteilung 190,
ISBN ebook 978-3-903347-65-6 ARGESIM Verlag
e ASIM SST 2024 Kurzbeitrage (2-5 Seiten, deutsch oder englisch), mit Tagungsband-DOI:
Tagungsband Kurzbeitrage ASIM SST 2024, ARGESIM Report 46, ASIM Mitteilung 189,
ISBN ebook 978-3-903347-64-9 ARGESIM Verlag

ASIM SST 2024 wird veranstaltet an der Universitat der Bundeswehr Minchen am Campus
Neubiberg, Veranstalter sind Oliver Rose und Tobias Uhlig vom Institut fur Technische
Informatik, unterstitzt vom lokalen Organisationskomitee

Das Programmkomitee bestand aus den ASIM-Mitgliedern Felix Breitenecker, Kurt Chudej,
Walter Commerell, Olaf Hagendorf, Lukas Hollenstein, Andreas Kdrner, Christoph Laroque,
Xiaobo Liu-Henke, Daniel Lickerath, Thorsten Pawletta, Niki Popper, Oliver Rose, Michael
Striebel, Tobias Uhlig, Oliver Ullrich, Sigrid Wenzel, und Jochen Wittmann. Gemeinsam mit
dem SNE Review Board wird es Tagungsbeitrage zur Publikation in ASIM’s Scientific Journal
Simulation Notes Europe vorschlagen.

Zum ASIM SST 2024 haben sich etwa 60 Fachleute zusammengefunden, zwei Drittel davon
ASIM-Mitglieder. Dieser Tagungsband, Langbeitrage ASIM SST 2024, publiziert die 29 ange-
nommenen Langbeitrage — mit individueller DOI fur jeden Beitrag, und Volume-DOI fur den
Band. Wie bei jeder ASIM-Tagung ist die Moglichkeit fiir Postconference Publications in
ASIM’s Scientific Journal Simulation Notes Europe SNE vorgesehen

FUr Hauptvortrage konnten wir zwei Simulationsfachleute gewinnen.
Hans Ehm, Head of Supply Chain Innovation der Infineon Technologies AG und
Felix Breitenecker, langjahriger ASIM-Sprecher.

ASIM SST 2024 bot auch interessantes Begleitprogramm: Mittwoch, 4.9.2024 gab es einen
kleinen Empfang in der Munchener Innenstadt mit anschlieenden Themen-Stadtfihrungen,
und Donnerstag, 5.9.2024 eine Besichtigung des Flugsimulators mit anschlieliendem Abend-
bankett im Offizierscasino.

Wir Organisatoren mochten allen herzlich danken, die das ASIM SST 2024 zu einem Erfolg
machen: den Teilnehmerinnen und Teilnehmern, den Autoren der Beitrage, dem Programm-
komitee fur das Reviewing, dem ARGESIM Verlag fur die Publikationen, und unseren Tagungs-
mitarbeitern.

Oliver Rose, Tobias Uhlig, September 2024
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Mathematical Analysis of a Compartment Model

Aristeidis Niotis', Kurt Chudej’2*

TLehrstuhl fiir Wissenschaftliches Rechnen, Universitat Bayreuth,

95440 Bayreuth, Germany

2Forschungszentrum Modellierung und Simulation (MODUS), Universitat Bayreuth, 95440 Bayreuth, Germany;

“kurt.chudej@uni-bayreuth.de

Abstract. We give a theoretical investigation of a Covid
model. This model was successfully used in the context
of MPC control to keep the Covid pandemic manageable
[1]. We compute especially a next generation basic repro-
duction number, a Lyapunov function and reveal some
peculiarities if demography is skipped. Finally, we look at
the model with two age groups.

1 Introduction

Epidemics and infectious diseases are often described
using so-called compartment models in order to be able
to make the best possible, realistic predictions about the
course of the disease in larger population groups. A
population is divided into different groups ("compart-
ments') and the flow (inflows and outflows) between
these compartments is examined more closely. A clas-
sic compartment model is the SIR model according to
Kermack and McKendrick.

2 ODE model

In [1] a detailed Covid model is developed and suc-
cessfully used in the context of model predictive con-
trol (MPC) in order to mitigate the COVID-19 outbreak.
The model was used with weekly updates of the param-
eters. Optimal mass-testing and age-dependent social
distancing policies were determined [1].

Here a theoretical investigation of the mathematical
properties of an autonomous version of this model is
performed. At the beginning the model is simplified
to one age class and enhanced with demography.
Therefore the following autonomous mathematical
compartment model is investigated in this research:

Ta
‘:J
'J‘_b $| [ H|L|
4
. T
S F T Pl
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™™g
T T
L |
"]*
Ra ;

Figure 1: SEIPTHR model with demography

2.1 ODE system

The associated ODE system with mass action incidence
is given by

S=A-BS[B+™M+P+T5+T% —us (la)
E=BSE+M+ P +T5+T% — (y+p)E (1b)

B=nSye—nS+04+u)15 (Ic)
M=gMyE —(nM + 6+ )M (1d)
* =rtyE— (A 4+ 0+ p)1" (le)
75 =015 —(¢5+u)Ts (1)
70 = Q[ + 14 — (z0 +u)T° (1g)
P=nSB+5T5 —(p+p)P (1h)
FlcU — pP— (G+“)HICU (1)
RE =M™ 4 2070 L 6H'V — uRX (1j)
RV =4 —urY (1K)

ARGESIM Report 47 (ISBN 978-3-903347-65-6), p 1-8, DOI: 10.11128/arep.47.a4707 1
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together with non-negative initial values

S(0) = So,E(0) = Eo, 1°(0) =I5, 1" (0) = Iy,
1*(0) =I5, T°(0) = Tg, T9(0) = Ty, P(0) = Py,
H'V(0) = H®V . RX(0) =R ,RV(0) =R{. (1)

2.2 Model description

The following compartments are introduced in [1]:

- S(¢),E(t): Susceptible persons (S) accumulate af-
ter infection with the pathogen in a compartment
E (exposed), but are not yet infectious themselves.

- I(t) = I5(t) + 1M (¢) + I*(¢): The infectious com-
partment / is divided into three classes depending
on the course of infection. A distinction is made
between severe cases IS, mild cases I and asymp-
tomatic cases I,

- T5(1),TO(t): Infectious persons have the opportu-
nity to be tested, in which we in turn differentiate
according to the course of the disease.

- P(t): Seriously ill people will either go directly to
a physician (P) and go into quarantine or only after
receiving a positive test result.

- H'®U(¢): After isolation in P, severely ill persons
are transferred to an intensive care unit H/CV

- R(t) = RX(¢t) +-RY(¢): The compartment of recov-
ered individuals R is divided into two classes de-
pending on the course of infection: individuals
who have actually been identified as infected are
collected in RX (known), the other ones recover in
a natural way without having previously been iden-
tified as diseased (RV - unknown).

In order to finally understand the interaction between
the individual compartments, we need an overview of
the parameters modelled in Table 1.

Set S +aM+ 7t =1landU :=S+E+15+1M+ 4 +
RY. All constants in Table 1 are non-negative.

3 Mathematical analysis

We decompose all compartments into the vector x =
(E,15,1M 1A T5 T?) of infected compartments and the
remaining compartments y = (S, P,H'U RK RY). All
compartments are denoted by z = (x,y).

Parameters | Description

>0 infection rate

Yy>0 average incubation time 7! in days

>0 Proportion of severely ill patients

>0 Proportion of mildly ill patients

>0 Proportion of asymptomatic patients

06>0 Test rate (Tests spread in U per day)

n¥>0 Recovery rate for severe course

>0 Recovery rate for mild course

n4 >0 Recovery rate for asymptomatic
course

5>0 Rate at which tested persons recover
(severe)

9>0 Rate at which tested persons recover
(others)

p>0 average duration of isolation p~!

c>0 average length of stay in ICU ¢!

Table 1: Model parameters

3.1 Positive invariance and existence of
solutions

Starting from our IVP (1), it is important from a real
point of view that the biological relevance of the solu-
tions is ensured. This requirement on the mathematical
model is fulfilled by the positive invariance shown
below:

Theorem: The non-negative orthant ]R1>10 is a positive
invariant set. -
Proof: The r.h.s. of the ODE is quasipositive. Apply
Thm 4.2.2 in Priiss, Wilke [2], pp. 83-84.

The total population N(z) := Y11, z;(¢) fulfills the initial
value problem

N =A—uN, N(0) =Ny,

where Ny :=So+Eo+ 13 + I + I} + T3 + TP + Py +
HU +RE +RY.

Its solution N(r) = A/u + e M (Ny — A/i) converges
monotonically with t — oo to Neo := A/LL.

Therefore N(¢) < K := max(Np, Nw).

This proves, that the polytop Q := {z € R1210|N (t) <K}
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is a positive invariant set of the IVP (1).
The next step is to ensure that there is indeed a solution
of the IVP:

Theorem: The initial value problem (1) has a unique
solution for 7 € [0, .

Proof: On the compact set Q the IVP is globally
Lipschitz continuous, due to the polynomial r.h.s. of
the ODE. Apply Picard-Lindelof.

Without loss of generality we set A = Ny -y = p for
Ny = 1, this implies N = 1 and K = 1. This choice
means that the total population at all times is constant
equal to 1 and therefore fractions of the population are
considered.

3.2 Next-Generation-Approach for %,

Our next goal is to calculate a next-generation basic re-
production number according to [3]. For that we need
the existence of a disease-free equilibrium of our ODE,
which can be easily seen:

If o > 0, then there exists a unique disease-free
equilibrium &ppr with compartiment S = 1 := N and
all other compartments equal to zero.

Using the decomposition of the compartments the ini-
tial value problem

2=h(z), 2(0) =29
1S rewritten as

x=f(x,y) = F(x,y)— ¥ (x,y), x(0) = xo,

y=2g(x,y), y(0) = yo
with
S M A S 0
Flry) = (ﬁs[l +1 +é +T°+TY )
(Yy+H)E
(NS +6+u)s —n5yE
Vixy) = MM +0 +u)IM — aMyE

(NA 46 +u)I* — n'yE
(t5+u)TS — 018
(0 +)T% -0 + ]

Let F = % and V = % We will postpone the evalu-
ation of the Jacobian matrices at the coordinates of the
DEFE to a later time.

The Jacobian matrices are given in this application by

s _ 97 _ (0 BS BS BS BS 35)

ax  \ 0
r 0 0 0 0 O
-y m 0 0 0 0
v - I |-y 0 5 0 0 0
ox | -7ty o0 0 r, 0 O
0 -6 0 0 r5 0
0 0 -6 —6 0 rg

withry =y+u, n=n5+0+u,rs=n"4+0+u,
ra =Nt 40+, rs =1+ pu,r6 =10+ 1.

For the next-generation matrix we need

nt0 0 0 0 0
m ' 0 0 0 0
vl | m 0 r;l 0 0 0
my 0 0 ' 0 0
my Mg 0 0 r;l 0
ms 0 m; mg O rg'
- v .y
where m; = e +en ™ T Hagiieru
-y & oy 6
"= A e ™ T YR S e n T

- _r M 6 71'A 6
"5 = ym (nM+9+u 0 T wiea 10+u)’
0

m6=(

) M=

0
S+p)(nS+6+p O+p) (M +6+u)’
0

T8 = O o)

The next-generation-matrix is computed as

T
ol Kl 000 0O
K=FV /35< i 0 >
with
s p i
Ky = 4 ( 3 +—
Y+u \n°+04+u nM4+0+u
+ i + i o ,
nA+0+pu NS+0+puti+p
b 0 A 0
T 0 + 7 0 )
nM+0+ut?+u nt+0+utV+u

The spectral radius of K is given by p(K) = 8S- K],
since K is a triangle matrix.

Finally the next generation basic reproduction number



ASIM 2024 Tagungsband Langbeitrage, 27. Symposium Simulationstechnik, Univ. d. Bundeswehr Miuinchen, 4.- 6. 9. 2024

. . :1
is given by Zy = p(K)|pre = BN - K3 = B-Ki.

3.3 Stability

In order to analyze the stability of our DFE (0,yy), it’s
helpful to write the partitioned linearized ODE as

x=Ji|pre - x+ D2 |pFE - (y — o)
y =JAhIpre -x+Ja|pre - (y — y0)-

The relevant Jacobian matrices are given by

J1 = ‘;—f: and Jy = 3—?, an easy computation shows

b |prE = %|DFE =0.

Note that F > 0 (componentwise) and V is a regular
M-matrix, since V! exists and V! >0 (component-
wise). Therefore —Ji|prg = (V — F)|prE is a regular
splitting due to Varga [4] p. 95, Def. 3.28.

Additionally we know [3, 4]:

If Zy < 1, then J;|prE has only eigenvalues with nega-
tive real part.

If Zy > 1, then J; |prg has at least one eigenvalue with
positive real part.

The matrix J4|ppr has eigenvalues with negative
real part, a simple calculation gives the eigenvalues

—p,—(p+ ) and —(o + ).

Applyication of the linearization theorem gives the
result a). A more complicated argument is required in
order to prove b).

Theorem: The considered Covid model has the follow-
ing properties:

a) If Zy < 1, then the DFE is locally asymptotically
stable.

b) If Z, > 1, then the DFE is instable.

Following an idea of Shuai/van den Driessche [5] we
compute a linear convex Lyapunov function for the case
with Zy < 1 in order to analyze the global stability of
our DFE.

According to [5], we have to analyze first when
.f(xvy) = (F - V)|DFE X = y(xay) + 7/<x’y) >0 on
a positive invariant set. For our model only the first
component of f is not equal to zero, more precisely
fi(x,y)=B-(N=S8)-[IF4+IM +* +T5+T?]. Thus our
positive invariant set is Q = {z € R[N (r) <N.} C Q.

Next we need a left eigenvector @’ of the non-negative
matrix V~!F to the eigenvalue %, > 0.

This yields ®” = (0 1 1 1 1 1), where the E-
component takes the value 0. Thus, the linear convex
Lyapunov function on & is given by

Ox)=0"Vix=(Ki 1 ¢ ¢ a1 gs)-x,

with g¢; = +

1 0 _ 1
mreru T (SrmmTrop) P T nireu
0
+

_ 1 _
@O re+p) P~ pivern T WAt 9T
_ 1
PATEL Sl e
One can show, that the DFE is the largest invariant

set in the set given by Q(x) = 0. Then apply LaSalle [6].

Theorem: The considered Covid model has the follow-
ing properties:

If Zy < 1, then the DFE is globally asymptotically sta-
ble in Q.

3.4 Numerical solutions

Finally, we will consider numerical solutions for the
ODE system. Two scenarios are investigated: with test-
ing and without testing.

Consider the following IVP:

Eg=001, So=1—-Ey=0.99, I =..=RY=0

The following parameter selection for the age group of
15- to 60-year-olds was taken from [1]:

Parameter | Value
B 0.63
Y 0.19
s g3l
M 2ol
A 1758
ns 0.25
M 0.25
n4 0.17
5 0.75
70 0.92
p~! 10.98
o! 10.5

Table 2: Parameters for the simulation
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We set i = m. Unfortunaly, problems occur with

the numerical solutions, because the solution curves
leave the positive invariant set Q for a very large ¢ value
(see Figure 2).

1 T
-5
=X
remaining Y |
o i LR
06
0.4
02
ok N
0 200 400 600 800
t
12
-5
—_X
10 remaining Y
8
6
4
2
0 ﬁ
2

3400 3410 3420 3430 3440 3450 3460 3470
t

Figure 2: Simulation with demography, without testing

An implicit stiff integrator can fix this problem (see Fig-
ure 3).

For the scenario without testing %y ~ 3.44 holds.
Finally, consider test measures with 8 = 0.4. The nu-
meric solutions can bee seen in Figure 4.

For this scenario we obtain a basic reproduction number
of %y ~ 1.54.

4 Model without demography

We investigate now our model without demography, we
setu =A=0.
In contrast to the first model, this time there are pe-

1

| —s

—X
08 - remaining ¥
06 -
04+
02k
0

-02 : -

0 10000 20000 30000 40000 50000

Figure 3: Simulation with demography, without testing, using

an implicit stiff integrator
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Figure 4: Simulation with demography, with testing, 6 = 0.4,

using an implicit stiff integrator
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culiarities in the calculations for %,. Firstly, by anal-
ogy with the previous considerations, it can be shown
that the non-negative orthant RL!) and the set Q:={z¢
R | X1,z = 1} are positive invariant for our second
ODE.

Next, we need to ensure the existence of a DFE: the
difference to the first model is that this equilibrium
point is no longer unique. Simple calculations together
with the positive invariance provide that all disease-
free-equlibria fulfill the equation §+ RK + RU = 1.
Therefore, there will be no unique basic reproduction
number. The calculation of %, is similar to that of the
first model: We get the same formulas as before, only
withA=pu =0.

We obtain the next-generation-matrix

T
K:FV_1:BS<K2 00000 )

* 0
with
K_JTS+7'CM+7'L'A+7TS£
U050 nMye nite St
N M E—I— P 0
nM+6010 nA+610

The spectral radius of K is given by p(K) = S - K>.

Finally, the next generation basic reproduction number
is given by Zo = p(K)|pre = BS - K>.

Depending on the initial values of the unknown DFE-
components, we calculate the limit value of S and
choose it as S.

Another observation is that for § = 1 = N and u — 0 the
basic reproduction numbers of both models coincide,
which can be seen approximately for u = Wl-zo in the
following table:

ﬁ %gith %(gvithout

0.1 | 0.545411144346408 0.546221176470588
0.4 | 2.18164457738563 2.18488470588235
0.8 | 4.36328915477126 4.36976941176471

Table 3: Basic reproduction numbers with/without
demography, without testing

In contrast to the inclusion of demography in the first
model, the linearization theorem cannot be used to in-
vestigate the local asymptotic stability of the DFE, since
the corresponding matrix J4|prg has the eigenvalue 0.
Instead, we can again calculate a linear convex Lya-
punov function for the case with %y < 1 of our DFE.
Again we have to analyze when the function f(x,y) =
(F—=V)|pre -x—F(x,y)+ ¥ (x,y) > 0. For our second
model only the first component of £ is not equal to zero,
more precisely fi(x,y) = B-(S—S8) - [F+™M + 14 +
T5 4 T9)]. Thus, we can consider a Lyapunov function
on our positive invariant set Q only for So < S<N.=1,
since the S-component is monotonically decreasing.

Once again we get 0’ = (0 1 1 1 1 1), where
the E-component takes the value 0. Thus, the linear
convex Lyapunov function is given by

0x)=0"V'x=(K g1 @ g3 44 gqs)-x,

where ¢q1,92,93,94,qs are given by the same formulas
as before with u = 0.

Finally, we will consider again a numerical solution
with the same parameter selection as in the previous
simulations. We implement no testing (6 = 0) and set
S= }L%S(t) ~ 0.0358718761871864. The numeric so-

lutions can bee seen in Figure 5:

Figure 5: Simulation without demography, without testing

For this scenario % ~ 0.123 holds.
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5 Model without demography
for two age-groups

Finally, we examine the second model again, which we
now expand to include another age group. The respec-
tive new infections now no longer depend only on the
infected persons of the own age group, but also on those
in the other age group, since contacts between popula-
tion groups are taken into account.

Figure 6: Model with two age groups, without demography

In Figure 6 we see the mutual influence of the two age
groups: The blue and purple arrows describe the influ-
ence on the new infections of the other group (orange).
The grey arrows indicate the previous influence on the
new infections of the own age group.

This extension of the model also changes the differen-
tial equation system, which doubles due to the addi-
tional compartments of the other age group. The ODE
structure is the same for both groups:

We obtain for i = 1,2 the ODE system
. S M __jA 7S 70
—zm@m+g+g+n+@} (2a)
j=

2
Ei=Y BySillS+ 1 + 11 +T7 + TP) —yE; (2b)
=1

15 = myE— (05 + 01 (2¢)
1M = gyE;, — (n" 1 9,1 (2d)

I = TryE (' + o)1 2e)

S = 015 — T8 (26

70 = 01" + 1] — 1°1? (2g)
Pi=n’F + T —pP, (2h)
HICU — pp, — GHIV (21)
RK = nMM 4 1070 4 HICU (2j)
R = @

together with non-negative initial values.

The calculation of the basic reproduction number now
becomes a bit more complicated, the structure of the
matrices changes a little compared to the second model.
As before, due to the missing demography, we have the
peculiarity of the non-unique DFE, so again we have
to select an arbitrary equilibrium point with S| +8+
RK +RK +RU +RY = 1. In the following calculations,
the corresponding placeholders are used again without
presenting a detailed calculation option for the missing
components as before.

We decompose the x-ODE using

Y2 BuSIE + 1 4 14 TS 4 TP
() = | T BoySallf + 1Y + 1+ TS + T

0
and
YE,
YE»
(n +61)Is—ﬂny1
(n°+62)15 — myYE>
(n M+91)IM—7r{"’yE1
_ | (m M+92) _7‘72 7
/V(xvy) - ( —|—9])IA —7[] }/E]
(N* + 6,)15 — T YE;,
5T — 0,15
5T — 615
0TP — 0, (1) + 1}

0T — 6,(1) +13)

Both functions have values in R'? and their entry struc-
ture is identical to that of the base model.
The big Jacobian matrices are not included, since noth-
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ing fundamentally changed in the structure.

The next-generation matrix does not require all entries
for the spectral radius, it has the following structure:

%ﬁl 1) %)gzﬁl)

K=FV'=[gm gm | o |,

* *
where
7Sem) _ B:iSy- m ! m}
H Y nS—l- o, T]M+9[ T]A-I-Gl

mw 6 = 6 = 6
nS+6,t nNM+6,10 nAi+610 )

Next, K is a 12 x 12 matrix. For the spectral radius

one needs the eigenvalues of K, which in this case must

be calculated using the characteristic polynomial. The
Laplace expansion for determinants provides:

det(K — Al) = 210, [;ﬁ ) <%Efl7ﬂ1) _~_%£§277r2))

+ <<%;ﬁ177f1)<%7§§2;ﬂ2) _(%;gz’ﬂl)%ghﬂz))}

Thus, K has ten times the eigenvalue O and the two
eigenvalues

%ﬁ'lyﬂl) _‘_%Sz,ﬂz) +vA
2 b

where

2
A= (%5?17”1) +<@§52$”2))

_4(%31-,771)%%2,”2) _%gzm)%gl,ﬂz))'

Therefore the basic reproduction number is defined by

%ﬁl-ﬂ'l) +%§§2=ﬂ2) +VA

%0 = 3

If we start again from just one age group, then the fol-
lowing applies:

R:— %](fl-ﬁl) :%ygzﬁz), 0= %](gzﬂl) _ '@gl-ﬁz)
and thus the basic reproduction number simplifies to

Ho =R,

which corresponds to the original %, of the second
model.

Finally, we see that for several age groups our % de-
pends on the contacts within and between the individ-
ual groups, which would have made intuitive sense even
without the calculations.

6 Conclusion

Enhancing the compartment model with demography
simplifies the computation of the basic reproduction
number. In this setting the disease free equilibria is
unique. In the model predictive control setting of the
original approach in [1] demography can be skipped,
the solutions of the initial-value problem are only
needed for one week, and demography changes the so-
lutions only slightly. The advice is to skip demography
in the model predictive control application if the time
horizon is short but to use demography for the computa-
tion of the basic reproduction number and the Lyapunov
function.
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Abstract. Die neue detailierte Untersuchung eines ma-
thematischen zwei Serotyp Kompartimentmodells einer
muckenubertragenen Krankheit mit temporarer Kreu-
zimmunitat zeigt eine Hopf-Bifurkation mit einem Grenz-
zyklus der Losung, abhangig von der Dauer der tempora-
ren Kreuzimmunitat.

Einleitung

Aktuell breiten sich in Europa Tigermiicken aus, ei-
ne invasive Miickenart die das Potential hat, Dengue-
Fieber und Chikungunyafieber weiterzugeben. Dengue
Fieber tritt in vier Serotypen auf. Die Verteilung der Se-
rotypen ist regional verschieden. Bei Dengue Fieber ist
die Zweitinfektion mit einem neuen Serotyp potentiell
der gefihrlichere Fall, der schwerwiegende gesundheit-
liche Probleme mit Todesfolge auslosen kann [1]. Des-
halb ist die Moglichkeit der Vorhersage der Groe und
Art der Zweitinfektionen von besonderem Interesse.

Wir beschrinken uns auf die detailierte Unter-
suchung eines mathematischen Kompartimentmodells
und klammern die Diskussion der praktischen Uber-
tragbarkeit auf die Realitit aus.

Viele Dengue Fieber Modelle, wie auch hier, benut-
zen eine Modellierung der Miicken, die auch aquati-
sche Miicken einschlieBt [5, 12, 2, 7, 8]. Zwei-Serotyp
Dengue Fieber Modelle ohne explizites Kompartiment
fiir die temporire Kreuzimmunitét finden sich z.B. in
[6, 2, 15, 8, 14]. Zwei-Serotyp Dengue Fieber Modelle
mit explizitem Kompartiment fiir die temporire Kreuz-
immunitit sind seltener untersucht, siehe [7, 8, 9].

1 Kompartimentmodell

Wir betrachten ein Kompartimentmodell (Abbildung 1)
fiir eine miickeniibertragene Krankheit mit zwei Seroty-

pen und temporirer Kreuzimmunitit. Alle Gewichte an
den Pfeilen in Abbildung 1 haben die Dimension 1/Tag
und beschreiben die Ubergangsraten bzw. Zuwachsra-
ten zwischen den Kompartimenten.

Im Inneren der Abbildung 1 befindet sich das
Miickenmodell mit den aquatischen Miicken A,, mit
Geburten, den gesunden erwachsenen Miicken S, und
den mit Serotyp i der Krankheit infizierten und infizie-
renden erwachsenen Miicken 7! . Die Infektion der vor-
her gesunden erwachsenen Miicke geschieht durch den
Stich eines mit Serotyp i der Krankheit infizierenden
Menschen. Infizierte Miicken genesen nicht mehr.

Wir beschreiben jetzt den oberen Ast des menschli-
chen Kompartimentmodells: gesunde infizierbare Men-
schen S mit Geburten, durch einen Stich einer infizie-
renden Miicke mit Serotyp 1 infizierte und infizieren-
de Menschen I', wieder gesundete Menschen in R'.
Die Menschen in den folgenden Kompartimenten R',
S2, 1'%, R des Astes sind immun gegen die frither (im
Kompartiment /') durchgemachte Erkrankung mit dem
Serotyp 1 der Krankheit. Das entscheidende neue Kom-
partiment R! sichert die temporire Kreuzimmunitit der
Menschen gegen den anderen Serotyp 2 der Krank-
heit. Die mittlere Aufenthaltsdauer im Kompartiment
R' dauert ! Tage. Danach wandern die Menschen in
das Kompartiment S2, sie sind jetzt empfinglich fiir ei-
ne Infektion mit Serotyp 2 der Krankheit durch einen
Stich einer mit Serotyp 2 der Krankheit infizierenden
Miicke. Im Kompartiment I'> befinden sich die infi-
zierten und infizierenden Menschen mit Zweitinfektion
vom Serotyp 2. Im Kompartiment R sind die von der
Zweitinfektion genesenen Menschen. Analog fiir den
unteren Ast im menschlichen Kompartimentmodell, mit
Vertauschen der beiden Serotypen.

Jeder Mensch kann also nur einmal an jedem Sero-
typ erkranken. Zudem gibt es eine temporédre Kreuzim-

ARGESIM Report 47 (ISBN 978-3-903347-65-6), p 9-17 DOI: 10.11128/arep.47.a4706 9
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Abbildung 1: Kompartimentmodell der miickenubertragenen Krankheit mit zwei Serotypen und temporarer Kreuzimmunitat

munitit gegeniiber dem anderen Serotyp der Krankheit.

Die Modellparameter sind in der Tabelle 1 erklirt.
Damit passt das mathematische Modell prinzipiell zu
Dengue-Fieber. Dieses Modell findet sich bereits in [7]
zusammen mit einer Bestimmung der positiv invari-
anten Mengen und der Koordinaten des trivialen und
krankheitsfreien Gleichgewichtspunktes sowie der Ko-
ordinaten der beiden halbendemischen Gleichgewichts-
punkte. Wir ergidnzen jetzt mit der genauen Anzahl
der Gleichgewichtspunkte. Zudem zeigen wir, dass ab-
hingig von der Dauer der temporiren Kreuzimmunitét
1/¢ fir Zy > 1 (Basisreproduktionszahl) mittels Hopf-
Bifurkation des endemischen Gleichgewichtspunktes
eine Grenzzykluslosung moglich ist.

Aus der Abbildung 1 ergibt sich ein System von
nichtlinearen Differentialgleichungen. Sei N eine posi-
tive Konstante. Sei iy := fig + c4 und W, := iy + Cppy-
Sei By := BPBmn und B := BBum. Dabei gilt fiir die
menschliche Population

. 1 2
$ = uN— (Bulndn)+u)s , 5(0) =5

I = BuS—(m+u)l L 1(0) =1
R = nI‘—(C+u>R’ , R(0) =Ry
$i = (R f(ﬁ Wetn)s s(0) =5
I = Bmhiw (m+wr 1) =1
R = n(I"*+°")—uR . R(0) =Ry

10

und fiir die Miickenpopulation (Index m fiir Miicke)

Am:(p( tka) (Sm+1 +13) = (Ma + ka) Am
. 172,712 521
Sm = NaAm — (ﬁhm% + .um> Sm;

I,ln :ma%sm_ﬂm ;;n )
Am(0) = A0, Sm(0) = S0, I1,(0) =T},

mit i, j € {1,2}, i # j. Wir betrachten nur Anfangswer-
te, die N = Sp+ . .. + Ry fiir die menschlichen Kompar-
timente erfiillen. Die menschliche Gesamtpopulation ist
also konstant gleich N. Wir definieren den Miicken-
parameter .# := NAQ — Wn(Na + Ua) und die GroBe

Ko =/ % (Basisreproduktionszahl).

Die Parameter A}, := N.Zak/(ena), Ny =
A’ Ma/WUm spielen im Folgenden auch eine wichtige
Rolle. Wir definieren mit m := k14 /1, den Polyeder

Q={(S,1',I>,R",R*,S",S>, "2 I>' R, A, Sin, I}, I2)
eRY, \S+1‘2+121 +R+Z(I’+R’+S’) <N,
Ap <kN, Sy +1IL, 412 < mN}

und erhalten:

Satz 1 [7]: Fir das Anfangswertproblem sind die
Mengen R und Q positiv invariant.

Satz 2: Aus [7] sind bereits der triviale Gleich-
gewichtspunkt E; (S = N, alle iibrigen Komponen-
ten null) und der krankheitsfreie Gleichgewichtspunkt
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Parameter | Bedeutung Wertebereich Einheit
N Konstante Anzahl der Menschen O<N -

B Stechrate Miicke 0<B Stiche/Tag
B_mh Ansteckungswahrscheinlichkeit Miicke—Mensch | 0 < ﬁ_mh <1 1/Stich
ma Ansteckungswahrscheinlichkeit Mensch—Miicke | 0 < ma <1 1/Stich
1/u Lebenserwartung Mensch 0<1/u Tage
1/ nat. Lebenserwartung Miicke 0<1/fiy Tage
1/n infektiose Periode (Mensch) 0<1/n Tage
/g Dauer der temp. Kreuzimmunitét 0<1/¢ Tage
1/na Dauer der aquatische Phase 0<1/n4 Tage

k (max.) Anzahl der Larven pro Mensch 0<k -

(0} Anzahl der Eier pro Brutplatz 0<o -

o mechanische Kontrolle O<op<a<l |-

cA Larvizid 0<cs <1 1/Tag
Cm Adultizid 0<c,<1 1/Tag

Tabelle 1: Konstante Modellparameter

Epre (S = N, A, = A}, Su = Ny, alle iibrigen
Komponenten null) sowie die beiden halbendemischen
Gleichgewichtspunkte Exr) und Eggs bekannt. Sei mit
(S*,I*,R*,A},, S5, I',) der endemische Gleichgewichts-
punkt des zugehorigen Ein-Serotyp SIR — A, Syl Mo-
dells aus [12] (vgl. auch [2, 7]) bezeichnet. Dann lauten
die halbendemischen Gleichgewichtspunkte mit R* +

§*=R*

Eng = (8*,1*,0,R*,0,0,5%,0,0,0,A%,, S5, %, 0),

mitm?
Engy = (8%,0,1*,0,R*,5%,0,0,0,0,A%,,85,0,I%).

Satz 3 (Rohlfs 2023, [3]): Das Differentialglei-
chungssystem mit symmetrischen Parametern besitzt
im R hochstens die 6 Gleichgewichtspunkte E;,
Epre, Enet, Egea, Epg und E_.

Beweis: Systematisches Auflosung des polynomia-
len Gleichungssystems mit [13], siehe [3].

Satz 4 (Rohlfs 2023, [3]): Fiir .# < 0 existiert in
R4 nur der GGP E,. Fir .4 =0 gilt E; = Eprg.

~ Beweis: Fiir .# < 0 gilt, dass fiir die Gleichge-
wichtspunkte Eppg,Egg1,Ene,Epg,E— die Kompo-
nente A,, < 0 ist.

Satz 5 (Folger [8]): Fiir .# > 0 gilt fir Anfangs-
werte mit A,,(0) > 0,S,,(0) + IL(0) + I2(0) > 0 und
in Q: A, "= A und S, + I\ 4+ 12 "= N,,. D.h. die
aquatische Miickenpopulation und die erwachsene Ge-
samtmiickenpopulation konvergiert gegen eine statio-

nire Losung.

Generalannahme: Wir beschrinken uns daher im
Folgenden auf den interessanten Fall einer nicht-
aussterbenden Miickenpopulation. Sei im folgenden
stets 4 > 0.

Satz 6 (Rohlfs 2023, [3]): Die Next-Generation-
Basisreproduktionszahl aus dem Original-Algorithmus
nach van den Driessche und Watmough [4] ist durch die
GroBe %o gegeben und stimmt mit der Berechnung mit-
tels der Variante des Algorithmus aus [7] iiberein. Fiir
Zy < 1 ist Eppg lokal asymptotisch stabil.

Satz 7 (Rohlfs 2023, [3]): Fir %y < 1 liegen Eyg
und Ep g, nicht in Q. Der Gleichgewichtspunkt E_ liegt
nie in Q. Der endemische Gleichgewichtspunkt Egrg
liegt fiir Zy > 1 im Inneren von R1%,.

Die Stabilitit des endemischen Gleichgewichts-
punktes Erg hingt (mindestens) vom Parameter { ab,
wie eine neue numerische Simulation zeigt.

2 Numerische Simulation,
Hopf-Bifurkation, Grenzzyklus

Fiir die numerischen Simulationen werden neue skalier-

: : T S g1 _ 1N 2 _ P
te Variablen eingefiihrt: S; = o =51 2— Neees

R 1 A G S, 2 /
Ry=5,An =78, Sm= anqN’ o I = k"ZLN' Alle

Hm Hm
Komponenten beschreiben jetzt Bruchteile der Gesamt-

11



ASIM 2024 Tagungsband Langbeitrage, 27. Symposium Simulationstechnik, Univ. d. Bundeswehr Miunchen, 4.- 6. 9. 2024

bevolkerung der Menschen bzw. der Miicken und liegen
im Intervall [0,1]. Die numerischen Losungen wurden
mit SciPy [13] mit dem expliziten Loser DOP853 der
Ordnung 8 erstellt. Folgende Parameter werden benutzt,
siehe [7]:

N = 386000 n=1 s =0.18
B=0.22 { == k=3
Byn =0.78 N4 =0.12 a=1

B = 0.66 L = 55 ca=0
= gyses =38 cm =0

Fir diese Wahl der Parameter berechnet sich die
Basisreproduktionszahl zu %y ~ 3.7. Als An-
fangswert nahe Eppp wihlen wir zunédchst den
symmetrischen Wert zo = (0.9999,5 - 107>,5 -
107°,0,0,0,0,0,0,0; 1, 1,0, 0). Da % > 1 ist, ist
Eprg instabil, wir konnen also einen epidemischen
Ausbruch erwarten. Abbildung 2 zeigt die Entwick-

gesamite Lisung [, = 3.74704370245048)

Abbildung 2: Verlauf Uber ein Jahr

lung iiber ein Jahr. Man erkennt fiir die infizierten
Kompartimente den typischen ,,Krankheitsberg® mit
initial exponentiellem Anstieg der Erstinfektionen.
Das Maximum ist nach 35 Tagen erreicht, wobei ca.
20.5% der Menschen infiziert sind (beide Serotypen
zu gleichen Teilen). Die Kurven der Zweitinfektio-
nen verlduft deutlich flacher, dies ist ein Effekt der
tempordren Kreuzimmunitdt. Die durchschnittliche

Dauver der Kreuzimmunitit in Tagen ist durch %

12

gegeben. Je groBer { ist, desto frither und schneller
sind Zweitinfektionen moglich und desto hoher ist der
Krankheitsberg der Zweitinfektionen. Der Verlauf der
Erstinfektionen wird durch ¢ nicht nennenswert beein-
flusst. Abbildung 3 zeigt den Verlauf fiir verschiedene
Werte von §. In Abbildung 4 ist der Verlauf iiber einen

Abbildung 3: Effekt der Kreuzimmunitat

Zeitraum von zehn bzw. 100 Jahren dargestellt. Wir
sehen, dass sich die Infektionszahlen auf ein niedriges
Niveau einpendeln. Die entsprechenden Komponenten
von Egp sind in der Abbildung mit x markiert. Die
Losung konvergiert anscheinend gegen das endemische
Gleichgewicht Egpg. Es stellt sich die Frage ob das
endemische Gleichgewicht Epg lokal asymptotisch
stabil ist. Wir werden sehen, dass dies nicht immer so
ist.

Im Anfangswert zo sind die Werte von I} = I'/N
und I,% = I’ /N identisch gewihlt. Wegen der Symmetrie
der beiden Krankheitsédste mit gleichen Parametern und
symmetrischen Anfangswerten in zg ist die Dynamik
der beiden Serotypen daher vollkommen identisch. Fiir
asymmetrische Anfangsbedingungen kann die Dyna-
mik anders sein. Wir wihlen jetzt einen anderen asym-
metrischen Anfangswert z; = (0.9999, 5.1¢ — 5, 4.9¢ —
5,0,0,0,0,0,0,0;1,1,0,0) und 16sen das Anfangs-
wertproblem fiir diesen noch einmal. Das Langzeitver-
halten bei Start in z; (100 Jahre) zeigt Abbildung 5.
Nach dem Krankheitsberg néhert sich die Losung zu-
ndchst dem endemischen Gleichgewicht Egg an, be-
ginnt dann aber, immer stirker zu oszillieren. Dabei ist
zu beachten, dass sich zuerst die Erst- und Zweitinfek-
tionen anndhern, die Kurven sich aber danach nach Se-
rotypen aufspalten. Es ist dann in periodischen Abstin-
den immer einer der beiden Serotypen dominant. Das
endemische Gleichgewicht scheint also nicht global sta-
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gesamte Lisung (5, = 3.74704370245048)

1o Y

0 500 1000 1500 2000 2500 3000 3500

nfizierts Kompartimente Ta=3650)

1000 1500 2000 2500 000
Zeit (Tage]
infizierte Kompartimsente (T=36500)
00030 {

asozs{ | —
0.0020
0.0015 4
Q00104

0.0005 | R

0.0000 {
] 5000 10000 15000 20000 25000 30000 35000
it [

Abbildung 4: Langzeitverlauf. Die x-Marker rechts sind die
entsprechenden Werte des endemischen
Gleichgewichts Egg.

bil zu sein. Wir untersuchen die lokale Stabilitit und
wihlen Anfangswerte nahe Epg:

1
~ Epp({=-——
“ ee(6= 13650 T
12
3 R~ EEE(C*%)‘FW
w = (0,—-1077,1077,0,...,0)

In Abbildung 6 sind die resultierenden Losungen zu
sehen. Hier wurden die Erst-und Zweitinfektionen (pro
Serotyp) summiert und einmal als Zeitreihe (links) und
einmal als Phasenplot (rechts) aufgetragen. Die Lo-
sungen zu den beiden Anfangswerten z, und z3 unter-
scheiden sich deutlich. Fir { = ﬁ (oben) beginnt
die Losung wieder zu oszillieren, d.h. Egg scheint in
diesem Falle instabil zu sein. Nach sehr langer Zeit
(T > 146000) scheint sich das System auf einen peri-
odischen Orbit einzuschwingen. Der periodische Orbit
ist im Phasenplot (oben rechts) in orange dargestellt.
Die Periode ist etwa 2116 Tage (5.8 Jahre).

Fiir { = % (unten) néhert sich die Losung dem en-

Infekthnsvertaul fir asymmetrische Startwerte i} (0)= 000051, i£(0}= 000049

== 10000 15000 20000 23000 30000 15000
Zeit Tagel
Infizierte Kompartimente

0.0008 { \

awor| || O
| i |‘ '|

~1 ot ML

o 000 10000 15000 2000 30000 15000

it (Tagel

Abbildung 5: Verlauf Uber 100 Jahre, der Anfang der LOsung
(r < 637) ist aus Skalierungsgrinden nicht
geplottet.

demischen Gleichgewicht, in diesem Fall ist Egg an-
scheinend stabil.

Wir berechnen jetzt numerisch mit SymPy [13] die
Eigenwerte der Jacobimatrix in Egg({ = ﬁ) bzw.
Egg(§ = ﬁ) und erhalten 8 reelle negative Eigen-
werte, ein Paar konjugiert komplexer Eigenwerte mit
positivem Realteil und zwei Paare konjugiert komple-
xer Eigenwerte mit negativen Realteil bzw. 8 reelle ne-
gative Eigenwerte und drei Paare konjugiert komplexer
Eigenwerte mit negativen Realteil.

Das Ergebnis bestitigt die numerischen Resultate in
Abbildung 6. Aus dem Satz iiber die linearisierte Stabi-
litiit folgt, dass Egg($ = 7&) lokal asymptotisch stabil
ist, da alle Eigenwerte negativen Realteil besitzen. Fiir
die Linearisierung in Egg ({ = 13¢5 ) finden wir ein Paar
konjugiert komplexer Eigenwerte mit positivem Real-
teil, das endemische Gleichgewicht ist in diesem Fall
instabil.

Da die Jacobimatrix stetig von § und der Realteil ei-
nes Eigenwerts stetig von der Matrix abhéngt, konnen
wir mit dem Zwischenwertsatz folgern, dass der Real-
teil des Eigenwerts zwischen ﬁ und % eine Null-
stelle £* besitzt. Dort dndert sich die Stabilitit des ende-
mischen Gleichgewichts Erg , d.h. das qualitative Ver-
halten des Systems éndert sich in {*. Ein Parameterwert
mit dieser Eigenschaft heifit Bifurkationspunkt.

Wir wollen jetzt die Bifurkationspunkte fiir §
numerisch bestimmen. Auf einem &quidistanten Gitter

13
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Abbildung 6: Lésungsverhalten nahe Egg flr verschiedene Werte von {; oben: instabil, unten: stabil.

auf dem Intervall [%,%] mit 1000 Gitterpunkten

wurde jeweils die Jacobimatrix fiir { ausgewertet, die
Eigenwerte numerisch bestimmt und der ,,Pfad* des
kritischen Eigenwertpaares verfolgt. Der Verlauf des
Realteils der Werte ist in Abbildung 7 iiber { aufge-
tragen. Der Realteil iiberquert zweimal die imaginire
Achse, d.h. das endemische Gleichgewicht Erg wech-
selt zweimal die Stabilitidt (stabil—instabil—stabil).
Die beiden Bifurkationspunkte wurden mit ,,manueller
Intervallhalbierung® bestimmt zu:

14

{1 = 0.0003929509374 = 0.14342709214 /365
£ ~0.0208272049771 = 7.60192981667 /365.

Die bisherigen Berechnungen legen die Vermutung
nahe, dass hier in beiden Bifurkationspunkten eine
Andronov-Hopf-Bifurkation vorliegt. Zum Nachweis
beziehen wir uns auf die Darstellung in [11]. Wie oben
beschrieben sind die Voraussetzungen erfiillt:
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Abbildung 7: Realteil des interessanten Eigenwertpaars in

Ergp fur C S [%%}

* Es gibt eine Familie von Gleichgewichten Egg({)
nahe ;.

* Die Jacobimatrix F’'(Egg (), &) hat ein einfaches
Paar konjugiert komplexer Eigenwerte, das in {;
rein imagindr ist.

Nachzuweisen sind noch die Bedingungen fiir die
Nichtdegeneriertheit [10]:

1. (ReA)(&;) # 0. Dies koénnen wir in Abbildung 7
ablesen, es gilt (Red)'(§;) > 0 bzw. (Red)({) <
0 (angenommen, dass die Funktion glatt ist).

2. Der (erste) Lyapunov-Koeffizient /; ({;) muss un-
gleich null sein.

Fiir die Lyapunov-Koeffizienten benutzen wir die
folgende Formel [11]:

A (Ct) = %%Re[<p)c(q7Q7q_)>_
—2<p,B(q,AalB(q,Q))>+
+(p,B(q, (2ianl, — A¢) ~'B(q,9)))].

Dabei ist @y der Imaginirteil des Eigenwertpaares
(&), A(£), Ag die Jacobimatrix im Bifurkationspunkt,
sowie B und C die zweiten bzw. dritten Ableitungen
von F. g ist ein Eigenvektor von Ag zum Eigenwert i@y,
p ein adjungierter Eigenvektor von A7 zum Eigenwert
—iay. (-,-) bezeichnet hier das Skalarprodukt auf C". p
und g werden so skaliert, dass (p,q) = 1 und {(q,q) =1
ist. g bezeichnet den komplex konjugierten Vektor. Da
das polynomiale Gleichungssystem fiir die Gleichge-
wichtspunkte nur Terme hochstens zweiten Grades ent-

hilt, ist hier C = 0 und B konstant, was die Berech-
nung deutlich vereinfacht. Mit Hilfe von SymPy be-
rechnen wir die Lyapunov-Koeffizienten zu ; (§;) < 0,
11(&) < 0 Beide sind negativ, also sind beide Bifurka-
tionspunkte nicht degeneriert, d.h. es gibt stabile peri-
odische Orbits (nahe ;). Das ist in beiden Fillen der
sogenannte superkritische Fall der Hopf-Verzweigung.
Wir halten als Ergebnis aus Abbildung 7 und 8 und der
theoretischen Untersuchung fest.

Satz 8: Seien die oben genannten Parameterwer-
te benutzt. Sei 0 < { < 0.26. Dann gilt: Der endemi-
sche Gleichgewichtspunkt Erg ist lokal asymptotisch
stabil fiir { < {; oder { > &,. Der endemische Gleich-
gewichtspunkt Egg ist fiir §; < § < &, instabil und es
gibt einen stabilen periodischen Orbit. Bei {; und &
tritt eine superkritische Hopf-Verzweigung auf.

Zusammenfassung

In [8, 15] sieht man bereits eine komplizierte Dynamik
in den numerischen Losungen bei verschiedenen zwei
Serotyp Modellen einer miickeniibertragenen Krank-
heit. Hier wird jetzt erstmals konkret fiir %y > 1 ein
stabiler Grenzzyklus um einen instabilen eindeutigen
endemischen Gleichgewichtspunkt nachgewiesen. Das
Auftreten hidngt (mindestens) von der Dauer der tempo-
riaren Kreuzimmunitit 1/ ab. Bei zeitabhingigen Pa-
rametern, wie in der Realitit, kann die Dynamik selbst-
verstiandlich noch komplizierter sein.

15
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A meta-model for comparing carbon capture
storage and utilisation technologies using life
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Abstract. This research paper comprehensively re-
views current carbon capture and storage (CCS) and car-
bon capture and utilization (CCU) technologies with the
aim of developing a metamodel to make the different ap-
proaches comparable. Furthermore, the study examines
the different pathways of the technologies in a life cycle
analysis (LCA) concerning their efficiency in terms of car-
bon footprint. The analysis shows that some processes
are highly energy-intensive, underlining the need for re-
newable electricity to minimize CO, emissions. However,
the study also points out several challenges, including in-
complete data and unknown variables that hinder the im-
plementation and evaluation of these technologies. In
addition, the criticisms and limitations associated with
CCS and CCU stress the need for further research and
development in this critical area.

Introduction

The Paris Agreement [UnitedNations, 2015] is a crucial
milestone in global efforts to mitigate climate change
and underlines the urgent need for nations to work to-
gether to tackle greenhouse gas emissions. Carbon Cap-
ture and Storage (CCS), the process of trapping and
storing Carbondioxide (CO,) emissions, and Carbon
Capture and Utilization (CCU), the transformation of
CO; into valuable products, are crucial technologies for
meeting the agreement’s ambitious targets. In CO;-
intensive industries like the cement industry, captur-
ing and mineralizing 1t of Carbondioxide equivalents
(CO;z-Eq) could avoid over 1t of CO,-Eq emissions by
substitution of conventional production Ostovari et al.
[2020]. However, the pressing issue is how effectively
these technologies can fulfill current commitments and
drive progress. Understanding the opportunities and
limitations of these technologies is essential to assess

their potential to achieve the goals set out in the Paris
Agreement. While there is extensive research on the
individual aspects of these technologies, there still is a
notable gap in synthesizing this knowledge into a co-
herent framework. Therefore, our aim is twofold: to
consolidate the existing research into a comprehensive
overview by developing an over-all meta-model and to
assess the collective potential of CCS and CCU to meet
global emission reduction targets in terms of their car-
bon footprint, evaluated by a Life Cycle Assessment
(LCA). In addition, our analysis will highlight exist-
ing data gaps and areas that require further investiga-
tion, thereby contributing to the ongoing discourse on
climate change mitigation strategies.

1 Meta-Model

A model is required to execute a LCA calculating the
environmental impact of technologies and processes.
LCAs of carbon mineralization face the challenge of
modeling many different processes and materials sim-
ply and comparably. For this reason, we developed a
simplified meta-model. The model should consider the
complexity of the various processes and feedstocks in-
volved in carbon mineralization.

Problems creating a meta-model Carbon min-
eralization involves various processes depending on the
technology and feedstock used. These processes in-
clude CO; capture, the reaction of CO, with mineral
materials, the transport of materials and products, the
pre-treatment of feedstocks, the further processing of
products, and the utilization of electric energy, heat, and
water. Modeling these processes in a single comprehen-
sive LCA model can be highly complex and resource-

ARGESIM Report 47 (ISBN 978-3-903347-65-6), p 19-26, DOI: 10.11128/arep.47.a4711 19
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intensive. Some of the specific modeling issues we en-
countered during this study are:

Technology pathways: various technologies and
approaches to carbon mineralization can differ greatly
in their processes, materials, and environmental im-
pacts. Modeling this diversity requires the development
of a flexible model that can accommodate the different
technologies without becoming too detailed.

Feedstock diversity: Feedstocks for carbon miner-
alization can vary widely and include natural minerals
(like olivine or serpentine), waste products (like steel
slag, ashes, etc.), and CO; from various sources. Each
feedstock has different properties and requires differ-
ent processes and conditions to optimally capture CO,.
The model must analyze the varying environmental im-
pacts resulting from the different resources and energy
amounts required by each feedstock.

Interactions between processes: The various car-
bon mineralization processes interact in complex ways
that influence the system’s overall performance and en-
vironmental impact. These interactions must be inte-
grated and simplified into the model to enable a holistic
assessment.

Requirements for the meta-model We devel-
oped a simplified meta-model to analyze the complexity
of different carbon mineralization technologies and en-
sure comparability between different technologies and
feedstocks. This meta-model should be an abstract
model that simplifies the structure and behavior of the
complex system by identifying the most critical factors
and relationships. We intended the meta-model to have
the following characteristics:

Simplification: The developed meta-model should
reduce the complexity of carbon mineralization by
eliminating unnecessary details and boundary effects.
The goal was to abstract the different processes of the
various pathways at a superordinate level and to sum-
marise sub-processes.

Comparability: The meta-model should enable the
comparability between different technologies and feed-
stocks by using consistent processes and a common
functional unit as an assessment reference to quantify
the relevant environmental impacts.

Parameterization: It should be possible to parame-
terize the meta-model to enable the variation of relevant
variables such as energy consumption, input quantities,
and outputs. In this way, the user can execute various
scenarios and sensitivity analyses to investigate the ef-
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fects of changes to the input parameters.

Development of the simplified meta-model
A detailed literature review has been elaborated, but
cannot be included in this paper for reasons of space.
Based on this review we analyzed various existing
LCAs of CCS/CCU processes concerning the technolo-
gies, feedstocks, and process steps described. The rele-
vant processes were determined based on these LCAs
and the described models. The goal was to identify
the intersections between the different models and de-
termine generally applicable processes for the various
pathways. The identified processes for the meta-model
are feedstock supply, CO, capture, pre-treatment, car-
bonation, and post- processing. With the help of these
processes, we derived an initial model that serves as the
basis for the LCA analysis which is shown in Figure
1. Carbonation itself and the necessary pretreatment
are the main processes at the center, accompanied by
feedstock supply and CO;-supply-processes on the in-
put side and the post-processing on the output side. A
possible utilization of end-products is not covered by
the proposed meta-model because no meaningful gen-
eralising model assumption can be made at this point
due to the large number of usage options. The next step
was to implement this model in the LCA-software Um-
berto [ifu, 2024] to carry out the LCA for various car-
bon mineralization pathways.

2 Life Cycle Assessment

LCA is a method used to comprehensively analyze a
product’s or technology’s environmental impact over
its life cycle. The ISO 14040 and ISO 14044 [ISO,
2020a,b] standardize and describe the procedure and
structure of an LCA. Despite being standardized, LCAs
in the field of carbon mineralization are challenging to
compare, as critical factors such as the functional unit,
system boundaries, and individual processes can be se-
lected differently. For this reason, a guideline for imple-
menting LCAs for carbon capture was used as a basis
for this study [Miiller et al., 2020].

Goal and scope The main objective of this LCA is
to quantify and compare the environmental impact of
different carbon mineralization processes with the de-
veloped meta-model. Therefore, testing the meta-model
with actual data is another study objective. The assess-
ment concentrates on the carbon foot-print caused by
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Figure 1: Developed meta-model for LCA

the different technologies. Such a comparison helps
drive the development and implementation of envi-
ronmentally friendly carbon capture technologies and,
thus, significantly contribute to reducing global CO,
emission. Carbon mineralization is an approach for per-
manently storing carbon by reacting and binding carbon
dioxide in a stable mineral form [Stokreef et al., 2022].
For this reason, we defined the functional unit in this
study as 1t of CO; bound by a carbonization process.
This choice provides a direct and comparable bench-
mark for assessing different carbon capture technolo-
gies and processes. With this definition of the func-
tional unit, we can cross-check the CO, emissions from
all activities during the mineralization. If the emissions
are less than 1t of CO; eq per tonne of bound CO,, we
can state that the emissions are net-negative, i.e., the
process removes CO, from the atmosphere.

The system boundaries of this LCA were defined
to consider the direct environmental impacts of the
carboniza- tion processes. It was decided not to include
the use of potential end products that could result from
carbonization processes in this analysis. This focus al-
lows a more accurate assessment of the carbonization
technologies’ environmental impacts without being dis-
tracted by variable application contexts, use scenarios
and substitutions. The CO, supply was included in the
system boundary, as the process of CO; supply can re-
quire a huge amount of energy and is, therefore, a deci-
sive factor in determining the environmental impact of
carbon mineralization. The following two types of CO,

sources were considered in this study: direct air cap-
ture and point sources (such as industrial facilities like
power plants and factories).

Umberto was used to implement the developed
meta-model and calculate the environmental impact. In
Umberto, the relevant process parameters and resource
inputs were mapped in the model (see supplementary
files). Figure 2 shows the implemented Umberto model.
To simplify the modeling in Umberto, we made the fol-
lowing assumptions:

* Identical transport (60km by lorry) for the feed-
stocks was assumed in all pathways

* Electricity generation based on the German elec-
tricity mix

* For comparison, label certified electricity from
Switzerland with renewable energies

* Heat from natural gas

* Non-existent extraction of olivine and serpentine
in Umberto was replaced by a comparable process
of limestone extraction

2.1 Life cycle inventory and data situation

We had to obtain reliable data for different carbon min-
eralization pathways for the analyses on the developed
meta-model. Own measurements or actual data from a
company were not available. For this reason, we ana-
lyzed the data from LCAs found in the literature review
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Figure 2: Developed model for LCA in Umberto

to identify relevant data. This data research results in
a collection of data presented in several tables, sorted
according to the processes described in the meta-model
(see supplementary files). For further investigation, we
found data on various technology pathways (direct and
indirect). It was also important to consider data for dif-
ferent feedstocks, as different feedstocks used to have
a considerable influence on the mass balances of inputs
and outputs. Data was found for olivine, serpentine, and
various waste materials such as steel slack [Bargiacchi
et al., 2020, Digulla and Bringezu, 2023, Miiller et al.,
2020, Naraharisetti et al., 2017, Ostovari et al., 2020,
Sanna et al., 2012, 2014, William Oconnor et al., 2005].

In addition to the data collected, various libraries
and markets were used in Umberto to enable realistic
modeling of the energy requirements [ecoinvent, 2023]:

* market for transport, freight, lorry 16-32 metric
ton, EUROG6 [RER]

» market for lime [RER]
* market for electricity, medium voltage [DE]

* market for electricity, medium voltage, label-
certified [CH]

* market for heat, district or industrial, natural gas
[Europe without Switzerland]
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* market for water, ultrapure [RER] (only for serpen-
tine )

» market for blast furnace slag [GLO] (rotary packed
bed pathway)

During the data research, we identified several is-
sues and challenges:

Up-to-date data: Up-to-date data is essential to
correctly map technological developments and trends
to obtain meaningful results in the LCA. Our data re-
search revealed that in some cases, only older data (for
example William Oconnor et al. [2005]) is available for
individual processes and that this data formed the ba-
sis for various other LCAs found in the literature re-
view [compare Ostovari et al., 2020, Naraharisetti et al.,
2017, Kremer et al., 2022]. We must critically question
whether this data is still meaningful today and reflects
the current state of the art.

Accessibility of the data: In our data research,
we have encountered problems with restricted access
to specific datasets or data not being published in full.
Reasons for this could be data protection, commer-
cial interests, or other legal and administrative reasons.
Due to the limited data available, we could not guaran-
tee completeness across all carbon mineralization path-
ways in our LCA. We could only map and analyze the
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processes and technologies for which data was avail-
able.

Accuracy: The accuracy of the data is crucial, as in-
correct or inaccurate information can lead to false con-
clusions. That applies, in particular, to data on the in-
puts and outputs of the individual processes and on en-
ergy consumption. As we have not measured any data,
we have to rely on third-party information for the data
we use. Note that some of the data come from experi-
ments under laboratory conditions [Wang and Maroto-
Valer, 2011, Bodénan et al., 2014, Fabian et al., 2010,
Romaio et al., 2012]. For this reason, we can only make
limited statements about our results for industrial and
scaled applications where other conditions may exist.

Consistency: Data consistency is a critical factor
in comparing different studies, technologies, and loca-
tions. As already described, there is the problem that
sometimes only limited data can be retrieved, or data is
only available for individual processes. For this reason,
we combined our data from different sources. This re-
sults in a loss of consistency, as data generated under
different conditions and for different purposes is corre-
lated and summarized.

2.2 Life cycle impact assessment

The created meta-model enables the modeling of dif-
ferent CCS methods but builds on a limited data situ-
ation. In order to obtain meaningful results with the
meta-model, we attempted to perform the impact anal-
yses with data that was as coherent as possible. For this
reason, this impact assessment focused on modeling the
five pathways described in Ostovari et al. [2020]. We
implemented the meta-model with the modeling soft-
ware Umberto LCA+.

Carbonation occurs in the direct pathway with a
continuously stirred tank reactor (CSTR) without any
intermediate steps. The pre-treatment and carbonation
conditions depend on the feedstock. Data for olivine
and serpentine were available in the study. Olivine is
mined and prepared by grinding and milling in the pre-
treatment stage. In the subsequent carbonization, the
pulverized olivine reacts with water and CO, from the
CO; supply. After that, the results undergo further pro-
cessing in the post-processing stage. The procedure
with serpentine is the same except for the pre-treatment
stage. Magnetic separation isolates the iron, and heat
treatment is required. The pathway OlivineCSTR100 is
based on the study by Eikeland et al. [2015]. The path-
way SerpentineCSTR115 described in Ostovari et al.

[2020] referenced results from William Oconnor et al.
[2005].

These sources also investigate the direct process us-
ing a rotary-packed bed reactor (RPB). This RPB often
uses steel slack as a feedstock. Steel slack is a waste
product in various industries, requiring no additional
extraction process. After grinding, it can react with
CO,. The RPB process offers several advantages, in-
cluding using off-gas containing 15-20% CO, instead
of pure CO,. Furthermore, the waste product steel slack
is utilized as feedstock, resulting in possible cost and
energy savings [Ostovari et al., 2020, Pan et al., 2015].

In addition to these direct concepts, Ostovari et al.
[2020] describe two indirect pathways examined in this
study using the meta-model. These are the Nottingham
pathway and the AA pathway. Serpentine is usually
the feedstock for both of these pathways. Pre-treatment
and post-processing in the AA pathway correspond to
the direct concepts, while it takes intermediate steps in
the carbonation. The serpentine reacts with ammonium
sulfate in a solid-solid reaction, and the actual reaction
with CO, follows afterward [Romao et al., 2012]. In the
Nottingham pathway, the actual carbonation also takes
place in two steps: first, an aqueous extraction and then
an aqueous carbonation. In the Nottingham process, the
feedstock supply and the pre-treatment stage are identi-
cal to the direct processes, as serpentine is also used as
feedstock here. One exception is heat treatment during
pre-treatment, which is unnecessary for the Nottingham
Pathway. During the carbonation, the serpentine ini-
tially reacts with ammonium bisulfate in an aqueous re-
action to generate a magnesium-rich solution that reacts
with CO; in the second stage and binds the CO,. The
described Nottingham Pathway in Ostovari et al. [2020]
is based on Wang and Maroto-Valer [2011].

With the modeling, we aimed to analyze which pro-
cess is responsible for how much of the CO, emissions.
The model was calculated once with the German elec-
tricity mix and heat from natural gas and once with a
green electricity mix. Due to the data availability, which
usually only contains energy consumption for a single
process, we analyzed only CO, equivalence. However,
this does not mean that other influences are irrelevant;
instead, there is insufficient data to provide further in-
formation on other aspects.

Figure 3 shows the results for the German electric-
ity mix. The CO; equivalence is positive in two meth-
ods, implying that the process produces more CO; than
is stored. In the Rotary packed bed pathway, the CO,
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equivalence for the feedstock supply is negative, as it
uses a blast furnace slag here. Umberto LCA+ rewards
further use of this waste product with a negative CO,
equivalence. For the Nottingham Pathway and Rotary
packed bed pathway, no energy is required for the CO,
supply, as emissions from point sources, such as indus-
trial facilities, are used here.

CO-Eq ditferent CCS methodes with current German energy mix

Figure 3: CO,-eq for different mineralization pathways with
German energy mix

We then calculated all five models using green elec-
tricity. Due to the lack of a sustainable heat source in the
Ecoinvent database, we also used green electricity as
the heat source in these models. The results can be seen
in Figure 4. All energy-intensive processes now have
a significantly better CO, equivalence, and all methods
store more CO; than they emit. On the other hand, the
feedstock supply and transport processes still generate
almost the same amount of CO, and are therefore re-
sponsible for a large proportion of CO; emissions.

The latter happens because we include the pre-
chains in these steps using data from Ecoinvent. We
assume current rock extraction and transport condi-
tions, not future conditions, that could decarbonize
these steps.

In all models, CO; is permanently bound in rock,
i.e., long-term storage. We did not investigate other
methods like producing e-fuels, which are burnt later
in their lifecycle, emitting CO; again.

2.3 Life cycle interpretation

The results from diagrams 3 and 4 show that the energy-
intensive processes are responsible for the CO;-eq in
particular. Using renewable electricity can avoid a large
proportion of the CO, emissions caused by the storage
of CO,. Until this is the case, CCS only makes limited
sense. The Nottingham pathway is particularly strik-
ing, as this process emits significantly more CO; than
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CO,-Eq different CCS methodes with renewable energy mix
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Figure 4: CO,-eq for different mineralization pathways with
renewable energy mix

is stored under the current German electricity mix. That
leads to the conclusion that CCS only makes sense if the
electricity mix is entirely renewable.

It is worth noting that there is an issue with the data
situation. For various process steps, data from differ-
ent sources, including data obtained in laboratory situa-
tions, were used in the analyzed studies. There needs to
be empirical data on how energy use in large commer-
cial systems will scale and develop.

3 Discussion

The LCA conducted in this study offers critical insights
into the environmental impacts of CCS and CCU tech-
nologies. It underpins the urgent need for sustainable
energy sources to power these technologies. Our find-
ings highlight the challenges we must address to maxi-
mize the potential of CCS and CCU in effectively miti-
gating CO; emissions.

3.1 Energy Intensity and the Need for
Renewable Energy

One of the most significant challenges highlighted by
our analysis in Chapter 2.3 is the energy intensity of
current CCS and CCU processes. The dependency
on non-renewable energy sources not only undermines
the overall carbon footprint reduction but also raises
concerns about these technologies’ sustainability and
net environmental benefits. The transition to renew-
able energy sources is imperative to ensure that CCS
and CCU technologies contribute positively to climate
change mitigation efforts. This shift would align with
the global push towards decarbonization and enhance
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the technologies’ appeal from an environmental per-
spective.

3.2 Data Gaps and the Importance of
Comprehensive Data Collection

As elaborated in Chapter 2.1, our study also reveals sub-
stantial gaps in the available data, particularly regard-
ing up-to-date information on the energy consumption
and environmental impacts of CCS and CCU processes.
These gaps hinder the ability to make informed deci-
sions and assess the technologies’ viability and effec-
tiveness. Therefore, there is a pressing need for stan-
dardized data collection methods and increased trans-
parency in reporting to facilitate more robust and com-
prehensive LCAs. Our findings align with a consensus;
most papers examined in the literature review share that
collaboration among academia, industry, and regulatory
bodies is essential to establish uniform data collection
frameworks and databases.

3.3 Technological Innovation and Scalability

The tone of the examined papers in the detailed litera-
ture review also highlights the importance of technolog-
ical innovation in improving the efficiency and scalabil-
ity of CCS and CCU technologies. Advances in process
optimization, material sciences, and system integration
are critical to overcome current limitations and reduc-
ing costs. Furthermore, exploring novel CO, capture
and conversion pathways could open up new avenues
for carbon utilization, thereby expanding the potential
applications and markets for CCU products. Continued
investment in research and development is crucial to ac-
celerating these innovations.

3.4 Policy Implications and the Role of
Incentives

The findings from our study show a need for supportive
regulatory frameworks and incentives to promote the
adoption and development of CCS and CCU technolo-
gies. Policies aimed at internalizing the cost of carbon
emissions, such as carbon pricing mechanisms, can en-
hance the economic viability of CCS and CCU. Addi-
tionally, targeted subsidies, tax incentives, and funding
for research and development can accelerate further de-
velopment.

4 Summary

This research report examines various studies on CCU
and CCS. In addition to reviewing already completed
literature analyses, we conducted a literature search for
the years 2022-2024. Based on this, we created an
overview of the prevailing technology landscape. This
foundation enabled us to develop a meta-model and
conduct life cycle assessments on various technologies.
The LCA results show that the type of electricity used
significantly affects the overall efficiency of the tech-
nologies, especially in reducing the carbon footprint.
We identified numerous challenges and points of
criticism. These include incomplete or outdated data,
methodological weaknesses, and a lack of research in
certain areas. Nevertheless, the analysis shows that
CCS and CCU could contribute to achieving the 1.5-
degree target of the Paris Agreement. The paper un-
derlines the importance of further research and devel-
opment in this area to fully exploit the potential of CCS
and CCU and achieve the goals of the Paris Agreement.

5 Outlook

Looking to the future of these technologies, it is clear
that despite the progress made in developing CCS and
CCU, there still needs to be more research. In partic-
ular, existing data gaps need to be closed to make in-
formed decisions about implementing and scaling these
technologies.

A key focus of future research should be on improv-
ing the accuracy and completeness of available data.
Achieving this demands increased collaboration be-
tween government agencies, research institutions, and
industry partners to establish uniform standards for data
collection and provide comprehensive data sets.

In addition, we need methodological improvements
to enhance the robustness of life cycle assessments and
better understand potential environmental, economic,
and social impacts. New modeling and simulation ap-
proaches could help capture the systems’ complexity
and provide more accurate results.
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Abstract. In recent times, a specific number of eco-in-
dustrial parks have emerged as a viable solution to ad-
dress the escalating environmental challenges. Within
these industrial parks, factories engage in mutual interac-
tion through the flow of materials and energy. By model-
ing the material and energy flow within an eco-industrial
park, we gain a comprehensive understanding of how re-
sources circulate. This understanding not only provides
strategic insights but also enables the identification of op-
timization opportunities, fostering more efficient re-
source utilization, waste reduction, and significant cost
savings. Therefore, this research focuses on modeling the
material and energy flow in the park using the discrete
event simulation technique. We will provide a detailed ex-
planation of our modeling approach, outlining how we
employ this method to optimize resource usage, reduce
waste, and minimize the environmental impact of indus-
trial activities within the park. As part of our research, we
have also developed a simple virtual eco-industrial park
example to validate and demonstrate the effectiveness of
our modeling approach. This practical illustration will
serve to showcase the real-world applicability and bene-
fits of our research in creating more sustainable and effi-
cient eco-industrial parks.

Introduction

In response to the increasing global environmental con-
cerns, eco-industrial park (EIP) has emerged as a proac-
tive and sustainable solution. EIPs are communities of
manufacturing and service businesses collaborating to
enhance environmental and economic performance

through effective management of resources like energy,
water, and materials. This collaborative approach seeks
collective benefits greater than individual optimizations
[1]. The concept of EIPs has recently captured significant
interest from both industry and academic research com-
munities, much of the focus has been on the planning and
design stages, with limited attention to operational parks
[2-5]. Boix et al. provide a comprehensive literature re-
view on the optimization methods applied to the design
of EIP [6]. As of 2011, there were over 20,000 operational
industrial parks globally [7], offering substantial oppor-
tunities for material, energy, and waste savings. How-
ever, research on operational parks has been limited, of-
ten targeting specific environmental issues rather than
providing comprehensive analyses for optimization. For
instance, one study utilized a Monte Carlo model to sim-
ulate wastewater treatments in an industrial park in
China, focusing on reducing pollution [8].

This paper aims to bridge this gap by employing mod-
eling and simulation techniques to thoroughly investigate
an operational industrial park. By employing modeling
techniques, we can comprehensively analyze the intricate
interactions and processes within the park. The central
activity in an EIP revolves around the physical exchange
of materials, energy, and services. Efficiently managing
the flow of energy and materials is a cornerstone of any
industrial park's operations. Prior to efficient manage-
ment, the analysis and modeling of material and energy
flow are essential. Consequently, this article places its
primary focus on the simulation and modeling of energy
and material flow within existing industrial parks, em-
ploying discrete event simulation method (DES). Widely
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utilized in modeling, DES enables the study of systems
that are discrete, dynamic, and stochastic [9]. It facilitates
the simulation and understanding of how materials and
energy traverse the system, providing valuable insights
into resource management, waste reduction, and energy
efficiency. A detailed explanation of our modeling ap-
proach will be provided, and a simple hypothetical park
will be used to demonstrate the effectiveness of our mod-
eling techniques.

The paper is structured as follows: a brief conceptual
model is described in Section 1 while a more detailed for-
mal model of material and energy flow are addressed in
Section 2 and 3 respectively. The implementation and ap-
plication of the simulation model are introduced in Sec-
tion 4. The paper is concluded in the last section.

1Conceptual model of material
and energy flow in EIP

1.1 Eco-industrial Park

In EIPs, common components typically include the fac-
tory infrastructure, material flow systems, and energy
flow systems. These components are essential for the
functioning of the park and its sustainable operations.
Figure 1 illustrates a simplified EIP where multiple fac-
tories coexist. Suppliers from outside the EIP provide
raw materials, and customers from outside the EIP con-
sume the final products manufactured within the park. In-
stead of solely relying on externally purchased raw ma-
terials, the factories within the EIP promote resource syn-
ergy by using outputs from neighboring factories as val-
uable raw materials.

raw materials

main produc

’ —main product»
FE— Factory1 Faclory2
> wasle >
A waste A
| heat
raw materials Y0 - heat
> ~Power Station .
4 electricity
L by-product
electricity |
main praduct
raw materials waste
oduct®
—— main product® L > main produc
Factory4 Faclory3 by-product—s
> B
— by-product
Yprocue Waste——»

—
raw material

Figure 1: An EIP example

Moreover, in pursuit of sustainable waste manage-
ment, the EIP adopts waste-to-energy (WTE) technology
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instead of depositing waste in landfills. This process re-
covers energy from waste sources in the form of heat,
electricity, or transport fuels [10], complemented by a
dedicated power plant within the park. This integrated
approach minimizes environmental impact and provides
a valuable energy source for the park's factories, promot-
ing eco-friendly solutions and reducing reliance on exter-
nal energy sources. Notably, in many cases, WTE plants
are combined heat and power (CHP) producers [11]. In
addition to WTE initiatives, the EIP enhances energy ef-
ficiency by incorporating CHP plants, known for simul-
taneously producing electricity and useful heat from a
single fuel source. Unlike traditional power plants, CHP
plants capture and utilize waste heat for heating and cool-
ing applications, optimizing energy utilization.

1.2 Material and Energy flow in an EIP

From the perspective of each factory, materials can be
categorized into two aspects: input materials and output
materials. Input materials encompass not only the raw
materials acquired from external suppliers but also the in-
novative utilization of by-products and waste generated
within one factory, fostering a symbiotic relationship
with another. On the output side, factories yield main
products that form the core of their operations, accompa-
nied by valuable by-products and, inevitably, waste ma-
terials. In an industrial park, energy operates in two es-
sential forms: electricity and heat. These dual compo-
nents play a crucial role in powering various processes
and activities within the industrial complex.

Material and energy flow refers to the movement,
transfer, or transition of materials and energy within a
system or process. In the context of Industrial Park, the
material flow contains the exchange of materials between
factories and within a single factory. Between factories,
material flow could be materials transition from the out-
put storage of one factory to the input storage of another.
Within a factory, materials move from the input storage
to the machines for processing. Once processed, the re-
sulting output materials are routed to the output storage
area, awaiting delivery to their respective customers.

When considering energy flow within the context of
an industrial park, two distinct types can be identified.
The first type involves energy carried along with material
flow. For instance, when an output material possesses a
higher temperature and another factory within the park
requires specific temperature conditions for its inputs.
The second type of energy flow pertains to the energy
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generated by the power plant within the park. The energy
produced by CHP is consumed by the various factories
and members operating within the industrial park. It
plays a crucial role in supporting the energy needs of the
park's internal processes and activities.

Material and energy flow control refers to the man-
agement, regulation, and optimization of the movement
of materials and energy within EIP. Material and energy
flow control encompasses decision-making at various
stages of material and energy flow, addressing questions
of what, where, when, and how materials and energy
move within a system. Typical decision-making aspects
in material and energy flow control include:
material and energy dispatching
supplier selection
alternative material choice
inventory management.

These decisions are critical in optimizing the effi-
ciency, sustainability, and cost-effectiveness of material
and energy utilization within industrial processes.

2 Formal Model of material
flows

2.1 Factory

Factories or industrial facilities are common elements
within EIPs, and they can be integrated into an input-out-
put model. Input-output modelling, having the advantage
of tracing all primary inputs, wastes, by-products, and
main product flows of a production unit, is an appropriate
tool for designing industrial symbiosis networks [12].

Input and Output. To ensure the production of high-
quality products that meet user requirements, factories
often rely on specific production recipes [12]. These rec-
ipes are represented by input ratios, which indicate the
quantity of raw materials needed to produce one unit of
the main product. However, due to uncertainties in the
production process or variations in raw material quality,
these input ratios can exhibit stochastic behavior. Addi-
tionally, factories may have multiple options for each in-
put. Equation (1) illustrates a scenario where a factory
has three inputs, and for the first input, there are two al-
ternative materials to choose from. The input ratio is de-
noted as 'r'.

InputAmount = productAmount
X [[Tma T1p][r2allr30, 730, 7”3c]] @
Throughout the production process, input materials un-
dergo a transformation, resulting in the generation of the
main product, by-products, and waste materials. The out-
put from each factory can be mathematically represented
using the formula (2):

outputAmount = productAmount

1w, w, Ws]T @
where the vector 'w' represents the output ratios. These
ratios specify the quantities of by-products or waste ma-
terials produced in conjunction with one unit of the pri-
mary product. Given the intricate nature of the produc-
tion process, it is important to recognize that numerous
uncertain factors come into play. Furthermore, occa-
sional, random changes in output ratios may occur be-
cause of advancements in production technology.

Inventory and production process. Input and out-
put materials are typically stored within the factory's
warehouse, with each type of material having its dedi-
cated inventory. Inventory management involves defin-
ing safety levels (L,) and target levels (L) for each type
of material. The purpose of these levels is twofold: 1) To
prevent production disruptions caused by a shortage of
raw materials, the factory initiates the purchase of raw
materials when the current inventory level (1) reaches the
safety level (L), with the aim of restoring it to the target
level (L,). 2) To prevent overproduction, if the inventory
of the primary product reaches the target level (L;), pro-
duction within the factory is halted. Additionally, if the
quantity of waste exceeds the available inventory capac-
ity, any excess material is disposed of in a landfill.

In our production setup, each factory has a maximum
production capacity denoted as Cm, representing the
highest achievable monthly or yearly production volume.
Factories typically operate at a target capacity level, de-
noted as Ci, where C; is less than or equal to Cr. The ac-
tual capacity, denoted as C, may vary due to factors such
as machine breakdowns, worker absences, and other op-
erational fluctuations. Specifically, the actual capacity
can change as follows: C = C + A, where A represents
either a capacity loss or gain. Production planning fol-
lows a level strategy, assuming customer demands (d)
equal to the target capacity (d=C;). A production plan
specifies the quantity of products to be completed on a
weekly or monthly basis, which then generates a material
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requirement plan divided into daily or shift-based sched-
ules. These schedules are transmitted to the shop floor as
manufacturing orders. The shop floor accepts and sched-
ules items within the manufacturing orders for pro-
cessing. Individual machines are consolidated into a sin-
gle machine, and the processing time (p) for one item is
calculated as p = 1/C. If raw materials for a particular
item are insufficient, the item enters a queue following
the "firstin, first out”" (FIFO) rule, ensuring items are pro-
cessed in the order they arrived.

2.2 Material flow

Material flows are governed by specific protocols that
dictate when and how materials are moved within the
system. Each type of material adheres to its own set of
rules and procedures. This section outlines three types of
material flow protocols: pushing, purchasing, and order-
ing. Purchasing and ordering fall under pulling protocols,
involving requesting materials as needed, while pushing
protocols supply materials without direct requests.

Before detailing material flow protocols, let's intro-
duce the batch concept, which is widely employed by
manufacturers to optimize production. In our model,
batches take various forms. Production batches, defined
in the production planning system, are subdivided into
smaller process batches (manufacturing orders) on shop
floors, each containing multiple jobs. Suppliers deliver
products in delivery batches, while customers order in or-
der/purchase batches, typically multiples of the delivery
batch.

Pushing. In this protocol, the produced material is di-
rectly delivered to customers as soon as a delivery batch
is assembled, as depicted in Figure 2. When one process
batch is produced in one factory, the output inventories
of this factory will be updated. Push events happen regu-
larly in the factory to check if the amount of the output
inventories is enough to form a delivery batch. If suffi-
cient material is available, it's transported to the chosen
customer. However, if no customers can accept the deliv-
ery batch due to capacity constraints, and the supplier's
output inventory reaches its limit, excess material may be
discarded if it's considered waste.

Purchasing and Ordering. Both purchasing and or-
dering are fundamental pulling protocols utilized in dif-
ferent manufacturing contexts. Purchasing is typically
employed in make-to-stock factories, where materials are
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stored in warehouses until customers make purchases. On
the other hand, ordering is prevalent in make-to-order
factories, where customers initiate orders that suppliers
then produce and deliver. In both protocols, regular
events are triggered based on inventory levels. When the
inventory reaches a safety level, actions are taken to re-
store it to the target level. Supplier selection policies are
often employed to optimize decision-making when mul-
tiple suppliers are available. The order details are then
transmitted to the selected supplier's planning system,
and the production process begins. Ultimately, orders
may be split into process batches, and delivery occurs
once the required quantity is fully produced.

regular push event occurs for Amount a of material m 18
the material m in factory £ produced in factory £
inventory(f,m) x
deliveryBatchSize } inventory(f,m)+=a ]

yes

l create one deliver batch ]
I <Lt SEME> |
yes
get a list of customers (cusList) |
available inventory capacity *b | ng |
| _ Inventory(f,m)
[ =invcapacity(f.m

[ dispatching function yes
| dispose the material
¥ ) (i .
deliver the batch(m.b) to the inveapacity(f.m)-inventory(f,m)
X
[ inventery(f.m)=invcapacity(f.m) ]

o

dispatched customer

no

‘ *-—
-

Figure 2: Pushing protocol of material flows

—

update materialOnTheWay for
the customer

[ inventory(fm)-=b ]

The choice of protocol depends on the type of mate-
rials involved. For instance, waste materials are typically
not subject to purchase, and by-products cannot be or-
dered. The applicable protocols between external suppli-
ers, customers, and factories are outlined in Table 1 be-
low.

Material From To Protocols
Products Supplier  Factory Purchasing
Purchasing
Products Factory Customer /Ordering
By-products  Factory  Customer  Purchasing
Waste Factory  Disposal pushing
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Purchasing
Products Factory  Factory /Ordering

/Pushing
By-products  Factory Factory Purch_asing

/Pushing
Waste Factory  Factory Pushing

Table 1: Possible protocols between suppliers, factories,
and customers

3 Formal model of energy flow
in an EIP

In our study, we focus on energy flow which concerns the
consumption of energy generated by the CHP system by
the factories located within the park. It illustrates how the
energy produced by the CHP system is efficiently utilized
by the diverse factories operating within the park. This
energy flow serves as the central and indispensable com-
ponent of the park’s overall energy dynamics. In the fol-
lowing section, we will provide an in-depth explanation
of our approach to modeling this specific energy flow
which can be broken down into three fundamental com-
ponents: power station, power consumption, and power
scheduling. We will elaborate on our approach from the
perspective of each of these components.

3.1 Power station

The CHP power station element is modeled within a for-
mal factory framework, distinguished primarily by its
output type. Unlike traditional factories producing phys-
ical materials, the power station generates both heat and
electricity. Its main input material comprises waste mate-
rials generated by other factories within the park. In in-
stances where these waste materials are insufficient, the
model seamlessly integrates external raw materials like
coal to maintain uninterrupted operations. Additionally,
our model includes parameters to configure the total
number of available power generators and the capacity
allocated to each individual generator within the power
station.

3.2 Power consumption

Each factory's power requirement is closely tied to its
production needs and is represented as a tuple (factory,
start time, end time, requested power). This structured
format signifies that within the specified time frame, the

factory requires a specific supply of power, as quantified
by the requested power value. In our study, power con-
sumption is managed through the application of an area
cutting algorithm, as depicted in Figure 3.

KulowaEt Kilowatt

Power I Power
station | . station

+ Time

Kilowatt Kilowatt

Power
station

Power
sdation

» Time - R » Time

Figure 3: Area cutting algorithm

This algorithm operates by representing each power
request as a rectangular area on a graph. The length of the
rectangle corresponds to the duration of the power re-
quest, which is calculated based on its start and end times.
Meanwhile, the width of the rectangle represents the
amount of power requested. Concurrently, the power pro-
duction of the station is graphically depicted as an upper
black line over discrete time periods.

Upon initiation of a power request, the algorithm
compares its time frame with the periods of power pro-
duction at the station. This comparison determines
whether the request falls within a single period or spans
across multiple periods. To enhance accuracy, the periods
of power production are further divided into smaller seg-
ments based on the start and end times of the request. For
each power request, the algorithm updates the remaining
power for the relevant segments from the start time to the
end time of the request. This ensures precise tracking of
power utilization during specific time intervals. Subse-
quent power requests undergo a similar process, where
their time frames are compared with refined station peri-
ods from previous requests, and remaining power is up-
dated accordingly.

3.3 Power scheduling

To optimize energy utilization, the implementation of
power scheduling is a key strategy. This strategic ap-
proach encompasses determining the quantity of power
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to be generated, and strategically coordinating how indi-
viduals or organizations utilize this power.

Our initial energy management strategy, as depicted
in Figure 4, comprises several steps. Firstly, the number
of generators to be activated is determined. Factories de-
velop production plans over a specified time frame, typi-
cally a week or a month, while simultaneously creating
power usage plans. These plans are transmitted to the
center controller, which then calculates energy requests
based on them, aggregating all requirements. The center
controller formulates a power production plan, consider-
ing energy requests and the power station's capacity, in-
cluding input material constraints and generator availa-
bility. This plan specifies how many generators should be
activated for the upcoming period.

*customer requests

generator number determination + .
*material and capacity limits

V

factory selection (knapsack)

<

job scheduling

<

‘ refining job scheduling

+limited by planned power
*minimize unused power

*starting time of jobs
+evenly or randomly distribute:

*schedule job or not
*rehearsing techniques

Figure 4: Energy scheduling strategy

Next, we select users in a way that minimizes unused
power, similar to solving a knapsack problem with a limit
on planned power. Following factory selection, we pro-
ceed to schedule jobs, determining the start time for each.
This decision can be made by either evenly distributing
the starting times or assigning them randomly throughout
the planned period. The final step in this energy schedul-
ing plan focuses on improving the schedule derived from
earlier steps, a rehearsing technique is used here. A vir-
tual power station is set up to check and improve the ex-
isting schedule. In this phase, jobs that are already sched-
uled request power according to the initial schedule. If
there isn't enough power available to meet a job's power
requirements, that specific job is excluded from the pre-
determined scheduling.
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4 Implementation and
application

In this section, we have used a virtual and simplified in-
dustrial park as an illustrative example to demonstrate
our modeling approach. We made this choice due to our
constraints in obtaining data from a specific real-world
industrial park. We utilized simulation software, specifi-
cally AnyLogic, to create this example, which is depicted
in Figure 5.

Figure 5: Instance of an EIP Created Using AnyLogic

In this example, Factories 1 and 5 serve as primary
manufacturing facilities within the EIP, while the up-
stream two factories act as suppliers of raw materials to
support the main factories. Factories 3 and 4 are respon-
sible for managing the waste generated by the main fac-
tories. All waste from these factories is directed to a cen-
tral power station within the park, which generates en-
ergy to support the park's members.

To provide context for this example, several assump-
tions were made: Material flows between factories follow
a 'push’' protocol. When multiple input sources are avail-
able, materials from upstream factories take precedence
over those from external suppliers. Factories acquire ma-
terials from external suppliers through a purchasing pro-
cess rather than traditional ordering. The target inventory
level equals the inventory capacity. The safety inventory
level is maintained at a quantity equivalent to a 30-day
supply of throughputs. It's worth noting that while the
power station utilizes recycled waste to generate energy,
its output may not always meet the energy needs of all
park members.

4.1 Experiment of material flow
The experiment on material flow aimed to establish an
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efficient dispatching policy for scenarios where a single
material is shared among multiple customer factories,
common in industrial symbiosis networks. The applica-
tion employed various dispatching policies:(1) Random
dispatching. (2) Directing materials to factories with the
highest available inventory. (3) Allocating materials
based on the ratio of available inventory to capacity. (4)
Assigning materials to factories maximizing main prod-
uct output. (5) Allocating materials to minimize main
product output. (6-9.) Allocation based on maximum re-
quirements lookahead up to three planning periods.

The KPIs used to evaluate the different policies are
divided into three categories: total waste disposal, total
sales, and external requirements, which denote the eco-
nomic and environmental objectives. "Total waste dis-
posal" refers to the waste disposal across all factories
within the park. Specifically, "Total Sale 1" represents the
main product amounts that can be sold by factories 1 and
5, while "Total Sale 2" represents the main product out-
puts of factories 3 and 4. "External requirements" refer to
the number of raw materials purchased by factories 1, 3,
and 4 from external suppliers. The simulation results of
these evaluations are presented in Figure 6.
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Figure 6: Experiment results of the material flow control

The simulation results emphasize the effectiveness of
scenario 6, "maximal requirement lookahead 0," in min-
imizing waste disposal. Prioritizing factories with high
demand for waste material reduces excess disposal. Con-
versely, scenario 2, the "available inventory-based rule,”
leads to higher waste disposal due to surplus allocation to

plants with substantial available inventory. Regarding
"total sales 1" and "total sales 2," scenario 3, the "availa-
ble inventory ratio-based rule,” proves most effective.
This suggests that downstream factories can meet input
material requirements, reducing production stoppages,
enhancing throughput, and increasing sales. Scenario 4
performs worst for the total external requirement KPI.
This is likely due to consistently directing waste materi-
als to the factory with the highest material transformation
ratio, forcing other factories to purchase external materi-
als for production. Overall, the simulation provides valu-
able insights into how different policies impact waste dis-
posal and sales performance.

4.2 Experiment of energy flow

In this experiment, the simulation duration spans 10
weeks, with each planning period structured as a one-
week timeframe, totaling 10 planning periods. The objec-
tive was to optimize energy utilization in each planning
period.

Plan Selected Scheduled | Energy
period factories jobs ratio | utilization
1 0,1,4,5 0.81 0.66

2 1,3,6 0.72 0.62

3 0,1,2,6 0.77 0.69

4 2,6 0.69 0.68

5 012456 |0.78 0.75

6 2,45 0.59 0.65

7 2,4,6 0.80 0.67

8 1,2,5,6 0.66 0.63

9 0,1,2,3,45,6 | 0.82 0.79
10 3,5,6 0.77 0.79

Table 2: Experiment results in each period

Table 2 presents the outcomes of the experiment for
each planning period. It includes details such as the se-
lected factories, indicating which factories were chosen
to utilize the energy produced by the internal power sta-
tion during the respective period. The scheduled jobs ra-
tio represents the proportion of scheduled jobs compared
to the total planned jobs across all factories. Additionally,
the energy utilization ratio denotes the percentage of en-
ergy consumed by the scheduled jobs relative to the total
energy generated by the power station.
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5 Conclusion

In response to escalating environmental concerns, EIPs
have emerged as innovative and sustainable solutions for
industrial development. Given this context, effective
management becomes imperative for these industrial
parks. To pave the way for such management, a compre-
hensive understanding of the dynamic interactions and
processes within EIPs is crucial. Material and energy
flows are the primary representations of interactions
among factories. Consequently, this paper employs dis-
crete event simulation techniques to model the intricate
material and energy flows within the park, providing a
detailed account of our model's construction.

Through our modeling efforts, we aim to optimize the
allocation and distribution of resources within these
parks, with a specific emphasis on waste reduction and
the maximization of energy utilization. The outcomes of
our study can provide practical guidance for eco-indus-
trial park management and policy development, ulti-
mately contributing to a more sustainable and environ-
mentally responsible industrial landscape. While our pri-
mary emphasis remains on existing operational parks, it
is worth noting that our modeling approach can also be
adapted to the planning phase of industrial parks, provid-
ing a means to evaluate the advantages of establishing in-
dustrial symbiosis.

Despite our comprehensive approach, it's important
to note that, in this study, our management efforts are
limited to a simple energy schedule. A more refined strat-
egy is required. Therefore, our future research will spe-
cifically concentrate on energy scheduling, aiming to de-
velop strategies that optimize energy utilization through
production scheduling.
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Abstract. Wir untersuchen ein Kompartimentmodell
einer muckenutbertragenen Krankheit mit
Kreuzinfektionen. Das Modell enthalt verschiedene
Vogelarten und eine Muckenart. Es wird gezeigt, dass es
fur %, > 1 neben dem eindeutigen krankheitsfreien
Gleichgewichtpunkt nur genau einen weiteren
endemischen Gleichgewichtspunkt gibt. Zusatzlich
werden Lyapunov-Funktionen flr beide Equilibria unter
Verwendung der Basisreproduktionszahl und deren
glltige Bereiche vorgestellt.

Einleitung

Fiir vektoriibertragene Krankheiten, wie dem West-
Nil-, Usutu-, Dengue-, Chikungunya-Virus und vielen
Weiteren, welche grundsitzlich in tropischen und
subtropischen Arealen auftreten, besteht aufgrund des
Klimawandels eine Tendenz und immanente Gefahr,
dass diese innerhalb von Europa ausbrechen und
katastrophale Epidemien auslosen konnen [1, 2, 3].
Die Infektion von gesunden Individuen ist hierbei
hauptsichlich von der Anzahl infizierter Individuen
einer anderen Spezies abhidngig. Es spielen abhingig
von der Krankheit Insekten (Vektoren) wie Moskitos,
Zecken oder Flohe eine fundamentale Rolle in der
Infektionsiibertragung und Verbreitung [4].

In diesem Paper wird aus diesem Grund ein generelles

Kompartimentmodell einer vektoriibertragenen
Krankheit  vorgestellt, welches, neben einer
Vektorspezies, mehrere weitere Empfingerarten

enthilt. Der Ubersicht halber werden hier stets Miicken
den Vektor spielen und beliebig viele verschiedene
Vogelarten die Infektionstrdger, was ein mogliches
Szenario der Verbreitung des Usutu- oder West-Nil-
Virus beispielsweise sein konnte.

Fiir die zwei erwdhnten Viren wiirde das konkret
bedeuten, dass die Infektionsrate von Vogeln
abhingig von der Anzahl an infizierten Miicken
und die Infektionsrate der Miicken abhingig von der
Anzahl der infizierten Vogeln ist. Die Moglichkeit
der Unterscheidung von verschiedenen Vogelarten
ist wichtig, weil einerseits verschiedene Spezies
unterschiedlich anfillig sein konnen und auch
unterschiedlich zur Verbreitung beitragen konnen.
Eine sinnvolle Aufteilung innerhalb einer Anwendung
wire beispielsweise in anfillige heimische Vogel und
stark verbreitende Zugvogel.

1 Modell

Jede einzelne Vogelart besteht im Wesentlichen
aus einem klassischen SEIR-Modell [5], bei dem die
Infektionsrate jedoch aus einem der jeweiligen Vogelart
zugeordneten Infektionsparameter und der Anzahl der
infizierten Miicken besteht.

Bei den Miicken wird dahingegen eine Aufteilung
in Larven und erwachsene Miicken vorgenommen.
Hierbei werden die erwachsenen Miicken ebenfalls
durch ein angepasstes SEIR-Modell dargestellt,
bei dem das R-Kompartiment weggelassen wird,
weil diese aufgrund ihrer kurzen Lebensdauer
bis an ihr Lebensende als infiziert angenommen
werden konnen. Als Infektionsrate haben die
Miicken eine Linearkombination der infizierten
Kompartimente der Vogel. Daraus ergibt sich
ein System von Differentialgleichungen mit nicht-
negativen Anfangswerten und positiven Parametern.
Die Kompartimente Ey,[Ii,E,,I, sind die infizierten
Kompartimente, die Kompartimente I,/, sind die
infizierenden Kompartimente.
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Anfangswertproblem (AWP):
Firk e {1,...,n}:

Sk = Ax — (Bedy + 1) Sk
Ey = BiluSi — (% + i) Ex
Iy = YEr — (M + i) i
Ry = Mieli — Ry

mit S¢(0) = Sk,
mit [;(0) = I,

mit Ex(0) = Ey,
mit R (0) = Ry,

L=A;— (bM + ,LlL)L mit L(O) =1L
n
Sy =byuL— (Y cili+10,)S, mit S,(0) =S,
k=1
Z ciliSy — (% + ) )E, mit E,(0) =E,,

I, =%E, — wl, mit 7,(0) = I,

Schnelle Berechnungen liefern, dass Losungen des
AWPs stets nichtnegativ bleiben (die Menge R>(6’+1)
ist positiv invariant) [6, Kapitel 4], beschridnkt sind
(Betrachtung der Gesamtbevolkerung) und fiir alle
Zeiten t > 0 existieren [7, Kapitel 4].

Zusitzlich kann die Basisreproduktionszahl %, nach
[8, 9] berechnet werden. Hierbei wird die Formel

T = - BiciViSi, oFEYsSv,pFE
S (4 ) (M + 1) (% + o) (1)

erhalten, wobei mit dem tiefgestellten ,,DFE“ die
Werte der jeweiligen Kompartimente im eindeutigen
krankheitsfreien Gleichgewicht (DFE) gemeint sind,
welches in Kapitel 2.1 weiter erldutert wird.

2 Gleichgewichtspunkte

Durch  Nullsetzen der rechten Seite des
Differentialgleichungssystems aus dem ersten Kapitel
werden die Gleichungen

0= A — (Bedy + ) Sy (1)
0= BlyS;— (% + ) Ef (2)
0= WEE — (i + ) I 3)
0= Ml — LRy 4)
0= A — (by + pg)L* )
0= byl —( Z el + ) Sy (6)
0= Z il Sy — (% + wy)Ey (7N
0= WE, — Iy ®)
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erhalten. Gleichgewichtspunkte miissen diese
Gleichungen alle erfiillen.

Aus (1), (5) und (6) ergibt sich fiir ein beliebiges
Gleichgewicht Z schnell:

. A

=— Vke{l,...,n},
Bl + ik
. A
L=t
b + g )
. byl
v—"™mn
Y oy 4y
k=1

Wegen der Positivitdt der Parameter, der Betrachtung

von Losungen des Anfangswertproblems nur in

1
der positiv invarianten Menge R>(6‘+) und der

Beschrinktheit von Losungen sind die Kompartimente
§k,f, und S, nach (9) echt positiv.  Alle iibrigen
Kompartimente von Gleichgewichtspunkten in ]R>(g D
sind nichtnegativ. Das folgende Lemma liefert eine
nutzvolle Folgerung fiir Gleichgewichtspunkte.
Lemma (Appel 2024):

Fiir ein beliebiges Gleichgewicht Z des betrachteten

Kompartimentmodells in R4(n+l) gilt:

(3re{l,....n}: [ >0VE >0)VE, >0V, >0
I
Vme {1,....,n}: (I >0AE, >0)AE, >0Al, >0
Beweis:

Aus (2), (3) und (8) erhilt man

L ® N p @ % BeSk 1 ®
k= k — v —
Nk + Ui Nk + Mk Ve + Mk
) Y BSk %o

= E, (10)
Nk + Mk Yie + Hic Ky

—
=

—

fiir ein beliebiges k € {1,...,n}.

Da 0 < S < oo fiir alle k € {1,...,n} ist, ergibt sich
mit (10) eine Kopplung zwischen allen infizierten
Kompartimenten im Gleichgewicht. Nachdem dieser
Zusammenhang fiir beliebige k € {1,...,n} gilt, folgt
die obige Implikation. U
Das Lemma hilt fest, dass sobald in einem
Gleichgewicht Z in Ri(gﬂ) ein beliebiges infiziertes
Kompartiment positiv ist, miissen alle anderen
infizierten Kompartimente ebenfalls positiv sein.
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2.1 Krankheitsfreier Gleichgewichtspunkt

Definition 1:

Als krankheitsfreien Gleichgewichtspunkt (DFE)
bezeichnet man einen Gleichgewichtspunkt, in
dem die infizierten Kompartimente null sind.
Also Losungen zppg von (1)-(8), fiir welche
Expre = Ik pre = Evpre = L, pre = 0 Vk gilt.

Satz 1:

Im betrachteten Kompartimentmodell existiert genau
ein krankheitsfreier Gleichgewichtspunkt im R ("H).
Beweis:

Die eindeutigen Werte der weiteren Kompartimente
im krankheitsfreien Gleichgewicht konnen mit (4)
und (9) sehr schnell bestimmt werden (reguldres lin.

Gleichungssystem). U
Satz 2 (Appel 2024):

Fir %2, < 1 ist der (eindeutige) DFE der einzige
Gleichgewichtspunkt in RS (Hl) fir das betrachtete
Kompartimentmodell.

Beweis:

Angenommen es gibt ein weiteres Gleichgewicht
Z in R><3+l), welches nicht der DFE ist. Wegen
der Eindeutigkeit des DFEs und dem Lemma
kann angenommen werden, dass [, > 0 und
L, > 0Ym € {l,....n} fir das zusitzliche
Gleichgewicht gelten muss. Nun wird mit (7) und
(8) der Zusammenhang

Ly W %ot o

gezeigt und dieser in die Teilgleichung von (2) und (3)
aus (10) eingesetzt, was

cIS
P BiSk %E H

M+ Mk Ve + e o %o+ My

ergibt. Zusammengefasst wurden also mithilfe
von (1)-(8) zwei unabhingige Gleichungen
hergeleitet, die einen Zusammenhang zwischen
IAk und IAV herstellen, und zu dem eben erhaltenen
Ausdruck zusammengesetzt. Dieser wird nun iiber
alle k € {1,...,n} mit dem jeweils zugehorigen
Koeffizienten ¢; aufsummiert, was

A Z ClIlS

SN % BSk o=
£ oi-1o
k=1 k=1 nk+.uk Yo+ Wk by Yo+ Ly

-~ Bre VYo SiSy !
(Z’l (% + i) (M + ) (%o + o) );

ergibt. Es muss also

5kck7’1<}’v§v§k ) =1

( (Ve ) (M + ) (% + )l

an

™=

fiir das Gleichgewicht Z gelten.

Dies entspricht nahezu dem  Quadrat der
Basisreproduktionszahl %Z,. Die einzige Abweichung
ist die Nutzung der nicht kranheitsfreien
Gleichgewichtpunkte aus (9) und nicht des DFEs,
wofiir die ndchsten zwei Gleichungen

A I+ .
Sk,DFE = ,LT/]: = Wsk
noo (12)
Y cidi+ Wy
S.prE = by _ k=1 g
" (byr + 1p) py Wy '

nun einen Zusammenhang liefern.

Abschliefend werden die beiden Gleichungen (12)
umgestellt und in (11) eingesetzt, womit dann mit
Abschitzungen ein Widerspruch erlangt wird:

| = i Brck i YoSv.0FESk.DFE i ).
2 e+ 1) (M + i) (% + M)t Bedy, +
———
>0 <1
<=@0§1
s
kZICkIH-IJv
N
<1

2.2 Endemischer Gleichgewichtspunkt

Definition 2:

Ein vom DFE verschiedener Gleichgewichtspunkt
wird in diesem Kompartimentmodell endemischer
Gleichgewichtspunkt (EE) genannt.

In einem endemischen Gleichgewichtspunkt ist also
mindestens ein infiziertes Kompartiment nicht null.
Interessante endemische Gleichgewichtspunkte liegen
in der positiv invarianten Menge Ri(g ),

Frage: -

Wieviele endemische Gleichgewichtspunkte existieren

in R;%’H) abhingig von %,?
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Satz 3 (Appel 2024):

Falls Zy > 1 gilt, existiert fiir das Modell nur genau ein
endemisches Equilibrium (EE) in RXY

Beweis: -

Falls ein beliebiges endemisches Gleichgewicht z* in
]Ri(gﬂ) existiert, miissen fiir dieses die Gleichungen
(1) — (8) erfiillt sein. Fiir den Beweis wird zunéchst
eine nur von [; abhdngige Gleichung konstruiert.
Wegen dem Lemma, kann angenommen werden, dass
alle infizierten Kompartimente im Gleichgewicht echt
positiv sein miissen. Mit den Gleichungen (1)—(8)

werden die zwei Gleichungen

r ® Y pe@ % Bily S (9)
= k= =
Nk + Uk Mk + Mk Ve + Mk

YiAx
= (13)
(M + i) (% + 1) (14 55

Z Ckl* S*
po® Fp @R E ©
Hy My %"’.uv
©) YobmAL 1”, (14)
uv<}/v+uv)(bM+ﬂL> (1+n7‘*)
kglc‘k]k

—
=

—
=

hergeleitet, welche jeweils fiir ein beliebiges k €
{1,...,n} den Wert [} und I; in Abhingigkeit
zueinander setzen.

Durch Einfiigen von (13) in (14) erhidlt man eine
Gleichung, welche rein von I} abhidngig ist. Zuvor
werden noch, der Ubersichtlichkeit halber, Parameter
in

_ YAk
aj -—
(M + i) (Ve + i)
__ YobmAL
(% + o) (bag + ML)
zusammengefasst:
. (14) 1 (13) 1
I’ ='b =b <~
v (l_i_nllx*) (1+n Iivl )
kél i kglckak ( ﬁ’;',‘:f)
Hy, = Ckak*iv . (15)
' k; (I +5)
=:h(Iy)

Sei die Funktion h : (Ib,) — R,u — h(u) =
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chak L=
=1 (ﬁk)

und wegen (15) ist jeder giiltige Wert fiir /; > 0 im
Urbild von u, unter 4. Nachdem die Funktion £ fiir

€ (Ib,0) und damit fiir alle # > 0 definiert und stetig
differenzierbar ist, kann die Ableitung

mit lb = —mln(ﬁ - ,%) < 0 definiert

P n Btb
—h(u) =-Y aqa—"—F—

Ly B2
in diesem Bereich berechnet werden und es folgt sofort,
dass sie fiir alle # > 0 negativ ist. Daher ist das Urbild
von W, € (0,c0) hochstens einelementig, weshalb es
maximal nur einen moglichen Wert fiir I} gibt. Es gibt
sogar exakt ein Urbild fiir u, unter A, weﬂ

C bﬁk
Chlk T~ kak
0) = Yoy g = e
ck Bk Vo YieSv,DF ESk.DFE

= %(%.uv > Hy

= M+ ) (% + 1) (8 + )

gilt.

Damit existiert eine eindeutige Wahl von I fiir den
endemischen Gleichgewichtspunkt. Aus der Gleichung
(13) folgt sofort das Gleiche fiir J;/ fiir beliebige k €
{1,...,n}. Mit den Gleichungen (1),(2),(4),(6) und
(7) folgen, dass alle weiteren Kompartimente ebenfalls
eindeutig gewdhlt werden miissen, was den Beweis

vervollstindigt. (]
Satz 3a:

Fir %y > 1 liegt der (eindeutige) endemische
Gleichgewichtspunkt (EE) aus R>(0+ ) sogarin R ("H)
Beweis:

Mit der eindeutigen Losung fiir den EE in R4<n+l) und

dem Lemma und den Gleichungen (1)—(8). O
Eine geschlossene Darstellung der Komponenten des
EEs in Abhingigkeit der Parameter ist leider nicht
fiir eine allgemeine Anzahl n der Vogelarten moglich.
Gleichung (15) kann zu einem Nullstellenproblem eines
Polynoms vom Grad n + 1 umgeformt werden. Eine
(eindeutige) numerische Losung des Polynoms in I
oder auch von (15), jeweils zusammen mit I > 0, ist
moglich.

3 Stabilitat

Also existiert fir %2y < 1 nur der DFE in R ("H),

welcher dann fiir %, < 1 auch lokal asymptotisch stabil

ist. Fiir Zy > 1 gibt es zusitzlich den EE in R ("H).
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3.1 Krankheitsfreier Gleichgewichtspunkt

Von Z. Shuai und P. van den Driessche wurde in [10]
eine Moglichkeit gezeigt, um eine Lyapunov-Funktion
[6, Kapitel 5.5] auf einer positiv invarianten Menge
I' zu konstruieren. Hierbei wurde die Lyapunov-
Funktion Q(x) = ®”V~'x hergenommen, wobei @ der
Linkseigenvektors der Matrix V~!F zum Eigenwert
Ho ist und die Matrizen F und V aus der Berechnung
der Basisreproduktionszahl (z.B. in [9]) hergenommen
wurden. Hierbei beschreibt x den Vektor der infizierten
Kompartimente. Die Idee ist also zu zeigen, dass alle
infizierten Kompartimente gegen Null gehen. Die
in [10] gezeigte Variante zum Beweis der globalen
asymptotischen Stabilitdt funktioniert jedoch nicht,
weil die Matrix V! F nicht irreduzibel ist und deshalb
nur @ > 0 (statt @ > 0) gilt. Der nichste Satz
demonstriert die Konstruktion einer strikten Lyapunov-
Funktion fiir Zy < 1 auf Basis einer Erweiterung des
Verfahrens aus [10].

Satz 4 (Appel 2024):

Sei Zy < 1. Es wird nun der Linkseigenvektor o’ =
. S Sy

(O 00 () [THCTENTS) *@0> der

Matrix V~!'F zum Eigenwert %, zu einem Vektor @
erweitert, welcher wie folgt definiert wird.

Seien
Yi CiSv’}/v .
;= 1-% Vi=1...n
? 2(ni+ﬂi) .uv('}’v +I~Lv) ( O)
—_———
:Zdl'
Onit == So-o(1 — Bo)
2y
(PiI:—(p,'ni_._.‘ui Vi=1...n
— o M

¢n+1 . On+1 %

V= ((Pl O Oup1 D1 On ¢n+1)
und damit

~ ~ 7
_((Pl O Qe di e dy %+7°)>0
S | X .. .
mit d; = (5 + 3%)d; fir alle i € {1,...,n} gegeben.
Dann gilt:

« Mit dem angepassten @ ist O = @'V ~'x eine
Lyapunov-Funktion auf der positiv invarianten
Menge ' := {z € R"*+* | Vk € {1,...,n},S5; +

Ex+ I+ R < Sepre NL=L*ANS, +E, +1, <
Sy.pre } und die Ableitung von Q ist entlang einer
Losungskurve nur gleich Null, wenn x = 0, also
alle infizierten Kompartimente Null sind.

* Das DFE ist auf der Menge I global asymptotisch
stabil.

Beweis:

Der Vektor v wurde derart konstruiert, dass v/ V~I1F =
0 gilt und @ > 0 ist. Sei z(¢) nun eine beliebige in I"
startende Losungskurve des AWPs aus Kapitel 1:

(0001 = 0TV = 0TV (F—V)x— f(x,y)

~

=0V I Fx+ )V IFx—@"x— "V f(x,y) =
N—— ——

:wT%() =0
= (%o — &) x—d'V 1 f(x,y) <O0.
<0 >0

Also ist die Ableitung von Q(x) = ®"V~!x entlang
einer Losungskurve in I" kleiner gleich Null. Nachdem
I auch positiv invariant ist, ist O eine Lyapunov-
Funktion.

Fiir ein x # 0 ist die Ableitung echt kleiner Null, was
den Beweis der ersten Aussage vervollstdndigt.

Fiir die auf der Menge I" definierte Lyapunov-Funktion
Q kann nun das Invarianzprinzip von LaSalle [11,
Theorem 1] angewendet werden.  Fiir die darin
definierte Menge E = {z € I | x = 0} ergibt sich
schnell die Menge aller krankheitsfreien Zustinde in
I Nun wird noch die grofite invariante Teilmenge
M aus E benétigt. Offensichtlich bleiben jegliche
krankheitsfreie Zustdnde krankheitsfrei und kombiniert
mit der positiven Invarianz von I' folgt die positive
Invarianz der Menge E = {z € T | x = 0}.

Losungen des krankheitsfreien (und dadurch linearen)
Differentialgleichungssystems konnen leicht analytisch
berechnet werden, wodurch schnell gezeigt werden
kann, dass nur der DFE in E negativ invariant
ist, weshalbo M = {DFE} ist und nach LaSalles
Invarianzprinzip die gesuchte globale asymptotische
Stabilitdt des DFEs auf der Menge I gilt.

3.2 Endemischer Gleichgewichtspunkt

Nachdem nach [8, Kapitel 5, Theorem 1] fiir Zy > 1
das DFE ein instabiler Gleichgewichtspunkt ist, stellt
sich nun die Frage iiber die Stabilitdt des eindeutigen
endemischen Equilibriums.
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Satz 5 (Appel 2024):

Im Fall Z, > 1 existiert fiir das EE z* eine Lyapunov-
Funktion W auf der Menge ['zg := i(gH) und das EE
ist auf I'gr global asymptotisch stabil.

Beweis:

Fir das EE wird mithilfe eines iiblichen
Standardansatzes wie zum Beispiel in [5, 12] eine
Lyapunov-Funktion definiert und bewiesen. Sei

W(SlvElvllaRla"'7SnvEnvlnaRl‘laLasv»EV;IV) =

u S E
Y |ex(Se—Si = S{In(3H) + fulEe — B — E{ In(5))+
k=1 k k
B/

gl I~ InCE)) + (R~ R~ RiIn(22)| +

k k
+d(L-L Lln( ) +e(Sy SV—SVI(S*))
AU~ B = B () + gl — 1~ In(2)

V

ein Kandidat einer Lyapunov Funktion mit

ek fi, 8k, > 0 Vk € {1,...,n}, d,e,f,g > 0 und
dem EE z*. Wegen Lemma 1 mit (9), (4) und (5)
sind alle Kompartimente im EE echt grofer Null.
Kombiniert mit der Definitionsmenge ['rr sind alle
Werte in den Logarithmusfunktionen stets positiv und
deswegen ist W wohldefiniert.

Aus einer einfachen Beobachtung folgt, dass das
endemische Equilibrium z* das Minimum von Wist und
W auf dem Bereich I'gg nichtnegativ ist. Nun wird die
Nichtpositivitit der zeitlichen Ableitung entlang einer
beliebigen Losungskurve z(¢), die in Tgg liegt, gezeigt:

j z:, { *Sj )Si + fi(1 *%;)EH
+gk(1— £)1k+hk( ];E)Rk}-i-
+d(1-%>L+e(1—%)Sv+
g1 =B+l = T,

Fiir eine bessere Ubersichtlichkeit wird zuerst ein
Summand der ersten Summe in einer Nebenrechnung
untersucht.  Sei zuvor e; = fi , g = %ek
und i = 0, damit einige gemischte Terme in der
folgenden Rechnung wegfallen. Das Weglassen der
Kompartimente R; aus der Lyapunov-Funktion ist
problemlos moglich, weil die Differentialgleichungen
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dieser von allen anderen entkoppelt sind.
Nebenrechnung 1:

ex(1— %’t)(/\k — (Bidy + ) Si)+

E
+er(1— Fi)(ﬁklvsk — (% + ) Ex )+

+ I
+€ku( — EYWE — (M + m)l) =
Ye I
S E;
=e /\k—ukSk—/\k +l3k1 Sk + WSy — ﬁkIvSkF+
+ (W + ) Ef — i ykuk (M + ) I —
Ex L et ] =
— (% + ) E; E L g 2= " (nk‘HJk)Ik} =

In der letzten Zeile wurde Ej = E,j% einmal genutzt,

was wegen Lemma 1 auch unproblematisch ist.

Nun werden die meisten Summanden, die von einem
momentanen Kompartimentenwert abhingig sind, so
umgestellt, dass mit angepassten Versionen der
Gleichungen (1), (2) und (3) ein gemeinsamer Vorfaktor
erhalten werden kann.

S
— WSk — (Bl + 1) S <+

S
+[3k1351<fi + WSy —ﬁkliskfi§*k + Bily i —

= e (Bl + S

E I} .
ﬁkI*SkI* ﬁkI*SkE k+ﬁk1 }

Sy — Sk Sy,
Zek[—lik((ksk) L4

IS;E I EiL

Damit ist die Untersuchung von diesem Summanden
abgeschlossen und es wird der letzte Teil der Summe
analog in einer verkiirzten zweiten Nebenrechnung
untersucht Zuvor werden die Vorfaktoren giinstig auf

d= bM+uL ,e=f=1undg= %J’“V gesetzt.
Nebenrechnung 2:

by L Sy

——)(AL— (b 1— =) (byL—
v L)AL = (bw+ pu)L) + (1= ) (b
n E‘ﬂj n

- (Z ekl + w)Sy) + (1 - E)(Z cleSy — (% + ) Ey)+

k=1 v k=1

hWti L
+ " (1**)(%15 — k) ==
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L LS S ¢ L
SR Iis;[4+ -
Hy v( L L* S, S§)+1§16kk v +I]j

L L*S, IIS'E, I E:I

v v
. WIESy . . .
Mit der Wahl von ¢; = ;BI;I%SL* ergibt die Kombination
IiS;

beider Ergebnisse:

d < (S; —Sk)?
weey=Y {- 4———} §*(3—
V) = L { - am =g s
—_———
>0
L LS 8. & v S
——————— [s(7— 2k
L L*S, S§)+]§1{Ckk v( Sk+

LS I, LS E I, EI y
LS, I} IS;E, I ErlL"~
L* LS S
<SI(3- - =v 2y
SwSG-T oy St)

n o S ISt Ef E I
ST - e R
k=1 v Pk Tk k Tk
LIS kSE_BL),

L L*S, [S;E E;l

Die letzte Ungleichung folgt aus der zweifachen
Anwendung der AM-GM Ungleichung (z.B. [7,
s.161]), welche gesondert den Ungleichungen

L' LS S, /L" LSS,

LS, s \\Trs, s

St L ScEf E Iy L* LS IS E
Sc LS E E I L LS, ISiE
LJEL

Erl, ~

>d%h&@&¢UL%&&m&w:7
- Sely S ExEf Iy L L*S, I} S} EyE) L
entspricht.

Damit die Funktion W eine Lyapunov-Funktion ist,
muss nun noch sichergestellt werden, dass beliebige
Losungen, die in I'gg starten, diese Menge auch nicht
verlassen. Sei nun zq ein beliebiger Startwert aus ['gg.
Dadurch existiert W(zp) < e und es ist wohldefiniert.
Nun muss gezeigt werden, dass die Losung z(7)
mit Startwert zo nicht den Definitionsbereich von W
verldasst. Dies wiirde genau dann passieren, wenn

innerhalb der betrachteten Losung z(¢) ein beliebiges
Kompartiment gegen Null gehen wiirde. Als direkte
Folgerung wiirde dann die Lyapunovfunktion W gegen
unendlich gehen, was wegen der fallenden Monotonie
der Lyapunov-Funktion entlang von Losungen mit
W (z0) < eo nicht moglich ist.

Nachdem erneut keine strikte Lyapunov-Funktion
gefunden wurde, muss LaSalles-Invarianzprinzip [11,
Theorem 3] erneut angewendet werden.

Aus den Abschitzungen in der Berechnung der
Monotonie der Ableitung von W entlang von Losungen
z und nach [7] gilt W(z(z)) = 0 genau dann, wenn

LL_LS _S

L L*S, S

S: LS Ef EI L'
k v Ok Lk k 1k
_LS _LkSE _EL

S L*S, IISSE, Efl

=1

gilt. Aus der ersten Zeile folgt offensichtlich direkt S, =
Sy und L = L*. Die zweite Zeile wird zu

LEf EIf LE EI
IFE. E I, IE, Eil
(16)

Vke{l,...,n}: =1

vereinfacht. Alle Kompartimente aufler Ry, die nicht
mehr in dieser Gleichung auftauchen, entsprechen
ihrem Gleichgewichtswert. O.B.d.A. kann wegen der
Nichtnegativitit der Losungen I, = al; mit a € Rg
gesetzt werden. Nun kann damit und den Gleichungen
in (16) gefolgert werden, dass Ex = aE; Vk € {1,...,n}
gelten muss, was mit den weiteren Gleichungen eine
analoge Ausgangslage wie eben ergibt und woraus
letztendlich die gesuchte Losungsmenge

E = {ZE I'ee | ac R>(),Z: (ST,CIET,QIT,R],...,SZ,
aky,aly Ry, L",S},aEy al})}

der Gleichungen gefolgert werden kann.

Sei nun z(¢) eine beliebige Losung mit z(fy) € E. Fiir
eine invariante Losung der Menge E muss also fiir alle
Zeiten t > 0 stets S, = S, gelten. Also muss auch
im Zeitpunkt Null die Differentialgleichung von S, den
Wert Null haben.

S0(0) = buL* — (a( Y. clf) + t)Si = 0
k=0
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Dies ist eine von der Variable a abhéngige affin-lineare
Abbildung, welche deshalb nur eine Nullstelle besitzt.
Fiir das endemische Gleichgewicht, also a = 1, gilt die
Gleichung wegen (6) offensichtlich und fiir ein a # 1
daher nicht. Mit (4) muss zusitzlich auch Ry = R}
sein. Damit ist M = {z€ E|a=1AR, =R} Vk €
(1,....n}} = {z*).
Weil jede Losung beschrinkt ist, kann [11, Theorem 3]
in allen Fillen angewendet werden, woraus die
asymptotische Konvergenz aller Losungen, die in ['gg
starten, gegen den endemischen Gleichgewichtspunkt
folgt.

(]

4 Bifurkation

Aus den bisherigen Ergebnissen wird deutlich, dass fiir
Zy < 1 der (eindeutige) DFE auf I' und fiir %y > 1
der (eindeutige) EE auf I'rg global asymptotisch stabil
sind.

Zusitzlich ist fiir %y > 1 der DFE instabil. Also

verdndert sich das Losungsverhalten an dem Punkt
o = 1 fundamental. Dieser wird Bifurkationspunkt
genannt und % ist hier der Bifurkationsparameter. Die
Konvergenzeigenschaften der Gleichgewichtspunkte
werden qualitativ in der Figur 1, welche ein
Bifurkationsdiagramm zeigt, abhidngig von der
Basisreproduktionszahl zusammengefasst. Es liegt
insbesondere eine forward Bifurkation vor.
Fiir die y-Achse wurde in dieser Abbildung das
Kompartiment der infizierten infizierenden Miicken
verwendet. Wegen des Lemmas hiitte fiir die qualitative
Zeichnung jedes beliebige infizierte Kompartiment des
Modells hergenommen werden konnen.

Zusammenfassung

Es konnte das globale Stabilititsverhalten in
Abhingigkeit der Basisreproduktionszahl fiir ein
Kompartimentmodell mit mehreren Vogelarten bei

einer miickeniibertragenen  Krankheit bestimmt
werden, obwohl die Koordinaten des (beweisbar
eindeutigen) endemischen Gleichgewichtspunktes

nicht immer explizit formelmissig angebbar sind.
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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 Stift-
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 ap-
pointment.

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 per-
formed to figure out which additional features are pos-
sible 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
feedback loop including the Danish app developers
DAMAN, medical experts from the Medical University
of Vienna (MUYV), data scientists from dwh GmbH, and
RA patients who use and test the app. Figure 1 shows a
schematic depiction of the workflow in the project.

1 App Status at the Beginning of
the Project

At the beginning of the project, RheumaBuddy is al-
ready available as a mobile app in multiple languages,

ARGESIM Report 47 (ISBN 978-3-903347-65-6), p 43-50, DOI: 10.11128/arep.47.a4725 43
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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.

with German, English and Danish being the most pop-
ular used 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. Ev-
ery symptom can be scored on a smiley scale indicat-
ing the extent of the respective symptomatology. These
smileys rank from very happy to very unhappy in five
steps. Users can also enter activities, 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. Finally, they can write free-text in a
diary, as well as use the community to ask or answer
to questions. The community is also available in dif-
ferent 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 al-
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right.

* 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
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entry types are the most popular. The development of
the users can be seen in Figure 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 reason-
able 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 Sa, 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 5c, 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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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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50000 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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Motion: 18,258 40000

Working Hours: 14,445
30000 1. Filter the community posts by posts which ask for

PainMap: 59,319 advice on something, using regular expressions.

Diary: 22,820 20000 2. Retrieve all answers to this post and remove all an-
swers from the user who asked the question.

Community (read): 3,949

10000 3. Read the answers in combination with the question
Community (write): 1,752 and decide whether to keep or to discard it.

A fully-automated approach was not developed

Figure 3: Depiction of the total count of entries for each entry within the scope of this project, as the Community

type. The fast-to-enter symptoms as well as the 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.

pain map are the most popular entry types.
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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, the 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 recommendations, based on the
group characteristics. Users in such a group could also
be brought together in an anonymous chat (if they con-

sent) 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 clusters. 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 only
be interested in the development of their values, but
also in the relationship between these values. As we
showed in Subsection 2.2, significant correlations be-
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tween the symptoms are present when considering all
users at once.

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
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relationships that could occur between the values:

* 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
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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.

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.

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

Einblicke

Latest: 07. Juni.
Neuer Einblick fiir dich!

Deine Stimmung scheint besser
zu sein, je mehr du dich kérperlich
betatigst. Wie ware es, wenn

du versuchst, dich ausreichend
korperlich zu betatigen?

»
N
il

Status Community Tagebuch  Konsultationen Einstellunge

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
physically active they are.

significant relationship is quite high, and only few users
entered enough values to obtain such a recommenda-
tion.

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
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quality, using a standardized questionnaire to evaluate
patients’ experiences, preferences and needs for the use
of the RheumaBuddy App in semi-structured telephone
interviews, and finally to gain more detailed insight on
patients’ experiences, needs and preferences in semi-
structured focus group sessions.

The data of this study is directly linked with a clin-
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.

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.

One of the main challenges of the project was the
lack of user input into the app. While the functions
work well and can give useful insights to the users,
hardly any users obtain such recommendations, because
they stop entering values into the app too early. Some
ways of Gamification to increase the motivation of the
app users could be considered, e.g. counting how many
days in a row they entered something into the app, and
motivating not to break this "streak" - this has been
shown to be helpful in many mobile apps [10].

The combination of passively tracked data with tra-
ditional or short PROMs as used in RheumaBuddy is
potentially more promising to be supportive regarding
improvement of the quality of life of people with RA
when combined with the treating rheumatology team.
As RA can affect people of any age, the background,
i.e. experience with technology or eHealth literacy, is
very heterogeneous, which makes it challenging to de-
velop digitally assisted technologies that support every
patient on an equal basis. Technology has been utterly
fast paced over the past years, sharing breaking record
news multiple times per year, but medical systems and
people work and live on a slower pace. Thus, we would
need to harmonise the slopes of development with the
needs and opportunities that appear for implementation
of novel technologies. This will bring benefit to people
living with chronic conditions like RA as well as health
care providers and system payers [4].
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Simulationsgestutzte Analyse der neuen

dynamischen Strompreise und abgeleitete
Empfehlungen zur Abgabenpolitik
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Abstract. Die seit 2024 verfigbaren dynamischen Strom-
preise werden durch die gleichzeitig giltige Gesetzgebung
weitgehend negiert, da fast immer 20 oder mehr €-Cent
an konstanten Abgaben anfallen. Auf der Basis von
stindlichen dynamischen Strompreisen seit Anfang 2023
wurden verschiedene Simulationsszenarien zu Markt-
preis- und Abgaben-Verteilungs-Alternativen modelliert
und berechnet, welche hdhere Anreize fir Endkunden
beziglich des Speicherausbaus bewirken koénnten.
Naturlich wiirde eine reale Umsetzung eine Novellierung
der Gesetze und Abgabenordnungen fir Energiever-
sorger erfordern. Ob dies im gegenwartigen politischen
als auch 6konomischen Umfeld mdoglich ist, wird aktuell
gemeinsam mit Energiemarkt-Experten diskutiert.

EinfGhrung

Seit dem 1.1.2024 sind groBe Energieversorger
gesetzlich verpflichtet, Endkunden optional dynamische
Strompreise anzubieten [1]. Ab 1.1.2025 gilt dies fur alle
Energieversorger. Diese dynamischen Strompreise
werden von der Leipziger Strombdrse abgebildet. Je nach
Marktnachfrage und Angebot an regenerativen Energie-
formen schwanken die Netto-Preise zwischen negativen
Werten von -10 Cent/KWh bis zu positiven Werten von
40 Cent/KWh (vgl. Abb. 1). Leider wird dieser sehr
interessante neue Ansatz der Politik durch die derzeitig
gultige Gesetzgebung zu Strommarktabgaben wie Netz-
entgelte, Konzessionsabgaben und Steuern wieder weit-
gehend negiert, da mindestens 20 oder mehr €-Cent an
konstanten Abgaben anfallen. Bei 1 Cent Strombdrsen-
Netto-Preis liegt der Bruttopreis bei 21 Cent und damit
die Abgabenlast bei tiber 2000%.

In der Folge ist zu vermuten, dass dynamische
Strompreise fiur Kunden ohne eigenen Stromspeicher im
Haus kaum attraktiv sind. Fraglich ist auch, ob bei
Vorhandensein eines Stromspeichers die Einsparungen

uber das Jahr betrachtet, ausreichen werden, um nach
einer Einsatzzeit von 10...20 Jahren den Speicher zu
refinanzieren. Heutige Stromspeicher auf Lithium-lonen-
Basis sind laut deren Datenblétter nach 10 bis maximal
20 Jahren am Lebensende und missen ersetzt werden.
Weiterhin zeigen auch die zunehmend hé&ufiger zu
beobachtenden negativen Strompreise eine Kklare
Dysfunktionalitat der Strom-Marktmechanismen an. So
ist in den Mittagsstunden das Angebot héaufig deutlich
hoher als die Nachfrage. Eine genaue Datenanalyse und
darauf aufsetzende Simulationen von Ldsungsoptionen
sollen dies genauer evaluieren.

Abb. 1: Dynamische Strompreise am 28.3.24
(Quelle: www.tibber.de am 28.3.24 [2])

1 Erste Datenanalyse

Dank der OpenData-Initiative existieren im Internet sehr
viele Datenquellen zum Strompreismarkt. Die vom
Fraunhofer-Institut fir Solare Energiesysteme ISE [3]
gepflegte Website energy-charts.info bietet auf einer
Unterseite [4] verschiedene Datenschnittstellen im
OAS3-Format [5] an, u.a. auch historische Borsen-
Strommarktpreise [6].

Fir die nachfolgend beschriebenen Simulationslaufe
wurden nur die Daten seit dem 1.1.2023 verwendet, da
die Corona-Pandemie und der Ukrainekrieg zu extremen
Preisausschldgen nach unten und oben gefiihrt haben.
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Gleichwohl sind beide Ereignisse sehr wertvoll als
Worst-Case-Szenarien in beiden Richtungen.

Der ,,Day-Ahead” -Strompreis der Leipziger Borse
wird jeweils 24 Stunden vorher festgelegt und ist online
abrufbar. Damit entfallen fur den Endabnehmer
komplexe Prognosemodelle oder Wetteranalysen, da
diese in den 24h-Preis-Vorabdaten inkludiert sind. Mit
einer Minimalwert-Suche ber den Preisen der nachsten
24 Stunden kann jeder Endkunde oder dessen (KI-)
Steuerung leicht den besten Zeitpunkt zum Abruf von
gunstigem Strom fiir den nachsten Tag ermitteln.

1.1 Datenimport und -anreicherung der
historischen dynamischen Strompreise

Nach dem Export aus [6] wurden die Daten im JSON-
Format in eine Access-Datenbank-Tabelle eingelesen.
Ergénzt wurden diese Rohdaten um die Stunden-,
Monats- und Wochentageswerte, da der zeitliche Preis-
verlauf mit diesen stark korreliert. (vgl. Abb. 1). Diese
Anreicherung diente vor allen der manuellen Analyse
und ersten Begutachtung der Werteverlaufe.

Am Wochenende fiihrt die fehlende Industrienachfrage
meist zu geringeren oder negativen Preisen. Fur ca. 1,5
Jahre umfassen diese Rohdaten (vgl. Abb. 2) ca. 10.000
Datensétze und kénnen flr stundengenaue Analysen der
dynamischen Strompreise verwendet werden.

Preisdaten Rohdaten
DatumZeitlD Monat WoTag Std. Preis-Netto Preis-Brutto
2023022010 2 1 10 0,02€ 0,22 €
2023022011 2 1 11 0,02¢€ 0,22 €
2023022012 2 1 12 0,02€ 0,22 €
2023022013 2 1 13 0,04€ 0,24 €
2023022014 2 1 14 0,05€ 0,28 €
2023022015 2 1 15 0,06 € 0,28 €

Abb. 2: Auszug aus den Rohdaten (hier vom 20.2.2023
im Zeitraum 10-15 Uhr)

1.2 Tagesweise Verdichtung der Daten

Nach dem Import der Basisdaten wird automatisch eine
erste Verdichtung auf Tageswerte vorgenommen. Dies
sind jeweils der Mittelwert, das Minimum und das
Maximum der Netto- und Bruttopreise des jeweiligen
Tages. Weiterhin wird die Zeitspanne von gunstigem
Strom berechnet, der zum maximalen Stromabruf fir
Endverbraucher und zum Laden vorhandener Speicher
genutzt werden kann.
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In der Datenbank ist dazu ein Grenzwert — im Beispiel
bei Abb. 3 ein Wert von 0,05 € angenommen. Dieser
Wert ist beliebig &nderbar und kann je nach Endkunden
oder Dinglichkeit des Strombedarfs unterschiedlich sein.
Falls ein Kunde stark sparen will setzt er den Wert z.B.
auf 0,00 €, falls auch Strompreise bis 0,07 noch
akzeptabel sind, dann eben auf 0,07 € Ab diesem
Grenzwert wird der Strom als gunstig (griin markiert im
Report) zum Laden des Speichers definiert und
gleichzeitig auch die Wartezeit bis zu einer Phase
gunstigen Stroms ermittelt. Im Beispiel werden
Wartezeiten auf ginstigen Strom groRer als 48 Stunden
als kritisch (rot im Report) markiert (vgl. Abb. 3).

Preisdaten- Tagesweise LT

Typl 10 Netto-Preise Brutto-Preise Dauer  Wartezeit bis
Datum Mean Min Max Mean Min Max o on n Tagen
20231119 004 € DN0E 010€ 0 € 020€ 033€ 15 k] 04
20231120 011€ 006€ D1SE 03¢ 028€ 038¢€ o 3 14
20231121 0126 009¢ V1S € 0¥ E 032€ 038¢ ]

20231122 011€ 047€ 0ASE 0ME 023€ 038€ o

20231123 006 ¢ DO0E 01Z2€ [ %14 020€ 035€ 5 o 0
20231124 007€ 000E 011 € [ %13 020€ 034¢ 9 18 0s
20231125 010€ 047€ 013 E wRE BA0E O036€ i 42 18
20231126 012€ 010€ 0ASE 035 € 0A2E€ 038€ o

20231127 011€ o008¢ 0AS € 0ME 030€ 038¢ 0

20231128 012€ 006€ 019 € 03 € 029€ 042¢€ o

20231129 014€ 008€ 025 € 0 E 031€ 048¢€ o

20231130 017€ 010€ 026 € 0L 033€ 049¢€ o

20231201 016€ 010€ 023 € 0¥ 032€ 0A6€ ]

20231202 012€ 010€ 0ASE 035 € 032€ 038¢ o

20231203 010¢ 003€ 013 € 03 E 031€ 036€ o

20231204 011€ 009¢€ 013€ 03¢ 031€ 036€ o

20231205 0116 008¢ 0AS € 0ME 031€ o038¢ ]

20231206 013€ 003¢€ 018 € 0.3 € 0A2E 041€ o

20231207 012€ 009¢€ 01S€ 03¢ 031€ 038¢€ o

20231208 010€ 008¢ 012€ 0nE 030E€ 035¢ ]

20231209 008 € ON3E 009 € 03E 023€ 032¢€ o o 0
20231210 006 001E 009 € [ ¥244 021€ 031€ ] o 0
20231211 008 €| 001 € 012 € 03 021€ 035¢ 3 18 0s
20231212 011€ 008€ 0ASE 03 0A0E 038€ o 42 18
20231213 009 007€ O0I1E€  GBWE  0IE 034€ o S 28
20231214 011€ 008€ 013€ OME€ 03I0E 036E o S [ag
20231215 0096 007T€ 012€ ABE 029€ 0356 o [ [ag
20231216 007€ 0NSE 009 E 02 025€ 031¢€ 0 o 0
20231217 005€ DN3E 008 € 026 € 023€ 030€ 1 o 0
20231218 008€ DS E 011 € 03 025€ 034¢ 2 o 0
20231219 008 € DNOSE 0A0E 03E 025€ 033€ 3 21 09
20231220 006 O0N3E 0,08 € 028 € 023€ 031€ 5 o 0
20231221 002¢ DOOE 005 € one D20€ 025¢€ o o L]
20231222 002¢ 000€ 005 € oW 020€ 028¢ 43 o 0
20231223 003 €] OO E AT E 0ME 020€ 029¢€ 13 o 0
20231224 000¢ 001 € 000 € L ¥ 14 013€ 020€ 0 o 0
20231225 000 € 001 € 002 € [ ¥. 14 019€ 022¢ 0 o 0
20231226 002€ 000E 005 € [ ¥-23 020€ 028¢€ 3 o 0
20231227 006 ¢ DO0E 008 € [ %14 020€ 031€ 2 o 0
20231228 002¢ 000E 005 € one 020€ 025¢ o o 0
20231229 001€ 000E 003 E [ ¥:X4 020€ 023€ 0 o 0
20231230 004€ 000E 008 € 0ME 020€ 031€ 66 o 0
20231231 001€ 0A0E 003 € e 020€ 023€ 0 o 0
20240101 002¢ 000E 0,06 € oW 020€ 028¢ 43 o 0
20240102 005 € 000 E 008 € 0 E 020€ 031€ 11 o 0
20240103 005¢ 000€ 0,08 € 0 E 020€ 031€ 1 16 o7
Mittwoch, 1. Mai 2024 5 Swvan 11

Abb. 3: Historische Tageswerte dynamischen Stroms
(hier vom 19.11.23 bis zum 03.01.2024)

Die rot markierten Wartezeiten sind besonders
kritisch fur kleinere Speicher, denn je nach Strom-
verbrauch und Speicherkapazitdt wird der Speicher
unterschiedlich schnell entleert. Bei leerem Speicher ist
der Haushalt gezwungen, seinen Bedarf mit teurem
Strom zum Bruttopreis zu decken. Auch ein Wieder-
aufladen des Stromspeichers ware dann sehr teuer.

Im oberen Teil von Abb. 3 ist ein giinstiger Mix von
dynamischen Strompreisen zu sehen. Ab dem 2. Drittel
ist ein unglnstiger Verlauf zum Jahresende visualisiert.
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Die sehr langen, rot markierten Phasen teuren Stroms
zeigen indirekt eine sogenannte Dunkelflaute an. Dabei
handelt es sich um ein starkes Nachlassen der
Generierung aus regenerativen Quellen (keine Sonne und
kein Wind). Da die Werte auf reinen Preisdaten beruhen,
soll dieser Bereich zur eindeutigen begrifflichen
Abgrenzung als ,Preisdunkelflaute”  bezeichnet
werden. Im Beispiel vom November 2023 dauerte diese
Preisdunkelflaute 15 Tage, der Maximalwert wurde
erreicht gleich darauf mit 17 Tagen im Januar 2024.

Die rot markierten Tage in Abb. 3 sind eine
anschauliche Visualisierung des Kernproblems der
alternativen Energien und der gesamten Energiewende:
Um einer solchen Preisdunkelflaute bei einem
kompletten Abschalten herkdmmlicher Kraftwerke zu
begegnen, misste eine Stromspeicherkapazitdt von
mindestens 20 Tagen bereitgestellt werden, besser noch
mehr! Aktuell liegt die verfiighare Speicherkapazitét in
Deutschland nach [8] bei ca. 55 GWh und deckt damit
bei einer Spitzenlast von 80 GW (ebenfalls [8]) noch
nicht einmal eine Stunde ab. Bei kleiner Nacht-Last von
20 GW dann etwa 3 Stunden. Bei der in Deutschland
politisch angestrebten Vollversorgung regenerativer
Energien wéren jedoch 20 Tage Abdeckung notwendig,
also das mindestens das Hundertfache. Dies erscheint
gegenwaértig weder finanziell noch technisch durch den
aktuellen Fachkraftemangel als realistisch umsetzbar.

2 Simulation eines adaptiven
dynamischen Strompreises

Zur genaueren Analyse wurde ein Simulationsmodell mit
den importierten Borsen-Strompreisen entwickelt.

In der aktuellen Version des Simulationsmodells wird
von einem Normalhaushalt mit einem Speicher in einer
GroRenordnung von 6 bis 24 Kilowattstunden Speicher-
kapazitit ausgegangen mit einem Haus-internem Ver-
brauch von 2 bis 12 KWh téglich. Die sehr groRe
Spannweite des Verbrauchs entspricht den realen
Annahmen eines sehr kleinen Haushalts mit nur 700
KWh/Jahr und einem gréReren Mehrfamilienhaus mit
Wérmepumpe und Elektroauto und 5000 KWh/Jahr. Fiir
die generellen Ergebnisse der Simulation sind die
Ergebnisse zwar bzgl. der numerischen Werte relevant,
doch die ermittelten Grundaussagen bleiben gleich.
Die heute haufig ubliche Kombi-Installation einer Photo-
voltaikanlage (PV) mit integriertem Speicher macht die
Betrachtung leider noch komplizierter.

Da die PV-Anlage gerade zu Zeiten sehr geringer
Strompreise den meisten Strom liefert, steht die PV der
sinnvollen Nutzung von dynamischen Strompreisen eher
entgegen. Zumindest in der Basisversion wird daher der
Stromgewinn durch die PV-Anlage nicht beruck-
sichtigt, um eine reine Analyse der dynamischen
Strompreise zu bewirken. Dieses Szenario kann auch real
bei zu kleinen Dachflachen oder anderen Limitierungen
bzgl. einer PV-Installation auftreten. Bei Vorhandensein
einer PV-Anlage verschlechtern sich die finanziellen
Ertragsmoglichkeiten  durch  dynamischen  Strom.
Andererseits ist der fast kostenlose PV-Strom (wenn man
die Abschreibung vergisst) wiederum in der Gesamt-
Stromrechnung als sehr kostensparend einzuschatzen,
was aber nur fur den Kunden, jedoch nicht fir die
dynamischen Strompreise als System vorteilhaft ist.

Im Simulationsmodell wird durch die modellierte
Steuerung des  Energiespeichers eine einfache
Minimalwert-Analyse der jeweils néchsten 24 h dynami-
scher Strompreise durchgefiihrt. Bei mittlerer Speicher-
ladung wird genau zum 24h-Minimum der Speicher
vollgeladen. Falls die Speicherladung weniger als 25%
betragt, wird auch zu nicht ganz optimalen Zeitpunkten
der Speicher auf 50% aufgeladen. Bei ungunstigen
Strompreisen wird der gesamte Haushalt aus dem
Speicher versorgt. Wenn die Speicherkapazitét erschopft
ist, wird automatisch auf das offentliche Stromnetz
umgeschaltet, was allerdings sehr teuer sein kann.

Bei der Berechnung des Modells wurden nur echte
Preisdaten ab dem 1.1.2023 verwendet. Um den Effekt
dynamischer Strompreise zu bewerten, wird mit einem
Standard-Stromtarif von 0,35 €/ KWh verglichen.

In Abb. 4 ist die Bedienmaske des entwickelten
Energiemarkt-Simulators dargestellt. Aufgrund der
starken Datenbezlige zu realen Strompreisdaten wurde
eine Implementierung mit einer Microsoft-Access-
Datenbank durchgefiihrt. Auch die Algorithmen zur
Simulation sind mit dem darin verfligbaren Visual Basic
von Microsoft realisiert. Portierungen zu .NET- oder
webbasierten Versionen sind geplant.

Die auf ein Jahr normierte Differenz zwischen
Standard-Tarif und dynamischen Strompreis von 333 €
zeigt den geringen Effekt der dynamischen Strompreise
unter realen Bedingungen. Mit den eingesparten ca. 333€
fJahr ist eine Refinanzierung des Stromspeichers mit
aktuell ca. 10.000 € Investitionskosten selbst nach 20
Jahren nicht méglich. Stromspeicher sind, wie leider zu
Beginn vermutet, ohne zugehérige PV-Anlage, ein sehr
teures Hobby und wirtschaftlich nicht vertretbar.
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riolD | 100 Optionen
© Szenario mit konstantem Strompreis und Brutto-DynStrom variabel MIT Speicher

Algorithmus

Vorgaben (editierbar zum Testen von ! gebnisse fir die Vorgab:

Standard-Kunde : Preis pro kWh 0,35€ ==> Gesamtprels 1.990,28 €
DynStrom: nur mit GUNSTIGEM Strom ab 0,05 € == > Gesamtpreis 1.558,26 €
Dauer-Leistung im Haus [KW] 0,5 Differenz: 432,01 €
Differenz normiert auf 1 Jahr : 332,67 €

SpeichergiBe in KWh 12| Verlust an Abgaben /DynKunde 0,00€

Verlust an Abgaben gesamt 0,00€

EinkUnfte DynKunde real

atrinfos Speicherleer=3788 h (157 Tage}=33% Simulationstarten

Kurzer Simulationsbericht
an: (2023010101
2024041821
11373

474

Daver lahre 1,30

[ dotugy || Je5te Aufschisgs

W savelor | Zaige Sim40G

Abb. 4: Die Bedienmaske des Simulationsmodells
(mit ausgewahlter Standard-Konfiguration)

3 Schlussfolgerungen aus den
Simulationsuntersuchungen

Bei der Berechnung weiterer Szenarien ergeben sich die
nachfolgenden Ergebnisse.

3.1 Best-Case-Szenario ,,Ohne Abgaben*

Bei einer hypothetischen Befreiung dynamischer Strom-
preise von allen Abgaben ergibt sich eine Differenz von
ca. +2.500 € pro Jahr. Damit wdre eine Refinanzierung
und sogar Erweiterung der Stromspeicher leicht méglich.
In der Summe ergeben sich aktuell nur leider Abgaben-
verluste in gleicher Hohe. Diese konnten fir die BR
Deutschland bis zu 10 Mrd. €/Jahr betragen. Eine der-
artige Befreiung ist bei der aktuellen Haushaltssituation
nicht vorstellbar, da neben dem Staat (MwSt. u.a.) auch
die Kommunen und Energieunternehmen diese Summe
anteilig pro Jahr verlieren wirden. Das Ist-Verhéltnis von
Netto- zu Brutto-Strompreisen zeigt Abb. 5.

Nettopreise und Abgaben summarisch (28.3.24)
__035¢€
2 030¢

c
% 0,25¢€
% 0,20€
<
T 0,15¢€
=1
— 0,10€
2
= 0,05€
% 0,00€
T

012345678 91011121314151617181920212223

Stunde

Abb. 5: Aktuelle Netto- und Brutto-Strompreise

W PreisNetto W Abgaben

3.2 Modellszenario ,,DynPlus-Strompreise*
Es erscheint sinnvoll, eine Verschiebung der Abgaben
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Uber der Zeit anzustreben. Bei geringen Nettopreisen
sollten nur geringe Abgaben féllig werden und bei
mittleren Preisen diese mit einem Aufschlag gegen-
finanziert werden. Hohe Netto-Preise sollten unbe-
einflusst bleiben. Im aktuellen Entwurf wird bei geringen
Nettopreisen nur noch eine prozentuale Abgabenlast von
maximal 200% angenommen. Bei 0,00 € Nettopreis oder
darunter ergeben sich folglich Abgaben von ebenfalls
0,00 €, was genau erwiinscht ist. (vgl. Abb. 6).

Stunde PreisMetto DynPlusPreis Aufschlag BruttoPlus Kommentar
7 0,08E 018& O10E 0,34€ Aufschlag
] 0.06E 0,13€ 013& 0,32€ Aufschlag
9 0.05E 0.09E 012E 0,26 E Aufschlag
10 004 E 0.07E 0.03E 0,14€ Aufschlag
11 oM E 002e 0 e 0,03E ProzMax 200%
12 0,00 0,00& 0,00£ 0,00€ ProzMax 200%
13 0,00 .00 0.00€ 0,00€ ProzMax 200%
14 oM E 002e 0 DHHE: 0,03E ProzMax 200%
15 0.08E 0.06E 0.03E 0,12€ Aufschlag
15 0.05¢€ 011 012& 0,28€ Aufschlag
17 007E 0.15€ 011& 0,33€ Aufschlag

Abb. 6 Neue Preis- und Abgaben-Verteilung (Auszug)

Der resultierende Gesamtverlauf kann Abb. 7
entnommen werden. Zur Mittagszeit ergibt sich das
angestrebte  Brutto-Preisminimum zum Laden der
Stromspeicher. Durch die Zusatzabgaben ergeben sich
gleiche Abgaben (5,15 € unten rechts) in der Summe uber
den Tag, d.h. der neue Preis-Ansatz ist flr den Staat
und die Energiewirtschaft aufkommensneutral!

Simulationen dieses Ansatzes zeigen eine prinzipielle
Umsetzbarkeit dieser Idee durch eine Neugestaltung der
dynamischen Strompreise, nachfolgend als
DynPlus-Preise bezeichnet. Allerdings kommt es bei
langeren Preisdunkelflauten wieder zum Leerlaufen der
Stromspeicher und dann zu einem Stromverbrauch in den
mit den Abgaben zusétzlich belasteten Zeiten. Damit
reduzieren sich die Einsparungen auf nur noch 800 € pro
Jahr, was zwar noch fiir eine Refinanzierung gerade noch
ausreichend ist, aber keine Erweiterungen mehr erlaubt.

Neue DynPlus-Preise und Abgaben (fir 28.3.24)
0,40€
035€

030€
0,25€
0,20€
0,15€
0,10€
0,05€ I I I
0,00€

123456 7 8 91011121314 151617 18 1920 212223 24

M PreisNetto  DynPlusPreisAbgaben m Aufschlag

Abb. 7 Preisverlauf mit neuen DynPlus-Strompreisen
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Alternativ kdnnte die Refinanzierung der Abgaben unter
Einbeziehung der Normaltarife erfolgen. Wenn in
Analogie zur Abgabenverteilung nach Abb. 7 ein
Aufschlag von genau 0,01 € zu Zeiten mittlerer
Strompreise erfolgt, gelingt die Refinanzierung und
Speichererweiterung mit einem jéhrlichen Saldo von ca.
+1500 € pro Jahr (vgl. Abb. 8). Méglich wird dies durch
das Verhdltnis gegenwértig von 34 Kunden mit
Normaltarif zu einem Kunden mit Stromspeicher. Der
Aufschlag von einem Cent wird dabei nur bei von
Nettopreisen kleiner 0,06 € aktiviert und auch nur bei
aktiven Verlustsaldo aus den letzten Stunden.

In der Simulation nach Abb. 8 ergibt sich ein leichtes
Plus von 8 € und eine Nutzung der Aufschlagszone von
nur 75%, d.h. auch bei einem Anwachsen der Anzahl der
Haushalte mit Speichern kann dieser Ansatz bestehen
bleiben. Danach wadre (ber eine leichte Erhohung des
Aufschlags zu entscheiden.

Szenarioll 7 Algorithmus 220

AufschlaghlurStandardKunde
"o Szenario mit DynPlus-Strompreis MIT Speicher mit Standard-Aufschlag

Vargaben [editierbar zum Testen von Konfigurationen Simulationsergebnisse for die Vargsbewerte

Preis pro kWh 0,35¢ == > Gesamtpreis 3.980,55 €
DynStrom: nur mit GUNSTIGEM Strom 0,05€ == > Ges: 1.977,81 €
2.002,74 €
Absenkungsgrente in % 200 | Differenz normiert auf 1 Jahr : 1.542,20 €

Leistung 1 Differenz:

SpeichergRe in kWh 24 Verlust Abgaben pro DynKunde 1.138,72 €
Narmalkunden pro DynPlus-Kunde 34 Verlust an Abgaben gesamt 8,07 €
Prelsaufschlag bis Nettoprels € 0,06 EinkUnfte DynKunde real 3

Preisaufschiog in € 0,01
Speicherleer=3608 h (150 Tage)=31%
STDAufschlagBENUTZT=2004 (75%)
STDAufschlagOffen=672 (25%)

Simulation starten
Kurzer Simulationsbericht
1ar- 12023010101

tart: 2024041821
11373

a74

1,30/

Abb. 8: DynPlus-Strompreise mit Alternativaufschlag

Bei der stundenweisen Simulation bestehen sehr viele
Freiheitsgrade bzgl.

- der Preisvorgaben fir die Aufschlag-Signale,

- der Abgabenbegrenzung (hier maximal 200%),

- dem mittleren Leistungsverbrauch im Haushalt,

- der Speichergrolie,

welche Uber die Eingabefelder eingestellt und in der
Szenarien-Datenbank gespeichert werden kénnen. Dabei
ist jede der gezeigten Masken mit einem Szenario nur ein
Datensatz in einer beliebig groRen Datenbanktabelle.
Aktuell wird immer nur der aktuell simulierte Datensatz
mit seinen Simulationsergebnissen (im Sinne einer 1:1-
Relation) gespeichert: Das Speichern aller Simulations-
ergebnisse (im Sinne einer 1:N-Relation zwecks
Vergleich der Ergebnisse Uber alle Ergebnisse tber alle
Szenarien) ist sehr einfach méglich, in dem das Léschen
der alten Szenarien-Daten abgeschaltet wird und eine
Datenreferenz zum Szenario-Datensatz aufgebaut wird.

Weiterhin ist auch eine automatisierte Neu-Berechnung
aller Szenarien angedacht, damit bei einer Anderung an
grundlegenden Simulationsalgorithmen, z.B. an der Art
der Stromspeichersteuerung, nicht manuell gestartet
werden muss Da die Simulation Uber die Strompreis-
Zeitreihen im Stundentakt mit ca. 10.000 Datensatzen
nur wenige Sekunden dauert, ist eine Komplettsimulation
eine Aufgabe weniger Minuten.

3.3 Geplante Online-Validierung der Modelle

Da die ersten Gesprdche mit Stakeholdern im
Energiemarktbereich sehr vielversprechend waren und
eine absolute Fehlerfreiheit der Berechnungen damit
immer wichtiger wird, soll mit Fachkolleginnen aus dem
Simulations- und Energiebereich eine mehrfache ,,Nach-
Programmierung* der Simulationsalgorithmen aus der
Access-Datenbank erfolgen.

Auch ein Projektseminar mit 6 Studenten der Wirt-
schaftsinformatik wird im Wintersemester 2024/25 das
bisherige Modell einmal auf der Basis einer rein
textuellen Beschreibung der Algorithmen zur Vermeid-
ung simpler Programmierfehler und einmal auf der Basis
des Sourcecodes analysieren und mit anderen Tech-
nologieoptionen (z.B. auch JavaScript auf NodelS-
Servern oder .NET in MS-Azure-Umgebungen) erneut
erstellen.

Als Zielsystem wird ein cloudbasiertes und ggf. auch
verteiltes Simulationssystem mit einer zentralen Daten-
haltung und beliebig vielen Simulator-Instanzen auf
unterschiedlichen Servern angestrebt. Auf dem zentralen
Datenbank-Server werden Tools oder Algorithmen aus
dem Business-Intelligence-Bereich (BI) zum Vergleich
und zur Analyse der unterschiedlichen Simulations-
ergebnisse installiert. Alle am Thema (und glnstigen
Strompreisen) interessierten Simulations-Fachkollegen
sind dazu recht herzlich eingeladen!

In die Cloudsysteme sollen auch die Simulations-
modelle von Strommarktexperten und Firmen eingehangt
und dann gegen verschiedene Wetter- und Nach-
frageszenarien ausgetestet werden kénnen. Ein weiterer
Ausbau konnte auch durch darauf aufsetzende Modelle
zu den Steuersystemen der Energieversorger selbst
erfolgen, so dass diese ihre eigenen, firmen-internen
Preisbildungsmodelle und Realtime-Steuerungen vorab
austesten konnen. Wenn die Einbeziehung der
Energieversorger in diese Simulations-Infrastruktur
gelingt, sollte auch die  Finanzierung  der
Basissimulations-Infrastruktur gut abgesichert sein.
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3.4 Eine Empfehlung an die Gesetzgebung

Eine reale Umsetzung des DynPlus-Preismodells wiirde
entsprechende  Novellierungen  der  Strommarkt-
Gesetzgebung und/oder der Ausflihrungsbestimmungen
fur die Abgabenberechnung erfordern. Dazu wird
gegenwértig die Akzeptanz dieses Ansatzes bei
Wissenschaftlern im Energiepreismarkt, den Vertretern
der Energiewirtschaft und final der Politik gepruft.

Da die Freiheitsgrade bei der neuen Abgaben-
verteilung sehr grof3 sind und das letzte Wort die Politik
und die Lobby der Energieversorger haben werden, wird
folgender, sehr offener VVorschlag zur Bestimmung neuer
adaptiver dynamischer Strompreise gemacht, wobei
der enthaltene Prozentwert beliebig anderbar ist:

,Die Abgabenlast bei dynamischen Strom-
preisen darf 200% des Netto-Strompreises nicht
Ubersteigen. Die summarische Differenz zur
bisherigen Berechnung dynamischer Brutto-
Strompreise kann zu anderen Zeiten durch
Aufschlage ausgeglichen werden.*

Die Verwendung einer prozentualen Begrenzung der
Strompreisabgaben fiihrt zu einer sanften und nicht
sprunghaften Reduzierung der Abgabenlast. Damit
erfolgen im Ergebnis wiederum auch keine sprunghaften
Lastwechsel durch die Endabnehmer und das Stromnetz
kann insgesamt stabiler und besser ausgeregelt werden.

Beim obigen Prozentwert von maximal 200% Ab-
gaben wurde sich bei Netto-Stromkosten von einem Cent
eine Abgabenlast von 2 Cent ergeben und damit ein
finaler Bruttopreis von 3 Cent gegenuber bisher 23 Cent
(vgl. Abb. 6). Ab 0.00 € Nettostrompreis und darunter
gehen dann auch diese Abgaben wirklich auf 0,00 €!

Ob diese temporéaren ,,Nichtabgaben* (auch im EU-
Kontext) gesetzlich zul&ssig sind, wird ebenfalls mit
Experten geklart. Alternativ kdnnten auch bei negativen
Strompreisen die gesetzlich unbedingt notwendigen
Abgaben erhoben werden, moglichst jedoch auch
begrenzt auf einen prozentualen Anteil und einem sehr
geringen konstanten Abgabenbetrag.

Der bewusst offen gehaltene Textvorschlag kann
einen Wettbewerb der Energieversorger um das attrak-
tivste Preismodell fir zukinftige adaptive dyna-
mische Strompreise bewirken. Zu erwartende Folgen
sind eine starke Motivation der Endkunden und
Energieversorger zum Ausbau der Stromspeicher und ein
nachfolgendes besseres Ausbalancieren von Angebot
und Nachfrage.
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4 Langfristige Energiemarkt-
Simulation

Mit der konservativ ermittelten Einsparung von ca. 1.500
€ pro Jahr, was ca. 50% Einsparung gegeniiber einem
Normaltarif ~ bedeutet, wurde ein  aufsetzendes
Simulationsmodell zur langfristigen Simulation ent-
wickelt. Die sehr konservative Bewertung ergibt sich
dabei aus folgenden Punkten:

e Es wurden keine Einspeisevergutungen fiir eine
Ruckfihrung der gespeicherten Energiemengen in
das Strom-Netz betrachtet. Angenommen wurde ein
vollstdndiger Verbrauch der Speicherladung im
Haus.

e Bei einer Betrachtung von Einspeisevergltungen ist
der gegenwadrtige konstante Preis von ca. 0,08 €
ebenfalls als wenig forderlich zu betrachten. Analog
zur massiven Reduzierung der Abgabenlast zu
Zeiten eines Uberangebots ware auch eine Abgaben-
reduzierung bei sehr hoher Nachfrage und eine
Vergitung in der GréRenordnung der Nettostrom-
preise sehr sinnvoll. So liegt das Maximum der
Nettostrompreise bei 1/3 der Tage im Jahr bei tber
0,11 €! Wenn es noch einen gewissen Sonderbonus
von wenigen €-Cent fiir die Rickeinspeisung in
Zeiten sehr hoher Nachfrage gébe, wirde sich die
Gesamtrechnung noch einmal stark verbessern.

e \orhandene PV-Anlagen wirden weitere, sehr
glinstige Energie liefern, allerdings gerade zu Zeiten
sehr geringer oder negativer Nettostrompreise und
glnstiger als die gegenwartigen Bruttostrompreise.
Damit wirden sie einem Laden des Stromspeichers
mit DynPlus-Strom entgegenstehen. Andererseits
warde sich bei Einspeisung dieser Strommengen bei
besseren Konditionen in das Netz eine nochmals
verbesserte  Jahres-Rendite  flr die gesamte
PV+Speicher-Installation ergeben.

Bei der sehr konservativen Annahme von +1.500 €
Rendite pro Jahr wurde eine Langfristsimulation bis zum
Jahr 2050 vorgenommen (vgl. Abb. 9 mit den Werten bis
2050). Die Simulationsdauer kann einfach in der
Eingabemaske geéndert werden. Allerdings werden mit
zunehmender Simulationsdauer die Annahmen ber die
Preise pro KWh-Stromspeicher immer ungenauer, da
gegenwaértig  intensive  Forschungen zu  neuen
Speichersystemen stattfinden. Starke Reduzierungen der
Speicherkosten sind durchaus ebenfalls mdglich.
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Gesamtmarktsituation imlahr 2051 Reset Werte
Szenario:  90% Neubau, 10% Rendite Simuliere: einJahe

Haushalte gesamt: 41.500.000 Speicher Speicher von: 2025

profe groRe gesamt
25.102.974 [KWhl: [own): 12 ;
| bis 2050
395% 16,397,026 10,00 163,97026 1366%

- Haushalte OHNE Speicher:
- Haushalte mit Speicher :
AdaptDynStrom-Vorgaben: Einsparungen gesamt: in Mrd.: Limits

Einsparung / Jahr : 1.500,00 € 23.095.539.000,00€ 23,0955 Fachiriftemangel

seit 2044

Umlage auf Neubau: 90,00% 20.785.985.100,00 € fir Neubau 0,1

Umlage auf Erweiterung: 0,00% 0,00 € fidr Erweiterung je HH: 0
1.000,00 €| "eue Anlagen in [KWh] in [GWh]:  Anzahl
-000,

19.435.985,10 19,44 1.000.000

Preis / neue KWh Sp.:

15

Alternative Energien [GW]: 234 Angebot in [GWh] / Uberangebot in [%] / Limit
Ladezeit in [h]: 6 1386,00 900,17%  100,00%
Zuwachs in [GW] : 3 B

Abb. 9: Eine Energiemarktsimulation bis 2050

Bei den Berechnungen wurde angenommen, dass die
Einsparungen durch die besseren Tarife im
DynPreisPlus-Konzept zu 90% wieder reinvestiert
werden. Dies ist plausibel und sinnvoll, da sich:

o Jede reinvestierte Geldsumme in einem neuen
Speicher niederschlagt und dieser zukinftig auch
wieder zur Einsparung beitragt.

e Im Gegensatz zu einem Kuhlschrank, dessen stetiger
Zubau natlrlich nicht sinnvoll ist, kénnen damit
Speicher bei zukiinftig verniinftiger Abgaben- und
Vergitungspolitik im Gesamtmalstab SELBST
GELD VERDIENEN.

Dies sollte fir den Eigentimer bei einer jahrlichen
Kapitalrendite von 10% gentigend Anreiz sein, das
eingesparte Geld wieder zu 90% zu reinvestieren.
Bei kleinen Investitionsraten verschlechtern sich
natlrlich die Werte und es verlangsamt sich der
Speicherausbau. In der Praxis wird sich ein Mix ergeben,
wobei durch groBe Firmen-Investoren mit 100% Re-
Investitionsrate und sehr grofen Speicheranlagen im
MW-Bereich und kleine Privatanwender mit niedrigeren
Re-Investraten im eigenen Haus, bedingt auch durch
Platzprobleme, sich doch ein mittlerer Wert von 90%
ergeben konnte.

Im Ergebnis ergibt sich unter diesen Annahmen durch
die Umlage der eingesparten Kosten auf den
Speicherausbau ein Zuwachs der installierten Speicher-
kapazitaten von 1366%, also mehr als eine Verzehn-
fachung. Die Anzahl der Haushalte mit Speicher erhdht
sich im gleichen Zeitraum von 2,9% in 2024 auf knapp
40% in 2050.

Der simulierte Verlauf der Entwicklung kann Abb. 10
entnommen werden. Der Anstieg der Werte hat zunéchst
einen exponentiellen Charakter, da die neu zugebauten
Speicherkapazitaten zu einer weiteren Erhéhung der
absoluten Einsparungen und damit zu stetig ansteigenden
Finanzressourcen fihren. Mit den prozentuellen Einstell-

ungen flr die Umlagen kann dies experimentell ausge-
testet und angepasst werden.

Ungefahr ab dem Jahr 2044 kommt es bei den
definierten Vorgabewerten zu einer Limitierung des
Speicherzubaus durch den immer stérker werdenden
Fachkréftemangel. Es wurde dabei angenommen, dass
die Rekordbauleistung des Jahres 2023 von ca. 500.000
Speicheranlagen (nach [7]) pro Jahr nicht mehr als
verdoppelt werden kann, da die demografische
Entwicklung und die Konkurrenzsituation zu anderen
Fachbereichen die absolute Anzahl der Arbeitskréfte in
der Speicherbranche auf maximal das Doppelte der
heutigen Anzahl limitiert. Im Ergebnis des Fachkréafte-
mangels kann dann nur noch eine feste Anzahl von
Speicheranlagen gebaut werden und der Anstieg des
Gesamtspeicherleistung geht ab 2044 in einen linearen
Anstieg Ober (vgl. Markierung in Abb. 11). Die Ver-
fligharkeit der Speicheranlagen (Rohstoffe, Produktion,
Vertrieb etc.) wurde vorerst nicht betrachtet.

Speicherkap. Gesamtentwicklung

in [GWh]/ ) )
. HH mit SpProz SpeicherGesamt
HHin %
180
160 ) .
0 ab 2044 linearer Anstieg
1;" wegen Fachkraftemangel
100 ©
80
60
40
20 S

0000000000000 00C0C00000O00O0C0CO

Abb. 10: Simulierte Speicherkapazitadten und Anteil von
Haushalten (HH) mit Speicher bis 2050
Weitere Simulationen mit einem Vergleich von
angebotener Leistung an alternativen Energien und der
anwachsenden Speicherkapazitat zeigen, dass selbst bei
der 13-fachen Speicherkapazitdt noch immer ein
Uberangebot an den sehr volatilen Energien von 900%
Uber den Tag besteht (vgl. gelb markierter Bereich in
Abb. 9). Es musste also noch das mindestens das 4-fache
an Speicherkapazitat gebaut werden, bis der Strommarkt
anfangen kann, sich selbst auszubalancieren und die
Phasen negativer Strompreise zuriickgehen. Damit ist der
Ansatz von adaptiven dynamischen Strompreisen
sinnvoll und anwendbar fiir den gesamten Betrachtungs-
zeittraum bis zum Jahr 2050, da kein signifikanter
Riickgang der Einsparpotentiale zu erwarten ist.
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Ob eine reale, weitere Vervierfachung der Speicher-
kapazitdten im betrachteten Zeitraum moglich ist,
erscheint sehr fraglich aufgrund der limitierten Anzahl
von Haushalten und dem diskutierten Fachkréftemangel.
Denkbar ware allerdings auch eine gréRere Anzahl von
GrofRanlagen mit einigen GWh-Kapazitat.

Eventuell kénnte durch die adaptiven dynamischen
Strompreise und die daraus resultierende positive Bilanz
bei den Speicherinvestoren auch der finanzielle Gewinn
fir die Bezahlung von Fachkraften im Bereich der
Stromspeichertechnik verflighar werden. Dank der dann
zu erwartenden Entwicklung in Richtung hdoherer
Gehdlter konnte wiederum ein Zufluss externer Fach-
krafte erfolgen und dies die erwartete Limitierung durch
den Fachkréftemangel abschwdachen oder ganz aufheben.

5 Gesamtarchitektur und
Ausblick

5.1 Hierarchie der Simulationsmodelle

Die Gesamtarchitektur der Simulationsuntersuchungen
kann Abb. 11 entnommen werden. Ausgehend von den
importierten Strompreis-Borsendaten und dem DynPlus-
Preismodell wird das stundengenaue Verhalten des
Stromspeichers berechnet. Nach einer Normierung der
Finanzergebnisse auf ein Jahr wird der ermittelte
Jahressaldo fur die Langzeitsimulation verwendet.

Langzeit-Simulation
mit
jahresweisen
Einsparpotentialen

o

Simulation mit
stundenbezogenen
Strompreis-
Bérsendaten und
DynPlus-Preismodell

. Historische

Strom-Borsen-
daten in Access

Abb. 11: Die Hierarchie der Simulationsmodelle
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Bei dieser Vorgehensweise sind folgende Punkte als
kritisch im Sinne der Validierung zu bewerten:

¢ Inden Simulationsszenarien der unteren Ebene wird
gegenwartig nur der Zeitraum 1.1.2023 bis Mai
2024 berechnet. Dieser Zeitraum ist auf keinen Fall
reprasentativ fir alle Folgezeitrdume aufgrund der
vielfaltigen stochastischen Rahmenbedingungen
(Klimawandel, lokales Wetter, Kundennachfrage,
technische Innovationen etc.). Andererseits ist mit
den realen Daten der Strombdrse seit dem 1.1.2023
eine genaue Simulation der hypothetischen
adaptiven dynamischen Strompreise flr genau
diesen Zeitraum mdoglich gewesen.

e Das Zusammenspiel von Stromspeichern, Photo-
voltaik, Windgenerator-Anlagen und dynamischen
Strompreisen an der Strombdrse ist hoch komplex
und stark abhdngig von der Wetterlage und der
gesamten Marktsituation. Starke Schwankungen
der Nachfrage durch Feiertage oder plétzliche
Kélteeinbriche  koénnen den  Verlauf  der
dynamischen Strompreise in beide Richtungen sehr
stark veréndern.

o  Wie der Ausfall der Kommunikation zwischen den
trans-europdischen Stromboérsen am 26.6.2024
gezeigt hat, in dessen Folge die dynamischen
Strompreise auf das Zehnfache gestiegen sind (vgl.
[9][10]), ist die Energiewirtschaft in Deutschland
allein nicht mehr voll autark (iberlebensfahig. Ein
vollstandiges Simulationsmodell fiir genaue, zu-
kunftsvoraussagender DynPlus-Strompreise muss
unbedingt den gesamten europdischen Markt
umfassen, zumindest aber die wichtigsten Strom-
marktpartner von Deutschland. Die Komplexitat der
Modelle durfte sich damit mindestens verzehn-
fachen, da in anderen Lé&ndern wieder andere
Steuer- und Abgabensysteme vorliegen!

e \erénderungen durch neue politische Einfluss-
nahmen oder globale Krisensituationen &hnlich wie
die Corona- Pandemie oder bewaffnete Konflikte
kdnnen alle getroffenen Annahmen zum Ausbau der
Speicherkapazitaten obsolet machen.

Trotz dieser Einschrénkungen liegt mit den vorliegenden

Berechnungen eine gewisse Abschatzung der zukinf-

tigen Entwicklungen im Stromspeicherbereich vor und es

besteht die begrindete Hoffnung, dass mit einer

Anpassung der Abgabenpolitik eine deutlich verbesserte

Motivation zum Speicherausbau erzielt werden kann.
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5.2 Ausblick

Die vorgestellten Untersuchungen werden aktuell
gemeinsam mit Fachkollegen aus den Bereichen
Energiewirtschaft und der wirtschaftswissenschaftlichen
Investitionsplanung  diskutiert. Wenn dabei keine
grundsatzlichen gesetzgeberischen Restriktionen
bekannt werden, sollen anschlieBend gemeinsam mit
Kolleglnnen aus dem VDI (Verein Deutscher
Ingenieure), VDE (Merband der Elektrotechnik
Elektronik Informationstechnik e.\.) und anderen
Fachverbédnden der Wirtschaft und Gesellschaft die
entsprechenden Fachexperten in den politischen Gremien
angesprochen werden.

Falls keine politische oder administrative Umsetzung der
adaptiven dynamischer Strompreise mdglich sein sollte,
dann sind die Ursachen fiir ein wirtschaftliches Scheitern
der Energiewende in Deutschland mit den hier
vorgelegten  Simulations-Ergebnissen  in  groben
Umrissen erkennbar.
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Abstract. Diese Studie beschreibt die Entwicklung ei-
nes betriebsunabhangigen Simulationsmodells fur elek-
trifizierte DruckgieRereien, die ihren Energiebedarf mit
Hilfe eines Smart Grid Systems decken. Das Modell ver-
wendet reale Wetter- und Bdrsenstrompreisdaten flr
den Simulationszeitraum. Mit Hilfe des Modells kénnen
die Stromkosten fur eine Produktion zu einem bestimm-
ten Zeitpunkt (Tages- und Jahreszeit) sowie die Wirt-
schaftlichkeit verschiedener PV-Anlagen- und Stromspei-
chervarianten ermittelt und verglichen werden. Zudem
ermoglicht es die Untersuchung des Anteils der ver-
schiedenen Energietrager fur die jeweilige Konfigurati-
on. Dies kann mit Hilfe des Modells fur Standorte in
ganz Deutschland durchgefiihrt werden. Dartber hinaus
werden in dieser Arbeit beispielhafte Simulationsstudi-
en vorgestellt, die den breiten Anwendungsbereich des
Modells aufzeigen. Aus den Ergebnissen kann ein erster
Uberblick tiber Einsparungs- und Optimierungsmoglich-
keiten gewonnen werden. Perspektivisch stellt das Mo-
dell eine Grundlage dar, um mittels simulationsgestitz-
ter Optimierung optimale Anlagenlayouts und Produkti-
onszeitpunkte zu ermitteln.

Einleitung

Vor dem Hintergrund der Klimaziele und der euro-
péischen Lieferkettenrichtlinie gewinnt eine mdglichst
emissionsarme Produktion gerade fiir energieintensive
Unternehmen zunehmend an Bedeutung. Gleichzeitig
steht fiir die Unternehmen immer auch ein moglichst
kostengiinstiger Energiebezug im Fokus. Diese Aspek-
te stehen jedoch nicht zwangsliufig in Konkurrenz zu-
einander, denn aufgrund der Volatilitit der erneuer-
baren Energien kann emissionsfreier Strom teilweise
sehr giinstig bezogen werden, wodurch CO2- und kos-
tenarmer Strombezug miteinander vereinbar sind. Dar-
tiber hinaus konnen produzierende Unternehmen mit
entsprechenden Gewerbeflichen auch selbst erneuerba-

ren Strom erzeugen, was allerdings zunichst mit ho-
hen Investitionskosten verbunden ist. Die Nutzung die-
ser Potenziale setzt zudem eine gewisse logistische Fle-
xibilitdt voraus, die oft nicht trivial umzusetzen ist.
Um entsprechende Anpassungen in Unternehmen tes-
ten und die wirtschaftlichen Auswirkungen untersuchen
zu konnen, ohne in den realen Betrieb eingreifen zu
missen, was immer mit wirtschaftlichen Risiken ver-
bunden ist, wird in der vorliegenden Studie die Ent-
wicklung eines Simulationsmodells fiir diesen Einsatz-
zweck ndher beleuchtet. Im Rahmen dieser Arbeit wird
dieses als Erweiterung in ein Betriebsmodell fiir Guss-
betriebe implementiert. Um Aussagen fiir unterschied-
liche Betriebsgrofen treffen zu kdnnen und eine mog-
liche Ubertragbarkeit auf andere Branchen zu ermogli-
chen, ist es betriebsunabhéngig und auf Flexibilitit aus-
gerichtet.

1 Anwendungsfeld

Die deutsche GieBereiindustrie gehort mit einem Jah-
resbedarf von durchschnittlich 12,6 TWh (Jahre 2010
bis 2021) zu den energieintensiven Wirtschaftszweigen.
Davon wird auch im Jahr 2021 noch mehr als die Hélf-
te durch fossile Energietriger gedeckt [1]. Um die ent-
stehenden Emissionen zu reduzieren, ist eine Substitu-
tion dieser fossilen Energietriger unumgénglich. Der
wichtigste Ansatz hierfiir ist die Elektrifizierung des
Schmelzprozesses. Die Wirksamkeit dieser Mafinahme
hingt jedoch stark von der Zusammensetzung des be-
zogenen Strommixes ab. Dariiber hinaus fiihrt diese
Umstellung zu einer Anderung des Betriebsablaufs [2].
In dieser Studie wird ein Simulationsmodell eines der-
art umgestellten Betriebes untersucht. Ziel des Modells
ist es, unter Verwendung eines Smart Grid Systems,
das Wetterdaten, Stromspeicher und Stromborsenprei-
se beriicksichtigt, die aus einer Produktion resultieren-
den Energiekosten fiir beliebige Konfigurationen eines
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solchen Betriebs zu ermitteln. Das Smart Grid System
ist in dieser Anwendung auf den jeweiligen Betrieb be-
schrinkt. Aufgabe des Systems ist es, den Strombedarf
in der Produktion zu iiberwachen und entsprechend dem
ebenfalls erfassten, aktuell verfiigbaren Stromangebot
moglichst kostengiinstig zu decken.

2 Bisherige Arbeiten

Das in dieser Studie entwickelte Simulationsmodell
baut auf Vorarbeiten auf, in denen ein betriebsunab-
hingiges Modell fiir einen konventionellen Druckguss-
betrieb [3] sowie ein spezifisches Modell fiir einen
elektrifizierten Betrieb [2] entwickelt wurden. Der Fo-
kus dieser Arbeit liegt auf der Umsetzung eines Smart
Grid Ansatzes mit Hilfe von Echtzeitdaten sowie den
aus der Produktion resultierenden variablen Stromkos-
ten. Die Kostenoptimierung in der produzierenden In-
dustrie durch den Einsatz von flexiblen Energieprei-
sen und Smart Grids ist ein in der Literatur viel be-
handeltes Thema. Fiir einen Uberblick konnen Litera-
turanalysen wie z.B. [4] herangezogen werden. Tabel-
le 1 gibt einen Uberblick iiber die jeweiligen inhalt-
lichen Schwerpunkte einiger in diesem Bereich publi-
zierten Studien im Vergleich zur vorliegenden Arbeit.
In der vorliegenden Studie werden erstmals reale Wet-
terdaten zur Ermittlung der Eigenstromerzeugung her-
angezogen.

Inhalt [51] [6]| [7]1| [8]| Diese
Studie
Simulationsstudie O RO O B
Felxible Energiepreise | * O EOR
Eigenstromerzeugung O
Stromspeicher * |k
Reale Wetterdaten *

Tabelle 1: Vergleich der inhaltlichen Schwerpunkte
verschiedener Studien.

3 Simulationsmodell

Das vorliegende Simulationsmodell basiert grund-
legend auf den Erhaltungssitzen der Energie und
Masse und ist in der Programmierumgebung MAT-
LAB/Simulink realisiert. Das Modell ist objektorien-
tiert aufgebaut und kann vor dem Start einer Simulation
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iiber eine Konfigurationsdatei individuell parametrisiert
werden. Die Simulation arbeitet mit realen Start- und
Endzeitpunkten, zu denen Wetter- und Borsenstrom-
preisdaten abgerufen werden. Das Modell ist in drei
Teilmodelle unterteilt. Das Zusammenspiel der Teilm-
odelle innerhalb eines Simulationsschrittes ist in Abbil-
dung 1 dargestellt. Ein Simulationsschritt in der Simu-
lation entspricht jeweils einer Sekunde der simulierten
Betriebszeit.

[ Aktuelle Simulationszeit ]

Energiebereit- »

Kostenmodell
stellungsmodell

Betriebsmodell | ®p

+ Berechnet die Kosten
entsprechend des

+ Simuliert Produktion
und entstehenden

* Greift Energiebedarf
abund Gberprift, aus

Energiebedarf welchen Quellen er verwendeten
gedeckt werden kann Energiemix
Reale Reale ™
Wetter- 1 Strom- )
daten “_preisdaten "

Abbildung 1: Ablauf des Simulationsmodells in jedem
Simulationsschritt.

Die Kombination eines detaillierten Simulationsmo-
dells einer DruckgieBerei mit realen Wetterdaten und
Strompreisen ermoglicht Aussagen iiber die Energie-
kosten und den Energiemix in verschiedenen Simulati-
onsvarianten. Damit kann das Modell strategische Ent-
scheidungen unterstiitzen und bewerten. Im Folgenden
werden die einzelnen Teilmodelle néher erldutert.

3.1 Betriebsmodell

Das Modell basiert auf den Prinzipien der Energie- und
Massenerhaltung und bildet den gesamten Produktions-
prozess vom Schmelzen bis zum GieBlen objektorien-
tiert ab. Dabei werden Energie- und Materialfliisse ge-
koppelt betrachtet, wihrend ein Steuermodul den Ge-
samtprozess regelt. Die Energiefliisse werden kontinu-
ierlich simuliert, die Materialfliisse diskret. So werden
die Berechnungen im Energiemodell auf Basis der in-
neren Energie des verarbeiteten Metalls durchgefiihrt.
Dies ist in Abbildung 2 schematisch dargestellt. Auf
der Grundlage dieser Berechnung ermittelt das Modell
die aktuelle Temperatur und 16st die Differentialglei-
chungen fiir die Masse des fliissigen und festen Metalls.
Im diskreten Teil des Modells wird in jedem Simulati-
onsschritt gepriift, ob bestimmte Ereignisse eingetreten
sind. Gegebenenfalls werden dementsprechend Prozes-
se ausgelost.
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Abbildung 2: Innere Energie des verarbeiteten Metalls.

Das Modell besteht abhingig vom simulierten Be-
trieb aus verschiedenen Simulationsobjekten, deren Ei-
genschaften im Laufe der Simulation entsprechend der
Simulationsparameter veridndert werden.

3.2 Energiebereitstellungsmodell

In der Simulation wird nur der fiir den Betrieb der
Schmelzdfen bendtigte Strom beriicksichtigt. Dieser
wird in jedem Simulationsschritt durch Addition der
von jedem Schmelzofen benétigten Energie, sowie der
auftretenden Wirmeverluste, bestimmt. Die somit fiir
den Betrieb benotigte elektrische Energie kann im Si-
mulationsmodell auf drei Arten bereitgestellt werden:

1. elektrische Energie aus der PV-Anlage
2. elektrische Energie aus dem Batteriespeicher
3. elektrische Energie vom Spotmarkt

Die Reihenfolge der Nutzung dieser Energiequellen ist
in Abbildung 3 schematisch dargestellt:

g b w

Energiebedarf
>0

Batterie I—‘

Energiebedarf
>0

Abbildung 3: Reihenfolge des Strombezuges.

Die verschiedenen Quellen werden im Folgenden
niher erldutert.

Elektrische Energie aus PV-Anlage. Abhingig
von den spezifischen Anlagendaten und dem hinterleg-
ten Betriebsstandort wird der Ertrag der PV-Anlage mit
Hilfe der Wetterdaten aus dem Projekt duett [9] berech-
net, das seit Anfang 2024 stiindliche Daten in einer ort-
lichen Auflosung von 2x2 km fiir ganz Deutschland an-
bietet.

Batteriespeicher. Der Stromspeicher wird gela-
den, wenn mehr PV-Strom produziert wird, als der Be-
trieb aktuell benétigt, oder entladen, wenn mehr Strom
benotigt wird, als aktuell produziert wird. Die Strom-
speicherung ist mit einem gewissen Wirkungsgrad ver-
bunden.

Spotmarkt. Kann der Energiebedarf nicht aus dem
aktuell erzeugten Strom und dem Speicher gedeckt wer-
den, wird die Differenz am Spotmarkt der European
Power Exchange (EPEX SPOT) zugekauft.

3.3 Kostenmodell

Die Ausgaben fiir PV-Anlage und Batteriespeicher wer-
den iiber lineare Abschreibungen fiir Anschaffungs-
und Betriebskosten berechnet. Der zugekaufte Strom
vom Spotmarkt geht entsprechend des aktuellen Preises
im Zeitschritt und der benétigten Menge in die Gesamt-
kosten ein. Entsprechend setzen sich die Kosten P fiir
die benotigte Energie in jedem Simulationsschritt aus
fixen und variablen Kosten nach Formel 1 zusammen:

o PAnschaffung + Pgetrieb
B T

p

+PSpot (1)

Panschaffung = Anschaffungskosten

Pgetrieb = erwartete Betriebskosten

T = erwartete Lebensdauer

Pspor = Stromkosten des Borsenstroms

4 Simulationsstudie

Um das Potential des Modells zu untersuchen, werden
der jeweilige Strommix und die daraus resultierenden
Stromkosten einer Produktion mit vier GieBeinheiten
und identischem Produktionsplan unter Variation von
Batteriespeicherkapazitit (4.1), max. Leistung der PV-
Anlage (4.2) und des geographischen Standortes (4.3)
untersucht. Die durchgefiihrten Simulationen betrach-
ten jeweils einen identischen Betriebstag (24h). Die Re-
ferenzkonfiguration fiir alle Studien stellt ein Betrieb
mit einer | MWp PV-Anlage und 320 kWh Speicher-
kapazitit in Niirnberg dar. Ziel dieser Simulationsstu-
dien ist es, die Einsatzmoglichkeiten des entwickelten
Modells zu zeigen.

4.1 Variation der Speicherkapazitat

Die erste Teilstudie untersucht den Einfluss der Spei-
cherkapazitit. Diese wird in vier Abstufungen zwischen
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0 und 640 kWh variiert. Abbildung 4 zeigt den jeweils
resultierenden Energiemix und die damit zusammen-
hidngenden Kosten.
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Abbildung 4: Strommix und -kosten flir verschiedene
Speicherkapazitaten.

In der durchgefiihrten Studie sinken die Gesamtkos-
ten mit zunehmender Speicherkapazitét, da ein groferes
Speichervolumen mit geringeren Zusatzkosten verbun-
den ist, als der Strombezug am Spotmarkt. Das Aus-
mal dieses Effekts hiangt von den Investitionskosten des
Speichers, sowie den Spotmarktpreisen im betrachteten
Zeitraum, ab. Dementsprechend konnen Studien dieser
Art im Falle einer bestehenden PV-Anlage eine Ent-
scheidungshilfe fiir die optimale Dimensionierung ei-
ner Neu- oder Ersatzinvestition in einen Batteriespei-
cher darstellen.

4.2 Variation der PV-Anlage

Diese Simulationsstudie untersucht den Einfluss der
PV-AnlagengroBe. Diese wird in vier Abstufungen zwi-
schen 100 kWp und 2 MWp variiert. Abbildung 5 zeigt
den jeweils resultierenden Energiemix und die damit
zusammenhédngenden Kosten.
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Abbildung 5: Strommix und -kosten flr verschiedene
PV-Anlagengrofen.
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Obwohl die Konfiguration mit der grofiten PV-
Anlage den meisten PV-Strom produziert, kann mit ei-
ner kleineren PV-Anlage (500 kWp) kostengiinstiger
produziert werden. Dies ist auf die begrenzte Speicher-
kapazitit und die Produktion wihrend der Nachtstun-
den zuriickzufiihren.

4.3 Variation des Standortes

Abschliefend wird der Standort der Fabrik zwischen
Bremen (BRE), Leipzig (LPZ), Frankfurt am Main
(FRA) und Niirnberg (NBG) variiert. Simuliert wird mit
der optimalen Konfiguration aus Simulationsstudie 4.2,
also einer 500 kWp PV-Anlage und 320 kWh Speicher-
kapazitit. Abbildung 6 zeigt den jeweils resultierenden
Energiemix und die damit zusammenhéngenden Kos-
ten.
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Abbildung 6: Strommix und -kosten flr verschiedene
Produktionsstandorte.

Die Studie zeigt, dass sich der Energiemix und die
Energiekosten fiir ansonsten identische Betriebe an ver-
schiedenen Standorten zum Teil signifikant unterschei-
den konnen. Dies ist auf die unterschiedliche Son-
neneinstrahlung und den daraus resultierenden unter-
schiedlichen PV-Ertrag zuriickzufithren. Daraus ldsst
sich ableiten, dass optimale Anlagenkonfigurationen
vom Standort des Betriebes abhidngen, der daher im Si-
mulationsmodell zu beriicksichtigen ist. Die Unterstiit-
zung bei der Standortwahl ist ein weiteres potenzielles
Anwendungsgebiet fiir solche Modelle. Fiir eine fun-
dierte Aussage zur Standortwahl muss jedoch ein ldn-
gerer Zeitraum simuliert werden.

5 Diskussion

Die wesentlichen Vorteile des hier beschriebenen Mo-
dells liegen vor allem in seinem flexiblen Aufbau und
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in der Einbeziehung von realen Daten. Durch die flexi-
ble Modellgestaltung ist das Modell fiir eine Vielzahl
von Anwendungen geeignet. Da das Modell mit rea-
len Daten fiir Wetter und Strompreise simuliert, konnen
auch zeit- und standortspezifische Einflussfaktoren in
der Simulation beriicksichtigt werden. Die vorgestellten
Teststudien zeigen bereits exemplarisch die Einsatzfa-
higkeit des Modells fiir unterschiedlichste Anwendun-
gen. So kann beispielsweise mit Hilfe des Modells fiir
eine bestehende PV-Anlage ein optimal dimensionier-
ter Speicher ermittelt werden und umgekehrt. Auch ei-
ne optimale Auslegung beider Komponenten lésst sich
durchfiihren. Dariiber hinaus beriicksichtigt das Modell
die spezifischen Wetterdaten, weshalb es sich flexibel
fiir unterschiedliche Standorte anwenden lédsst. Das Mo-
dell kann als Hilfestellung fiir die strategische Investiti-
onsplanung, die Wirtschaftlichkeitsbewertung von An-
derungen im Produktionsplan oder auch die Standort-
wahl genutzt werden. Da auch die spezifischen An-
schaffungskosten im Modell variiert werden konnen,
kann es auch zur Ermittlung derjenigen Grenzkosten,
ab denen sich eine Investition lohnt, verwendet werden.

Da ein Simulationsmodell jedoch immer ein verein-
fachtes Abbild der Realitit darstellt, ist die Validierung
anhand realer Daten eine wichtige Komponente, um die
Aussagekraft eines Modells zu bestitigen. Aufgrund
des Mangels an bereits elektrifizierten Gussbetrieben
kann dies fiir das vorliegende Modell derzeit nicht erfol-
gen. Die aktuelle Validierung basiert daher auf Energie-
bilanzen und dem Vergleich mit einem bereits validier-
ten Modell einer konventionellen Druckgieferei [3].

6 Ausblick

Perspektivisch soll das hier beschriebene Modell ge-
nutzt werden, um mit Hilfe von Optimierungsalgorith-
men moglichst optimale Anlagenkonfigurationen und
Produktionszeitpunkte fiir spezifische Betriebe zu er-
mitteln. Zudem kann das Modell aufgrund des flexiblen
Aufbaus in viele Richtungen erweitert werden. Neben
dem Einsatz in der operativen Produktionsplanung, soll
insbesondere ein Einsatz in der strategischen Betriebs-
auslegung in weiteren Arbeiten niher untersucht wer-
den. Dariiber hinaus kann das Smart Grid Modell mit
geringem Aufwand auch auf andere industrielle An-
wendungsbereiche iibertragen werden. Dazu ist ledig-
lich ein Lastprofil des neuen Anwendungsfalles not-
wendig.
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Analyse und Modellierung des Einflusses
von ultrafeinen Partikeln auf die Entstehung

von Starkregen auf der Basis von
Open-Data Umweltdaten

Franziska Raabe?, Stefanie Steinbichl?, Jochen Wittmann?
IHochschule fiir Technik und Wirtschaft, WilhelminenhofstraRe 75A, 12459 Berlin

Abstract. Die Untersuchung des Einflusses ultrafeiner
Partikel (UFP) auf Starkregenereignisse zeigt eine kom-
plexe Beziehung zwischen Atmospharenzusammenset-
zung und Wetterphdnomenen auf. Basierend auf einer
Analyse von Starkregendaten aus der Region um den Flug-
hafen Frankfurt am Main und UFP-Messwerten aus dem
Hessischen Landesamt flr Naturschutz, Umwelt und Ge-
ologie wird diskutiert, wie UFP den hydrologischen Kreis-
lauf beeinflussen kénnen. Obwohl eine direkte Korrela-
tion nicht eindeutig festgestellt werden konnte, liefert die
Tagesmittelwertanalyse Hinweise auf einen potenziellen
Zusammenhang zwischen erhdhten UFP-Werten und be-
vorstehenden Starkregenereignissen. Weitere umfangrei-
chere Analysen sind erforderlich, um diese Vermutungen
zu bestéatigen und die Auswirkungen von UFP auf den
Wasserkreislauf besser zu verstehen.

Einleitung

Extremwetterereignisse wie Starkregen und anhaltende
Diirreperioden nehmen weltweit zu. Eine wegweisende
Studie von Forschenden des Karlsruher Instituts fiir
Technologie und des unabhingigen Forschungsinstituts
Airborne Research Australia untersucht den Zusammen-
hang zwischen Ultrafeinstaub bzw. ultrafeinen Partikeln
(UFP) in der Atmosphére und ihre invasive Wirkung auf
den hydrologischen Kreislauf, insbesondere die Wolken-
physik und Regenbildung. Die Studie hebt hervor, dass
anthropogene UFP-Emissionen eine Verinderung von
Niederschlagsmustern verursachen und durch ihre Wir-
kung als Wolkenkondensationskeime Starkregenereig-
nisse begiinstigen konnen [1]. Zusétzlich wurde bereits
belegt, dass sich die Anzahl an UFP in den letzten Jahr-
zehnten stark erhoht hat [2].

Unter Feinstaub versteht man luftgetragene Aerosol-
partikel in Form von Staubteilchen oder Tropfchen be-
stimmter Grofle, die mehrere Tage in der Atmosphére
schweben kdnnen, bevor sie zu Boden sinken [3]. Je nach
aerodynamischem Durchmesser der Partikel wird Fein-
staub {iblicherweise in die Kategorien PMio (PM = parti-
culate matter, Durchmesser < 10 pm) und PMa,5s (Durch-
messer < 2,5 um) eingeteilt. UFP sind mit einem Durch-
messer von maximal 100 nm im Vergleich bis zu tausend-
mal kleiner als PMio-Teilchen und entstehen vor allem
bei der Verbrennung fossiler Brennstoffe in Abgasreini-
gungsanlagen und Grof3feuerungsanlagen sowie im Flug-
und Schiffsverkehr. Aufgrund ihrer geringen Grof3e kon-
nen UFP sehr tief in den menschlichen Korper bis in das
Lungengewebe und den Blutkreislauf eindringen, wo sie
mutmaBlich Lungen- und Herz-Kreislauf-Erkrankungen
sowie Demenz, Alzheimer und Parkinson verursachen
konnen [2][4][5].

Starkregen bezeichnet ein Wetterphdnomen, bei dem
in kurzer Zeit eine grole Menge an Niederschlag meist
aus konvektiver Bewolkung (wie z.B. Cumulonimbus-
wolken) auf kleinem Raum fillt. Dieser kann Uber-
schwemmungen, Erdrutsche oder Sturzfluten verursa-
chen, die dann wiederum enorme Schiden an Umwelt,
Gebiduden und Infrastruktur zur Folge haben. Daher gibt
der Deutsche Wetterdienst (DWD) beginnend bei Regen-
mengen von 15 Litern pro Quadratmeter innerhalb einer
Stunde bzw. von 20 Litern in sechs Stunden Unwetter-
warnungen heraus [6].

Die Auswirkungen des Klimawandels spielen eine
nicht unerhebliche Rolle bei der Haufigkeit und dem
Ausmal dieser extremen Niederschldge. Laut einer Stu-
die der World Weather Attribution hat sich die Wahr-
scheinlichkeit fiir das Auftreten von Starkregenereignis-
sen in Deutschland und einigen angrenzenden Léndern
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aufgrund der durch den Menschen verursachten globalen
Erwdrmung um das 1,2- bis 9-fache erhoht. Ebenso stei-
gerte sich die Intensitdt von Starkregenfillen im Umfang
von 3 bis 19 % im betrachteten Gebiet [7]. Die sich auf-
grund des Kohlendioxidgehalt erwdrmende Atmosphére
und ihre somit erhohte Wasserdampfkapazitit allein kon-
nen die Zunahme und die hohe Variabilitét in der Haufig-
keit und der Verteilung von Starkregenfillen allerdings
nicht zufriedenstellend erkldren, da Kohlendioxid auf-
grund seiner langen Lebensdauer raumlich relativ gleich-
méBig verteilt ist. Hierflir ist die Einbeziehung des Was-
serkreislaufs erforderlich [8].

1 Problemstellung

Aufgrund ihres Einflusses auf die Menge und Grofie von
Wassertropfchen bei der Wolkenbildung in der Atmo-
sphére konnen UFP den hydrologischen Kreislauf storen,
indem sie Niederschlag verzogern. Normalerweise sam-
meln sich Wassertropfchen mit einem Durchmesser von
ca. 0,01 bis 0,25 mm um einen Wolkenkondensations-
kern bzw. Cloud Condensation Nuclei (CCN), der selbst
iiber eine Grofe von ca. 0,0002 mm verfiigt. Sobald sich
geniigend Wassertropfchen akkumuliert und zusammen
mit dem CCN eine GréBe von 1 bis 2 mm erreicht haben,
konnen diese als Regentropfen zur Erde fallen, da dann
die Fallgeschwindigkeit grofer ist als die Aufwindge-
schwindigkeit in einer Wolke. Die UFP eignen sich aller-
dings nicht als CCN. Dies liegt zum einen an ihrer gerin-
gen Grofle und zum anderen an ihrer stark gekriimmten
Oberfliache, auf der das Wasser zu schnell verdunstet. So
bleiben die akkumulierten Tropfen lange Zeit zu klein
und konnen aufgrund des Luftwiderstands auch nicht ab-
regnen. Durch diesen Vorgang entsteht ein zusétzliches
Energiereservoir in der mittleren Troposphére, das ext-
reme Regenfille begilinstigt. Wenn sich die stark angerei-
cherten Wolken schlieBlich abregnen, sind diese Nieder-
schldge drastisch stirker und wasserreicher. Gebiete mit
stark erhohten UFP-Werten zeigen zunehmend extreme
Starkregenfille und weniger Gesamtniederschlag auf
[11121(9]-

Im Folgenden soll anhand eines konkreten Beispiels
untersucht werden, inwieweit erhohte UFP-Werte in der
Atmosphére mit dem Auftreten von besonders intensiven
Starkregenereignissen in einer ausgewéhlten Region zu-
sammenhingen konnten. Als Untersuchungsgebiet dient
die Region Flughafen Frankfurt am Main, zum einen, da
Turbinen-Abgase der Flugzeuge bei Betrieb am Boden
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als ein Hauptemittent von UFP nachgewiesen wurden
[10]. Zum anderen, da diese Region eine der wenigen in
Deutschland ist, in der iiberhaupt kontinuierliche Mes-
sungen zu UFP-Werten durchgefiihrt werden. Dieser
Sachverhalt ist nicht zuletzt auf die fehlende gesetzliche
Regulierung von UFP-Emissionen zuriickzufiithren [11] .

Ziel der vorliegenden Untersuchung ist es, den be-
schriebenen Zusammenhang zwischen UFP und der Ent-
stehung von Starkregen anhand von frei verfiigbaren Da-
ten nachzuvollziehen mit der Perspektive, mittelfristig
online zugéngliche Daten automatisch auszuwerten und
in einem GIS-Dashboard zu visualisieren. So konnten
Zusammenhdnge umfassender analysiert und die Ergeb-
nisse anschaulich prisentiert werden.

2 Datenmaterial

Die Erfassung von UFP-Werten erfordert eine spezielle
Messtechnik, da die Teilchen aufgrund ihrer geringen
Grofle kaum zu den Partikelmassen der groberen
Feinstaubklassen PM>s und PMio beitragen [12]. Statt
Massenbestimmung werden daher Vorrichtungen zur
Partikelzahlung eingesetzt [13]. Als Quelle fiir die in der
Untersuchung verwendeten UFP-Werte diente das Mess-
datenportal des Hessischen Landesamts fiir Naturschutz,
Umwelt und Geologie (HLNUG), das seit 2015 an einer
variierenden Anzahl von Luftmessstationen UFP-Daten
auf dem Gelénde des Frankfurter Flughafens und in sei-
ner Umgebung erhebt [14]. Dabei findet eine Kategori-
sierung nach PartikelgroBen zwischen 10 bis 500 nm
statt. In der Untersuchung wurden die Partikelgroen von
10 bis 100 nm betrachtet, da diese der gingigen GroBen-
definition von UFP entsprechen. Darunter wird dem
Flugverkehr vor allem die Emission von UFP der Grof3e
10 bis 30 nm zugeschrieben [13].

Die fiir die Untersuchung verwendeten Starkregenda-
ten stammen aus dem Katalog der Starkregenereignisse
des DWD (,,Catalogue of Radar-based heavy Rainfall
Events* bzw. CatRaRE) [15]. In diesem Katalog sind alle
Starkregenereignisse in Deutschland seit 2001 verzeich-
net. Im Gegensatz zu grofrdumigen, langer anhaltenden
Niederschldgen sind die ortlich und zeitlich meist eng be-
grenzten Starkregenfille schwieriger zu messen. Um ver-
wertbare Daten zu erhalten, verwendet der DWD daher
Wetterradare, die Dauer und Intensitét der Niederschldge
flichendeckend erfassen konnen, auch abseits der regu-
laren Messstationen durch permanentes Scannen der
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Umgebung in groem Umfang um das Radargerit. An-
schlieBend werden die Datensitze in einer mehrstufigen
Qualititskontrolle klimatologisch aufbereitet [16].

3 Methoden

Zunéchst wurden die Starkregendaten in ArcGis impor-
tiert und nach dem ausgewihlten Beobachtungszeitraum
gefiltert. Aufgrund der besseren Datenkonsistenz wurde
fiir die Untersuchung der Zeitraum vom 01.05.2020 bis
23.12.2022 gewéhlt. Zudem wurden auf Basis folgender
Attribute die intensivsten Starkregenereignisse selektiert:
maximaler Niederschlag innerhalb der Ereigniszone
(RRmax), maximaler Starkregenindex (SRImax) und
Dauerstufe des Ereignisses (Duration) (vgl. Abb.1).

Ostsee

022-374
@ 375-929

@ 930 - 1409
0. e 1410 - 2482
) O o 2433 -3708

Abb. 1:  Anzahl der intensivsten Starkregenereignisse

in Deutschland vom 01.05.2020 bis 23.12.2022

AnschlieBend wurde um den Flughafen Frankfurt am
Main ein Puffer von 50 km gelegt und dieser Polygon-
Layer mit dem Punkte-Layer der ausgewihlten Starkre-
genereignisse paarweise liberschnitten (vgl. Abb. 2).

Koblenz
o

affenburg
d-Pfalz
erstein
Abb. 2: Intersect von Puffer-Layer (50 km um Flugha-

fen Frankfurt a.M.) und Starkregenereignissen

Aus den identifizierten intensivsten Starkregenereignis-
sen in der betrachteten Region wurden im néchsten
Schritt jeweils zwei Ereignisse flir die Jahre 2020, 2021
und 2022 fiir die Stichprobenbetrachtung ausgewahlt und
die UFP-Messwerte der sieben Tage vor Eintreten des
Starkregenereignisses importiert, wobei das Starkregen-
ereignis im Laufe des siebten Tages (Tag 0) stattfand. Fiir
jede PartikelgroBenkategorie wurde pro Messzeitraum
das obere und untere Quartil sowie der jeweilige Tages-
mittelwert bestimmt, um Aussagen iiber eine Verteilung
der hoheren und niedrigeren UFP-Messwerte in den Ta-
gen vor dem Starkregenereignis treffen zu konnen (vgl.
Abb. 3 bis 6).
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Unteres Quartil: Verteilung der Datensatze auf
Messtage zum Starkregenereignis am Tag O
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Abb. 3: Diagramme zur Verteilung der Datensétze je
Messtag jeweils im unteren Quartil (Anteil
Messungen mit geringsten UFP-Werten) und
im oberen Quartil (Anteil Messungen mit
hoéchsten UFP-Werten) fur den Messzeitraum
vom 28.05.2021 bis 03.06.2021 je Partikelgro-
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Abb. 4:  Verlaufskurve der Tagesmittelwerte je Partikel-

gréRenkategorie flr den Messzeitraum vom
28.05.2021 bis 03.06.2021

Unteres Quartil: Verteilung der Datensatze auf
Messtage zum Starkregenereignis am Tag O
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Abb.5: Diagramme zur Verteilung der Datensétze je
Messtag jeweils im unteren Quartil (Anteil
Messungen mit geringsten UFP-Werten) und
im oberen Quartil (Anteil Messungen mit
héchsten UFP-Werten) fur den Messzeitraum
vom 08.09.2022 bis 14.09.2022 je Partikelgro-
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08.09.2022 bis 14.09.2022
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4 Resultate

In den exemplarisch dargestellen Messzeitrdumen vom
28.05.2021 bis 03.06.2021 (vgl. Abb. 3 und 4) und vom
08.09.2022 bis 14.09.2022 (vgl. Abb. 5 und 6) verteilen
sich die UFP-Werte in allen Partikelgrof3enkategorien tat-
sédchlich so, dass die geringeren Konzentrationen haupt-
sdchlich zu Beginn des Zeitraums erfasst wurden (Links-
lastigkeit im unteren Quartil) und die hohen Konzentrati-
onen vermehrt zum Ende des Zeitraums (Rechtslastigkeit
im oberen Quartil) auftreten. Dieses Phdnomen zeigte
sich auch in einigen der anderen analysierten Stichpro-
ben, allerdings nicht in einem Umfang, dass hieraus auf
eine eindeutige Tendenz oder RegelmaBigkeit geschlos-
sen werden konnte. Das Verhalten der Quartilserfassun-
gen erwies sich vielmehr als unvorhersehbar, da sich die
Messwerterfassungen je Datensatz auf sehr unterschied-
liche Weise verteilten.

In der Analyse der Tagesmittelwerte der jeweiligen
UFP-Konzentrationen konnte unter 30 erstellten Kurven
in 20 ein Anstieg der Werte in zeitlicher Ndhe zum Stark-
regenereignis festgestellt werden. Dabei unterschieden
sich die Kurven aber in ihrer Erscheinung. Einige wiesen
z.B. Hohepunkte bereits zu Beginn des betrachteten
Messzeitraums auf und enthielten somit eine Senke in der
Mitte des Zeitraums. Andere stiegen kontinuierlich an,
um dann zum Ende des Zeitraums wieder abzufallen. Ge-
nerell konnte allerdings als Tendenz beobachtet werden,
dass die meisten Kurven ein bis zwei Tage vor Aufkom-
men des Starkregenereignisses den hochsten Tagesmit-
telwert innerhalb des Messzeitraums aufwiesen.

5 Schlussfolgerungen

Ein direkter Zusammenhang zwischen erhohter UFP-Be-
lastung in der Atmosphire und dem Auftreten von
Starkregenereignissen konnte im Rahmen der vorliegen-
den Untersuchung nicht hinreichend nachgewiesen wer-
den. Aufgrund der Komplexitit von Wetter- bzw.
Klimaphénomenen sind weitaus umfangreichere Analy-
sen notwendig, die die Einbeziehung anderer beeinflus-
sender Faktoren wie Hohendaten, Geldndeprofile, Tem-
peratur, genereller Niederschlag, Luftdruck oder Wind-
bewegungen erfordern. Beispielsweise nehmen Wind
und Niederschlag Einfluss auf die lokalen UFP-Konzent-
rationen. Ebenso kdnnen sich Wolken je nach Windstarke
und -geschwindigkeit auch hunderte Kilometer entfernt
abregnen, der Starkregen muss demnach nicht direkt in

der Region mit erhohten UFP-Konzentrationen niederge-
hen [9].

Sicherlich kann insbesondere die Tagesmittel-
wertanalyse als Indiz dafiir betrachtet werden, dass sich
in der Zuspitzung auf ein Starkregenereignis eine Ten-
denz des Anstiegs von ermittelten UFP- Emissionen ab-
zeichnet. Diese Untersuchung miisste allerdings in einem
deutlich groBeren Umfang stattfinden, um diese Vermu-
tung zu bestitigen. Dariiber hinaus sind fiir eine genauere
Untersuchung auch Analysen an unterschiedlichen Orten
notwendig, um nicht nur lokale Vergleiche anzustellen,
sondern Ergebnisse aus unterschiedlichen Regionen mit
sich dhnelnden geografischen Bedingungen miteinander
in Beziehung setzen zu konnen.

Um eine umfassende Analyse der Zusammenhénge
zwischen UFP-Belastung und Starkregenereignissen zu
ermdglichen, konnte sich die Implementierung eines au-
tomatisierten Systems zur Auswertung und Visualisie-
rung frei zugénglicher Daten iiber ein GIS-Dashboard
eignen. Diese Herangehensweise wiirde es ermdglichen,
nicht nur einzelne Datenpunkte zu untersuchen, sondern
auch komplexe Muster und Trends in den Daten zu iden-
tifizieren sowie andere rdumliche und zeitliche Skalie-
rungen fiir eine Modellierung vorzunehmen. Dadurch
konnten Zusammenhénge klarer dargestellt und besser
verstanden werden, was wiederum eine fundiertere
Grundlage fiir weitere Untersuchungen und Entschei-
dungsfindungen bieten wiirde. Dariiber hinaus kdnnte ein
solches System auch die Kommunikation und den Aus-
tausch von Informationen zwischen verschiedenen Inte-
ressengruppen erleichtern, was entscheidend ist fiir die
Entwicklung von Mafinahmen zur Einddimmung der po-
tenziellen Auswirkungen von UFP auf den Wasserkreis-
lauf und die Umwelt insgesamt.

Nicht zuletzt wegen der seit Jahren steigenden UFP-
Belastung soll mit dieser Untersuchung eine erste Grund-
lage und ein Anreiz fiir weitergehende Analysen gelegt
werden, um die moglicherweise drastischen Auswirkun-
gen von UFP auf den Wasserkreislauf zu ermitteln und
darauf aufbauend diese gezielt einschrinken zu konnen,
beispielsweise mit der Festlegung eines offiziellen UFP-
Grenzwerts.

Literaturverzeichnis

[1] Wolfgang Junkermann, Jorg Hacker. Unprecedented lev-
els of ultrafine particles, major sources, and the hydro-
logical cycle. Sci Rep. 2022; 12(7410): 1-8. doi:
10.1038/s41598-022-11500-5.

71



(3]

[4

—_

[5

—_

[6

—_

[7

—

[8

—_

[9

—

[11]

[12]

72

ASIM 2024 Tagungsband Langbeitrage, 27. Symposium Simulationstechnik, Univ. d. Bundeswehr Miunchen, 4.- 6. 9. 2024

Alexander Freund. Ultrafeinstaub fiir Wetterextreme mit-
verantwortlich. Deutsche Welle. 2022.
https://www.dw.com/de/ultrafeinstaub-f%C3%BCr-wet-
terextreme-mitverantwortlich/a-61903127. Stand:
06.09.2023.

Stefan Kinne, Johannes Quaas. Einfluss der Luftver-
schmutzung auf den Klimawandel — neue Erkenntnisse
aus Satellitendaten und Klimamodellen. Forschungsbe-
richt 2007. Max Planck Institut fiir Meteorologie.
https://www.mpg.de/405815/forschungsSchwerpunkt.
Stand: 06.09.2023.

Initiative Klima-, Umwelt- und Larmschutz e.V.. Fein-
staub und noch feinerer Staub — Ultrafeinstaub. 0.J..
https://www.klima-umwelt-luftverkehr.de/umwelt/ultra-
feinstaub/. Stand: 22.08.2023.

Umweltbundesamt. Feinstaub. 2022. https://www.um-
weltbundesamt.de/themen/luft/luftschadstoffe-im-ueber-
blick/feinstaub#undefined. Stand:22.08.2023.

Deutscher Wetterdienst. Wetter und Klimalexikon. Stark-
regen. 0.J.. https://www.dwd.de/DE/service/lexi-
kon/Func-
tions/glossar.html?nn=103346&1v2=102248&1v3=10257
2. Stand: 04.09.2023.

Frank Kreienkamp et al.. Rapid attribution of heavy rain-
fall events leading to the severe flooding in Western Eu-
rope during July 2021. World Weather Attribution. 2021:
1-51. https://www.worldweatherattribution.org/wp-con-
tent/uploads/Scientific-report-Western-Europe-floods-
2021-attribution.pdf. Stand: 04.09.2023.

Karlsruher Institut fiir Technologie. Klimaforschung:
Ultrafeinstaub konnte Wetterextreme verursachen. Pres-
seinformation 044/2022. 2022.
https://www.kit.edu/kit/pi 2022 044 klimaforschung-
ultrafeinstaub-konnte-wetterextreme-verursachen.php.
Stand: 06.09.2023.

Marina Weishaupt. Diirre und Starkregen: Fossile Brenn-
stoffe verdndern Wasserkreislauf. National Geographic.
2022. https://www.nationalgeographic.de/um-
welt/2022/05/duerre-und-starkregen-fossile-brennstoffe-
veraendern-wasserkreislauf. Stand: 06.09.2023.

Umweltbundesamt. Einfluss eines Grofiflughafens auf
zeitliche und rdumliche Verteilungen der AufSenluftkon-
zentrationen von Ultrafeinstaub < 100 nm, um die poten-
tielle Belastung in der Néihe zu beschreiben - unter Ein-
beziehung weiterer Luftschadstoffe. 2021.
https://www.umweltbundesamt.de/sites/default/files/me-
dien/11850/publikationen/14 2021 texte grossflu-
ghafen .pdf. Stand: 25.04.2024.

Umweltbundesamt. Fragen und Antworten: Ultrafeine
Partikel. 2018. https://www.umweltbundesamt.de/the-
men/luft/luftschadstoffe-im-ueberblick/feinstaub/fragen-
antworten-ultrafeine-partikel. Stand: 25.04.2024.
Hessisches Landesamt fiir Naturschutz, Umwelt und Ge-
ologie. Ultrafeine Partikel. 2023.

[13

[

[14

—_

[15]

https://www.hlnug.de/themen/luft/luftqualitaet/sonder-
messprogramme/ultrafeine-partikel. Stand: 06.09.2023.

Karl-Heinz Peil. Ultrafeine Partikel (UFP): Flugverkehr
und Gesundheit. Fakten - kurz und biindig erstellt vom
BUND AK Luft/Klima/Ldrm Hessen. 2021.
https://www.bund-hessen.de/fileadmin/hessen/Publika-
tionen/Arbeitskreise/AK-Luft-Klima-Laerm/2021-

02 BUND-Hessen FactSheet Ultrafeine-Partikel fi-
nal.pdf. Stand: 06.09.2023.

Hessisches Landesamt fiir Naturschutz, Umwelt und Ge-
ologie. Messdatenportal. 2023.
https://www.hlnug.de/messwerte/datenportal/ufp. Stand:
06.09.2023.

Katharina Lengfeld, Ewelina Walawender, Tanja Winter-
rath, Elmar Weigl, Andreas Becker. Starkregenereignisse
Version 2023.01 mit Uberschreitung der DWD-Warnstufe
3 fiir Unwetter basierend auf RADKLIM-RW Version
2017.002 Parameter und Polygone der Starkregenereig-
nisse in Deutschland version v2023.01.. Deutscher Wet-
terdienst. 2023. doi:10.5676/DWD/Ca-
tRaRE_W3 Eta v2023.01.

Tanja Winterrath. Niederschlagsklimatologie: Daten und
Produkte - Mit Radardaten in die ndchste Dimension.
Deutscher Wetterdienst. 2021.
https://www.dwd.de/SharedDocs/broschue-
ren/DE/klima/radklim_broschuere.pdf? blob=publica-
tionFile&v=2. Stand: 06.09.2023.



ASIM 2024 Tagungsband Langbeitrage, 27. Symposium Simulationstechnik, Univ. d. Bundeswehr Miunchen, 4.- 6. 9. 2024

Terrain Ildentification using Reaction-based
Sensor Data in Simulation-driven Terrain-aware
Military Logistics

Mihaela Lechner', Oliver Rose’

TChair of Modeling and Simulation, University of the Bundeswehr Munich,
Werner-Heisenberg-Weg 39, 85579 Neubiberg, Germany; *mihaela.lechner@unibw.de

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 decrease
operating costs. This paper introduces a simulation-
based optimization framework designed to enhance the
mobility of military vehicles through terrain-aware nav-
igation. The paper specifically delves into a key com-
ponent of the framework: terrain identification. This
challenge is addressed using unsupervised methods, en-
suring applicability even in unfamiliar operational set-
tings. The experimental findings demonstrate promising
results in identifying terrain characteristics, particularly
in discerning surface 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 priori-
tize the shortest and quickest routes, military operations
must consider factors such as environment uncertainty
[1], route vulnerability [2], and terrain passability [3]
when determining the most suitable logistics routes.
Furthermore, military operations often extend
across geographically diverse regions, the condition of
the terrain having a direct impact on their effectiveness
[3]. 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 ve-
hicles often falls outside typical mapped areas, leaving
planners with little information regarding its topology.
In such scenarios, battlefield commanders lean on ter-

rain analysts to interpret geographic features of an area
and assess their impact on the military mission [4].

Over time, the process of terrain analysis evolved
from a predominantly manual endeavor to one increas-
ingly reliant on computer-based systems [5]. One facet
of terrain analysis that can be solved 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 gathering diverse
sensor data under various road conditions and analyz-
ing 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 Machine [6, 7], Decision Tree [8], Neural Net-
work [9, 10], or Gaussian Process Regression [11]
have emerged as popular choices. Although these ap-
proaches have proven effective, they require prior hu-
man intervention or additional hardware, such as laser
line striping sensors, for data labeling. Conversely, un-
supervised approaches do not necessitate labeled data
and can be directly applied in scenarios where the ex-
ternal environment is unknown.

In addition to the configuration of the learning algo-
rithm, the accuracy of the terrain identification strategy
depends on the data it receives. Various sensors can
be mounted to the vehicle to gather this data. Cameras
[12, 13], lidars [14, 15], and accelerometers [6, 16, 17]
stand out as prominent choices in recent research. Each
sensor type comes with its limitations [18]. For in-
stance, vision-based sensors like cameras and lidars are
sensitive to weather conditions that reduce visibility,
such as fog or rain, whereas reaction-based sensors like
accelerometers are sensitive to speed and load varia-
tions. Despite this disadvantage, reaction-based tech-
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niques demonstrate great cost-effectiveness and robust-
ness across diverse terrain types [19].

This study focuses primarily on solving the ter-
rain identification problem, aiming to differentiate dis-
tinct terrain characteristics such as roughness, wavi-
ness, slant, and curvature. The approach involves con-
ducting multiple test drives within military test sites
to collect reaction-based data, including acceleration,
roll, pitch, and angular rate, captured by an accelerom-
eter and a gyroscope. Initially, the signal data under-
goes windowing, followed by segmenting each route
into predetermined lengths. Subsequently, the unsuper-
vised learning algorithm Multivariate K-Means is uti-
lized to differentiate between different terrain character-
istics. We employ the Dynamic Time Warping (DTW)
algorithm to calculate the pairwise proximity between
the road segments.

Moreover, this research introduces a simulation-
driven logistics framework that combines terrain iden-
tification, scheduling, and vehicle routing processes to
assist path planners in conceiving terrain-aware logis-
tics strategies. The plans generated by this frame-
work are designed to optimize the utilization of avail-
able asset capacities by considering surface character-
istics when determining efficient transportation routes.
Within the broader logistics landscape, this approach
presents an opportunity to improve operational effi-
ciency and achieve substantial cost savings. In addition
to immediate reductions in fuel and personnel expenses,
it can also play a role in lowering long-term vehicle
maintenance costs. This is achieved by implement-
ing intelligent routing strategies that minimize vehicle
wear and tear, ultimately extending their lifespan and
decreasing the frequency of repairs and replacements.

The structure of the paper is as follows. Section 1
outlines the logistics framework. The method proposed
for terrain identification is detailed in Section 2. Sec-
tion 3 discusses the findings of the terrain identification
process. Finally, Section 4 provides a summary of our
conclusions and outlines future work.

1 CONCEPTUAL APPROACH OF A
SIMULATION-BASED
TERRAIN-AWARE LOGISTICS
FRAMEWORK

Developing military logistics strategies presents a sig-
nificant challenge in optimizing asset scheduling and
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route selection for efficiently transporting personnel,
equipment, and supplies to designated destinations.
This challenge is heightened by the absence of basic
infrastructure at certain locations and the diverse ter-
rain 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 operations, it is essential to con-
sider the mobility capabilities of vehicles across vari-
ous surfaces, alongside critical logistics factors such as
route length, transport duration, and delivery time re-
quirements.

To overcome 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 the mobility of military vehi-
cles in favorable terrain conditions.

Terrain
identification

| )

™ B P .
Vehicle routing based
Scheduling on terrain
y \__ characteristics
~ 8
Cost caleulation Logistics simulation
v \
Output ]

Figure 1: Conceptual model of the proposed
simulation-driven terrain-aware logistics
framework.

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

Subsequently, the framework proceeds to optimize
fleet vehicle utilization. The scheduling component de-
termines which load should be transported by each ve-
hicle and in what sequence, aiming to minimize costs
while meeting constraints such as vehicle capacities.

Following scheduling, the routing process utilizes
the scheduled assets to establish logistics routes. This
process extends beyond selecting the shortest and
fastest paths by considering terrain conditions. As cer-
tain terrains disproportionately affect vehicle perfor-
mance, wear, and tear, selected routes must correspond
to the mobility characteristics of the transporter.

During the simulation phase, logistics plans are ex-
ecuted, and the behavior of simulation agents is moni-
tored. Each transportation task is evaluated using a cost
function designed to minimize both transportation dura-
tion and expenses, taking into account travel feasibility
on appropriate surfaces.

Acknowledging the critical role that terrain charac-
teristics play in terrain-aware logistics, the topic of ter-
rain identification will be explored throughout the re-
mainder 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.

2.1 Problem Description

We address the challenge of terrain identification uti-
lizing reaction-based sensor measurements. Our pri-
mary objective is to differentiate specific terrain charac-
teristics such as roughness (Figure 2a), waviness (Fig-
ure 2b), slant (Figure 2c), and curvature (Figure 2d),
even in situations where prior knowledge about the ter-
rain is limited. This is achieved through analyzing
unique signal patterns captured by standard sensors like
accelerometers and gyroscopes, which record the dy-
namic interaction between the vehicle and the terrain.
To accomplish this task, we introduce the technique de-
tailed in Section 2.2.

[P

(a) Roughness
(lateral cross-section)

e
==
]
/

(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
accomplishing terrain identification. This approach re-
lies on data acquired from reaction-based sensors dur-
ing vehicle operation on different road surfaces. In the
preprocessing phase, the input data is subjected to win-
dowing and segmentation to create frames used for fea-
ture generation. Subsequently, the unsupervised learn-
ing technique Multivariate K-Means is applied to iden-
tify different terrain characteristics.
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Figure 3: Proposed terrain identification methodology.
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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 was gathered from multiple
ground surfaces that exhibit different degrees of rough-
ness, waviness, slant, and curvature. For this purpose, a
military vehicle covered about 500 km, equipped with
an accelerometer, a tri-axial gyroscope, and a global po-
sitioning system (GPS). Each sensor recorded data at a
sampling rate of 500 Hz.

To overcome the speed dependency limitation of
reaction-based terrain identification, the vehicle was
driven at different 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 essential for transforming
the sequential data, such as the dataset under consider-
ation, into a format that suits traditional machine learn-
ing algorithms [20]. Additionally, it helps reduce com-
putational complexity. This process involves dividing
the sensor data into non-overlapping frames, with each
frame 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 among them. Conversely, clus-
tering each observation separately fails to generate co-
hesive patterns and instead scatters the clusters across
multiple terrain categories. To address this dilemma, we
choose to partition each test drive into segments mea-
suring 40 m, approximately five times the length of the
vehicle. Each of these partitions is treated as an indi-
vidual observation.

Feature Generation The sensor data in time do-
main, including tri-axal acceleration, tri-axal rotation
rate, roll, and pitch is converted into the frequency do-
main using the Fast Fourier Transform (FFT) algorithm.
Features are extracted by considering observations from
both the original time domain representation and its fre-
quency domain transformation within previously gen-
erated windows. Each window is aggregated to an in-
dividual output value by computing statistical measures
such as mean, standard deviation, minimum, maximum,
and interquartile range. In total, this process yields 80
features.
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Clustering We approach the task of terrain identifi-
cation by examining similar patterns within segments
of routes traversed by vehicles. Since each segment
contains multiple observations, the problem inherently
becomes multivariate. To handle this complexity, we
utilize Multivariate K-Means clustering. While deep
learning clustering techniques could also be applied,
they tend to be complex, challenging to interpret and
can generate high computational costs. However, the
K-Means method also has its limitations, particularly its
sensitivity to the choice of the cluster number k. To ad-
dress this issue, we employ the Silhouette Coefficient,
introduced in [21], to determine an optimal number of
9 clusters.

In the clustering process, we use the DTW proxim-
ity measure, a technique proposed in [22]. This method
offers advantages over the conventional Euclidean dis-
tance by effectively recognizing similarities within se-
quences, even in cases where they differ in length or
experience slight temporal shifts.

For enhanced visualization and evaluation of the
clustering results, we adopt the Multivariate T-
distributed Stochastic Neighbor Embedding (m-TSNE)
technique introduced by [23]. This approach en-
ables the projection of multivariate high-dimensional
data onto a lower-dimensional space while maintain-
ing the similarity relationships between the data se-
quences. Consequently, sequences that are similar in
high-dimensional space also remain proximate in the
lower-dimensional space.

3 EXPERIMENTAL RESULTS

The solution described above has been executed and
evaluated in Python 3.11.5 on a typical PC operating
on Windows 11, equipped with an 11th generation Intel
Core 17-11370H CPU running at 3.30 GHz and 16 GB
of RAM. Training the model on a preprocessed dataset
of 200MB size requires approximately 15 minutes. The
complexity of training arises from the significant num-
ber of pairwise similarities that need to be computed,
specifically (), where N represents the count of route
segments.

The 24 trips are partitioned into approximately
12000 segments, each one assigned to one of 9 clus-
ters via the Multivariate K-Means algorithm, utilizing
80 features. To enhance visualization of the high-
dimensional space, the data is reduced to two dimen-
sions using the m-TSNE method, as shown in Figure 4.
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Each point in the plot corresponds to a route segment,
revealing discernible separation patterns among groups.
While certain groups, particularly those at the periph-
ery, exhibit distinct isolation from others, the observa-
tions in the central regions lack clear boundaries. The
clustering method captures the underlying pattern, with
only a few instances dispersed across multiple groups
in the 2D space.
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Figure 4: Representation of the two-dimensional m-TSNE
components depicting route segments clustered
based on the Multivariate K-Means method.

Figures 5a-5d illustrate the key features essential for
cluster formation. Each displayed feature undergoes
aggregation through windowing using the mean func-
tion, as detailed in Section 2.2, 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
emphasize the presence of particular terrain character-
istics, while lower magnitudes indicate their absence.

The accelerometer supports the measurement of the
vehicle’s vertical displacement relative to the ground (z-
axis acceleration), facilitating the evaluation of terrain
roughness. Notably, cluster C5 stands out for exhibiting
rough terrain, as evident in Figure 5a. Waviness, on the
other hand, involves larger repetitive bumps compared
to roughness, resulting in a rocking motion in the vehi-
cle rather than just vertical acceleration. These move-
ments are detected through pitch measurements of the
gyroscope. As depicted in Figure 5b, clusters C6 and

C8 highlight wavy terrain characteristics. 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. Furthermore, the gyroscope
can capture the rotational motion of the vehicle, reflect-
ing road curvature, as evident in clusters CO and C4
from Figure 5d. The remaining clusters lack distinctive
terrain characteristics based on the examined features.
This suggests that the road segments within these clus-
ters have likely smooth, straight surfaces. An overview
of the characteristics exhibited by each cluster can be
found in Table 1.
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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.

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 encapsulates the wash-
board test track, while the sine-wave road is identifiable

7



ASIM 2024 Tagungsband Langbeitrage, 27. Symposium Simulationstechnik, Univ. d. Bundeswehr Miunchen, 4.- 6. 9. 2024

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

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

within cluster C6. Cluster C7 encompasses cobblestone
and gravel. Lastly, cluster C8 delineates the distortion
road, characterized by alternating waves on each side.

Table 2 outlines the comparison between the cluster-
ing results and the known true labels. Upon examining
the model’s performance across the clusters, it becomes
evident that the model shows higher performance for
certain road types. Specifically, the sloped (C2) and
the distorted (C8) roads are recognized with high preci-
sion, recall, and F1-score. However, the model’s perfor-
mance is less satisfactory in identifying the wash-board
(C5) and the sine-waved (C6) tracks.

Cluster Precision Recall F1-score
C2 0.99 0.95 0.97
C5 0.92 0.35 0.51
Co6 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, especially when navigating through challenging
landscapes with sparse infrastructure to transport sup-
plies, equipment, and personnel. In such contexts, lo-
gistics planning must encompass not only factors like
travel distance, duration, and delivery schedules but
also take into consideration the unique characteristics
of the terrain traversed.

In response to this necessity, this research introduces
a simulation-driven terrain-aware framework designed
to support decision-makers in improving the mobility
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of military vehicles by enabling them to navigate more
efficiently through favorable terrain conditions. The
primary focus of this paper is the terrain identification
process, which utilizes unsupervised methods to distin-
guish between different terrain characteristics even in
the absence of prior knowledge about the surface con-
ditions. The experimental findings demonstrate promis-
ing results in discerning roughness, waviness, slant, and
curvature through 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 terrains. Additionally, terrains with
multiple characteristics can be identified by considering
multiple signals; for example, higher magnitudes in the
pitch and roll signals suggest a wavy and slanted road.

Despite its effectiveness, this approach requires
careful consideration in certain areas. As noted in pre-
vious research [18], reaction-based terrain identification
is sensitive to the speed and load of the vehicle, caus-
ing terrain signatures to vary under different operating
conditions. For accurate identification, the algorithm
needs to be trained with a diverse dataset that includes a
wide range of speeds and loads. Additionally, unsuper-
vised learning, though valuable when no prior knowl-
edge of terrain conditions is available, requires human
interpretation of the results. Defining thresholds for
specific signals indicating particular road features is es-
sential for precise categorization. Furthermore, the cur-
rent approach focuses on identifying terrain features but
does not quantify their intensity. Future work should in-
corporate a scoring system to evaluate terrain surfaces
based on their characteristics. Identifying specific sur-
face types, such as concrete, grass, or soil, would also
significantly enhance the optimization of logistics route
planning.

While this paper emphasizes terrain identification,
it is imperative to implement the subsequent steps of
the framework to fully realize its potential in terrain-
aware logistics. This includes integrating processes for
fleet scheduling, route planning based on terrain fea-
tures, and simulation-based evaluation to refine and op-
timize military logistics operations.
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Abstract. Ublicherweise basiert die Auswertung der Er-
gebnisse einer Simulationsstudie auf den Kennzahlen ei-
nes abgeschlossenen Simulationslaufs oder mehrerer Si-
mulationsexperimente. Dieser Beitrag prasentiert eine
Methode zur Analyse von Simulationsverlaufsdaten, d. h.
Daten und Ereignisse, die wahrend der Simulation anfal-
len. Zu diesem Zweck verwenden wir in diesem Beitrag
Pattern-Mining-Algorithmen, um verborgene Zusammen-
hénge und potenziell interessante Muster in diesen dyna-
mischen Daten zu entdecken. Hierzu wird ein Konzept
vorgestellt sowie anhand einer einfachen, akademischen
Fallstudie prototypisch angewendet. Diese Methode bie-
tet einen neuen Ansatz zur Erkenntnisgewinnung in kom-
plexen Simulationsszenarien, insbesondere im Bereich
Produktion und Logistik.

Einleitung

Die diskret-ereignisgesteuerte Simulation ist ein essenzi-
eller Bestandteil fiir die Analyse von komplexen Syste-
men, zum Beispiel im Bereich Produktion und Logistik,
aber auch in vielen anderen Anwendungskontexten. Ub-
licherweise basiert die Auswertung der Ergebnisse einer
Simulationsstudie auf den Kennzahlen eines abgeschlos-
senen Simulationslaufs oder von gleich mehreren abge-
schlossenen Simulationsldufen aus verschiedenen Expe-
rimenten [1, 2]. Die Auswertung von Simulationsldufen
und -experimenten ist in der Simulationsforschung gut
durchdrungen, daher gibt es umfassende Literatur hierzu
[1, 3-5]. Weniger intensiv erforscht hingegen sind Kon-
zepte fiir die Auswertung von Daten, die innerhalb eines
Simulationslaufs anfallen und durch die zeitliche Dyna-
mik innerhalb eines Simulationslaufs Schwankungen un-
terliegen. Dies sind in der Regel Daten zu Ereignissen
und Werte von Modellzustandsvariablen. In diesem Bei-
trag verwenden wir hierfiir als Oberbegriff den Ausdruck
Simulationsverlaufsdaten. Am weitesten verbreitet ist

hier sicherlich die Trace-File-Analyse, welche die Ereig-
nisliste des Simulators zum Zwecke der Validierung des
Modells iiberpriift [6]. In diesem Beitrag soll jedoch eine
Methode vorgestellt werden, mit deren Hilfe versteckte,
interessante und potenzielle niitzliche Zusammenhinge
in Simulationsverlaufsdaten entdeckt werden kdnnen.
Hierfiir verwenden wir das dem Data-Mining-Werkzeug-
kasten entnommene Pattern Mining. Pattern-Mining-Al-
gorithmen sind in der Lage, Muster und Regeln in groflen
Mengen von Transaktions-, Log- und Sequenzdaten zu
finden und kdnnen dabei auch zeitliche Zusammenhinge
miteinbeziehen kdnnen [7].

Der Aufbau dieses Beitrags ist wie folgt: Im ersten
Kapitel werden die Grundlagen zu Simulationsverlaufs-
daten gegeben, als auch die Grundlagen zu diversen Ver-
tretern von Methoden aus der Klasse von Pattern-Mi-
ning-Algorithmen. Hieran schlieBt sich eine Ubersicht
iiber den Stand der Forschung zum Thema Analyse von
Simulationsverlaufsdaten an. In Kapitel 2 wird dann ein
Konzept vorgestellt, wie solche Methoden auf Simulati-
onsverlaufsdaten anzuwenden sind und welche Voraus-
setzungen und Limitationen hierbei zu beachten sind.
Dies wird dann in Kapitel 3 anhand einer einfachen, aka-
demischen Fallstudie demonstriert. Kapitel 4 beendet den
Beitrag mit einem abschlieBenden Fazit und einem Aus-
blick fiir zukiinftige, hieran anzukniipfende Forschungs-
moglichkeiten.

1 Grundlagen und Stand der
Forschung

1.1 Simulation und Simulations-
verlaufsdaten

Abstrakt betrachtet 16sen Ereignisse der diskret-ereignis-
gesteuerten Simulationstechnik Zustandswechsel zu ei-
nem konkreten Zeitpunkt mit einem dazugehorigen Zeit-
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stempel aus, wie beispielsweise das Auftreten einer Sto-
rung einer Maschine. Das Auftreten von Ereignissen
zieht dann in der Regel Anderungen an den Werten der
Zustandsvariablen des Simulationsmodells nach sich
[8, 9]. Das Ereignis des Eintritts einer Entitdt in eine War-
teschlange erhoht beispielsweise die aktuelle Lange die-
ser Warteschlange, beispielhaft gezeigt in Abbildung 1.

3
Eintrittsereignis

Austrittsereignis

Lange WS

0
0 1 2 3 4 t

Abbildung 1: Beispiel fir den dynamischen Verlauf einer
Zustandsvariable.

Derartige Ereignisse und Zustandsédnderungen iiber die
Zeit zdhlen wir in diesem Beitrag ebenfalls zu den Simu-
lationsverlaufsdaten. Das Persistieren von Ereignissen
und Zustandsdnderung iiber die Zeit wird in der diskret-
ereignisgesteuerten Simulation oftmals auch als Event-
logs oder Tracefiles bezeichnet. Detaillierte konzeptio-
nelle Uberlegungen dazu finden sich im Kapitel 2.

1.2 Frequent Pattern Mining und verwandte
Methoden

Frequent Pattern Mining ist eine bekannte Data-Mining-
Methode und wird klassischerweise fiir die Warenkorba-
nalyse genutzt [7]. Hierbei wird nach Artikeln gesucht
(sog. Items), die von Kunden hiufig zusammen mit be-
stimmten anderen Artikeln gekauft werden (sog. Fre-
quent Itemsets) [7, 10]. Daraus lassen sich wiederum Re-
geln generieren, die beschreiben, mit welcher Wahr-
scheinlichkeit beim Kauf eines Artikels auch ein anderer
Artikel iiblicherweise gekauft wird. Ziel hierbei ist dann
zum Beispiel das Erstellen von gezielten, kundenspezifi-
sche WerbemaBnahmen und Empfehlungen. Grundlage
hierfiir ist das Vorhandsein einer sog. Transaktionsdaten-
bank. Diese speichert die Transaktionen zu jedem Kun-
den, wobei eine Transaktion aus einem oder mehreren
Items besteht. Aus dieser werden dann algorithmisch die
haufigen Itemsets berechnet [7, 10]. Eine davon abgelei-
tete Methode ist das Sequence Mining [11]. Hierbei wird
die Transaktionsdatenbank um einen temporalen Faktor
erweitert. Im Szenario der Warenkorbanalyse bedeutet
dies, dass ein Kunde, der zu verschiedenen Zeitpunkten
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Transaktionen durchgefiihrt hat, somit eine Sequenz von
Transaktionen generiert. Diese Daten kdnnen dann folg-
lich nach haufigen Sequenzen durchsucht werden, also
nach Itemsets, die hdufig in einer bestimmten Reihen-
folge auftreten [11]. Diese Methode hat neben der Wa-
renkorbanalyse viele weitere Anwendungszwecke, bei-
spielsweise Clickstream-Analysen zur Untersuchung von
Webtraffic [12] oder Gen-Analysen im Biomedizini-
schen Bereich [13]. Ein weiterer, interessanter Vertreter
dieser Klasse von Data-Mining-Methoden ist das Perio-
dic Pattern Mining [14]. Im Gegensatz zum Sequential
Pattern Mining werden hier nicht mehrere Sequenzen
nach hiufigen Mustern durchsucht, sondern eine (in der
Regel liangere) Sequenz nach wiederholt auftretenden
Zyklen. Ziel ist es hierbei, die RegelmaBigkeit solcher
Zyklen zu bestimmen, wie etwa “alle 5 Zeiteinheiten tritt
Ereignis A auf”. Dies ist unter anderem hilfreich fiir die
Analyse von Logfiles bei repetitiven Prozessen, bei-
spielsweise im Kontext von Eventlogs bei Internet-of-
Things(IoT)-Gerédten [14].

1.3 Automatisierte Auswertung von
Simulationsverlaufsdaten

Die Idee zur automatisierten Auswertung von Simulati-
onsverlaufsdaten besteht in der Forschung im Bereich
von Simulation im Allgemeinen und diskret-ereignisge-
steuerter Simulation im Speziellen schon seit geraumer
Zeit. So zeigten bereits Tolujev et al. Ansétze zur dyna-
mischen Metamodellierung von Simulationsmodellen
auf Basis von Trace-Dateien von GPSS-Modellen auf,
zum Beispiel zur Unterstiitzung bei der Modellvalidie-
rung [15]. Mit dem Aufkommen von leistungsfahigerer
Recheninfrastruktur und damit einhergehendem Poten-
zial fiir grofBere Simulationsmodellkomplexitdt wurden
dann auch Data-Mining-Methoden fiir die Verarbeitung
und Auswertung der immer groBer werdenden Mengen
von Simulationsverlaufsdaten herangezogen. Beispiels-
weise zeigt Tekinay die automatisierte Analyse von Si-
mulationsverlaufsdaten mittels Pattern Mining und Mar-
kov-Ketten fiir komplexe diskret-ereignisgesteuerte Si-
mulationsmodelle im groen Maf3stab auf, mit dem Ziel
der automatisierten Modellabstraktion [16]. Eng ver-
kniipft ist hierbei auch das Process-Mining, welches das
Erkennen und Analysieren zugrundeliegender Prozesse
basierend auf Eventdaten aus Echtsystemen ermoglicht
[17], im Gegensatz zu Eventdaten (hier Simulationsver-
laufsdaten genannt) aus Simulationsmodellen. Ozkul et
al. verwenden beispielsweise Process-Mining-Methoden
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zur Verifikation von Simulationsmodellen [18]. Oftmals
findet die Verkniipfung von Simulation und Process Mi-
ning allerdings eher in die andere Richtung statt. Aus
Echtweltdaten, wie beispielsweise Logfiles aus Realsys-
temen, werden mit Hilfe von Process-Mining-Methoden
Simulationsmodelle generiert, siche zum Beispiel
[19, 20].

Dieser Beitrag fokussiert sich allerdings auf die auto-
matisierte Simulationsverlaufsdatenanalyse mit dem Ziel
der Wissensentdeckung mittels Pattern-Mining-Metho-
den. Feldkamp et al. beschreiben die Wissensentdeckung
in Simulationsdaten als Prozess zur Unterstiitzung der
Entscheidungsfindung, indem durch das Aufdecken von
unbekannten Zusammenhingen im System potenziell
niitzliches Wissen generiert wird [3]. Dies bezieht sich
primér auf Eingangs- und Ergebnisdaten der Simulation,
welche aus mehreren Laufen bzw. Experimenten stam-
men. Hierbei werden also aggregierte Werte am Ende ei-
nes Simulationslaufs betrachtet und nicht der zeitlich-dy-
namische Verlauf innerhalb eines Laufs. Eine automati-
sierte Analyse von Simulationsverlaufsdaten mit dem
Ziel einer Wissensgenerierung findet sich in nur wenige
Arbeiten. Kemper und Tepper befassen sich mit automa-
tisierter Analyse von Simulationsverlaufsdaten fiir Simu-
lationsmodelle im Kontext von Logistik. Hierzu entwi-
ckelten sie eine spezielle Technik zur visuellen Analyse.
Ziel ist hierbei das Entdecken von Fehlern oder abnorma-
lem Systemverhalten [6, 21]. Wustmann et al. verwenden
Graphenanalyse, um im Kontext von Materialflusssimu-
lationen mogliche Probleme und Ursachen im Ablauf zu
identifizieren [22]. Bogon et al. verwenden Sequence-
Mining-Methoden um Assoziationsregeln innerhalb ei-
nes Simulationslaufs zu entdecken [23]. Allerdings wird
hier nicht ndher darauf eingegangen, wie aus den Simu-
lationsverlaufsdaten die jeweiligen konkreten Sequenzen
fiir eine Transaktionsdatenbank generiert werden kon-
nen, um Sequence-Mining-Algorithmen darauf anzu-
wenden.

Es lasst sich festhalten, dass ein grundsétzliches Kon-
zept fir die Anwendung von Frequent-Pattern-Mining-
Methoden zur Analyse von Simulationsverlaufsdaten
fehlt. Dieses Konzept wird im néchsten Kapitel beschrie-
ben.

2 Konzeptionelle Uberlegungen

In diesem Kapitel wird ein allgemeines Konzept zur Nut-
zung von Pattern-Mining-Methoden fiir die Analyse von

Simulationsverlaufsdaten vorgestellt, basierend auf den
drei in Kapitel 1.2 vorgestellten Methoden: Frequent Pat-
tern Mining, Sequential Pattern Mining und Periodic Pat-
tern Mining. Wie bereits in Kapitel 1.1 beschrieben, zah-
len wir in diesem Beitrag in der diskret-ereignisgesteuer-
ten Simulation zu den Simulationsverlaufsdaten sowohl
die auftretenden Ereignisse als auch den Werteverlauf
von Zustandsvariablen iiber die Zeit. Fiir das Finden von
hiufigen Mustern und Regeln in diesen Daten mittels
Frequent Pattern Mining benétigt man, wie bereits in Ka-
pitel 1.2 dargestellt, eine Transaktionsdatenbank, welche
aus Items und Itemsets besteht. Diese Items sind also
gleichzusetzen mit den auftretenden Ereignissen in den
Simulationsverlaufsdaten (Events). Die (numerischen)
Zustandsvariablen miissen hingehen zundchst ebenfalls
zu kategorialen Events diskretisiert werden, bevor diese
als Items in einer Transaktionsdatenbank genutzt werden
konnen. Abbildung 2 zeigt hierfiir exemplarisch ein Bei-
spiel. Im oberen Teil der Abbildung sicht man den Ver-
lauf einer beispielhaften Warteschlange WS. In der da-
runter befindlichen Liste wurde der Zustandsverlauf die-
ser Warteschlange zu kiinstlichen, kategorialen Events
mit Zeitstempel der Zustandsdnderung diskretisiert.

3
Eintrittsereignis Austrittsereignis
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1],Lange WS = 1*
2|,Lange WS = 2*
4],Lange WS = 1*

Abbildung 2: Diskretisierung von numerischen Zu-
standsvariablen zu kategorialen Ereignissen.

Hierbei ist zu beachten, dass bei Zustandsvariablen mit
sehr grolen Wertebereichen die Anzahl der Klassen und
deren Wertebereiche fiir die Diskretisierung moglichst
geschickt gewéhlt werden miissen, sodass nicht zu viele
verschiedene Itemsets fiir die Transaktionsdatenbank ge-
neriert werden. Dies konnte sonst dem Auffinden haufi-
ger Muster entgegenstehen. Fiir eine Warteschlange mit
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grofer Kapazitit konnte man beispielsweise eine Diskre-
tisierung auf Basis vorher definierter, prozentualer
Schwellwerte bezogen auf die max. Kapazitdt wahlen,
wie etwa in folgendem Beispiel:

{"Lange WS < 50 %",
"Lange WS > 50 % & <90%", "Lange WS > 90 %"}
Hier muss je nach individuellem Anwendungsfall eine
passende Diskretisierungslosung gefunden werden. Dies
erfordert eventuell weiteres Hintergrundwissen iiber das
zugrunde liegende System sowie eine vorherige Analyse
der Werteverteilung, zum Beispiel mittels einer Histo-
grammvisualisierung. Sind nun sdmtliche zu betrach-
tende Simulationsverlaufsdaten zu kategorialen Ereignis-
sen diskretisiert worden, entsteht hieraus implizit ein
Zeitstrahl mit Events entlang der Simulationszeit, wie
exemplarisch in Abbildung 3 gezeigt ist.

Events

[\
EE EEEGE G
0123456 768¢910M
\/

Zeitstempel

Abbildung 3: Beispielhafter Zeitstrahl mit Events im Si-
mulationsverlauf.

Aus dieser Ereignisliste muss dann die Transaktionsda-
tenbank flir das jeweilige Pattern-Mining-Verfahren ge-
neriert werden. Die zentrale Frage ist nun, wie man also
aus der Ereignisliste eine Liste mit Transaktionen bzw.
Sequenzen erzeugt. Hierbei sind jeweils bestimmte
Transformationsregeln und Einschrankungen zu beach-
ten, die sich je nach konkretem Pattern-Mining-Verfah-
ren unterscheiden. Abbildung 4 zeigt dies jeweils exemp-
larisch anhand der in Abbildung 3 dargestellten Daten.
Dies wird nun im Folgenden néher erldutert.

Fiir das klassische Frequent Pattern Mining (Abbil-
dung 4a) konnen Events zu einer Transaktion zusammen-
gefasst werden, die innerhalb einer zuvor gewéhlten, fes-
ten Zeitspanne liegen. Fiir das gewéhlte Beispiel liegt
diese Zeitspanne bei t+2. Der Algorithmus wiirde hier
folglich das héufige (in 80 % der Transaktionen) Muster
{A, B} und die Regel ,, wenn A, dann B* finden, welche
in 100 % der Falle zutrifft. Dies ist die einfachste Vari-
ante und hat den offensichtlichen Nachteil, dass Muster
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mit Events, die zeitlich weit auseinander liegen, hierbei
nicht gefunden werden.

(a) Frequent Pattern Mining (fiir t+2)

ID | Events
{A B}
{A, C, B}
{C, B, D}
{D, A, B}
{A, B, C}

Q|| IN|=

(b) Sequence Mining (fir Startevent A)

o

Events | Zeit
{A}
{B}
{A}
{C}
{B}
{D}
{A B}
{C}

ID |Sequenz

1 [{AL{B}
- 2 |{A} {C} {B}, {D}
3 {A, B}, {C}
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(c) Periodic Pattern Mining

S(Event) Event-Sequenz
S(A) {1, 5, 10}

S(B) {2, 7,10}

S(C) {6, 11}

S(A, B) {1,5,10)

Abbildung 4: Erzeugen der Transaktionsdatenbanken
aus den Simulationsverlaufsdaten fur unter-
schiedliche Frequent-Pattern-Mining-Metho-
den

Sequence Mining (Abbildung 4b) beriicksichtigt auch die
zeitliche Dimension bzw. Reihenfolge der Items und
Itemsets. Hierbei muss also die Eventliste in mehrere Se-
quenzen zerlegt werden. Hierflir ist ein Startevent zu de-
finieren, welches den Beginn einer neuen Sequenz mar-
kiert. Dies kann etwa ein fiir den Anwender interessantes
Event sein, wie beispielsweise der Ausfall einer Ma-
schine. Alle in der Folge aufgetretenen Events werden
dann zu der Sequenz hinzugezéhlt. Im gezeigten Beispiel
wurde hier das Event A als Startevent gewahlt. Der Al-
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gorithmus wiirde hier die hdufige Subsequenz {A, B} fin-
den, selbst wenn A und B zeitlich weiter auseinander lie-
gen. Nachteil hier ist jedoch, dass es eventuell schwierig
ist, ein addquates Startevent auszuwdhlen und damit eine
sinnvolle Sequenzliste zu generieren.

Beim Periodic Pattern Mining (Abbildung 4c) ist das
Erzeugen der Transaktionsdatenbank recht simpel zu be-
werkstelligen, indem zu jedem Ereignistyp die zeitliche
Sequenz aus den dazugehorigen Zeitstempeln gebildet
wird. Innerhalb dieser Zeitstempelsequenzen kann der
Algorithmus nun nach héufigen bzw. regelmaBigen Zyk-
len suchen
Periodic Pattern Mining stellt somit die beste Methode
zum Analysieren insbesondere grofler Mengen von Si-
mulationsverlaufsdaten dar. Die Transaktionsdatenbank
kann hier sofort und automatisiert erzeugt werden und es
miissen keine Entscheidungen iiber notwendige Paramet-
risierungsoptionen bei der Erzeugung der Transaktions-
datenbank getroffen werden. Eventuell kann es aber sinn-
voll sein, eine Auswahl der in die Transaktionsdaten zu
iiberfiihrenden Ereignistypen zu treffen, um uninteres-
sante Eventtypen vorab herauszufiltern.

3 Fallstudie

3.1 Aufbau

Im Folgenden wird eine simple, akademische Fallstudie
als Veranschaulichung der zuvor diskutierten Methodik
prasentiert. Das Simulationsmodell wurde in Anylogic
implementiert und besteht aus einem Warteschlangen-
system mit zwei Linien, wie Abbildung 5 zeigt.

gSLfaiIure

source queuel Station1
°o—¢ ¢ o O
queue2 Station2

2 O

Abbildung 5: Screenshot des Simulationsmodells.

Konkret trigt die obere Bearbeitungsstation Stationl die
Hauptlast des Systems und wird iiber deren Warte-
schlange queuel mit Auftragen versorgt. Im Falle einer
Storung auf dieser Bearbeitungsstation wird der untere

Pfad gedffnet, sodass Auftrage auf die untere Bearbei-
tungsstation Station2 umgeleitet werden, bis der obere
Pfad wieder zur Verfiigung steht. Das Modell wurde als
nicht-terminierendes System iiber einen ldngeren Zeit-
raum simuliert und alle auftretenden Events wurden {iber
die Eventdatenbank von Anylogic mitgeschnitten. Dabei
wurden neben den Standardereignissen der diskret-ereig-
nisgesteuerten Simulation, wie etwa der Eintritt einer En-
titdt oder das Auftreten einer Stérung der Station, einige
zusétzliche Ereignisse definiert und entsprechend ge-
loggt, welche fiir die Auswertung und Analyse potenziell
interessant sein konnten. Diese beziehen sich auf Ergeb-
nisgrofen der Simulation und tauchen ohne vorherige
manuelle Definition nicht notwendigerweise in der Er-
eignisliste des Simulators auf, wie beispielsweise eine
voll- oder leergelaufene Warteschlange. Abbildung 6
zeigt exemplarisch einen Auszug des Eventlogs.

& Main I events_log &2

date agent_type agent

11-03-2024 00:00:00 | Main root
2 ql1_empty 11-03-2024 00:00:00 | Main root
3 source_arrival | 11-03-2024 00:00:18 Main root
4 ql_empty 11-03-2024 00:00:18 Main root
5  agent_exited 11-03-2024 00:01:18 Main root
6  source_arrival  11-03-2024 00:01:53 Main root
7 ql_empty 11-03-2024 00:01:53 Main root
8 source_arrival | 11-03-2024 00:02:59  Main root
9 ql_empty 11-03-2024 00:02:59 | Main root
10 source_arrival  11-03-2024 00:03:01 | Main root
11  ql_empty 11-03-2024 00:03:59 Main root
12 source_arrival | 11-03-2024 00:08:06 Main root
13 ql_empty 11-03-2024 00:08:06 | Main root
14  source_arrival | 11-03-2024 00:08:09  Main root
15 source_arrival  11-03-2024 00:08:12 | Main root
16 source_arrival | 11-03-2024 00:08:16  Main root
17  source_arrival | 11-03-2024 00:08:19  Main root
18  source_arrival | 11-03-2024 00:09:15  Main root
19  source_arrival | 11-03-2024 00:10:18  Main root
20 source_arrival | 11-03-2024 00:11:32 | Main root
21  source_arrival | 11-03-2024 00:12:13 | Main root
22 source_arrival | 11-03-2024 00:14:22 | Main root

Abbildung 6: Beispielhafter Auszug aus dem Eventlog
des Simulationsmodells.

3.2 Analyse

Zur Analyse der Simulationsverlaufsdaten verwenden
wir in dieser Fallstudie ausschlielich die Methode des
Periodic Pattern Mining, da diese, wie im Kapitel zuvor
beschrieben, die vielversprechendste und interessanteste
Methode zum Auffinden von Mustern in Simulationsver-
laufsdaten darstellt. Im ersten Schritt wurde hierfiir der
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zuvor erzeugte Eventlog in ein allgemein kompatibles
CSV-Format exportiert. Eine weitere Datenbereinigung
ist nicht notwendig, da Simulationsdaten, im Gegensatz
zu Echtdaten, fehlerfrei sind, sofern vorausgesetzt wer-
den kann, dass das zugrunde liegende Simulationsmodell
valide und fehlerfrei ist. Die Analyse wurde mit Hilfe der
Python-Bibliothek Scikit-mine! durchgefiihrt, welche
eine schnelle und effiziente API fiir Pattern Mining in Py-
thon bereitstellt. Konkret wurden hier insbesondere die
Methoden der Klasse PeriodicPatternMiner genutzt.

Wie bereits zu erwarten war, findet der Algorithmus
eine Vielzahl von Mustern, von denen fiir die Auswer-
tung im Sinne einer Wissensentdeckung durch interes-
sante Muster nur wenige tatsdchlich relevant sind. Es be-
ndtigt also einen gewissen Grad an Hintergrundwissen
iiber das Modell sowie ein manuelles Filtern und Suchen
nach Mustern bzw. einzelnen Komponenten und Schliis-
selereignissen, um letztendlich interessante Muster auf-
zudecken. Tabelle 1 zeigt hierzu vier ausgewidhlte Mus-
ter, welche im Folgenden néher erldutert werden.

Nr.| Muster Abstand
1 (S1_failure) 3:30:32
2 (S]ifallure.: = [d=0:30:00] 3:99:48
= S1_repair_done)
3 (q2_empty = [d=0:12:00] 16:00:01
= q2_full)
4 | (q2_empty = [d=0:12:00]
= q2_full = [d=0:17:00]
- 3:30:00
= S1 _repair_done = [d=0:46:00]
= q2_empty)

Tabelle 1: Ausgewahlte periodische Muster in den
Simulationsverlaufsdaten. Der Wert d in den
eckigen Klammern zeigt jeweils den durch-
schnittlichen Abstand zwischen zwei Teilkom-
ponenten eines Gesamtmusters an.

Muster 1 zeigt den periodischen Verlauf des Storevents
von Station 1 mit einem regelméfBigen Auftreten von 3,5
Stunden im Schnitt. Dies ist nicht {iberraschend, da die
zugrunde gelegte Zufallsverteilung fiir das Auftreten der
Storung mit einem Erwartungswert von 3,5 Stunden pa-
rametrisiert war. Dennoch soll dieses Muster als anekdo-
tischer Beweis dienen, dass die gewéhlte Methodik in der
Lage ist, solche erwarteten RegelméBigkeiten auch tat-
sidchlich zu finden. Als Nebeneffekt kann zudem die vor-

Isiehe https://github.com/scikit-mine/scikit-mine

86

gestellte Methodik auch zur Uberpriifung und Validie-
rung des Modells herangezogen werden. Ein dhnlicher
Zusammenhang findet sich in Muster 2, welches sich auf
die Periodizitdt von Stdrungsauftritt und Reparatur be-
zieht. Der Wert d in den eckigen Klammern zeigt jeweils
den durchschnittlichen Abstand zwischen zwei Teilkom-
ponenten eines Gesamtmusters an. Da die im Simulator
hinterlegte Entstorungszeit 30 Minuten betrégt, findet der
Algorithmus auch hier korrekterweise einen regelmafi-
gen Zyklus aus Auftreten einer Stérung sowie deren Be-
hebung mit einem Abstand von 30 Minuten zwischen
beiden Ereignissen und einer Wiederholung von im
Schnitt ebenfalls wieder ca. 3,5 Stunden. Muster 3 be-
steht aus Ereignissen, die sich auf eine Ergebnisgrofie im
Verlauf beziehen, ndmlich den Zustand der Warte-
schlange ¢2. Wie man sieht, gibt es hier eine Regelma-
Bigkeit zwischen Leerstand und dem Volllaufen der War-
teschlange, wobei der Abstand d beider Ereignisse in die-
sem Muster im Schnitt 12 Minuten betrdgt und das Mus-
ter mit einer RegelméaBigkeit von 16 Stunden auftritt. Da-
raus lisst sich schlieBen, dass bei Offnen des unteren Pfa-
des nach Auftritt einer Storung auf dem oberen Pfad es
regelmdfig 12 Minuten dauert, bis die untere Warte-
schlange vollgelaufen ist. Muster 4 beschreibt schluss-
endlich den Zyklus zwischen dem Volllaufen der vorher
leeren Warteschlange q2, dem Abschluss der Reparatur
von Station 1 sowie das darauffolgende Leerlaufen der-
selben Warteschlange, mit den entsprechenden Zwi-
schenabstandszeiten der jeweiligen Einzelereignisse. Da-
raus lasst sich also ableiten, dass nach Behebung der Sto-
rung von Station 1 die vollgelaufene Warteschlange g2
regelméBig nach im Schnitt 46 Minuten wieder leergezo-
gen worden ist.

Es fillt auf, dass Muster 3 einen deutlich groferen
Abstand hat, also seltener auftritt, als Muster 4, obwohl
die ersten beiden Ereigniskomponenten dieses Musters
identisch sind. Dies liegt daran, dass in einigen wenigen
Fillen zwar die RegelméBigkeit fiir die ersten beiden Er-
eigniskomponenten von Muster 4 gegeben waren, aber
nicht fiir die beiden hinteren, weshalb daraus in der Folge
ein neues Muster (Muster 3) gebildet wurde. Solche Zu-
sammenhénge gilt es bei der Auswertung solcher Muster
auf Simulationsverlaufsdaten zu beriicksichtigen. Grund-
sdtzlich ist dies eine wesentliche Herausforderung bei der
Anwendung von Periodic-Pattern-Mining, die auch in di-
versen prototypischen Experimenten zu diesem Beitrag
festgestellt wurde: Je stirker ein stochastischer Einfluss
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auf bestimmte Ereignisse wirkt, desto schwieriger wird
es, hierzu noch RegelmaBigkeiten zu entdecken. Hierbei
werden dann oftmals mehrere zyklische Muster entdeckt,
die aber eigentlich derselben kausalen Ereigniskette zu-
zuordnen wiren. Eine Abhilfe konnte hier sein, durch das
geschickte Zusammenfassen mehrerer Muster hieraus
wieder das origindre zyklische Muster zu errechnen.

4 Fazit und Ausblick

In diesem Beitrag wurde gezeigt, wie mit Hilfe von Pat-
tern-Mining-Methoden Simulationsverlaufsdaten zur
Wissensgenerierung verwendet werden konnen. Hierzu
wurden diverse Pattern-Mining-Methoden vorgestellt so-
wie ein Konzept zur Anwendung dieser auf Simulations-
verlaufsdaten eingefiihrt. Darliber hinaus wurde die
Nutzbarkeit von Periodic Pattern Mining im Speziellen
exemplarisch anhand einer einfachen, akademischen
Fallstudie aufgezeigt. Allerdings verbleiben hierbei noch
einige Herausforderungen und daraus abgeleiteter For-
schungsbedarf. Eine gro3e Herausforderung besteht da-
rin, dass das Vorhandensein vieler und/oder starker
stochastischer Einfliisse im Modell dem Entdecken von
zyklischen Mustern entgegenstehen. Abweichungen auf-
grund der Stochastik kénnen hier mdglicherweise vor-
handene Muster und RegelméBigkeiten iberdecken. Eine
weitere Herausforderung stellt die schiere Gréfe von
Logfiles und damit einhergehende Masse von Ereignis-
sen in komplexen, langlaufenden Simulationsmodellen
dar. Die Grenzen der Anwendbarkeit der hier vorgestell-
ten Methode miissen in weiteren Forschungsarbeiten
noch néher untersucht werden, z. B. hinsichtlich der
Komplexitit des untersuchten Szenarios und des zugrun-
deliegenden Modells. Hierbei kann es schwierig sein, in-
teressante, nicht-triviale Muster herauszufiltern. Es be-
steht weiterer Forschungsbedarf fiir z. B. graphische, in-
teraktive Methoden, die den Anwender hierbei unterstiit-
zen. Ein weiteres zukiinftiges Forschungsfeld konnte die
Erweiterung der Methode fiir die Nutzung mit Daten aus
mehreren Simulationsexperimenten sein. In diesem Bei-
trag wurde nur ein Szenario mit fixen Faktorwerten be-
trachtet. Wenn man nun im Sinne eines Experimentde-
signs die Werte bestimmter Faktoren verdndert, erhélt
man als Ergebnis einen Simulationsverlaufsdatensatz pro
Experiment. Das Auswerten von Mustern und deren Ver-
dnderung in Abhingigkeit der Faktorwerte konnte wie-
derum interessantes und potenziell niitzliches Wissen
iiber das Modell hervorbringen.
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Abstract. Models based on linear implicit equilibrium dy-
namics form a special but very useful sub-set of DAE systems
that can be applied for the simulation of technical physical
systems. Since these are based on differential-algebraic
equations, a transformation into executable code must be
performed for the purpose of model evaluation. One way to
achieve this is the object-oriented formulation of the simula-
tion code itself. To explore this path a dedicated simulator
prototype has been implemented and is outlined here. The
long-term goal is to define alternative compilation targets for
a Modelica compilers that enable highly scalable simulation
code for very large systems.

1 What is Linear Implicit
Equilibrium Dynamics?

Linear Implicit Equilibrium Dynamics (LIED) is techni-
cally defined as a special class of Differential Algebraic
Equation (DAE) Systems.

1.1 Formal Definition

A DAE system with potential state derivatives x, time t
and algebraic variables w

0 = F(i,x,w,1t)

is defined as LIED system when it can be transformed
into the following form:

[‘;vj] = g(x;, xg, t)
Wi
A(x), xg, Wg) [5\71 ] = f(x}, Xg, W, t)

We see that both the algebraic variables as well as the
state derivatives can be split into a fully explicit part

(g; wg) and a part (x;; w;) with a linear system in im-
plicit form expressed by the regular matrix A. Further-
more, the following conditions shall hold true:

XpN X, Cx
Wy N w2 w
XgN X, Nw 2 x%x
Xg, X;, wg, w; are all disjoint

These conditions essentially mean that it is allowed to
perform certain symbolic mechanism of index reduction
such as the dummy derivative method [5] originating
from Pantelides [6]. Using this method, states variables
of x can be transformed to algebraic variables in w; and
further derivatives may be added to w; or wy. In practice,
this is important because it means that the linear implicit
dynamics can be expressed by far fewer states than sug-
gested by the vector x of the original DAE formulation.

1.2 Informal Explanation

The formal definition above may be primarily perceived
as a relatively strong restriction on the model equations
and not many systems may be intuitively expected to fall
into this category. Surprisingly, LIED can be applied suc-
cessfully for the object-oriented modelling of complex
thermofluid architectures [7],[8] or to mechanical sys-
tems with stiff contacts [9].

The idea is that the non-linear behaviour of the slow
mode is explicitly expressed whereas the fast dynamics
that typically is needed to uphold non-linear constraints
is expressed by a linear implicit system that fulfils the
constraint in its equilibrium. Hence the name: linear im-
plicit equilibrium dynamics. The equilibrium dynamics
is thereby often a replacement dynamic and only an ap-
proximation of reality (as all modelling is).

ARGESIM Report 47 (ISBN 978-3-903347-65-6), p 89-93, DOI: 10.11128/arep.47.a4735 89
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2 What is LIED good for?

As the above references demonstrate, LIED has been ap-
plied using Modelica [1] for the object-oriented modeling
of thermofluid or mechanical systems.

To this end, it is necessary to use triplets as interface
of the model components that consist in a signal for the
explicit non-linear part and a pair of potential as pre-
sented in Table 1.

Domain Signal Potential Flow
trans. position: r  velocity: force:
mechanics [m] v [m/s] f [N]
angle: angular
rotational dge: ¢ g . torque:
. [rad] velocity: w
mechanics 7 [Nm]
[rad/s]
Thermo- inertial mass-
thermofluid . ! I S
streams dynamic pressure  flow rate:
state: © r [Pa] m [kg/s]

Table 1: Connection triplets for the object-oriented model-
ling of LIED Systems.

More background on the derivation of these triplets can
be found in [10]. It goes beyond the scope of this paper
how the equations are formulated in detail but the two
Modelica model diagrams shown in Figure 1 and 2 may
illustrate the practical usefulness.
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Figure 1: Model diagram of a reversible heat pump systems
using the ThermoFluid Stream Library [8].

Especially the ThemoFluid Stream Library has mean-
while become a popular OpenSource library both by ac-
ademia [4] and by industry [7].

LIED systems have very benevolent characteristics

90

for object-oriented modelling. Following simple connec-
tion rules, the resulting matrix A(x;, x5, wg) will be reg-
ular and an a-priori statement on solvability can be given
[7]. This makes this class of modeling very robust and
prevents many computational simulation errors.

&e— I ==

Figure 2: Model diagram of a mechanical system for a kine-
matic using the Dialectic Mechanics library [9].

3 A dedicated simulator

3.1 Why?

The libraries are currently developed using Modelica and
since LIED systems are a subset of DAE systems and
Modelica can deal with DAEs in general, any Modelica
compiler can be used to generate simulation code out of
LIED systems. A dedicated simulator is thus not needed.
Existing and mature simulation software can be used.

However, Modelica compilers are very complex and
algorithms for the processing of general DAEs involve
drawbacks: all Modelica compilers create a “flat” model,
where all equations are collected in a single set. For very
large systems, this poses problems primarily because
large amounts of code are generated.

Out of practical experience, many LIED systems have
very benevolent structural characteristics that enable a
compilation already on the component level. A compiler
for standard Modelica cannot exploit these benefits, al-
beit they may greatly increase the ability to deal with
large systems or with variable structure systems.
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To explore alternative compile targets dedicated for
LIED systems, a prototypical simulator has been devel-
oped with the name zimsim.

Modelica Model

Partial Index

Flattening Reduction

Symbolical Index
Reduction

Component-wise
Compilation

Monolithic
Simulation Code

Object-Oriented
Simulation Code

Figure 3: lllustration of different pathways for the compila-
tion of simulation code. The blue boxes on the
left illustrate the classic compilation of Modelica
where all equations are collected in a single set.
The green boxes on the right illustrate a potential
pathway for LIED systems. This paper focuses on
the compile target which is the object-oriented
simulation code.

3.2 Computational structure and
implementation of blocks

Figure 5 presents a simple planar mechanical system of a
crane crab (a pendulum attached to a slider). To each
component of the system 3 computational blocks are as-
signed of different color: blue, green, and orange. The
blue and green blocks form thereby a computational se-
quence directed from the root whereas the orange signal
leads to the root. For this particular domain of LIED sys-
tems, the blue signal contains the positional state and un-
dergoes non-linear transformations. The transformation
of the green and orange signal forms a linear response
which can be used to solve the linear equations system
that spans across the components.

/class RevoluteJoint: public Component \

@ signal flangeTo, flangeOn

° double phi, phi_der, w, z, residualTorque;

@  ContinuousState position{ phi,phi_der };

@  ContinuousState velocity{ w,z };

@ Tearing zeroTorque{ phi_der, residualTorque };

@ void evalState();
@@ void evalKinetic();
—

void evalImpulse();

\ﬁ virtual void metainfo(Meta& meta) j

Figure 4: C++ class diagram of a revolute component.

= = =
= = =
& @

Figure 5: Crane crab modelling diagram

In practice this means that the code for each component
can be represented by dedicated C++ class and the com-
putational blocks can be expressed by C++ member func-
tions. This is illustrated in Figure 4 with matching colors.

3.3 Handling of meta information

It is necessary to register the state-variables and their de-
rivatives in the system. This is done by member objects.
In similar vein, tearing variables and residuals are regis-
tered. The tearing variable belongs to the green signal and
used to probe the system whose linear response can be
assessed by the residual belonging to the orange signal
flow. Furthermore, for each block (or member function)
the dependence on the input and output signals needs to
be registered.

For these purposes each component class must con-
tain a virtual member function called metainfo. This
function takes a crawler object by reference and depend-
ing on the implementation of the crawler different me-
tainformation may be extracted.

3.4 Ordering of blocks, compacting and
extracting of sub-blocks.

When instantiating a component class, all structural rele-
vant meta data are collected. With this information, it is
now possible to put all calls to member functions of all
components in correct order. First a partial order is cre-
ated based on the signal dependence, then the linear sys-
tems (of different dimension) marked by tearing and
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residual variables are compacted and in the last stage the
dynamic part is compacted (meaning that the all constant
evaluations are placed upfront and all calls not needed for
derivative evaluation are put last). With this ordering the
linear subsystems can be constructed and solved and the
overall model can be evaluated.

3.5 ODE simulation

Runge-Kutta solvers with fixed step size of order 1 to 4
as well as Backward Euler and ESDIRK23 [3] with vari-
able step-size control have been implemented as numeri-
cal ODE solvers.

3.6 Overall Simulator Software Design

The major classes of the simulator are:

e ModelEvaluation instantiates the model, collects
structural meta-information, orders the computational
blocks and offer model evaluation

e Simulator implements numerical ODE solver

e Recorder collects references to desired outputs and
generates output either to file, memory or TCP port.

4 First scaling results

4.1 The scaling experiments

The crane crab model of Figure 5 has been used to per-
form a simple scaling experiment. Using a logarithmic
grid of factor 4, 1 to 16384 crane crabs have been instan-
tiated and simulated using zimsim. The same exercise
has been performed within a commercial Modelica tool.
Here, this generates models ranging from 206 equations
up to 3.1 million equations. In Figures 6 and 7, we use
the equation number since this quantity is more familiar
to Modelica users.

4.2 Scaling results in terms of memory usage
Peak memory usage for model translation, compilation
and simulation is orders of magnitudes lower using zim-
sim. The likely reasons are:

¢ Avoidance of flattening

e On demand generation of meta-information

o More variables on stack than on heap

For small models, comparing the memory usage hardly
makes sense because we compare the memory usage of a
dedicated simulator (LIED) with the one of a whole mod-
eling and simulation environment (Modelica Tool). The
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two orders of magnitude for small models is thus not sur-
prising. What is surprising that this gap does not signifi-
cantly close for larger models. Peak memory consump-
tion seems to appear in the models at model translation.
Zimsim has been written with efficient use of memory in
mind: Meta information is generated only on-demand
and also the object-oriented formulation enables to do
more computation on the steak than on the heap.

# equations
1,E+02 1,E+03 1,E+04 1,E+05 1,E+06 1,E+07

1E+11

1,E+10
1,E+09
1,E+08
1,E+07
1,E+06
1,E+05
1,E+04
1,E+03
1,E+02
1,E+01
1,E+00

—8—Peak Mem LIED [bytes]
—@— Peak Mem Modelica Tool

Figure 6: Memory usage in bytes

4.3 Scaling results in terms of performance

# equations

1,E+02 1E+03 1E+04 1,E+05 1,E+06 1,E+07
1,E+02

—@—ms per f-eval (LIED)
—@— ms per f-eval (Modelica Code

1,E+01

1,E+00

1,E-01

1,E-02

1,E-03

1,E-04

Figure 7: Time for single model evaluation in ms.



ASIM 2024 Tagungsband Langbeitrage, 27. Symposium Simulationstechnik, Univ. d. Bundeswehr Miinchen, 4.- 6. 9. 2024

Simulation speed is up to an order of magnitude slower

using zimsim. The likely reasons are:

o More overhead in zimsim due to interface variables
and many function calls.

o Numerical solution of linear equation system in zim-
sim instead of symbolical transformation.

Pure simulation time is compared here. Time for transla-
tion, compilation and instantiation is ignored. Generation
of output has been reduced to a negligible amount.

One has to consider that the code generation of the Mod-
elica tool underwent decades of optimization whereas
zimsim is still prototypical. A reduction of 50% in com-
putational effort might be achievable for zimsim, how-
ever a certain gap will always remain.

We can observe that for larger systems, the perfor-
mance penalty is smaller, the reason is unknown but is
probably due the higher memory efficiency in zimsim.

A final remark: results for even larger systems could
not be attained for zimsim as well as for the Modelica
tool, however for completely different reasons. The Mod-
elica tool started to hit the limits of memory leading to
excessive translation time due to disk swapping. zimsim
had no such problems but the instantiation has been im-
plemented with a low-performing algorithm, requiring
too much time. This is however a pure implementation
issue and will be improved.

5 Outlook

The prototypical simulator demonstrates that LIED sys-
tem can actually be coded directly in C++ and executed
with acceptable efficiency and while using comparably
little memory. The complexity of the software is thereby
significantly lower than of any Modelica environment.
The scaling capabilities are promising and can be im-
proved by going to code dedicated for GPUs.

Although the modeling in C++ turned out to be much
more natural than originally conceived, it is still not a de-
sirable target. Instead, the existing C++ modelling librar-
ies shall be used as an inspiration for Modelica compilers.
Especially open compilers such as the OMC [2] could be
modified to compile from Modelica libraries into a set of
pre-compiled components.

The main, albeit preliminary, conclusion is that LIED
systems not only form an interesting class for robust
modelling but also an interesting class for large scale sys-
tem simulation, worthy of further investigation.
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Abstract. Mobile articulated gripper arms are revolution-
izing a range of fields, from additive manufacturing and
packaging to automated assembly lines and surgical ro-
botics. These innovations underscore the crucial role of
simulation in design and development. Digital Twins are
integral to this process, ensuring robustness, perfor-
mance optimization, real-time monitoring and control,
and adherence to industry standards. Preparing students
for successful careers to develop such innovative engi-
neering solutions leveraging state-of-the-art methods and
approaches is of high importance. In this work, we
demonstrate how Project-Based Learning (PBL) for such
complex engineering tasks can be significantly enhanced
and accelerated using MATLAB® and Simscape™ Multi-
body™. The results of this project clearly show that stu-
dents can deliver high-end, robust solutions to complex
engineering tasks, allowing them to efficiently familiarize
themselves with advanced engineering topics by leverag-
ing industry-mature modeling, simulation, test, and de-
ployment ecosystems provided by MathWorks®.

Introduction

Today’s job market requires highly skilled engineers
equipped with the knowledge and tools to elaborate, de-
velop, test, and eventually deploy qualified engineering
solutions for diverse applications. As new technologies
continuously emerge, the need for sophisticated develop-
ment methods and comprehensive environments in-
creases, enabling the handling of ever broadening appli-
cation fields. Therefore, modern education necessitates
the adoption of effective and efficient teaching methods
such as Flipped Classroom and Project-Based Learning
(PBL), see also in [1,2,3,4]. These allow students to gain
practical experience using state-of-the-art platforms and

w_

Figure 1 Kinova Gen3 robotic Figure 2 Kinova Gen3 robotic
arm [5]. arm modelled in Simscape
Multibody.
methods they will eventually encounter in industry. The
Technical University of Munich (TUM) in Munich, Ger-
many, is one of the leading technical academic institutes
in Europe and worldwide. It offers many diverse and in-
terdisciplinary study programmes in engineering. Most
these programmes, if not all, involve PBL as part of their
curricula. This publication illustrates the development
and investigates the results of a student project within the
frame of PBL-based course “Software Lab” that took
place in 2023. This lab is offered to master-level students
at TUM annually. Academic and industrial partners col-
laborate with the participants by offering projects to pur-
sue during this course, thus enabling students to elaborate
practical projects of engineering significance in both ac-
ademia and industry.

The results show that the use of PBL with industry-
established engineering software increases motivation
for the project elaboration, promotes learning outcomes,
and enables students to develop practical and industry-
relevant skills.
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1 Problem definition

This student project was conducted in collaboration with
MathWorks®, the makers of MATLAB® and Simulink®
modeling and simulation platforms. Simscape™
Multibody™, an add-on product to Simulink, was used
as Simulation platform. Simscape Multibody enables the
modeling and simulation of multibody systems, which
are integral part of robotic solutions. Coupled with the
Control Design and Hardware Deployment capabilities
of Simulink, Simscape Multibody enables modeling,
simulation, test, and deployment of complex, industrial
robotic systems.

The student team’s engineering task was the develop-
ment of a Mobile Articulated Gripper Robotic Arm,
which can be used for tasks such as additive manufactur-
ing, surgery, search and rescue missions, etc. As starting
point for the project, the Multibody model [6] of the Ki-
nova Gen3 [5] robotic arm was provided. The actual Ki-
nova Gen3 robotic arm is shown in Figure 1, whereas its
Multibody representation in Simscape Multibody is de-
picted in Figure 2. It is evident that the digital model ex-
hibits strong resemblance to its physical counterpart.

The project objectives included:

e The setup of a multibody system for the mobile
base with three wheels in Simscape Multibody,

e the setup of a multibody system for the mobile
base coupled with the multibody representation
of the articulated Gen3 robotic arm from Kinova,

e the implementation of a path following maneu-
vre for the mobile base,

e the implementation of a “pick and place” maneu-
ver for the articulated robotic arm using inverse
kinematics, and

e the coordination of the different tasks of the robot
using a Task Scheduler, aiming to replicate an
automated wall construction using Simscape
Multibody.

The project goals were achieved in a timely manner
with remarkable efficiency given the students’ limited
knowledge in robotics, MATLAB, and Simscape Multi-
body prior to the project elaboration.

The outcome of this study shows that MATLAB,
Simulink, and Simscape Multibody form a strong plat-
form for PBL due to their flexibility and adaptability.
This enables students to fully leverage their skills while
working on complex tasks.

Familiarization with the tools and methods needed for
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an engineering project like this is not trivial. The students
were asked to use the MathWorks self-paced Online
Training Suite (OTS) [7] to gain the required tools
knowledge and skills. These self-paced online courses al-
low for an efficient and seamless familiarization with the
MathWorks products and environments, necessary for
the project elaboration.

2 Project elaboration

The project was expected to be elaborated and finalized
throughout an academic year. Regular presentations were
scheduled to allow the project participants disseminate
their results, share the project status, and respond to ques-
tions from their peers, the project supervisors, and the
course coordinators.

2.1 Articulated robotic arm and gripper end
effector

A multibody system in urdf-format for the Kinova
Gen3 robotic arm was provided as a starting point for the
project. Function smimport [8] from Simscape Multi-
body allows for converting a CAD model (or an assem-
bly) to a multibody system in Simscape Multibody,
which considerably accelerates the development process.

In practice, one would employ torque control to move
the joints of the articulated robotic arm and gripper end
effector. It was suggested that motion control should be
used instead to simplify the task. This modeling approach
is suitable for early-stage design. Thus, the desirable mo-
tion was simply applied to the robotic joints. This suita-
ble for early-stage design simplification allowed the stu-
dents to complete the project promptly without the need
for time-consuming controller tuning. Moreover, this
modeling approach is equivalent to assuming that all nec-
essary torque can be applied to the joints to achieve the
desirable joint motion.

Subsequently, a set of waypoints was defined to have
all joints of the articulated robotic arm operate in a coor-
dinated manner so that the end effector can achieve the
desirable end position. Using an appropriate number of
waypoints allows the joints to find unique motion paths,
leveraging the Inverse Kinematics (IK) solver in Sim-
scape simscape.multibody.Kinematics-
Solver [9]. Just using a handful of waypoints might not
be enough for the IK solver to find unique actuations for
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all joints, as the inverse kinematics problem is by nature
highly nonlinear.

Figure 3 shows the motion of the end effector gripper
moving from the initial vertical position to finally reach-
ing the brick on the ground. This highlights the efficiency
and robustness of IK solver in Simscape.

Figure 1 Inverse Kinematics Solver in Simscape (sim-
scape.multibody.KinemaricsSolver).

2.2 Mobile base

The students decided to use a three-wheeled model to
model the mobile base. This is convenient because it pro-
vides the necessary stability and allows for steering by
controlling the rotational speed of each rear wheel. Addi-
tionally, there is no need for a suspension. This design is
inspired by one of the models in the SolidWorks® tuto-
rial; see in [10] for more information. Exporting the
model from SolidWorks® to Simscape multibody can be
achieved using the Simscape Multibody Link [11].

Various studies with different parameters were per-
formed to find the most appropriate parameters that
would allow the model to simulate stably. Moreover, the
contact behaviour between the ground and the wheels
was modelled using the Spatial Contact Force block [12]
in Simscape. Tables 1 and 2 summarize the values chosen
for the normal and frictional contact force coefficients
used in this project, respectively.

Parameter Value

Method Smooth Spring-Damper
Stiffness le6 N/m

Damping 1led N/(m/s)

Transition region width 0.3m

Table 1 Normal contact behavior

Parameter Value

Method Smooth Stick-Slip

Coefficient of static friction 0.9

Coefficient of dynamic friction 0.7

Critical velocity le-2 m/s

Table 2 Frictional contact behavior

Subsequently, the students sought to impose a path the
mobile base should follow. As the robotic platform under
consideration is of differential drive robot type, they de-
cided to use the Pure Pursuit block in Simulink, (see in
[13]), to obtain the linear and angular velocity control
commands necessary for navigating the mobile base via
a track defined by a provided set of waypoints. The stu-
dents leveraged a MATLAB Function block [14] to con-
vert these linear and angular velocity control commands
to the rotational speed of the left and right wheels of the
mobile base. The corresponding Simulink schematic is
depicted in Figure 4. The Pure Pursuit block in Simulink
is provided with the robot’s pose, namely, its position and
heading of the robot, and the corresponding waypoints it
should navigate through. It returns the necessary control
inputs for the linear and angular (rotational) velocities v
and w, respectively, that the robot must possess to navi-
gate via the provided waypoints with the given pose.

i

targetRotationalVell f—}

@ ou 4

leasure . Position @+ platform_mode._out

u .
e ———— '

- L

Platiorm TargetDir —»—]

waypoints Pure Pursuit block

velosity_out{—|

Compute angular wheel velocities

Figure 2 Pure Pursuit block and computation of the left and
right wheel rotational velocities.

However, these control signals need to be converted
to rotational speeds for the left and right wheel of the mo-
bile base. To achieve that, the following formulas were
employed and implemented in the MATLAB Function
block with name “Compute angular wheel velocities

L_d
w, = —=2 (1a)
d
Ve (1b)
W = ’

Please note that d and r in Egs. (1) stand for the track
width, namely, the distance between the centerline of the
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two rear wheels, and the radius of each rear wheel.

It is worth noting that the pure pursuit algorithm can-
not stabilize the robot once it has reached its destination.
For this purpose, a triangular velocity profile reduction
was implemented to stabilize the behavior of the mobile
base. This ensures that the mobile base reaches its desti-
nation with a gradual reduction in its velocity, ultimately
stopping at the destination. A proportional controller is
used to obtain the required torque that needs to be applied
at the left and right wheels to achieve the desirable rota-
tional speed. The results of the target and achieved rota-
tional velocities for both wheels are shown in Figure 5.
A three-fold scaling of the error in terms of the rotational
velocity for both wheels is used for the proportional con-
troller. This simple P-controller can almost perfectly con-
trol the torque to achieve the desirable rotational velocity.

Rotational velocity of the left wheel

= = Target Anglular Velocity
——— Actual Angular Velocity

w (r/s)

-1 T

Rotational velocity of the right wheel

0r T /
— -2
0 i
Zaf | T
3

6 ‘- = Target Anglular Velocity|

‘—Aclual Angular Velocity
-8 i 1 I I I ‘
10 15 20 25 30 35 40 45

Time (s)
Figure 3 Target and achieved rotational velocities for both
wheels of the mobile base using a proportional controller.

The triangular velocity profile employed for reducing
the wheel’s rotational velocity in the vicinity of the des-
tination between can be clearly seen in Figure 5 at time
instances 19 and 22.8 seconds. Employing this approach
enables the mobile platform to reach its destination with
stability and efficiency.

The waypoints are defined such that the mobile base
navigates from the brick picking to the brick placing po-
sition. Moreover, Figure 6 depicts the track of the mobile
base.
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Figure 4 Mobile base navigating via waypoints using the Pure
Pursuit algorithm in Simulink.

2.3 Coupling of the articulated robotic arm
and the mobile base

Thus far, it has been highlighted how the students mod-
elled and simulated the articulated robotic arm together
with the gripper end effector and the mobile base sepa-
rately in Simscape Multibody. A Weld Joint block [15]
was used to establish a rigid connection between the two;
see Figure 7.

- Weld Joint
Base,RefD’

| rm angle trsjectories

| At valocily Waiedlories

| Arm acceleration tajectories

wa_switch

Am

Figure 5 Rigid connection of multibody parts using the Weld
Joint block in Simscape Multibody.

Joints in Simscape Multibody enable coupling differ-
ent parts of a multibody system by introducing Degrees
of Freedom (DOFs) that may restrict or enable the desir-
able motions depending on the application. Since the mo-
bile base can move freely in this case, using a Weld Joint
block between the mobile base of the articulated gripper
arm has the desirable effect of mounting the articulated
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gripper arm onto the mobile base rigidly.

2.4 Power supply for the rear wheels of the
mobile base

The electrical system used to power the rear wheels
of the mobile base is modelled in Simscape as a DC mo-
tor. The electrical motor is connected to a battery, shown
in the blue section of the Simscape model in Figure 8.
The Motor & Drive (System Level) block [16] was used
to convert the electric current from the electrical part of
the Simscape model to the mechanical part (see the green
part in the Simscape mode in Figure 8). Simscape offers
many blocks that allow Simscape models to be interfaced
from different domains (mechanical, electrical, fluid,
etc.). Finally, connecting the mechanical Simscape sys-
tem in green to the Simscape Multibody system is also
necessary. The torque and speed connections are denoted
in Figure 8 using brown color. The Rotational Multibody
Interface block is used [17] for this purpose.

Input torque

¥ " LT

Gear Box

. Rotational Multibody
Motor & Drive Interface
(System Level) L

| Mechanical
= Electrical Reference P Tominator Ej Rotational Reference

Figure 6 Modeling of a DC motor in Simscape.

The Rotational Multibody Interface block converts
the mechanical force from the mechanical part of the
Simscape model to torque that can be applied to the cor-
responding joints in the Simscape Multibody system. In
this case, the torque is applied directly to the rear wheels
of the mobile base. As mentioned in Section Mobile base,
the torque is controlled using a proportional controller by
scaling the error in the rotational velocity of each of the
rear wheels threefold. Each rear wheel is powered by
identical DC motors, as shown in Figure 8.

2.5 Task scheduler

A task scheduler had to be implemented in the simu-
lation model to handle task management. The mobile ar-
ticulated robotic arm must drive to the location of the
bricks, pick up each brick, bring the robotic arm into a
vertical position (idle position) minimizing the inertia
while driving, drive to the location where each brick is
supposed to be placed, and finally place the brick. The

four main tasks that the task scheduler organizes include:

e Driving towards the destination where the bricks

are stored,

e  picking up one brick at a time,

e restoring the robot’s arm posture to vertical (idle

position),

e  driving towards the destination where the bricks

are to be placed,

e placing each brick to construct a wall.

These steps are shown in Figs. 9, 10, 11, 12, respec-
tively. The task scheduler is implemented using a
MATLAB Function block by means of switch branches
based on a flag. The logic of the task scheduler could be
also implemented graphically using Stateflow®, but the
students decided to use MATLAB code in this project in-
stead.

Figure 7 Task scheduler: Drive towards the destination where
the bricks are stored with the arm in vertical posture (idle posi-
tion).

Figure 8 Task scheduler: Pick up each brick using the IK
solver in Simscape.

99



ASIM 2024 Tagungsband Langbeitrage, 27. Symposium Simulationstechnik, Univ. d. Bundeswehr Miinchen, 4.- 6. 9. 2024

K

Figure 9 Task scheduler: Drive towards the destination where
the bricks should be placed.

Figure 10 Task scheduler: Place bricks at the destination to
construct a wall using the IK solver in Simscape.

3 Project results and learning
outcomes

The main project objective of modeling and simulating a
mobile articulated gripper robot that can pick and place
bricks to construct a wall using Simscape Multibody has
been achieved with remarkable efficiency.

Next, the power needed for the articulated gripper
arm to pick the third, and last, brick (see Figure 13 ac-
cordingly) is investigated.

= - N
(=] (& o
T T

o

Power consumption (J/s)

0

Time (s)
Figure 11 Power consumption of the articulated robot arm
when picking up the last brick.

The power consumption for each joint can be
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computed using the following equation:
P=t-w 2)

where t and w stand for the angle by which each
wheel of the mobile base rotates and the corresponding
angular (rotational) velocity. Simscape offers the Rota-
tional Power Sensor block [18], among other sensor
blocks, that can be leveraged to compute the power of a
rotational mechanical system, see Eq. (2). Figure 14
shows the physical conserving ports of this sensor block,
which are physical connections that conserve the me-
chanical system’s rotational energy and the output signal
port that senses the corresponding rotational power.

_ rotational
|
| power

|
~physical
conserving ports

C

Rotational Power
Sensor

Figure 12 Rotational Power Sensor block for the computation
of the power in Simscape.

Joints in Simscape Multibody enable coupling differ-
ent parts of a multibody system by introducing DOFs that
may restrict the motions as needed for the corresponding
application. Using a Weld Joint between the mobile base
of the articulated gripper arm has the desirable effect of
mounting the articulated gripper arm onto the mobile
base rigidly since the mobile base can freely move on the
ground in this case.

The total power consumption needed for the move-
ment of the mobile base is also computed in the same
manner. The results are summarized in Figure (15).
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s e I A . q.“
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|

Power consumption (J/s)

0 50 100 150 200 250 300
Time (s)

Figure 13 Power consumption of the mobile base throughout

the simulation.

The power needed for the mobile base can be
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exclusively attributed to the actuation of the two rear
wheels according to the pure pursuit algorithm for path
following and the corresponding P-controller. The rela-
tively short instances where the power consumption be-
comes negative are worth noting. These can be attributed
to the moments when the velocity is reduced as the mo-
bile base approaches the destination using the employed
triangular velocity profile using the proportional control-
ler. When the robot’s velocity is reduced by motion input,
kinetic energy flows back into the electric motor. These
instances can be considered as equivalent to regenerative
breaking.

The students were able to ramp up quickly on the un-
derlying topics even though they weren’t experts in ro-
botics nor familiar with the computational platforms em-
ployed prior to starting the project. They felt comfortable
discussing advanced topics in robotics by the end of the
project, such as physical modeling, control algorithms,
inverse kinematics, and gaits among other. They pro-
posed appropriate solutions to the challenges faced
throughout the project. This project-based learning expe-
rience allowed the students to gain significant knowledge
in robotics, the employed computational platforms, and
team collaboration by working on a project with high
practical impact.

4 Conclusions

This work underscores the importance of using adapt-
able and flexible simulation platforms, such as
MATLAB, Simulink, and Simscape, to conduct courses
based on Project-Based Learning, which enables students
familiarize themselves with prominent industrial meth-
ods and workflows. Moreover, the importance of simula-
tion for the early-stage design of robotic systems in the
context of advanced engineering applications is also
highlighted herein. It emphasizes the effective and effi-
cient modeling and simulation of robotic multibody sys-
tems wusing Simscape Multibody, Simulink, and
MATLAB. These tools offer the flexibility to choose the
level of detail necessary for the required system fidelity.
For example, we demonstrate that while the mobile base
motors are modeled with a basic DC electric circuit, the
articulated robotic arm's joint motion is simulated di-
rectly without specifying the power source. This ap-
proach simplifies early-stage design processes by focus-
ing on essential elements. Additionally, we highlight that
control design can be directly integrated within Simulink,

allowing for easy computation and sensing of the re-
quired power using Simscape sensing blocks.

In conclusion, simulation is essential for any stage de-
sign of such robotic systems. It provides critical insights
into the model under consideration that can be used to
enhance productivity, robustness, and eventually, safety
when such complex engineering solutions are deployed
in practical applications. Moreover, simulations are
widely used to produce data to train reinforcement learn-
ing models, create policies for optimal robot control, or
train surrogate models from multibody systems via Deep
Learning to speed up computational time, see for in-
stance in [19]. To this end, modern teaching methods,
such as Flipped Classroom, Project-Based Learning, Ac-
tive Learning, etc., can be considerably enhanced by us-
ing industry-mature simulation platforms like the ones
used in this study.
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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 param-
eter systems where theoretically an infinite number of
derivatives of output signal y(¢) is necessary to compute
the input signal u(z), see [2, 3, 4]. However, for prac-
tical 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(¢) converges for a
certain number of derivatives of y(¢). In general, this es-
timation of convergence is not trivial because the com-
putation of u(¢) depends on system and control parame-
ters. 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

Input u
: Length L Output y
Figure 1: One-dimensional rod with heat input (left) and
temperature measurement (right).

as depicted in Fig. 1 to discuss the impact of system
and control parameters on the computation of input sig-
nal u(). 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 c 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, which enables us to
distinguish whether or not a control signal is indeed ap-
plicable for a system.

In section 2 we introduce the flatness-based model-
ing for the one-dimensional heat equation and derive in-
put signal u(r). The influence of the system parameters
are analyzed in section 3. The trajectory planning prob-
lem and the subsequent discussion of the control pa-
rameters are described in section 4 and 5, respectively.
Finally, in section 6 we present the simulation results of
the open-loop system and review the applicability for
realistic scenarios.

2 Flatness-based Control

We assume a one-dimensional heat conduction model
as portrayed in Fig. 1 which is described by the linear
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equation
2

B(t,x) = a%ﬁ(l,x} (1)

for (t,x) € (0,T) x (0,L) and the Neumann boundary
conditions as actuation on the left side

ult)= 24 %ﬁ(t,x) - R )
and thermal insulation on the right side
0= A1 i19(t,x) -AL 3)
dx x=L
where the outer normal vectors are known as #y = —1

and 7iy = 1. Here, we denote the temperature as ¥,
the thermal conductivity as A > 0 and the diffusivity
as @ = % with specific heat capacity ¢ > 0 and den-
sity p > 0. This heat conduction model is strongly
simplified because in real world scenarios, often we
have to consider two- or three-dimensional heat con-
duction with temperature-dependent material proper-
ties and probably thermal emissions consisting of linear
heat transfer and nonlinear heat radiation towards the
environment, see also [6, 7]. However, such realistic
heat conduction scenarios lead to a much more com-
plex mathematical discussion which is out of scope of
this contribution, and the presented control method and
its numerical analysis might not be applicable anymore.
The initial temperature distribution is arbitrarily defined
by
B(0,x) = p(x)

for x € [0,L] and the temperature is measured on the
right boundary as
y(t) =0(t,L). )

As known from the literature [2, 3, 4] the heat equation
can be represented by a power series approach. So, we
define power series

(L—x)
il

w(t,x) = i wi(t)
i=0

and find its derivatives with respect to position x as

(L—x)'
i

a [=S]
—w(t,x) = — ) wir1(7) and  (5)
o ;) 1

2

%w(t,x) - 2wi+2(t) (L=x)

i!
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We model heat equation (1) in terms of

az
w(t,x)= o ﬁw(t,x),

identify both sides by its power series expressions as

> L—x) > L—x)
Y Ywan
i=0 : i=0 :
and yield identity
Wwi(t) = ot wisa (1). (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

(0 = w10,1) = F wie) = w0

which implies (%y(t) = j—;,-wo(t) = a'wy; with identity
(6). Secondly, the boundary condition on the right side

(3) is formulated as

J = o
Agow(r,L) = =2 i;)wl-ﬂ(t)ﬁ = —Awi(t)=0

and we find %wl (t) = a'wyiy1 = 0. Thus, identity (6)

is described by the sequences
wii(t) = a 'y (t) and wasi(1)=0 (7)

for all n € {0,1,...,}. In the definition of boundary
actuation (2) we insert Equation (5) to derive the input
signal u(z) as

) ad L
u(t) = —law(ﬁo) = /li:ZOWiH(t)ﬁ
and further with i — 2i 4 1 and Equation (7) as
oo L2i+l 1

= ot (2i+1)!

u(t) = A Y@, ®)

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
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memory has to be reserved for the computation of « and
at which iteration i the summation can be stopped. The
power series to compute input signal u(z) can be sepa-
rated in sequence

LZH—I 1
= — . 9

= o T (2t 1! ©)
and the derivatives of the (desired) output signal
y+D (). 1In 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 7); is positive for all i € {0,1,...,00} as
we assume L > 0, ¢ > 0, and has a crucial influence
on the computation of the input function u because it
scales the derivatives y(i“). Thus, we need to know the
approximate values of 1;. We use a rescaled version of
sequence (9) as

. LZ i+1 1 ,},l+1
= <a> it Qivip LM

2 -~ .
where v := % to show that 1; and 7}; increase up to
some index i and decrease afterwards to zero. Increas-
ing iterator i by one we yield

_ [i+1]+1
M = i1+ 1!

_rY Y i B
ST @i Mk

y .
B3 and we notice

where f3; =

it oy

]

g B,’>1

and .
nt~+1 <1

1

s ﬁi<1.

Due to the definition of 7} this concept holds also for the
original sequence (9) as 1,1 = fB; 1;. So, the maximum
value of f}; and 7n); and its corresponding iterations i,y
depend only on y. For example, if we assume y = 100
then v < (2i42)(2i + 3) holds for i € {1,2,3} and we

find the maximum value 7y = 1% ~ 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 [8] and a rod made of steel 38Si7 [9].
The physical properties of both materials are listed in
Table 1. For aluminum we have 7,; = 410 and for steel
38Si7 we have 7y, ~ 3588. The sequences 7, ; and 1 ;
and their ratios % and % which describe evo-
lution of the sequehces by iteration are portrayed in
Fig. 2 in semi-logarithmic scaling. We find that in-

equality % > 1 or equally log, (%) > 0 holds
in case of aluminum for i € {1,...,8} and in case of

steel i € {1,...,28}. Thus the maximum values of 7;
for aluminum and steel are calculated by

19
_ ~ 102
Nal9 = 0‘;10 o1 ~5.53-10

and
59

— ~1.59-10%.
ald 59!

Nst29 =

As both sequences 1,;; 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;y(14,;) drops below zero
for i > 27: My 08 ~ 0.73, log;o(Nar28) ~ —0.13; and
logo(N,i) drops below zero for i > 82: Ny g3 ~ 0.13,
log;(Ns.83) = —0.87 (not displayed in Fig. 2).

4 Trajectory Planning

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

¥(t) = yo+Ay Do 7(t) (10)

Table 1: PHYSICAL PROPERTIES

A p c

237 2700 900 9.75-1073
7800 460 1.11-107°

Aluminum
Steel 38Si17 40
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log,(1;)

_1oll"Aluminum
Steel 38Si7

0o 4 8
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lteration i

(a) Sequence n;

251

2.0r

1.0F

0.5r

logo(nis1/:)

0.0f

-0.51

10 - Aluminum R
~7l- steel3gsiz| el

0 4 8

Il Il Il Il Il Il Il Il

12 16 20 24 28 32 36 40
Iteration i

(b) Ratio niy1/M;

Figure 2: Sequence n; (top) and ratio % (bottom) for
aluminum and steel 38Si7.

where Ay =y — yo, and with transition function

0 t <0,
Qe r(t)dT
[ ourmar '€ OT)

which uses the integral of the bump function

o oo 0 [¢[0,T],
w,T()_ exp(—l/([l—%]%)w> tE(O,T).

Parameter @ steers the steepness of transition ®4 7 and
is chosen such that the Gevrey order go = 1 + % <2
or equally @ > 1. A small value of w, e.g. @ = 1.1
means a rather flat transition, whereas a large value, e.g.

106

o = 3.0 means a quite steep transition, as depicted in
Fig. 3. To compute the input signal u(¢) in Equation (8)
we only need to find the derivatives

i

d i
To(t) = &y @7 (1) an

where the derivatives of transition ®, 7 are calculated
as

(i-1)

; Q t

ol (1) = 2T = D o reor) (12
’ Qo1

and CDg%T(t) =0fort ¢ (0,1), using integral

T
Qor = /0 Qor(1)dr. (13)

In Fig. 3 trajectory @ 7 () and its first derivative

are portrayed for varying o € {1.1,1.5,2.0,2.5,3.0}.
The derivatives CIDE’,% () can be computed symbolically
using for example computer-algebra systems (see for
example the MATLAB implementation [10]), numeri-
cally (which we do not recommend here). In this con-
tribution, we compute the derivatives Qg)f with the
JULIA library BellBruno.jl [11]. We note without a
proof that an increasing order of differentiation of Qg)T
leads to stronger oscillations because bump function
Q.7 is a function composition and smooth as Q4 7 €

€"((0,T)), see also [2].

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
7l =1/ [ 17 pas

on j—;QwﬁT(t) to unveil the influence of final time 7" and
exponent @ on the computation of input signal (8). Not-
ing the input signal with sequence 1, as

AAy & ;
= Zni QE;)%T(I)

un) =AYy 0 = 5
i=0 o7 =0
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Transition @, ,
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(b) First derivative

Figure 3: Trajectory &, r (top) and its first derivative
(bottom) with 7 = 100 seconds and varying
oe{1.1,15,2.0,2.5,3.0}.

using identities (11,12,13), we find the L2 norm of u(r)
as

A Ay

u(t =
)l = | 5

Z ni Qg),T(t)
i=0

A{ oo
< |Ay| Q r Ni
o,T =0

2,0

where we assume )L,Qva,n,- > 0. We see that the
power series is mainly driven by 1); (as discussed be-
(¥

fore) and derivatives Q) ;(¢). Therefore, we are able to
describe the quantitative behavior of the input signal by

Il Il
0 10 20 30 40
Iteration i

(a) Fixed @ = 2.0, varying T’

Iteration i

(b) Fixed T = 1000, varying @

Figure 4: Norm of QEBT with fixed o = 2.0 (top), and fixed
T = 1000 (bottom).

evaluating sequence

‘“:::égAylnngﬁQT(ﬂ’

o,T

(14)

2

Scaled norm || %Qa),T(f) || ;2/Qe.r is portrayed in Fig-
ure 4 in logarithmic scaling for two scenarios: fixed
® = 2 and varying T € {10,100,1000}; and fixed
T = 1000 and varying o € {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 HQEJ,)T(I)H/QOJ,T, the influence of
steepness @ may not be so clear here.

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
U; consists of 1; as defined in Equation (9) and so we
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Figure 5: Sequence y; (top) and ratio —

jenm iyt

(bottom) for

® =2.0and T = 1000.

distinguish aluminum and steel 38Si7 as noted in Table
1). The different values of 7; for aluminum and steel
38Si7 as in Fig. 2 lead to different values of u;: se-
quence U; approaching zero faster in case of aluminum
than steel 38Si7 as depicted in Fig. 5 (a). Introducing
the ratio el{nlaufl}“’ we find that the sequence elements y;
J el
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).

The evaluation of y; and ratio m;}‘(" - unveils two

jell iy
facts about the generation of input signal u(¢). Compar-

ing the results for aluminum and steel 38Si7, we find
in case of aluminum that only the very first derivatives
of &, r are weighted by 1); and higher order derivatives
have almost no influence on the computation of u(z).
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Whereas in case of steel 38Si7 the weights of deriva-
tives increase up to the fifth derivative so higher order
derivatives (which tend to oscillatory behavior) influ-
ence the found input signal, too. We find an approxima-
tion of the signal input

u(t) = 5= Y1 Qo) =tun(t) (1)

where N € N>q 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
input signal needs more series elements for steel 38517
than for aluminum, and this leads the stronger oscilla-
tions in Fig. 6 (b) because higher derivatives of trajec-
tory @g)‘r(t) are necessary. In a nutshell, we find four
important parameters which influence the input signal:
length of rod L and diffusivity o which define sequence
My, and final time 7" and steepness @ which influences
the derivatives of trajectory ®4 7 - and thus also the
necessary number of summation iterations.

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 phys-
ical properties as listed in Table 1 and the trajectory pa-
rameters 7 = 1000 seconds and w = 2.0. So, the inte-
gral of the bump function as in identity (13) is found as
QQ,,T ~ 17.06-10~°. Further, we assume an initial tem-
perature ¥y(x) = 300 Kelvin which shall be increased
by Ay = 100 Kelvin. A maximum iteration number of
N =40 is considered for approximation (15) in case of
both scenarios. As explained in Section 5 lower values
than N = 40 are also sufficient but it may rather imi-
tate a summation until N = oo. Heat equation (1) is dis-
cretized in space using finite differences with 101 grid
points and is simulated using a Runge-Kutta numerical
integration method for stiff systems, see [12].

The input signals and the resulting temperatures are
illustrated in Fig. 7 for aluminum (a,c) and steel 38Si7
(b,d). In both cases the output, meaning the temperature
at x = 0.2 meter, follows the reference and reaches 400
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(a) Aluminum

5l N=5
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(b) Steel 38Si7

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

Kelvin. So, from a pure mathematical point of view the
input signals are computed correctly for both scenar-
ios. However, from a physical point of view we need
to discuss the input signals and the resulting tempera-
tures rather critically. Beside the fact that it may not be
possible to apply negative input signals, e.g. if the ac-
tuator 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 (d). 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 (d). Therefore, the control parame-
ters final time 7" and steepness @ have to be readjusted
to decrease the necessary number of series elements, to
yield a lesser or no oscillating input signal and a realiz-

able temperature evolution.

Conclusion & Discussion

In this article we presented the computation of input sig-
nals for trajectory planning of a one-dimensional 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 input signal that
different material properties (aluminum, steel 38Si7) re-
sult 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 realizable
input signal even if the series in Eq. (8) converges.
Thus, we recommend to simulate the heat equation with
input signal to gain trustworthy arguments for the appli-
cability of the computed flatness-based input signal. We
motivate further research on the proposed approach for
realistic scenarios in two and three dimensions includ-
ing thermal convection and radiation.

Source Code

The source code is developed in JULIA programming
language [13] and is available on GitHub and Zenodo:
[14]. We implemented the simulations with the JULIA
libraries OrdinaryDiffEq.jl [15] for the numerical inte-
gration in time of the spatially approximated heat equa-
tion, and Makie.jl [16] to create the figures.
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Figure 7: Input signals and the resulting temperatures at position x € {0.05,0.1,0.2}.
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Abstract. Virtual Stochastic Sensors calculate statisti-
cally relevant estimates in indirectly observable discrete
stochastic systems. This is done by the proxel-based
analysis that aims to reconstruct the relevant part of the
state space with an iterative process. Strategically remov-
ing non-relevant proxels from the analysis (pruning) to
reduce runtime overhead might potentially affect the re-
sults. And while the impact on the decoding problem has
already been analysed in detail, the effect on the evalua-
tion problem was not yet discussed.

The paper discusses three pruning strategies and
compares their properties in case of the evaluation task.
The theoretical statements are empirically proven using
a car rental agency model in form of a Conversive Hidden
non-Markovian Model.

The results show that in case of well chosen param-
eters all three pruning strategies are able to reach the
same evaluation probability. The major difference be-
tween the strategies is due to their runtime properties
which need to be carefully aligned with the use-case to
reach optimal behavior. Based on the results the fixed
number of proxels pruning strategy provides highly pre-
dictable execution time, while the fixed threshold prun-
ing is very good at discovering a broader spectrum of the
state space. The variable pruning is a very good trade-off
between the previous strategies enabling lower thresh-
olds and thorough state space analysis while maintaining
acceptable execution times at the cost of more complex
parametrisation.

Keywords: Virtual Stochastic Sensor, Hidden non-
Markovian Model, Proxel-based Simulation, Pruning,
Evaluation

Introduction

Virtual Stochastic Sensors (VSSs), introduced in [1],
utilize the proxel-based analysis [2] to analyse partially
observable discrete stochastic systems. The proxels,
which represent a given system state at a given point
in time, build a so-called proxel tree to reconstruct and
represent the relevant part of the state space during the
analysis. The insignificant part is pruned away.

There are different pruning strategies to define what
is insignificant. In this paper three of them, fixed thresh-

old pruning, fixed number of proxels pruning and vari-
able pruning, will be discussed in detail. Similarly
to [3] we aim to give an overview of the influence of
the different pruning startegies on the evaluation results
of VSSs. This is motivated by the generalisation and
further development of the Change Adaptation Algo-
rithm (CAA) described in [4].

As in [3], this paper utilizes the same car rental ser-
vice model, presented in [5], for the evaluation. In this
model, customers arrive in a premium or ordinary queue
based on their membership. They use the same door
for entering and leaving the shop area and this door is
being observed (opening creates a signal) by the anal-
ysis. A single employee is serving both queues. Pre-
mium customers have priority over ordinary ones, but a
customer is always served to the end if the processing
has been started. Both queues are limited to 50 cus-
tomers. Figure 1 shows the Augmented Stochastic Petri
Net (ASPN) [5] of the system. ASPNs are modified
Petri nets [6] that can model the emission of symbols
when a transition fires. This model will also be used as
an example in the following to enlighten the different
concepts and tools used in this paper.

Door Door

1.04

Premium Service

Premium Arrival

~Normal ~Weibull
Ordinary Arrival Ordinary Service
~Normal ~Weibull

L)

0. Service Counter

D 0
: Ordinary Queue
1.0y

Door Door

Figure 1: Car rental service Example as ASPN

This paper compares the three major pruning strate-
gies in theory and using the above presented experi-

ARGESIM Report 47 (ISBN 978-3-903347-65-6), p 113-120, DOI: 10.11128/arep.47.a4704 113



ASIM 2024 Tagungsband Langbeitrage, 27. Symposium Simulationstechnik, Univ. d. Bundeswehr Miinchen, 4.- 6. 9. 2024

ment for the evaluation problem of Conversive Hidden
non-Markovian Models (CHnMMs). The results show
that after a given threshold there is no significant differ-
ence in the resulting probabilities, however, other major
properties vary for each strategy so choosing one or the
other for a given problem will always depend on the
use-case.

1 Related Work

Virtual Sensors (VSs) [7] aim to collect system infor-
mation that is hard or expensive to obtain in a direct
way. If we combine them with stochastic processes a
so-called VSS can be constructed which calculates sta-
tistically relevant estimates of system paramters that are
similarly hard, inefficient and/or expensive to measure.
In this section, an introduction will be provided to
such a stochastic process, the so-called CHnMM [8]
and its solution algorithm, the proxel-based analysis.
Additionally, proxel merging will be discussed.

1.1 Conversive Hidden non-Markovian Model

The concept of CHnMMs originates from the well-
known Hidden Markov Models (HMMs) [9], where a
hidden or partially hidden system is analyzed by proba-
bilistic symbol emissions. This idea was extended to
Hidden non-Markovian Models (HnMMs) by [10] to
overcome the limitations of the discrete-time Markov
chain in the background. HnMMs use arbitrary contin-
uous distribution functions to describe the state changes
and to create time dependence between them.

Similarly to HMMs, the HnMMs also try to solve
the evaluation and the decoding problem. The decod-
ing problem, finding the most probable generator state
sequence to a given trace, and the impact of the differ-
ent pruning strategies on it have already been discussed
in [3]. This paper is focusing on the evaluation prob-
lem, e.g. finding the probability that a trace has been
generated by a given model.

A specific subclass of HnMMs are the so-called
CHnMMs which allow additional performance opti-
mizations of the algorithm due to the fact that ev-
ery state change results in an observable symbol emis-
sion. Those optimizations are powerfull enough to
make CHnMMs the perfect experiment environment to
test and verify new ideas in an efficient way. That is
why this paper also limits its scope to CHnMMs.

In case of the presented car rental shop the hidden
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internal system state is the length of (the number of
customers in) the ordinary and premium queues. Every
state change (a customer entering or leaving the queue)
results in a door opening (signal emission). This effec-
tively means that by solving the evaluation problem, the
goal of this project is to find the probabilty of a given
door-opening signal protocol.

1.2 Proxels-based analysis

CHnMMs also need a solution algorithm. However, in-
stead of using the forward algorithm [11] or the Viterbi
algorithm [12] the so-called proxel-based analysis [2]
can be used. The technique utilizes the encapsulation
of a possible system state description (system state m,
age vector T, the probability of that state p, a timestamp
t, etc.) into a so-called proxel object as it can be seen in
Equation 1. One can use a collection of those proxels
to describe all possible system states at a given point in
time, including the ages of the relevant non-Markovian
transitions. Then by creating a parent-child relationship
between the timesteps one can derive the possible sys-
tem states for the future timesteps in an iterative way.
Of course, the proxel definition can be extended to carry
additional information through the analysis. Refering
back to the example model, a specific proxel represents
a given number of customers in the premium and ordi-
nary queues (m), the durations since the last customers
entered each queue and while one is being served (7)
and the probability (p) of ending up in the represented
state at the current simulation time ().

Py = (m,7,p,1) (1)

The mentioned parent-child relation is described by
the Hazard Rate Function (HRF) in Equation 2 using
the Probability Density Function (PDF) f(7) and the
Cumulative Distribution Function (CDF) F(7) of a pos-
sible state change. The equation describes the current
state change rate for a given state change if this one has
been active for T and has not happened yet. So in case of
our example model this translates to for example, what
is the probability of a customer service being finished
in this timestep, if he/she is being served right now. Or
similarly, what is the probability of the next customer
entering the shop now?

2)
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To keep the proxel tree at a reasonable size, very
unlikely proxels can be pruned from the tree. Different
strategies exist to perform this operation. They will be
further discussed in Section 2.

Proxel probabilities are represented on a logarithmic
scale to preserve precision as in case we represent them
on normal scale, they would disappear due to arithmetic
underflow very soon after the analysis was started.

1.3 Merging proxels

In case of the evaluation problem, we are not interesed
in the history of a given proxel, because we are only try-
ing to compute the probability of a given system state at
time 7. This means that after a couple of timesteps af-
ter starting the proxel-based analysis we can find prox-
els in the proxel tree, that represent the same system
state, but they have been generated by different routes.
These proxels can be merged by adding their probabil-
ities (which are logarithmic probabilities, as stated be-
fore, represented by p; and p;) using the Kingsbury-
Rayner formula [9] shown in Equation 3. By perform-
ing this merging operation one can keep the size of the
proxel tree under control very efficiently.

D1 +iog P2 =P1—In (1+e*(ﬁ27ﬁ1)) 3)

The Kingsbury-Rayner formula additionally pro-
vides an opportunity to efficiently add probabilities that
are on a different magnitude.

An example of a merging opportunity is presented
in Figure 2, where the discovered state space of a three
state system (m0, ml, m2) is reperesented over three
timesteps. The two proxels marked with red at t = 2A
represent the same internal system state with different
probabilities but they were reached through different
routes, so they can be merged.

t=0 ' t=A ’ t=2A

Figure 2: Example of mergable proxels

In case of our concrete example this means that the
customer enter sequences (P - premium customer, O -
ordinary customer) "PPOPO" and "POPPO" can be rep-
resented by the same proxel, since in case of the evalu-
ation problem only the current system state is a subject
of interest.

Merging significantely reduces the number of exist-
ing proxels over time. This also means that much less
strict pruning configurations can be used than for exam-
ple in case of the decoding task. These will be shown
later in Section 3.2.

Until now, we have introduced CHnMMs and the
proxel-based analysis as two base concepts of our re-
search. We also gave a brief overview about the possi-
bility of merging as the main method to keep the proxel
tree under control in case of the evaluation problem. In
the next section the concept of pruning and the differ-
ent pruning strategies will be introduced as the main
reseach interest of this paper.

2 Pruning Strategies for
Evaluation

Pruning is a concept of the proxel-based analysis, in
which the algorithm classifies a part of the proxel tree
as irrelevant for further analysis and removes it. The
different strategies encapsulate a set of logical steps to
be performed on the proxel tree in order to identify and
prune the irrelevant proxels.

There are two major events that can render a proxel
based analysis infeasible. One of them is state space ex-
plosion, when the proxel tree grows exponentially and
reaches a state where the next step is enormously ex-
pensive to compute or the ressources of the computer
running the analysis are fully consumed. The other one
is the exact opposite, the proxel tree can die out. In this
case the remaining proxels, for example due to extreme
pruning, encounter an observed symbol that cannot be
emitted by their current system state and with that the
proxel becomes impossible and is removed from the
analysis. If all the proxels are removed from the tree,
the tree dies out. Merging and a pruning strategy needs
to be devised to prevent both of these extreme cases
from happening

As already mentioned at the end of the previous
section, merging does an excellent job at keeping the
proxel tree under control. But sooner or later the anal-
ysis reaches the point where additional intervention is
needed in the form of pruning. Still, merging makes it
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possible to use less strict pruning strategies than in case
of the decoding problem [3]. This also results in the fact
that state space explosions or died out proxel trees are
not common for simple models. However, with increas-
ing system complexity a state space explosion might oc-
cur, but it is extremely unlikely.

In this section a brief overview will be given of the
three investigated pruning strategies. But before diving
into the details, we should list the properties of a good
pruning algorithm. These are in case of the evaluation
problem in our experience, the following:

1. High proxel processing throughput
2. Small amount of lost (pruned) probabilty
3. Prevents state space explosion

4. Scales the proxel tree up and down depending on
how ,,interesting” the current part of the trace is

5. Guarantees predictable execution times
6. Is easily customizable for different needs

7. Is overall robust, which means that it does not react
very differently to similar traces

These criteria will be used to evaluate the different
pruning strategies.

2.1 Fixed Threshold Pruning

The fixed threshold pruning is a simple concept defining
a pruning probability threshold p(P,uneq ;). Below that
value every proxel is considered to be irrelevant and is
then removed from the proxel tree. The threshold is de-
fined compared to the probability of the most probable
proxel max(p(P.,) in the proxel tree for a given time
t;. It is described by a ratio r as it can be seen in the
Equation 4. The parameter r is a freely selectable value
with the limits 0 < r < 1.

p(Ppruned,ti) < rmaX(P(Px,z,«)) (4)

This pruning strategy is the most vulnerable to state
space explosions and other instabilities as described in
[3]. However, combined with merging it is possible
to use extremely low pruning thresholds, as it will be
shown in Section 3.2.

This strategy scales the proxel tree overall well and
as a simple algorithm, it provides a high proxel process-
ing throughput. But due to the unpredictable number of
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proxels in the proxel tree, the execution time has a high
fluctuaction when the threshold is low.

2.2 Fixed Number of Proxels Pruning

The fixed number of proxels pruning is another simple
strategy for keeping, as the name suggests, only a pre-
defined number of proxels at the end of every timestep
keeping the higher probability proxels and pruning the
less likely ones. This property is the major advantage of
the strategy, as it is very easy to parametrize and very
robust against disturbances. However, the algorithm it-
self has some drawbacks.

The optimal proxel storage in case of the evaluation
problem is a hash table [13], because due to the merging
described in Section 1.3 one wants to retrive proxels as
efficiently as possible. The cost of it is the hash tables’s
average search complexity, O(1). However, a hash table
cannot be sorted, so in order to perform the pruning,
one needs to put all the proxels into a sorted array-like
structure which is an additional overhead to the already
complex sorting operation of O(nlog(n)) [13].

Of course, one can perform some implementation
tricks, like storing a pointer to the proxel in the proxel
storage instead of the object itself, to speed up the mov-
ing and sorting operation significantly. But in the end,
one still needs to perform the moving and sorting of the
entries and with a potentially higher number of proxels
to keep, these can become too expensive for the analy-
sis. Similarly, not all tricks might be universally univer-
sally available in every programming language.

This strategy provides a simple single parameter
customization and very predictable execution times, but
it fails to scale the proxel tree, so one really needs to find
the perfect parameter with this strategy before running
a long-time analysis.

2.3 Variable Pruning

Variable pruning was introduced in [4] due to the lim-
itations of the fixed threshold pruning in case of the
decoding problem. It is basically combining the pre-
viously discussed pruning strategies by creating a rela-
tionship between the current number of proxels in the
proxel tree and the pruning threshold. This is done by
defining a minimum number of proxels (#,;;) - prun-
ing threshold (#P,,;,) pair, which prune the really un-
likely proxels. Additionally, one selects a maximum
number of proxels (7,4) - pruning threshold (#P,,4x)
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pair to drastically prune the tree if the proxel tree be-
comes too large. The two points must be connected by
a strictly monotonically increasing continuous function
(r(#Py,)) to guarantee a smooth transition between the
two behaviors. The definition is shown in Equation 5:

T'min if #Px,ti < #Ppin
r= r(#Px,ti) if #Pin < #Px.ti < #Pnax &)
Fmax if #P s, > #Ppax

Even though the strategy is slightly more complex
than the previous strategies due to the high factor of cus-
tomization (different minumum and maximum pairs,
different equations), it is a good trade-off between the
advantages and disadvantages of the previous strate-
gies. One can use overall much lower pruning thresh-
olds while maintaining high throughput, lower risk of
state space explosion and reducing the fluctuation of ex-
ecution time compared to the fixed threshold pruning.

3 Experiments

In this section, the previously discussed properties of
the different pruning strategies will be shown in an
empirical way. First the experiment setup and the
parametrization will be briefly discussed before de-
scribing the experiment results in details.

3.1 Experiment setup

A car rental service, presented in the introduction, was
fed with the same input data as presented in [3] previ-
ously to make the result easily comparable.

A Personal Computer (PC) equipped with an AMD
Ryzen 7 3800X and 64 GB of RAM has been used for
the experiment execution. The RAM was sufficient to
prevent swapping, which made the preformed exper-
iments easily comparable. The implementation code
utilized the C++20 standard and it was compiled using
GCC 11.4.0 with the highest optimization level enabled.
The application was containerized using Docker. The
PC was running Manjaro Linux with the kernel 6.1.69.

3.2 Parameter selection

The experiment has been run 1620 times for every given
pruning strategy with a defined parametrization, which
includes 162 different model parameters with 10 ran-
domly generated traces each. These models include

only stable models, further discussed in [5].

The different pruning strategies were parametrized
based on different logic. The fixed threshold pruning
strategy (abbreviated with ,,th” in the following fig-
ures) was tested with various thresholds in the range
of [le—1,1e—150]. Similarly, a wide range of sizes
between [50,2500] were used to test the fixed number
of proxels pruning strategy (abbreviated with ,,size” in
the following figures). For the variable pruning (abbre-
viated with ,,var” in the following figures) five differ-
ent equations were used, all with the minimum thresh-
old (r;in) of 1e—300 for proxel tree sizes below 1000
(#P,in), and a maximum threshold (7,,,,) of 0.1 above
proxel tree size of 100000 (#P,,,.). All equations de-
scribe a mapping between the pruning threshold and the
logarithm of the current tree size in the following way:

n - loglo #Ple.
logj0.1-logo 10—300 300
r(n); = 10Wei0T00000-log g TO0D (n—log( 1000)-+log; 10
r(n)y = 1(74-5n%—446.5n+369
r(n); = 1049-51" ~246.5n—6
r(n)s = 10—30-5n%+553.5n—1506
r(n)s = 10~ 70:57*+713.5n~1806

Figure 3 visualizes the previous equations between
the previously described minimum and maximum pairs
to make them easier to follow for the reader. Please be
aware that the x and the y axis are using logarithmic
scale.

Variable pruning equations

1e-55

Log pruning threshold
1e-181

T T T T T T T
1e+03 2e+03 5e+03 1e+04 2e+04 5e+04 1e+05

1e-307

Log number of proxels

Figure 3: Variable pruning equations

The different equations make it possible to scale the
variable pruning with different ,,speed” between the
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minimum and maximum values. As the results in the
next subsection will show, this was already enough to
reach significantly different behavior.

3.3 Experiment results

For easier representation, the experiment results were
visualized in the Figures 4 - 6 in a unified way. Yel-
low background (,,th” on the X-axis) marks the fixed
threshold pruning strategies with different thresholds in
scientific notation. Green background (,,size” on the X-
axis) marks the fixed number of proxels pruning strate-
gies with different fixed proxel tree sizes, while blue
background (,,var” on the X-axis) marks the variable
pruning strategies with different equation IDs.

During the tests, we did not experience any state
space explosions, even with extremely small pruning
thresholds. This means that the merging efficiently
eliminates this problem, however, this is not a proof that
in case of a more complex model we would not expe-
rience any problems with the fixed threshold pruning
strategy, as this is the most vulnerable strategy regard-
ing state space explosions.

Figure 4 visualizes the performance criteria of the
experiment. Here we see that the fixed threshold prun-
ing needs to deal with an extreme uncertainty regarding
the number of proxels with decreasing pruning thresh-
old. This leads to a similar fluctuation/variation in the
execution time. The variable pruning efficiently copes
with this problem while using a significantly lower min-
imal threshold. The fixed number of proxels pruning
maintains predictable and low execution times.

In case of the proxel processing efficiency (Figure
4, top right) the variable pruning and the fixed thresh-
old pruning with lower thresholds outperform the fixed
number of proxels pruning by about 25 —30%. This
results from the fact that sorting the proxel tree is an
operation that is hard to parallelize.

The last graph in the Figure 4 visualizes the prob-
ability lost through pruning. Please be aware that the
probabilities are visualized on a logarithmic scale. One
would like to minimize that in order to get the possi-
bly most complete analysis of the state space. How-
ever, the first steps in case of the analysis play a crucial
role in this case, because the proxel probabilities are de-
creasing drastically over the analysis time domain. This
means that the first pruned away proxels basically deter-
mine the amount of lost probability. As we can see in
the picture, the fixed number of proxels pruning has a
really high spread for these values. This shows that it
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could potentially throw away important proxels. The
fixed threshold pruning copes with the problem well at
lower pruning thresholds. The variable pruning pro-
vides the best values with somewhat higher spread than
the fixed threshold pruning. This is the indicator of be-
ing a good trade-off between the two other techniques.

Evaluation tries to compute the probability that a
given trace has been generated by a given model. In-
terestingly enough, most of the strategies provided the
same result to that question as it can be seen in Fig-
ure 5. Only the fixed threshold pruning strategies with
the thresholds le—1 and le—2 failed to reach the same
results, but in these cases only 1 or 2 proxels survived
the timesteps on average. In case of the fixed pruning
threshold 1e—10, which is the first test case that came
to the common solution, on average about 35 proxels
survived the timestep after pruning, so we expect that
a fixed number of proxels pruning with values under 50
could have also reached this result.

Not being able to reach a better result by process-
ing more proxels has to do with the fact that the proxel
probabilities are represented on a logarithmic scale. At
the end of the analysis a subset of proxels became dom-
inant (they had significantly higher probabilities) over
the remaining proxels. That part of the proxel tree com-
putationally defined the results.

This means that there is a sweet spot in the com-
putation and with an optimal number of proxels one is
able to compute the end result of the analysis very ef-
ficiently. In our case this sweet spot is somewhere be-
tween 35 — 50 proxels. However, this cannot be stated
universally, because more complex systems might have
a higher optimal proxel number. Generally said, with a
threshold based pruning strategy one can get to the opti-
mum more easily than with the fixed number of proxels
pruning strategy, because it is very hard to find the op-
timal number of proxels without performing multiple
experiments.

Another important aspect is to keep enough proxels
in the tree to support diversity and to prevent the proxel
tree from dying out if something very unexpected hap-
pens, for example due to very strong pruning all the ex-
isting proxels become impossible in the next timestep.
This quality can be visualized with the pruning ratio, so
which amount of the proxels are kept on average after
the pruning step. This can be seen in Figure 6.

Here we see that the strategies that failed to reach

the common probability result have thrown away more
than 50% of the proxels on average from timestep to
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Figure 5: Probability of a given door protocol
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timestep. Generally, this is caused by the relatively
small number of proxels. Of course, with the increasing
number of proxels the different strategies are keeping a
higher amount of proxels. This generally means also
higher fault tolerance toward very unlikely events in the
proxel-based analysis and also indicates higher robust-
ness for similar traces.

4 Discussion & Conclusion

The goal of this paper was to give a general overview of
different pruning strategies for the evaluation problem
and to compare their properties.

All three of the analyzed pruning strategies are suit-
able for the evaluation problem. Problems like state
space explosion or dying out proxel trees are very un-
likely, as merging keeps the proxel tree under control
enabling the use of less strict pruning strategies com-
pared to the decoding problem [3]. We have not en-
countered them during our experiments. This generally
also shows that the pruning strategy has a smaller im-
pact on the results in case of the evaluation problem, as
long as they are parametrized in a reasonable way.

There is generally an optimum where the proxel-
based analysis reaches the final evaluation result with
a minimum number of proxels. However, finding this
sweet spot is not trivial and it surely requires multiple
test runs, which is not always possible in the real world.

In case of all three strategies the parameters need
to be chosen carefully. But with a good rule of thumb
solution like ,,one should keep at least 50 — 100 proxels
on average, but one should aim for more” one should be
on the safe side to get a good general solution with ac-
ceptable execution times. However, for more complex
systems a higher number of proxels might be needed.

The fixed number of proxels pruning performs good
enough to be a robust solution if one values highly pre-
dictable execution times over other properties. How-
ever, the proxel processing throughput might be a lim-
iting factor. If the desired property of the analysis is
to explore the state space as thoroughly as possible,
one should use the fixed threshold pruning or tweak the
variable pruning to speed up the execution time and get
some additional advantages, like less lost probability,
more diverse proxel tree, etc.

From a practical point of view there is no real limi-
tation that would prevent the user from utilizing any of
these pruning strategies in an experiment with artificial
data or in real world use-cases.
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Abstract. The advancements in Ambient Assisted Liv-
ing (AAL) have been prompted by the growing popula-
tion of elderly individuals facing diagnoses such as De-
mentia or Alzheimer’s, aiming to enhance their overall
quality of life. To provide support it is important to know
their daily activities and support them. A large portion
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 a CASAS single resident dataset,
which is an apartment 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 analyze the effect of general-
izing the residents behavior on the reconstruction accu-
racy. The generalization did lead to some improvements
in the reconstruction accuracy, but the implications for
the actual application need to be considered.

Introduction

Advancements in the medical field led to long and
healthier lives, roughly around 20% of the world popu-
lation will be aged above 60 by 2050 [1], seeking to ex-
plore effective solutions that empower elderly individu-
als to maintain independent living. Studies of Counsel
and Care in UK showed that elderly people have a pref-
erence to stay in their apartments rather than nursing
homes [2]. Researchers have shown that having clinical
therapy at home has no negative 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 sensor 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 pri-
vacy 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 sym-
bol outputs at arbitrary points in time [8]. VSS dis-
cretize the time domain and use a simple iterative algo-
rithm to discover the reachable state space of the 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 reconstruction. The model generalization
tested in this paper is one step towards pre-trained mod-
els for unknown systems.

This research aims to develop a conceptual model
for a generalized set of activities, transform the dataset
(CASAS Single resident apartment (HH101)) and feed
the transformed data into the model to reconstruct hu-
man behavior, and later evaluate the results using differ-
ent metrics. This dataset contains activities performed
by the residents and the corresponding active sensors
for the activities performed. The rest of the paper is
structured as follows, Section 1 contains the details of
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related research, Section 2 underlines the details of the
dataset, Section 3 explains the conceptual model and
the algorithm design, Section 4 shows the outcome of
the research.

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 proba-
bilistic model to recognize daily activities, they incor-
porated temporal data which had information regard-
ing 77 sensors. [4] tried to identify the critical fea-
tures from the sensor data, these features are used to
classify overlapped activities. Unsupervised K near-
est 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 activ-
ities 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, including a Partially Ob-
servable Markov Decision Process (POMDP) and ex-
ploited the task information, while the location is com-
bined 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.

1.1 Virtual Stochastic Sensors

Virtual Stochastic Sensors represent a framework for
analyzing partially observable stochastic systems, in-
cluding different modeling paradigms and solution
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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. This paper is
focusing on the impact of generalization of the activity
set on the reconstruction accuracy for a single system.

2 CASAS Dataset and VSS Model

In this paper we are using a data set from the CASAS
Research 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 single resident apartment dataset is
considered because it is multivariate, sequential, and
time series. The data is collected using different kinds
of sensors, like motion, door/temperature, and light
switch sensors placed throughout the apartment, while
the residents perform their normal routines. The dataset
format is Date, Time, Sensor, Translate, and Activity
(Table 1).

e Date is when the information is recorded in
MM/DD/YYYY

¢ Time is in the 24-hour format

¢ Sensor is the name of the sensor
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Date Time Sensor  Translate Activity
08/01/2012  00:00:06 MO08 LivingRoom Watch_TV
08/01/2012  00:00:07 MO008 LivingRoom Watch_TV
08/01/2012  00:00:09 MO008 LivingRoom Watch_TV
08/01/2012 01:12:51 MO12 Bedroom Sleep
08/01/2012 01:12:54 MO12 Bedroom Sleep
08/01/2012  01:12:55 MO12 Bedroom Sleep

Table 1: Sample extract from single resident HH101 dataset

¢ Translate is room-level location

* Activity is what the person is doing at that specific
date and time, and was tagged by the residents

The time frame of this dataset is from 20 July 2012
to 17" September 2012. From this time frame, only the
data of September 3™ to 9" is used here.

2.1 Generalization of Activities

In this dataset a total of 34 activities were recorded (Ta-
ble 2), describing the daily routine of a person living in
this residence. For generalization, we grouped activities
with similar characteristics and similar sensor outputs.
These 34 activities are first generalized to 11 activities
and further generalized to 6 activities. The smaller set
of activities was created, to test the effect of different
levels of generalization.

Before grouping similar activities, some were re-
moved from the dataset. Leave_Home, Enter_Home, all
medicine activities have very short durations are there-
fore not easily detectable through the sensor readings.
The activities Work_At_Table and Entertain_Guests oc-
curred very rarely and and were therefore ignored in the
analysis. Some activities like Go_To_Sleep, Wake_Up,
Eat also have very low occurrence, but can be combined
with Sleep, other Eat_ activities respectively, and will
therefore not be omitted.

For the first type of grouping, activities like
Cook_Breakfast, Cook_Lunch, Cook_Dinner, and Cook
are grouped to Cook, even though these activities occur
during different times of the day they essentially give
the same idea. Similar to cook, we can combine all eat,
wash dishes and sleep activities into Eat, Wash_Dishes
and Sleep respectively. Bed_Toilet_Transition takes
place for very little time and occurs during the Sleep
activity hence it is grouped with sleep. Relax and

Activity Occurences %
Watch_TV 26.59%
Sleep_Out_Of_Bed 7.21%
Bathe 7.06%
Cook_Breakfast 7.06%
Dress 6.09%
Toilet 5.95%
Personal_Hygiene 5.73%
Sleep 5.10%
Read 3.73%
Relax 2.51%
Cook_Dinner 2.41%
Drink 1.65%
Eat_Breakfast 1.55%
Morning_Meds 1.54%
Evening_Meds 1.46%
Wash_Breakfast_Dishes 1.39%
Cook_Lunch 1.39%
Wash_Dishes 1.39%
Leave_Home 1.35%
Cook 1.20%
Enter_Home 1.12%
Entertain_Guests 1.11%
Wash_Dinner_Dishes 1.07%
Phone 0.80%
Groom 0.78%
Step_Out 0.65%
Eat_Dinner 0.47%
Eat_Lunch 0.38%
‘Wash_Lunch_Dishes 0.34%
Bed_Toilet_Transition 0.31%
Eat 0.22%
Go_To_Sleep 0.18%
Wake_Up 0.16%
Work_At_Table 0.08%

Table 2: All 34 activities and their total share in occurence

time the CASAS HH101 dataset
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Sleep_Out_Of_Bed are combined to Relax because both
activities are done in similar places and during simi-
lar times of the day, in similar sense Personal_Hygiene
and Bathe are combined to Freshen_Up. This various
grouping leads to 11 activities. The first grouping is
shown in table 3, where the groups are separated by
dashed and solid lines.

To obtain the smaller set, the activities are grouped
in such a way that the exact information is not known
but the general idea of the activities is not lost.
Freshen_Up and Toilet are combined into Freshen_Up,
activities like read, Phone, Relax, Watch_TV into Per-
sonal_Activity, as well as Cook and Wash_Dishes into
Meal_Prep. This results in a total of 6 activities. This
second grouping is shown in table 3, where the groups
are separated by solid lines.

2.2 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. Each activity has breaks,
short and long breaks for one type of Petri net and morn-
ing, evening and night breaks for another type of Petri
net.

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. As mentioned in Section 3
if a break is less than or equal to 60 minutes it is consid-
ered 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).

(At]VS = SiNA = A))
(Af]VA = A))

P(Si|Ai) = ey

e S, the sensor
* Aj the activity
* P(Sj|A)) is the probability of sensor given activity

For evaluation, an unlabeled trace, with an existing
ground truth, is required this contains the information
regarding the time and the active sensor. This trace is
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34 Activities 11 Activities 6 Activities

Watch_TV Watch_TV
Sleep_Out_Of_Bed Relax
Relax

Phone Phone
Read Read

Personal_Activity

Bathe Freshen_Up
Personal_Hygiene
Toilet Toilet

Freshen_Up

Dress Dress Dress
Groom

Cook_Breakfast Cook
Cook_Dinner
Cook_Lunch

Cook
‘Wash_Dinner_Dishes
Wash_Lunch_Dishes
Wash_Breakfast_Dishes
Wash_Dishes

Meal_Prep

Wash_Dishes

Eat Eat Eat
Eat_Breakfast

Eat_Dinner

Eat_Lunch

Drink

Sleep Sleep Sleep
Bed_Toilet_Transition

Go_To_Sleep

Wake_Up

Morning_Meds -
Evening_Meds -
Leave_Home -
Enter_Home -
Entertain_Guests -
Step_Out -
Work_At_Table -

Table 3: Activity grouping, separated by dashed lines for first
grouping or solid lines for second grouping

created for a day, from data which is not included for
distribution and probability calculation.

3 Conceptual Model and
Algorithm Design

3.1 Conceptual Model

There are different ways to model the daily activities of
aresident. In this research, each activity has a dedicated
Augmented Stochastic Petri net (ASPN) because these
are simple and demand less computational power [7].
So the activities are grouped into sets, one set has 2-
breaks (Figure 1) design, with a long and a short break,
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and the other set has 3-breaks design (Figure 2) with
short, medium and long breaks. Activities Eat, Cook
and Wash_Dishes have 3-breaks design, the remaining
activities all have 2-breaks design. Since there is an ex-
tra place for 3-breaks it also has extra transitions. Both
standard Petri nets have Activity place and No_Activity
place. These individual Petri nets are independent of
each other.

Pa1 ¥ @
M Short_Break_ .-~
PR,
Distribution Pa 3
Cq v_pc1
M p1
@ 20
Peg g 1
cg 47 AQWVIY  pigpibution  No_Activ
~ Pb1-¥ by
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. __ . Long_Break -D_p;; by
Distribution

Figure 1: 2-Breaks Augmented Stochastic Petri Net
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Figure 2: 3-Breaks Augmented Stochastic Petri Net

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, p, denotes the output
probability of symbol a;. These output symbols play a
crucial role in Virtual Stochastic Sensors (VSS), as they
connect an observed symbol to the unobserved system
state, and thus enable a behavior reconstruction.

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 [16, 17, 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 for activities are executed inde-
pendently and determine output paths for all activities.
This output path contains the probability of an activity
occurring at a certain point in time.

Once the probabilities for each activity are com-
puted the next thing is to classify the activities. 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
protocol, this decision system results an activity. This
type of system works because all the activities have in-
dividual ASPNs independent of each other. If for a par-
ticular timestep the probability of all activities is zero
then the model returns Other_Activity. Details of the
solution method can be found in [7]. This procedure
was employed for the two reduced activity setups and
the results will be shown and discussed in the following
section.

4 Experiments and Results

In this section, the performance of the models is evalu-
ated. The metrics precision, recall and F1 score are cal-
culated for individual activities, and then they are av-
eraged in two different ways one by averaging for all
the activities (Average) and the other by adding weights
depending on the activity occurrences (Weighted Aver-
age). The average recall is also often used as an overall
accuracy measure. These results are correctly classified
if at a given time the reconstructed activity corresponds
to the trace’s ground truth. The above-discussed metrics
are evaluated for all days of the week (03" September
to 9t September), to make sure that the model is not
biased for a few specific days of the week. A confusion
matrix is also created to get a comprehensive break-
down of the model’s behavior, allowing for a detailed
assessment of its performance.

All the metrics discussed above are applied for two
different sets of activities, one set has 11 and the other
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set has 6. The experiments are preformed in a k-fold
cross-validation fashion, using n-1 days for training and
the one left out for testing. For both sets the range of
results for F1 and Accuracy are given, and an example
result is examined in detail.

4.1 Evaluation metrics with 11 Activities

The model is applied for the larger set of activities for a
week using k-fold cross validation. One of the results,
which was obtained on Tuesday (4th of September) of
that week was chosen to be investigated in detail here.

Activity Precision Recall F1 Score
Watch_TV 0.51 0.16 0.24
Dress 0.00
Freshen_Up 0.45 1.00 0.62
Sleep 0.96 0.96 0.96
Read 0.00

Relax 0.00

Toilet 0.00

Phone 0.00

Cook 0.60 0.98 0.75
Eat 0.00
Wash_Dishes 0.00

Average 0.42 0.34 0.64
Weighted_Average 0.61 0.49 0.50

Table 4: Individual activity and average model performance
metrics for Tuesday 4t of September, larger activity
set

Table 4 contains the precision, recall and F1 mea-
sures for the same day, some values are not filled, as
they cannot be calculated if there are no classifications
in that specific class. Only few of the 11 generalized ac-
tivities are classified well, such as Sleep or Cook, many
of the less frequent activities are grossly mis-classified,
such as Relax or Dress. One can see, that for precision
and recall, the weighted average is much better than the
average, since the weighted average is impacted by the
activities with longer durations, which were classified
more accurately, such as Sleep.

On the other hand, the model is having trouble clas-
sifying some shorter activities such as Relax and Eat.
The reason is that the model is unable to distinguish be-
tween some activities because the activities take place
during similar times and activate similar sensors.

Table 5 shows the minimum and maximum results
from this experiment for average and weighted aver-
age recall (also accuracy) as well as F1 measure. One
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Evaluation Metric Min Max
Average_Recall 027 044
Weighted_Average_Recall 0.47 0.62
Average_F1 042 0.67
Weighted_Average_F1 046 0.57

Table 5: Range for average model performance metrics for
Tuesday tth of September, larger activity set

can see, that there is quite a large range, which shows
that for further usage, more training data has to be used
to make the model performance more reliable and pre-
dictable. Furthermore, the average and weighted aver-
age recall differ quite considerably, this points to the
same problem shown in the single day evaluation, that
activities with longer durations are classified well, but
shorter activities with overall less time are not recon-
structed well.

Another experiment was conducted for a set of 6 ac-
tivities. The grouping procedure was explained in 2.1.

4.2 Evaluation metrics with 6 Activities

Analogous to the experiment with 11 activities, the
model is applied for the smaller set of 6 activities for
a week using k-fold cross validation. One of the results,
which was obtained on Monday (3rd of September) of
that week was chosen to be investigated in detail here.

Activity Precision Recall F1 Score
Personal_Activity 0.95 0.81 0.88
Dress 0.00

Freshen_Up 0.96 1.00 0.98
Sleep 0.89 0.90 0.90
Eat 0.00

Meal_Prep 0.26 1.00 0.41
Average 0.77 0.62 0.79

Weighted_Average 0.90 0.85 0.86

Table 6: Individual activity and average model performance
metrics for Monday 3" of September, smaller
activity set

The results for the smaller group of activities are
better.

Table 6 contains the precision, recall and F1 mea-
sures for the same day, some values are not filled, as
they cannot be calculated. Four of the six generalized
activities are classified well, only two activities, Dress
and Eat, are not classified at all, reducing their recall to
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0. As in the larger activity set, for precision and recall,
the weighted average is much better than the average,
since the mis-classified activities are rather short and
impact the weighted average less. This second experi-
ment shows that the further generalization, combining
activities with similar sensor footprint, has improved
the reconstruction performance.

Evaluation Metric Min Max
Average_Recall 0.55 0.63
Weighted_Average_Recall 0.66 0.90
Average_F1 0.56 0.89
Weighted_Average_F1 0.68 0.89

Table 7: Range for average model performance metrics for
Monday 3" of September, smaller activity set

Table 5 shows the minimum and maximum results
from this experiment for average and weighted aver-
age recall (also accuracy) as well as F1 measure. As
in the previous experiment, there is quite a large range.
Therefore, more training data has to be used to make
the model performance more reliable and predictable.

Furthermore, the average and weighted average dif-
fer quite considerably, both for recall as well as F1 mea-
sure, for the same reason as in the larger data set. How-
ever, the overall performance for the whole week is bet-
ter than for the larger set.

4.3 Experiment Discussion

The two experiments show that generalizing activities
has an impact on the overall reconstruction performance
of Virtual Stochastic Sensors. Leaving aside the short-
comings of the experiments conducted one can con-
clude the following: A semantic grouping of activities
by similar time of day and living area, which corre-
sponds to a similar sensor footprint, leads to an im-
provement in accuracy. However, the information con-
tent 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 experts at
which point the generalized set of activities with better
performance measures still holds enough information
to assess the residents status. Ultimately the goal is to
use this ambient sensor observation to decide, whether
the residents behavior is still within normal bounds, or
whether outside assistance or intervention is necessary.

5 Conclusion

In conclusion, this research has a few issues which need
to be overcome, but even with these issues, there are
a few positive takes. This research used the a CASAS
dataset for single-resident apartment, there were various
data transformations for activities and sensors. Then
probabilities and distributions were extracted to input
into the model. As for the model, Virtual Stochastic
Sensors (VSS) are used to reconstruct resident activi-
ties. Two experiments were carried out to evaluate the
model behavior, one had 11 activities and the other had
6 activities. Experiments with a smaller set of activi-
ties resulted in better performance Whether the better
reconstruction accuracy comes at the expense of less
information on the residents behavior, has to be investi-
gated.

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.

Further steps in this direction include expanding the
research to different model architectures, for example,
creating Augmented Stochastic Petri nets (ASPNs) for
room-level, or extend this concept to generalize mul-
tiple single-resident apartments. This implies apply-
ing data analysis and models to a broader context, like
adapting algorithms for variations in apartment layouts,
sensor placements and resident behaviors.
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Kurzfassung. Der vorliegende Beitrag stellt den Autono-
men rekonfigurierbaren Funktionstrager fir nachhaltige
Mobilitdt AURONA vor. Die mit dem Funktionstréager for-
cierte Forschung konzentriert sich auf die Entwicklung au-
tonomer Fahrzeugtechnologien und die Integration fort-
schrittlicher Sensordatenerfassung und -verarbeitung,
unterstutzt durch V2X-Kommunikation. AURONA ist mo-
dular aufgebaut und basiert auf einer rekonfigurierbaren
und flexiblen Architektur, die es ermdglicht, verschiedene
Komponenten und Systeme effizient zu integrieren und
zu testen. Der Beitrag beschreibt die Konzeption, die Sys-
temstrukturierung, die Sensorik und Kommunikationsan-
satze sowie erste Schritte zur Realisierung und Verifika-
tion des Funktionstragers. Durch seine hochmoderne
Ausstattung und Fahigkeit zur Echtzeitdatenverarbeitung
dient AURONA als wegweisende Plattform fir die Mobili-
tat der Zukunft.

Einleitung

Autonome Fahrzeuge sind ein wesentlicher Bestandteil
zukunftiger Mobilitatsszenarien. Sie sorgen fir eine Stei-
gerung der Verkehrssicherheit und bieten zudem weitrei-
chende Mdglichkeiten in Bezug auf Effizienz und Um-
weltschutz. Durch Vernetzung und Vehicle-to-everyth-
ing (V2X) -Kommunikation kénnen die zukiinftigen in-
telligenten Fahrzeuge Informationen austauschen und
kooperativ interagieren. Dies fuhrt zu reduziertem Ener-
gieverbrauch und stellt die Grundlage fir eine bedarfsge-
rechte nachhaltige Mobilitat dar. Hierbei entstehen cy-
ber-physische Verkehrssysteme mit hoher Komplexitét
[1].

Die Entwicklung solcher Fahrzeuge stellt eine
enorme Herausforderung dar und ist mit konventionellen
Methoden nicht mehr realisierbar. Daher werden ver-
mehrt szenarienbasierte Entwicklungs- und Testmetho-
den eingesetzt [2]. Insbesondere die Echtzeitsimulation
der entstehenden komplexen Systeme st ein

wesentlicher Bestandteil der Entwicklung. Hierfir mus-
sen samtliche relevanten Verkehrsteilnehmer sowie die
Sensordatenerfassung und Kommunikation in der Simu-
lation abgebildet werden.

Zur Forschung an den entstehenden neuartigen intel-
ligenten Fahrzeugen und Systemen wird an der Ostfalia
sukzessive im Rahmen verschiedener Forschungspro-
jekte der Autonome rekonfigurierbare Funktionstrager
flr nachhaltige Mobilitdt (AURONA) entwickelt und
aufgebaut. Dieser Beitrag fasst das Konzept sowie erste
Ansétze der Realisierung zusammen.

Der weitere Beitrag ist wie folgt aufgebaut. Zunachst
wird im Abschnitt 1 der strukturierte, modellbasierte, ve-
rifikationsorientierte Rapid Control Prototyping (RCP)-
Entwicklungsprozess fir vernetzte cyber-physische Sys-
teme detailliert beschrieben. Anschlielend werden in
Abschnitt 2 relevante Forschungen zu Funktionstrégern
und Sensorik flir autonomes Fahren beleuchtet. Der dritte
Abschnitt umfasst die Anforderungsdefinition, Sys-
temstrukturierung und Aufbau der Systemarchitektur von
AURONA. In Abschnitt 4 wird schliellich die Realisie-
rung der Konzepte vorgestellt, einschlieBlich Details zu
Antrieb, Tragstruktur und Echtzeitdatenverarbeitung.
Eine grundlegende Funktionsvalidierung wird in Ab-
schnitt 5 behandelt. Der Beitrag schlief3t in Abschnitt 6
mit einer Zusammenfassung und einem Ausblick auf zu-
kinftige Forschungen und Entwicklungen.

1 Methodik

Zur Beherrschung der Systemkomplexitét wird der struk-
turierte, modellbasierte, verifikationsorientierte Rapid
Control Prototyping (RCP) Entwicklungsprozess einge-
setzt. Hierbei erfolgt zur Reduktion der Komplexitét zu-
néachst die Strukturierung des Gesamtsystems unter An-
wendung von Modularisierung und Hierarchisierung in
intelligente gekapselte Teilsysteme mit definierten
Schnittstellen. In einem Top-Down-Verfahren werden
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die Funktionalititen systematisch zerlegt und in den vier
Ebenen Mechatronisches Funktionsmodul (MFM), Me-
chatronische Funktionsgruppe (MFG), Autonomes Me-
chatronisches System (AMS) und Vernetztes Mechatro-
nisches System (VMS) hierarchisch angeordnet [3].

Der anschlielende ganzheitliche, durchgéngig mo-
dellbasierte Entwicklungs- und Absicherungsprozess be-
inhaltet Model-in-the-Loop- (MiL-), Software-in-the-
Loop- (SiL-), und Hardware-in-the-Loop- (HiL-) Simu-
lationen (vgl. Abbildung 1). Die HiL-Simulation ist dabei
zu einem wesentlichen Bestandteil des Freigabeprozes-
ses fir die Software von Steuergeraten geworden [4].

‘Anforderungs-
management

a

k=p| | Dynamikmodell | ModellHR=th-Loop
MiL)
f=>(| Dynamikmodell | Softwarg-in-the-Loop
(siL)
Echtzeitfahiges -
= Dynamikmodell Hardwakg |in e-Loop

Abbildung 1: Ganzheitlicher modellbasierter Funktions-
entwicklungs- und Testprozess [4].
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In den Ebenen MiL und SiL werden die Regelfunktionen
modellbasiert entworfen und mit definierten Schnittstel-
len in die Modelle der zu regelnden Strecke integriert.
Entsprechend den vorgegebenen Spezifikationen und ge-
wiinschten Funktionen werden bereits in frihen Entwick-
lungsphasen Tests durchgefuhrt. Die Simulationsergeb-
nisse aus MiL / SiL werden mittels HiL-Simulation in ei-
ner Echtzeitumgebung weiter validiert und optimiert. Da-
bei wird immer wieder auf die vorhergehende Ebene zu-
rickgegriffen, um Fehlerquellen zu beseitigen und ge-
wiinschte Funktionen zu realisieren. Wéhrend aller Pro-
zessschritte finden ldentifikations- und Validierungs-
messungen am realen System statt [5]. Hierzu werden
Prifstdnde und Funktionstréger eingesetzt.

2 Stand des Wissens

Die Entwicklung autonomer Fahrzeugtechnologien hat in
den letzten Jahren erhebliche Fortschritte gemacht, ins-
besondere in stadtischen und komplexen Verkehrsumge-
bungen, wo die Herausforderungen besonders grof? sind.
Trotz der Fortschritte in der Sensortechnologie, der Da-
tenverarbeitung und der kiinstlichen Intelligenz bleibt die
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sichere Navigation autonomer Fahrzeuge in solchen Um-
gebungen eine ungeldste Problemstellung, die fortlau-
fende Forschung und Innovation erfordert. Im Folgenden
werden relevante Forschungen zu Funktionstragern so-
wie zur Sensorik autonomer Fahrzeuge eingefiihrt.

2.1 Funktionstrager fur autonomes Fahren

Im Rahmen der Forschung an autonomen Fahrfunktionen
sind verschiedene Versuchstrager und Prototypen entwi-
ckelt worden, um innovative Ansétze aufzuzeigen. Im
Folgenden wird kurz auf ausgewahlte relevante Fahr-
zeuge eingegangen.

Das Research Vehicle for Automated and Intelligent
driving in ON-street applications (RAION, ehemals
PLUTO) der TU Braunschweig soll als Demonstrator fir
ein autonomes Shuttle fungieren. Durch mehrere Radar-,
LiDAR- und Kamerasensoren wird, wie beim Vorgan-
gerfahrzeug ,,TEASY 3, eine 360° Rundumsicht ermdg-
licht [6]. Als Zentralrechner wird eine Scalexio AutoBox
von dSPACE eingesetzt [7].

Das Verbundprojekt UNICARagil forciert die Erfor-
schung neuartiger modularer Strukturen fur automati-
sierte Fahrzeugkonzepte [8]. Die Ergebnisse sehen eine
dezentrale intelligente Struktur vor, welche dem mensch-
lichen Gehirn nachempfunden ist. Aufbauend auf den
Projektergebnissen ist unter anderem der Versuchstrager
Edgar der TU Miinchen (vgl. [9]) entstanden.

Das OPA3L-Projekt an der Universitit Bremen setzt
ein Hybridfahrzeug zur Erforschung urbaner autonomer
Fahranwendungen ein [10]. Dieses Forschungsfahrzeug
ist mit einer Vielzahl von Sensoren ausgestattet. Dazu ge-
horen sechs Ibeo ScalLa LiDAR-Sensoren, eine Kamera
im Windschutzscheibenbereich, vier ValeoVis Flachen-
kameras und ein Global Navigation Satellite System
(GNSS). Zusatzlich liefert eine ADIS 16488 Inertiale
Messeinheit (IMU) prézise Beschleunigungs- und Gyro-
skopdaten. Die Berechnungen werden von einem Bord-
computer mit einem Intel Core i9-9900K CPU und zwei
NVIDIA GeForce RTX 2080 Ti GPUs durchgefihrt.

2.2 Sensorik fur autonome Fahrzeuge

Im Bereich der Sensorik und Sensordatenverarbeitung
flir autonome Fahrzeuge haben sich in den letzten Jahren
bedeutende Fortschritte vollzogen. Durch den Einsatz
moderner Sensordatenfusionen und kinstlicher Intelli-
genz lassen sich Messergebnisse der eingesetzten Li-
DAR-, Radar-, Kamera- und Ultraschallsensoren auswer-
ten und zu einem digitalen Zwilling der realen
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Umgebung integrieren. Der Stand des Wissens in diesem
Bereich spiegelt sich in kontinuierlichen Innovationen
und Verbesserungen, die nicht nur die Leistungsfahigkeit
und Zuverlassigkeit der Sensoren erhdhen, sondern auch
neue Anwendungsfelder in der Mobilitdt und daruber
hinaus erschlieen wieder.

Wie bereits aus [11] hervorgeht, lassen sich nicht alle
fur die autonome Fahrt notwendigen Informationen aus
einem Sensor ermitteln. Daher ist stets eine Sensordaten-
fusion notwendig. Abbildung 2 verdeutlicht den Hinter-
grund, durch Analyse verschiedener Sensortypen. Hier-
bei wird die Eignung zur Messung von Entfernung und
Geschwindigkeiten sowie die erzielte Auflésung und
Framerate beurteilt. Weitere Randbedingungen wie Wet-
terabhangigkeit und Robustheit geben einen Uberblick
tber mogliche Einsatzgebiete. Nach [12] werden fiir au-
tonome Fahrzeuge der Stufen 4 und 5 im StraRenverkehr
unter anderem 8 Radar-, ein Lidar-, 5 Kamerasensoren
benétigt.

Entfernung

Datenverarbeitung Geschwindigkeit

Radar Auflésung

Robustheit
e Ultraschall
e idar L
Kamera
Fusion Kosten ==

Storanfélligkeit

Framerate

Wetteruanbhéngig
Lichtabhangigkeit

Abbildung 2: Analyse verschiedener Sensoriken fur au-
tonome Fahrzeuge in Anlehnung an [13].

Weiterhin kommt GNSS zur Positionsbestimmung zum
Einsatz. Dessen Genauigkeit lasst sich durch Einsatz ei-
nes Real Time Kinematic (RTK) Systems auf unter ei-
nem Meter steigern [14]. Ein weiterer wesentlicher Fak-
tor zur Informationsbeschaffung ist die V2X-Kommuni-
kation, welche insbesondere durch Einsatz von 5G-Tech-
nologie einen Datenaustausch Uber weite Entfernungen
ermoglicht [15].

3 Konzeption

Im folgenden Abschnitt erfolgt die Konzeption des Funk-
tionstrdgers AURONA, indem zunéchst Anforderungen
definiert und anschlieflend eine Systemstruktur abgeleitet
wird. Zuletzt wird die Systemarchitektur aufgebaut.

3.1 Anforderungen an den Funktionstrager

AURONA soll als Funktionstrager fir autonome Fahr-
funktionen und nachhaltige Mobilitat agieren. Fiir die
Forschung in diesem agilen Themenfeld ist die Rekonfi-
gurierbarkeit und Flexibilitat von besonderer Bedeutung.

Im Kern werden zur Erflllung der Gbergeordneten

Ziele folgende Anforderungen an AURONA gestellt:

1. Modulare Architektur mit offenen energetischen
und informationstechnischen Schnittstellen sowie
eingebauten Sicherheitsvorrichtungen.

2. Leistungsfahiges RCP-System mit KI-Eignung zur
prototypischen Realisierung und Untersuchung in-
novativer Funktionen.

3. Sensorik zur 360° Umfelderfassung im Nah- und
Fernbereich sowie 5G-basierte VV2X-Kommunika-

tion.

4. X-by-Wire-Aktorik fur Antrieb, Bremse und Len-
kung.

5. Elektrischer Antriebs mit radindividuellem Trakti-
onsmotor.

3.2 Beitrag zur nachhaltigen Mobilitat

Autonomes kooperatives Fahren ermdglicht eine op-
timale Nutzung vorhandener und zukiinftiger Verkehrs-
ressourcen. Fahrzeuge kdnnen in Echtzeit miteinander
kommunizieren, um den Verkehrsfluss zu verbessern und
Staus zu vermeiden. Dies reduziert nicht nur die Fahrzei-
ten, sondern auch den Energieverbrauch erheblich. Ein
weiteres Beispiel flr nachhaltige Mobilitét sind bedarfs-
gerechte autonome Shuttles, die in Kolonne fahren kén-
nen. Im Gegensatz zu herkémmlichen, getakteten Ver-
bindungen, die insbesondere zu Randzeiten wenig ausge-
lastet und ineffizient sind, passen sich diese Shuttles fle-
xibel an den tatséchlichen Bedarf an. Dies flihrt zu einer
effizienteren Nutzung der Fahrzeuge und einer signifi-
kanten Reduktion des Energieverbrauchs.

Durch den modularen Aufbau und die flexible Archi-
tektur von AURONA kdénnen verschiedene Funktionen
flr nachhaltige Mobilitat erforscht werden. Dies umfasst
unter anderem die Integration und Testung von fort-
schrittlichen Sensordatenerfassungs- und -verarbeitungs-
systemen sowie die Entwicklung neuer kooperativer
Fahrfunktionen. AURONA dient als Plattform zur Erfor-
schung und Validierung dieser Technologien, die das Po-
tenzial haben, die Umweltbelastung durch den Verkehr
erheblich zu reduzieren. Somit wird durch AURONA ein
direkter Beitrag zur Entwicklung zukunftsorientierter
nachhaltiger Mobilitat geleistet.
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3.3 Strukturierung

Wie in Abschnitt 1 eingefiihrt ist die Strukturierung des
Systems eine wesentliche Voraussetzung zur Reduktion
der Komplexitat und ermdglicht eine Rekonfigurierbar-
keit. Abbildung 3 illustriert daher die zur Erfullung der
im Vorfeld beschrieben Anforderungen forcierte mecha-
tronische Strukturierung des Funktionstragers AU-
RONA. Auf der untersten und vitalsten Ebene MFM sind
grundlegende Funktionen fiir Antrieb, Bremse, Lenkung,
Batteriemanagement, etc. vorhanden. Durch informati-
onstechnische Kopplung werden auf der Ebene MFG ho-
herwertige Funktionalititen wie die integrierte Fahrdyna-
mikregelung oder das Energiemanagement erzielt. Die
libergeordnete Ebene AMS integriert diese MFG zum in-
telligenten autonomen Fahrzeug AURONA. Durch Ver-
netzung mit anderen autonomen Fahrzeugen entsteht
schlieflich die oberste Ebene VMS.

Cyber-physisches
VMS Verkehrssystem
_________ L S
] v
Weitere
AMS AURONA Fahrzeuge
L
Y 1
Integrierte Fahrdynamikregelung L
— ; Energie-
—{ | Trajektorien- Léngs- Quer- |1 -
MFG Folge dynamik dynamik management
3 Y 4
Y v v
1 Antrieb | | Batterie | "
MFM Lenkung mit BMS
Legende ﬁ ﬁ
Informationsfluss - ---

Energiefluss —_—

Abbildung 3: Mechatronische Strukturierung des Funkti-
onstragers AURONA.

3.4 Systemarchitektur

Die Systemarchitektur des Funktionstragers AURONA
ist speziell fir die Integration und das Testen autonomer
Fahrfunktionen konzipiert. Der zentrale Aspekt dieser
Avrchitektur ist ihre Modularitat und Skalierbarkeit, wel-
che es ermdglicht, verschiedene Sensoren und Aktoren
effizient zu integrieren. AURONA verwendet eine fort-
schrittliche Elektrik/Elektronik-Architektur (E/E-Archi-
tektur). Abbildung 4 fasst die Systemarchitektur des Ver-
suchstragers zusammen. Diese erlaubt es, eine Vielzahl
von Sensoren fir die Umgebungserfassung wie LiDAR,
Radar, Kamera und Ultraschallsensoren zu unterstiitzen.
Zusétzlich verfigt AURONA Uber ein echtzeitfahiges
Bussystem, welches die Kommunikation zwischen den
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einzelnen Systemkomponenten ermdglicht.

Die Architektur von AURONA setzt ebenfalls auf
eine serviceorientierte, zentralisierte Verarbeitungsstruk-
tur mit definierten Verantwortlichkeiten, die eine effizi-
ente Datenverarbeitung und eine hohe Rechenkapazitét
bereitstellt. Dies wird durch den Einsatz leistungsfahiger
Recheneinheiten unterstutzt, die in der Lage sind, kom-
plexe Algorithmen fiir das autonome Fahren zu verarbei-
ten. Der Einsatz eines RCP-Systems ermdglicht es, Si-
mulationen und reale Tests nahtlos zu integrieren,
wodurch eine kontinuierliche Verbesserung und Validie-
rung der autonomen Systeme gewéhrleistet wird. Diese
robuste und erweiterbare Systemarchitektur ermdglicht
es AURONA, als hochflexibler Versuchstrager fur For-
schung und Entwicklung in der Mobilitét der Zukunft zu
dienen.

4 Realisierung

Der Funktionstrager AURONA wurde als hochmoderne
Plattform zur Erforschung und Entwicklung autonomer
Fahrfunktionen konzipiert. Nach der detaillierten Pla-
nung und konzeptuellen Entwicklung, die in den vorhe-
rigen Abschnitten beschrieben wurden, fokussiert dieser
Abschnitt die technische Umsetzung der Systemarchitek-
tur, einschlielich der Integration von Antriebskompo-
nenten, Sensorik und Kommunikationssystemen.

4.1 Antrieb und Tragstruktur

AURONA verfugt tber vier Radnabenantriebe mit einer
Gesamtleistung von 15,2 kW sowie separat lenkbare
Front- und Hinterachsen. Antrieb, Bremse und Lenkung
lassen sich by-Wire und somit durch die Informations-
verarbeitung ansteuern.

Abbildung 5 illustriert den realisierten Funktionstra-
ger. Dieser bietet sowohl die Mdglichkeit autonom zu
fahren als auch manuell iber eine Fernsteuerung oder ein
klassisches Lenkrad / eine Pedalerie bedient zu werden.

4.2 Echtzeitdatenverarbeitung

Auf der Verarbeitungsseite verfligt AURONA Uber
einen leistungsstarken RCP féhigen Rechner vom Typ
dSPACE Autera, der mit einem Intel Core i9-Prozessor
und einer NVIDIA GeForce RTX A2000 Grafikkarte
ausgestattet ist. Diese Hardwarebasis ermdglicht es,
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Abbildung 4: Systemarchitektur von AURONA.

komplexe Algorithmen zur Datenverarbeitung und Ent-
scheidungsfindung und Kl-basierte Funktionen in Echt-
zeit auszufiihren. Weiterhin ist das Fahrzeug mit einem
5G-basierten V2X-Kommunikationssystem ausgestattet.

Abbildung 5: Realisierter Funktionstrager.

4.3 Sensorik

Der Funktionstrager AURONA wurde speziell fur die Er-
forschung und Entwicklung intelligenter autonomer
Fahrsysteme entworfen. Zu den zentralen Komponenten
des Fahrzeugs gehdren ein zentraler LIiDAR-Sensor des
Typen Robosense Helios-16P, welcher eine 360-Grad-
Erfassung der Umgebung ermdglichen, sowie zwei Ra-
darsensoren vom Typ Continental ARS 408-21 fir die
frontale und riickwartige Fernerkennung. Diese werden
erganzt durch zwei hochauflésende Kamerasysteme Le-
opard Imaging IMX490-GW5400-GM, die sowohl an
der Front als auch am Heck des Fahrzeugs angebracht
sind, um visuelle Daten zu erfassen und Verkehrszeichen
sowie Hindernisse zu identifizieren und zu klassifizieren.
Zudem st ein integriertes Sensorsystem CGI-610 mit
hochauflésender IMU zur Messung der Beschleunigung
und Gierraten in 6 Freiheitsgraden sowie einem GNSS-
System mit RTK-Funktionalitat zur hochgenauen Positi-
onshestimmung vorhanden.
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5 Verifikation

In diesem Abschnitt wird die Verifikation der grundle-
genden Funktionen des Versuchstragers diskutiert.
Exemplarisch wird das Vorgehen anhand ausgewdhlter
Sensoriken aufgezeigt. Die Verifikation der Sensorfunk-
tion ist ein erster entscheidender Schritt in der Entwick-
lung und Implementierung von autonomen Systemen,
insbesondere Fahrzeugen. Dieser Prozess stellt sicher,
dass die Sensoren unter verschiedenen realen Bedingun-
gen prézise und zuverlassig funktionieren. Durch syste-
matische Tests und Analysen werden die Leistungsfahig-
keit und die Genauigkeit der Sensoren in verschiedenen
Umgebungen und Szenarien Uberpriift.

Im ersten diskutierten Versuch wird die Léngsbe-
schleunigung des Fahrzeugs betrachtet. Zum einen er-
folgt die direkte Messung Uber die integrierte IMU zum
anderen die Berechnung auf Basis der Raddrehzahlen.
Abbildung 6 stellt die zeitlichen Verldufe beider Signale
waéhrend einer Testfahrt gegeniiber. Beide Verlaufe stim-
men mit hoher Genauigkeit tberein.

[ S5 T 15 TR SO -
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Lingsbeschleunigung in m/s?

o0

0 10 20 30 40 50 o0 70 B0 90 100 110 120

Zeitins
—gemessene Beschleunigung des IMU
berechnete Beschleunigung des Chassis

Abbildung 6: Zeitliche Verlaufe der Langsbeschleuni-
gung wahrend einer Messfahrt.

Weitere Versuche wurden zur Analyse der Querdynamik
durchgefiihrt. Abbildung 7 illustriert die zeitlichen Mess-
verlaufe von Querbeschleunigung, Lenkwinkel und
Langsgeschwindigkeit iber der Zeit. Die zeitlichen Ver-
laufe sind konsistent und weisen eine Korrelation zu den
angenommenen physikalischen Prinzipien auf. So ist bei-
spielsweise der geschwindigkeitsabhangige Zusammen-
hang zwischen Lenkwinkel und Querbeschleunigung
deutlich erkennbar.

Die gemessenen Daten passen sehr gut zu den theore-
tischen Annahmen. Weitere Versuche zur Validierung
der Funktionen zeigten &hnliche vielversprechende Er-
gebnisse.
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Abbildung 7: Zeitliche Messdatenverlaufe der Querdy-
namik wahrend einer Probefahrt.

6 Zusammenfassung und
Ausblick

Im vorliegenden Beitrag wurde der autonome rekonfigu-
rierbare Funktionstrager fur nachhaltige Mobilitét, kurz
AURONA, vorgestellt. Durch den Einsatz modernster
Technologien und die Anwendung modellbasierter Me-
thoden konnte ein rekonfigurierbares Forschungsobjekt
fur die Echtzeituntersuchung geschaffen werden. Die
Kombination aus fortschrittlicher Sensorik und V2X-
Kommunikation ermdglicht eine umfassende Umge-
bungserfassung und Interaktion mit anderen autonomen
Fahrzeugen in einem vernetzten cyber-physischen Ver-
kehrssystem.

Die Ergebnisse der ersten Echtzeitsimulationen und
Tests belegen, dass AURONA die gestellten Anforderun-
gen an Flexibilitdt und Rekonfigurierbarkeit erfillt und
sich als hochmoderner Versuchstrager fur verschiedene
Mobilitatsszenarien eignet. Dies unterstreicht das Poten-
zial von AURONA, zentrale Herausforderungen in der
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autonomen Fahrzeugtechnologie anzugehen und zur Si-
cherheit und Effizienz im Verkehr beizutragen.
Zukinftige Arbeiten werden sich darauf konzentrie-
ren, die Interoperabilitdt von AURONA in groReren, ver-
netzten cyber-physischen Verkehrssystemen zu testen
und zu optimieren. Dies beinhaltet auch die Weiterent-
wicklung von Algorithmen der modernen Regelungs-
technik und der kunstlichen Intelligenz, um autonome
Fahrfunktionen unter variablen Umgebungsbedingungen
zu verbessern. Langfristig soll AURONA als Basis fir
die Entwicklung weiterer autonomer Systeme dienen, die
spezifische Anforderungen unterschiedlicher Mobilitats-
und Transportaufgaben erflllen kénnen und somit einen
wesentlichen Beitrag zur nachhaltigen Mobilitat leisten.
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Abstract. This paper presents the development of a
simulation model for battery-electric public transporta-
tion buses aimed at accurately predicting energy con-
sumption and state of charge with minimal input data.
The model considers driving resistances, elevation pro-
files, temperatures, and load conditions to closely repli-
cate real-world operational scenarios. Validation with
data from a Swiss public transport company shows high
accuracy in the prediction of energy consumption and
state of charge. The model facilitates precise route and
charging infrastructure planning, enhancing efficiency
and optimizing costs for public transport operators.

Introduction

In order to reduce CO2 emissions at European level, as
outlined in the Paris Agreement, the EU Climate and
Energy Framework, and the White Paper on Transport,
an increasing number of companies in the public trans-
portation sector are transitioning from combustion en-
gine buses to battery-electric buses. This transition rep-
resents an important shift in the transportation sector
[1, 2]. A significant challenge in this context is the vari-
ability in range depending on the driven route (elevation
profile, rural track, urban track), temperature, and load
[3]. To facilitate an effective transition to electromo-
bility in public transport, it is important to consider the
energy supply of the buses in advance [2]. To enable
precise planning of the charging strategy (depot or op-
portunity charging) and the associated charging stations
as well as network utilization, even before the ordering
of a new fleet, a simulation model of an electric bus is
created as part of this publication. A challenge in this
task is that the transport companies usually have lim-
ited technical data and information about the electric
buses. Thus, the planning of fleets size and charging
stations is often done by assuming average consump-
tion values determined in Standardized On Road Test

cycles (SORT) [4, 5]. These data are often very inaccu-
rate and do not reflect worst case scenarios or the exact
local conditions (e.g. low environmental temperatures
or elevations). The aim of this work is to develop a bus
model with few data that reflects as accurately as pos-
sible the consumption and state of charge (SoC) of a
battery-electric bus, including powertrain data, heating,
air conditioning, and auxiliary consumers for different
route sections taking into account altitude data, outside
temperature and load. This should enable precise map-
ping of route sections, schedules, and extreme scenar-
i0s. The model should also be easily adaptable to dif-
ferent bus types. In the following sections, the functions
and individual components of the simulation model are
described in more detail. Furthermore, the input param-
eters and the verification of the model are discussed,
an outlook for improvements and further applications is
given.

1 Model Overview

This section provides an overview of the simulation
model. The structure and individual components are
described in more detail. The first step in developing
the model is to identify the available data and determine
how detailed the model should be.

For the initial setup of the model, the MAN Lion’s City
12 E low-floor bus is selected, as data for verification
purposes are available from a battery-electric bus fleet
that is already in operation. The model is designed so
it can be easily re-parameterized for other bus mod-
els through an initialization script. Due to the limited
availability of technical data, electric drive train compo-
nents such as the inverters are not physically simulated
in detail, this also ensures fast computation times. In-
stead, an efficiency map based, purely longitudinal dy-
namic model was developed. Since the main focus is
energy consumption, the longitudinal dynamics prove
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to be sufficiently accurate, as can be seen in the verifi-
cation process.

Figure 1 provides an overview of the model. The model
inputs are a speed profile over time, elevation profile
over the distance traveled and average outside tempera-
ture. Due to the monitoring system, the fleet operators
in this study have only access to sparsely sampled GPS
positions (5.3 samples per minute) without altitude in-
formation. Consequently, these GPS points require a
special preprocessing methodology to reconstruct the
route data (including speed and road slope) to a suffi-
cient sampling frequency of 1 Hz. The detailed method-
ology employed is described in [6].

Vighicle » -
Vyer (1) Ditver throtile 1-|T'!‘-,lf‘r. . Finotor »| Driving |,-“,ml.h.|
ifd) C il brake » |\|;11;:n.\ Firake | Reistances
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Frecu Power Peotat o tiery | SOC o
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y HVAL Porvac Fuux Auxiliary
o Consumers

Figure 1: Simulation model overview

As driver controller, the "Longitudinal Driver" compo-
nent of the Simulink vehicle dynamics blockset is used
as a PI controller [7]. This controls the vehicle speed
and outputs throttle and brake pedal position.

In the motor efficiency block, the current motor torque
is then determined using the accelerator pedal position
and the maximum possible torque for the current oper-
ating point. The maximum torque can be determined
from a motor map using the motor speed calculated
from the vehicle speed and the gear ratio.

From the motor torque, the motor force For that
drives the vehicle is then calculated using tire radius and
gear ratio. The recuperation force F., of the motor is
also calculated in this way. For strong decelerations, an
additional mechanical brake is used. This results in the
total braking force Fj,q.. Furthermore, the efficiency
during driving and recuperation is determined using the
motor map stored in a lookup table. As the specific mo-
tors installed in the MAN bus are not known, the map of
an asynchronous electric motor with similar power data
is used. Exemplary motor maps are available in publi-
cations e.g. [8, 9] or can be generated via simulation
tools such as Matlab or Motor CAD.
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The driving resistances block uses F,,o0r, the total brak-
ing force Fj4e, and the road gradient A(d) as inputs.
Here, all necessary driving resistances of the bus are
calculated. These are rolling resistance Fgy, air resis-
tance Fgy4, gradient resistance Fgc, and inertia resistance
Fg;. This results in the total driving resistance Fy calcu-
lated in equation 1 using the individual resistances from
equation 2. [10]

Fr = Frw + Fra + Frc + Fri (D

Frw = mges * g * U
Fm:cw*A*%*vz

2)

Fre = Mges % g * sin(A)

Frr = ay (ei * Mpet +mpl)

The result is the longitudinal vehicle velocity, which
is fed back into the driver controller as v,.pice. Since
there are certain deviations between v, and v,z4;ci. due
to the driver controller, the road gradient A(d) is given
over distance and not over time. This way, the actual
distance traveled can be calculated by integrating the
vehicle velocity, and the appropriate road gradient at
that position can be used.

To map power and energy consumption of the vehicle,
the power calculation block is introduced. The driving
power is initially calculated from motor force (F10r),
recuperated force (F.c,), and vehicle velocity (Vyepicie)-
Additionally, motor efficiency, determined from the ef-
ficiency map, is used to calculate the required driving
power. For the gearbox and power electronics, a con-
stant efficiency is assumed.

The consumption of the Heating-Ventilation Air Condi-
tioning (HVAC) components also have a significant im-
pact on the range of electrically operated buses. Con-
sequently, the power of the heat pump is mapped de-
pending on outside temperature via a lookup table [11].
Auxiliary consumers such as display boards, doors,
and compressors are taken into account with a con-
stant power consumption. The power of HVAC (Pyyac)
and auxiliary consumers (P,,,) are introduced into the
power calculation block. Thus, the total power (Pyq1)
can be determined by summing the power of the differ-
ent components. By integrating P, 4, it is also possible
to determine the energy (E, . )consumed for the driven
cycle.
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1.1 Battery Model

To be able to simulate the SOC of the vehicle, a bat-
tery model is added to the simulation model. Here, the
table-based battery model from the Simscape library
is used and populated with parameters from a nickel-
manganese-cobalt battery cell, which was used in a pre-
vious work [12]. The cell has a maximum Open-circuit
voltage (OCV) of 4.15 V (V,,) and a capacity of 14.44
Ah (Cyopy)- In the battery model, the OCV is calculated
as a function of the SoC and temperature. The internal
resistance also depends on the SoC and temperature (T)
[13]. Self-discharge and aging are initially neglected.
Only limited information is available about the battery
installed in the MAN Lion’s City, though it is known to
be an 800 V system with 65 % of the 480 kWh battery
capacity usable. Since the Simscape battery model is an
electrical model, a current must be calculated from the
previously determined total vehicle power (P, ;4;). This
is done using equation 3.

Ipar = 77— 3)

Here P, is the total power of all consumers deter-
mined in the power calculation block. Uy, is the battery
voltage measured at the battery model and delayed by
one time step. This approximates the battery current. A
controlled current source is then used to charge or dis-
charge the battery model. The SoC of the battery is then
calculated in the Simscape block using equation 4.

1

W/o Uyt ()t (4)

SoC(t) = SoC(t =0) — c
nom

This enables simulation of any route sections and cal-
culation of energy consumption as well as battery SoC.

1.2 Verification

To verify the functionality and parameterization of the
model, precise data must be collected. For this pur-
pose, data is provided by the Swiss transport company
"Verkehrsbetriebe Ziirich" which is already operating
numerous electric buses and has a detailed monitoring
system. The data used for verification are GPS posi-
tion, vehicle speed, elevation profile, outside tempera-
ture, power of the heatpump, power of the powertrain,
energy of auxiliary consumers and the SoC.

With this data, the exact consumption, divided into driv-

etrain (driving and recuperation), heat pump depend-
ing on the route and auxiliary consumers can be deter-
mined. The same routes are also simulated with the
longitudinal bus model. A comparison between the
consumption for driving, recuperation, air conditioning,
and auxiliary consumers, as well as the SoC is made.
Since the available test data was collected in winter, the
installed diesel heater was often recorded as active (ac-
tivated at temperatures below 7 °C). The energy con-
sumed by the heatpump is therefore very low. Further
verification of the HVAC modeling for other seasons is
planned.

Figure 2 shows the SoC progression of the real vehi-
cle compared to the SoC progression of the simulation
model. For this comparison, the speed recorded by the
monitoring system is used as the input for the simula-
tion model. Additionally, the altitude data is used to
determine the incline over distance and also serves as
input. The environmental temperature is also taken into
account in the simulation. Here it can be seen that the
two SOC curves show only small deviations.
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Figure 2: State of charge of the battery model compared to
real vehicle data driving the same route

As route input, a round trip of 44 km length until a
charger is approached is used. To quantify the differ-
ences, the maximum deviation and the Mean Squared
Error (MSE) is calculated. The maximum deviation be-
tween the two SoC curves is 1.4469%. The calculated
MSE is 0.31737, which indicates a high level of con-
cordance between the two datasets.

Table 1 presents the energy consumption of the buses
main consumers on the same 44 km round trip as in
figure 2, broken down by drivetrain, HVAC and aux-
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iliary consumers. This data also demonstrates that the
energy consumption per component in the simulation
model corresponds to the real-world data.

Edrivetrain EHVAC Eaux
Real data 57.07 kWh | 0.84 kWh | 11.98 kWh
Simulation | 57.56 kWh | 0 kWh 11.34 kWh

Table 1: Energy consumption by component for simulation
and real data

2 Discussion

In this paper, a simulation model for a battery-electric
bus is presented. This model is capable of accurately
predicting energy consumption and state of charge with
minimal input data. By considering driving resistances,
elevation profiles, temperatures, velocity and various
load conditions, a model is created which accurately
represents a real electric bus. The validation of the
model with data from a Swiss public transport company
demonstrates high accuracy, highlighting the model’s
relevance and reliability, although only a minimal set
of parameters are available.

The model enables public transport operators to pre-
cisely plan their bus routes, battery sizing and charg-
ing infrastructure before electrifying their fleets. This
not only enhances efficiency but also optimizes costs
and relieves the power grid. Additionally, the model al-
lows for the simulation of extreme scenarios, such as
full load at cold temperatures, which would not be pos-
sible with average consumption values.

In the future, the model is to be extended and includes
battery aging, enabling better assessment of long-term
performance. This will determine whether an old bus
is still capable of covering all routes with the avail-
able charging points. Furthermore, additional param-
eter files for other buses should follow. Moreover,
adding a more intelligent controller that can map dif-
ferent driver types is conceivable. Integrating different
driving styles is a valuable addition to simulate the im-
pact of driving behavior on energy consumption.
Overall, this battery-electric bus model represents a
powerful tool for planning and optimizing electric
bus fleets, supporting the sustainable transformation
of public transport, as the application in the project
FreeE-Bus funded by Interreg Alpenrhein-Bodensee-
Hochrhein shows.
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Appendix
A

Ay
Caom
CcO2
cw
Equx
Edrivetmin
Envac
€
Eyse
F brake
Fotor
Fr
Fra
Fre
Frecu
Fri
Frw
Ibat
Mges
Mpet
m pl
MSE
oCcv
Poux
Prvac

Ptotal
SoC

SORT
Tour
Ubat
Vyehicle
Vref
A(d)
pa

Cross sectional area

Acceleration in x direction

Nominal battery capacity

carbon dioxide

Drag coefficient

Energy consumption of auxiliary consumers
Energy consumption of drivetrain
Energy consumption of HVAC components
Moment of inertia addition-factor
Energy consumption total

Brake force

Motor Force

Total driving resistance

Aerodynamic drag

Climbing resistance

Recuperation force

Inertial resistance

Wheel resistance

Battery current

Total vehicle mass with load

Vehicle mass without load

Mass of load

Mean Squared Error

Open circuit voltage

Power auxiliary consumers

Power Heating-Ventilation, Air Conditioning
Total power

State of Charge

Standardized On Road Test cycle
Environmental Temperature

Battery voltage

Vehicle longitudinal velocity
Reference velocity

Road gradient as a function of distance
Air density
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Abstract. The world faces significant sustainability
challenges, from resource consumption to supply chain
inefficiencies. A comprehensive simulation-based ap-
proach for creating Digital Twins (DTs) is developed to ad-
dress these issues. This paper contributes to the gradual
development of DTs and presents a novel architecture
for a simulation tool. The proposed architecture enables
the creation of a holistic virtual representation of the sys-
tem by incorporating linear and circular production mod-
els, supporting various scenarios, identifying optimiza-
tion potential, and making data-driven decisions. Using
simulation-based DTs indicates the potential to drive sus-
tainable transformation in the beverage industry and be-
yond. As the approach progresses, it aims to provide a
blueprint for leveraging digital technologies, fostering a
more sustainable and resilient future.

Introduction

The world is confronted with unprecedented sustain-
ability hurdles, including climate change, resource de-
pletion, social inequality, and economic instability.
There is a desperate need to tackle these intricate and in-
terrelated issues. To combat these problems, the United
Nations has established the Sustainable Development
Goals (SDGs), a global framework for achieving a more
sustainable, equitable, and prosperous future for all [1].
Digital technologies, such as the Internet of Things
(IoT), Artificial Intelligence (Al), and simulation, are
increasingly recognized as powerful tools for support-
ing the achievement of the SDGs [2, 3].

In particular, SDG 9 emphasizes promoting inclu-
sive and sustainable industrialization, fostering inno-
vation, and the need for resilient and sustainable in-
frastructure. By using digital technologies to design,
optimize, and manage auch infrastructures and indus-
trial processes, organizations can make data-driven de-

cisions that minimize environmental impact and pro-
mote responsible production and consumption, as high-
lighted in SDG 12 [3, 4]. This aligns with the emerging
paradigm of Industry 5.0, which builds upon the tech-
nological advancements of Industry 4.0 while placing a
strong emphasis on the collaboration between humans
and machines to create more sustainable, resilient, and
human-centric industrial processes [5, 6].

One promising application of digital technologies
for sustainable development is the concept of virtual
representations of physical systems that are capable of
real-time data to mirror the behavior and performance
of their real-world counterparts [7, 8]. By integrat-
ing sustainability metrics and indicators into these sys-
tems, organizations can assess their operations’ envi-
ronmental impact, identify improvement opportunities,
and make informed decisions to reduce their ecological
footprint [9].

Manufacturing also encounters critical sustainabil-
ity concerns, from energy and water consumption to
waste generation and supply chain inefficiencies. To
address these, the BeverGreen project [10], a collabo-
rative effort involving the beverage industry and aca-
demic partners, aims to develop an extensive method-
ology for creating sustainability systems in this field.
Aided by simulation techniques and integrating sustain-
ability metrics, the project seeks to optimize resource
efficiency, minimize environmental impact, and pro-
mote circular economy principles.

We aim to provide valuable insights and practical
guidance for organizations seeking to harness technolo-
gies for driving sustainable development and Industry
5.0 principles through examining the intersection of
simulation, DTs and sustainability,
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1 Digital Twins and Simulation

1.1 Digital Twin Fundamentals

DTs are virtual representations of physical systems that
use historical data, real-time data, and different data
processing methods to act as a system or part of it. It
also allows for simulation, analysis, and optimization of
the physical counterpart. The concept of DTs was first
introduced by Michael Grieves in 2002 in the context
of product lifecycle management (PLM) [11]. Since
then, they have evolved to encompass various applica-
tions, from manufacturing to healthcare [12]. A key
characteristic of DTs is their ability to integrate data
from multiple sources, such as sensors, historical data,
and domain knowledge, to create an accurate and up-to-
date representation of the physical system [13]. Simula-
tion plays a crucial role in developing DTs by enabling
the prediction of system behavior under different con-
ditions and scenarios [14].

1.2 Simulation Paradigms for Digital Twins

Several simulation paradigms are employed in devel-
oping DTs, each with strengths and limitations. Dis-
crete event simulation (DES) is widely used to model
systems where state changes occur at discrete points,
such as manufacturing systems and supply chains [15].
Agent-based simulation (ABS) focuses on modeling the
behavior and interactions of individual agents within
a system, making it suitable for modeling complex
adaptive systems [16]. System dynamics (SD) models
the feedback loops and nonlinear relationships in com-
plex systems, such as ecosystems and social systems
[17]. Hybrid simulation approaches combine multiple
paradigms to leverage their strengths and address indi-
vidual paradigms’ limitations [18].

1.3 Simulation-Based Digital Twin
Development Process

Developing, commissioning, running, and maintain-
ing DTs using simulation typically involves four main
stages: conceptual modeling, implementation, verifica-
tion, and validation [19], and experimentation. Concep-
tual modeling consists of defining the scope, objectives,
and assumptions of DTs, as well as identifying the key
components and relationships within the system [20].
Implementation involves translating the model into
a computer model using appropriate simulation soft-
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ware and programming languages [21]. Verification
and validation ensure that DTs accurately represents the
real-world system and produces reliable results. Exper-
imentation involves exploring different scenarios, opti-
mizing system performance, and supporting decision-
making.

The concept of Green Digital Twins (GDTs) [22]
has recently emerged as a promising approach to ad-
dress as of SDGs. These expanded DTs with a subclass
containing properties and requirements mainly charac-
terized by integrating sustainability-related specifica-
tions. A GDT based on this concept requires digital
models of resources, processes, domain knowledge, and
energy networks, such as energy sources and sinks, as
well as models of their relationships as well as a compo-
nent emission repository, by which emission factors can
be used for calculating CO2-equivalents or other met-
rics. [9]. This enables organizations to assess their op-
erations’ environmental impact, identify improvement
opportunities, and make data-driven decisions to reduce
their ecological footprint [4]. Across economic, en-
vironmental, and social dimensions, GDTs facilitates
the alignment of business objectives with sustainabil-
ity goals, promoting responsible production and con-
sumption practices by providing a holistic view of the
system’s performance.

The emergence of Al has been a significant driver
in the development and application of DTs [23]. Its
techniques, such as machine learning, enable them to
learn from data, adapt to changing conditions, and
make autonomous decisions [24]. The integration of
Al has opened up new possibilities for optimizing sys-
tem performance, predicting failures, and enabling pre-
dictive maintenance [8]. Al-powered DTs can analyze
vast amounts of data in real time, identify patterns and
anomalies, and provide actionable insights for improv-
ing operational efficiency and reducing downtime. This
synergy between Al and DTs is particularly relevant for
complex, dynamic systems, where traditional simula-
tion approaches may struggle to capture the full range
of system behaviors and interactions.

Addressing these challenges requires collaborative
efforts across disciplines to develop robust, scalable,
and interoperable platforms. The BeverGreen project
aims to address some of these challenges by develop-
ing a thorough methodology for creating GDTs in the
beverage industry, focusing on integrating sustainabil-
ity metrics and reducing environmental impact.
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2 Methodology

2.1 Overview and Objectives

Our simulation-focused architecture builds on assem-
bling a team of domain experts in production and distri-
bution, software developers, and scientific researchers
to develop comprehensive DTs that map a supply chain.
Within the BeverGreen project, we aim to digitally in-
terlock linear production chains within companies and
circular processes involving multiple actors to provide a
foundation for wide-ranging optimization potential. In
line with global sustainability goals and resilient eco-
nomics, the project focuses on critical areas such as en-
ergy management, production planning, inventory man-
agement, and transport logistics, seeking to identify
adaptable parameters that contribute to these objectives

[9].

2.2 Simulation-Focused Approach for DTs
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Our simulation-focused approach (Figure 1) con-
sists of business understanding, an initial phase that
aims to identify sources for generating a comprehensive
knowledge foundation. Starting with a literature review,
an explorative interview study including all relevant
partners along the supply chain (manufacturers, inter-
mediate trade and retail, associational partners), aided
by exchange with several subject matter experts (SME)
within the team, we created a multi-layered and multi-
perspective glimpse of general systematic and procedu-
ral conditions as well as challenges along the supply
chain.

Based on insights gained in phase 1, we conducted
further analysis in a second phase, knowledge base
building and aggregation. We dissected the system’s
production, distribution, and circulation behavior and
their systemic interactions. On a process level, we
investigated necessary conditions and movement pat-
terns of products and resources within the manufactur-
ing company and also between partners of the supply
chain. Problems regarding efficiency and sustainability
were identified and specified regarding their origin in
existing processes and, if possible, analyzed and con-
cretized.

Simultaneously, methods and tools that might con-
tribute to overcoming existing challenges were viewed
to reduce identified black boxes in the relevant pro-
cesses and simulate future scenarios. Based on the dis-
section, domain-specific problems could be described
and validated by synchronizing them with the initially
detected sources of business understanding.

Phase three, Transformation, mainly addressed
characterizing specific requirements resulting from
challenges. Given the standards and conditions, orga-
nizational requirements that refer to diverse demands
along the supply chain were identified. At the same
time, necessary organizational conditions must be en-
sured for the successful development of comprehensive
DTs.

The DT being developed must meet a range of
technical requirements and functionalities, including
the ability to map relationships between machines, re-
sources, and products, the utilization of domain knowl-
edge, rules, and indicators, connectivity to various data
sources and simulations, visualization capabilities, in-
tegration of data analysis apps, and forecasting capabil-
ities.

Utilized, individual interests and aims regarding the
usage of a DT were specified, including the essential
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provision of sensible user interfaces and high data se-
curity standards. Furthermore, requirements that soft-
ware developers need as a foundation for building were
emphasized.

However, the availability of data to develop and use
DTs is heavily restricted due to varying levels of dig-
italization and interests among supply chain partners,
including limitations in transferability between differ-
ent systems. Alongside efforts to access data and form
a basis for their functionality, simulation models will
initially generate data and test various scenarios for en-
ergy utilization, routing, and product launching [3].

2.3 Model and Simulation Approach

The simulation approach has been selected to address
data black boxes, gain well-founded knowledge about
processes and their reciprocal influence, and identify
optimization potential within individual steps [18]. To
capture the system’s behavior, we have chosen a multi-
method simulation approach [25].

A meta-model will be developed to understand sys-
tem behavior and dynamics more thoroughly, as well
as global dependencies between system inputs and out-
puts. Individual process chains will also be analyzed to
create a foundation for developing discrete event sim-
ulation models [15]. Both methods need to be com-
bined to achieve the overall goal of representing an en-
tire supply chain. Given the high complexity of the sys-
tem and the need to examine emergent behavior, agent-
based methods will also be incorporated into the mod-
eling process [16].

2.4 Data Collection and Analysis Methods

Data generation and connection are crucial aspects of
the project. The team will work on establishing a ro-
bust data infrastructure that enables the integration of
data from various sources, including sensors, historical
records, and domain expertise. Advanced data analy-
sis techniques, such as machine learning and data min-
ing, can extract valuable insights from the collected data
[23]. The resulting dataset can inform and validate the
simulation models, ensuring their accuracy and reliabil-
ity in representing the real-world system [19].

Our methodology combines state-of-the-art DT
technologies, simulation paradigms, and data analysis
techniques to develop a comprehensive and sustainable
approach for optimizing supply chain operations and
processes in the beverage industry. By addressing the
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challenges associated with data availability, model in-
tegration, and system complexity, the project aims to
demonstrate the potential of DTs in driving progress to-
wards the United Nations SDGs [2].

3 Use Case and Results

3.1 Project BeverGreen

BeverGreen focuses on leveraging digital technologies
to address the specific challenges faced by the bever-
age industry, such as resource efficiency, reusable bot-
tle circulation scheduling, and energy efficiency. Global
issues, including rising energy and raw material costs,
limited resources, climate protection initiatives, and
new resilience requirements for supply chains exacer-
bate these challenges. To tackle these challenges, it
aims to develop an assistance system that maps existing
data structures to domain-specific ontologies containing
relevant information, forming the basis for GDTs.

An assistance system is the starting point for link-
ing internal and external datasets, such as life cycle as-
sessment databases and CO2 equivalents (CO2e). By
integrating these datasets, the project seeks to create a
holistic view of the beverage industry’s environmental
impact and identify opportunities for optimization. The
development of GDTs, in combination with machine
learning methods, is a crucial objective of the Bever-
Green project, aiming to identify and realize energy and
resource savings in exemplary application scenarios.

3.2 Explanation of the Simulation-Based
Digital Twin Architecture

Two primary areas are focused on: closed application
circles in production and circular value creation net-
works. In brewing processes, DTs are being developed
to optimize resource consumption, minimize waste, and
improve overall efficiency. Creating simulation-based
representations of brewing processes enables stake-
holders to simulate various scenarios, test optimization
strategies, and make data-driven decisions to reduce the
environmental footprint of their products.

Within logistics, the project addresses challenges
associated with reusable bottle circulation scheduling.
DTs of this circuit aims to optimize the flow of reusable
bottles, minimize transportation costs, and reduce the
overall environmental impact of distribution. Co-opting
real-time data and advanced analytics seeks to create a
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more efficient and sustainable logistics network for the
beverage industry.

BeverGreen’s use cases demonstrate the potential of
DTs and machine learning in driving the sustainable
Transformation of the beverage industry. The project
aims to serve as a beacon for other industries seeking
to optimize their operations and reduce their environ-
mental impact by addressing specific challenges related
to resource efficiency, energy consumption, and circu-
lar value creation. The insights gained from this project
will contribute to developing best practices and guide-
lines for implementing digital technologies in pursuit of
sustainability goals.

3.3 Architecture

The proposed architecture for simulation-based rep-
resentations is an integral part of this development and
is illustrated in Figure 2. It aims to provide a compre-
hensive framework for integrating various data sources,
enabling semantic linking, and facilitating holistic DTs.

3.3.1 Data Sources and Mapping

The first step in the architecture is to identify and con-
nect all relevant data sources across the supply chain
that provide the necessary data for the desired func-
tionalities. As shown in Figure 2, this includes data
from Enterprise Resource Planning (ERP), Manufac-
turing Execution Systems (MES), Supervisory Con-
trol and Data Acquisition (SCADA) systems, and other
databases, which are crucial for depicting production
and distribution processes at all relevant operational
system levels within and across partners.

For BeverGreen, specific data sources may include
brewery production data, inventory levels, energy con-
sumption metrics, and transportation logistics informa-
tion. Additionally, environmental data sources, such as
emission data, weather data, traffic data, economic and
political data, and state or institutional regulations, must
be incorporated to increase sustainability along the en-
tire supply chain. In the context of the beverage indus-
try, this may involve integrating data on carbon foot-
prints, water usage, and waste generation throughout
the production and distribution processes.

To integrate these diverse datasets, a Federated
Database Systems (FDBSs) will be established, which
connects to the various data sources through Applica-
tion Programming Interfacess (APIs) and serves as the
essential basis for the simulation. The FDBS leverages

technologies such as data lakes, data warehouses, and
ETL (Extract, Transform, Load) processes to enable ro-
bust data integration from heterogeneous sources in a
predefined ontology. A data pipeline will be set up to
prepare data for use in simulation models and feed data
analysis workflows. These analytical processes, such as
machine learning algorithms for optimization and data
mining techniques for identifying patterns and anoma-
lies, can be embedded at this stage to enhance the data
processing capabilities.

In the context of collaborative data warehousing
initiatives. To facilitate simulation objectives and de-
velop company-wide DTs, the industry strictly uses
anonymized or aggregated data to protect sensitive in-
formation.

However, guaranteeing data security across DTs
functions and layers utilized by various supply chain
partners is a formidable challenge that must be ad-
dressed. Numerous studies have investigated security
risks and proposed several approaches to tackle these
issues, both from a technological standpoint; security
protocols are paramount in terms of security manage-
ment and procedures [26]. Our project team will evalu-
ate different measures to identify and implement effec-
tive security solutions while establishing a robust user
and access rights management system.

3.3.2 Simulation Models and Data Routes

The prepared simulation data is used to parameterize
linear and circular production models via an API, en-
abling the initiation of multiple simulation runs and
experiments, as depicted in Figure 2. In BeverGreen,
linear production models may represent brewing pro-
cesses, while circular production models may encom-
pass reusable bottle circulation and recycling processes.

To validate and verify the initial results and, more
importantly, the underlying simulation model, valida-
tion techniques such as historical data validation, face
validity, and sensitivity analysis are applied. These
techniques involve comparing simulation results with
existing real-life data in the FDBS, ensuring that the
model accurately depicts the real-world system. For
example, the simulated energy consumption and re-
source utilization in the brewing process can be com-
pared against historical data to validate the model’s ac-
curacy.

Furthermore, the resilient simulation results that
emerge later must be imported back into the FDBS
to continuously feed the knowledge base with
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Figure 2: Architecture of a Simulation-based DT

new findings. The resulting feedback loop and
simulation-assisted exploration of What-If analysis al-
lows decision-makers to anticipate the impact of poten-
tial changes or disruptions on the supply chain, which
guides iterative improvement of simulation models and
hence DTs overall.

Another API is set up to incorporate the results of
various simulation runs and experiments into the DTs
functional components, e.g. circulating inventory, re-
source consumption, and emission data. Specifically,
simulation results provide synthetic data to understand
assumed relationships between machines, resources,
and products, such as indicators and rules for circu-
lating inventory, consumption, or emissions. For in-
stance, the simulation may reveal correlations between
production time, energy consumption, and peak elec-
tricity usage, which can be used to optimize the shedul-
ing of brewing processes for sustainability. All results
are merged with data retrieved by the DTs using a multi-
connective data mapping assistant, ensuring a compre-
hensive and up-to-date representation of the system.
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3.3.3 Decision Support and User Interface

Enriched with synthetic data, DTs will provide a rich
backend for decision support systems of various indi-
vidual stages along supply chains. In order to offer op-
tions designed to detect patterns, predict future trends,
and provide actionable insights to support data-driven
decision-making. The decision support is realized via a
User Interface (UI), as illustrated in Figure 2, and en-
ables stakeholders to access decision-specific elements.

The emerging decision support capabilities of DTs
are propelled by enabling synoptic comparison of re-
sults after processing the vast amounts of data gener-
ated by simulation models and integrated data sources.
It also has to be able to visualize the wealth of infor-
mation generated within a DT. Adapted to the use cases
and needs of different applications or roles within the
beverage industry, the Ul serves as a hub for user ac-
cess to DT functional components.
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4 Discussion and Outlook

The proposed architecture offers a robust framework for
integrating diverse data sources, ontologies, and sup-
porting the creation of a comprehensive DT. By incor-
porating simulation models, data mapping, and user in-
terfaces, this architecture supports the gradual develop-
ment of DTs, promoting data-driven decision-making
and process optimization in the BeverGreen project and
the broader beverage industry.

The modular nature of the architecture, with its
microservices-based data integration and flexible simu-
lation modeling approach, allows for adaptation to dif-
ferent supply chain structures and sustainability chal-
lenges beyond the beverage sector. Adapting and
enhancing the architecture to industry-specific data
sources, simulation models, and key performance indi-
cators (KPIs) provides a tailored solution that supports
sustainable development across sectors.

The simulation component is pivotal in developing
and continuously improving DTs by enabling organi-
zations to explore various scenarios, test optimization
strategies, and make informed decisions to enhance sus-
tainability performance. The seamless integration of
simulation models allows for the continuous refinement
of the virtual representation based on real-world feed-
back, making it an increasingly powerful tool for driv-
ing sustainable innovation and decision-making as it
evolves and incorporates new data sources and simu-
lation results.

Based on the current state of understanding, the fol-
lowing procedure includes modeling production chains
and logistics within the beverage industry at the meta
and process level as a basis for running simulations.
In this particular process, we address the connection
between models to describe the supply chain compre-
hensively and to tackle overall aims in terms of emis-
sions, circulating inventory, and resource consumption
further.

However, the proposed architecture faces obstacles
in ensuring data security when integrating sources from
multiple partners along the supply chain. This requires
careful consideration of specialized solutions and ro-
bust security management, where various techniques
have been suggested to solve existing challenges with
technological or security management measures and
procedures to overcome these hurdles. Our project team
will consider the framework’s scalability and generaliz-
ability to other industries and supply chain structures. It
may require further investigation and validation to en-

sure its effectiveness in supporting adequate data secu-
rity.

As the BeverGreen project progresses and demon-
strates the value of simulation-based GDTs in driving
sustainable development, it will serve as a blueprint for
other industries seeking to harness the power of digital
technologies to optimize their operations and reduce en-
vironmental impact. By sharing best practices, lessons
learned, and the technical architecture developed within
the project, we aim to accelerate the adoption of DTs in-
cluding GDTs across various sectors, moving closer to
Industry 5.0 and sustainable production.
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Abstract. When simulation experiments grow in scale,
a simulation environment providing appropriate compu-
tational resources is needed to produce results within a
reasonable time. Containerization is a promising method
for creating such a scalable environment. This method
needs to be adapted to the simulation users’ demands
and should be easy to use for a project. Therefore, we
provide a concept for a container-based environment,
supporting various simulation projects, that dynamically
scales and adapts the simulation workload to the avail-
able hardware. The concept encapsulates the environ-
ment technologies and provides an access service to the
user for defining and editing simulation experiments and
retrieving results. We discuss requirements for combin-
ing simulation and containerization to support the transi-
tion to such a container-based simulation environment.
As a result, we see an opportunity to enhance large-
scale simulation experiments using container methods
and identify areas for further research.

Introduction

There are several fields of study in and adjacent to the
broader simulation domain with a significant rise in de-
mand for computational power. Prominent methods are
Simulation Based Optimization (SBO), Machine Learn-
ing (ML), and data-farming.

SBO combines simulation models with optimiza-
tion algorithms to find optimal or near-optimal solu-
tions for problems [1]. Various approaches utilize SBO
to assist in decision-making and finding ways to opti-
mize real-world systems (e.g., see Lidberg et al. [2],
Nikolopoulou and Ierapetritou [3], or Nguyen et al.
[4]). As most optimization algorithms require multiple
iterations over a system, increasing the number of si-
multaneously running versions of the model speeds up
the optimization process significantly.

The importance of ML as a research field was shown
in a recent study by Nature, which asked 1600 re-
searchers about how ML and Artificial Intelligence (AI)
in general will change in their future research. Among
the main benefits are improvements to data processing

and acquisition, and increased productivity [5]. Rai et
al. [6] comprehensively review the importance and re-
cent advances of ML for Industry 4.0 applications in
manufacturing and production systems. A substantial
amount of training data is necessary to create compre-
hensive ML-tools.

At the same time, the increasing complexity of sim-
ulation models and the number of simulation experi-
ments challenge the simulation environment: As com-
putational resources are constrained, the workload re-
quired for large-scale and complex simulations limits
the feasibility of performing these experiments.

Efforts to speed up simulation experiments have
been an active field of research since the 1970s [7]. The
ongoing trend of cloud computing, virtualization, and
containerization offers an exciting opportunity for cre-
ating a scalable simulation environment. The research
in this field is diverse and growing. Krél et al. [8] devel-
oped Scalarm, an infrastructure for distributing simula-
tion workloads onto multiple computing nodes in het-
erogeneous environments. In more recent work, Anag-
nostou et al. [9] evaluated technological approaches
with their work on simulation experimentation frame-
works, applying a microservice-based auto-scaling ap-
proach utilizing MiCADO. MiCADO focuses on effi-
ciently utilizing cloud resources. It extends Kubernetes’
Application Programming Interface (API) objects with
its Application Description Templates (see [10]), mak-
ing it less universal.

Although these technologies have been around for
some years, a significant uptick in adopting these meth-
ods is not yet visible in the simulation community, nei-
ther from the practitioner nor the software developer
side. We attribute this to the perceived steep learning
curve of using containers and container management in
general. Especially packaging simulation workloads in
containers and their convenient use is still an open issue.
To approach this, we propose a container-based sim-
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ulation architecture that supports different experiment
setups, e.g., SBO, data-farming, or machine-learning-
based approaches. Our goal is to provide a foundation
for a heterogeneous environment that can dynamically
support multiple projects to scale and adapt the distri-
bution of computing resources.

This paper is structured as follows: First, we de-
scribe our concept for a container-based simulation en-
vironment from a simulationist’s point of view. We
briefly introduce the key technologies we need for this
concept: containers and container orchestration. The
following sections provide an overview of the key com-
ponents of our concept. The third section discusses the
requirements arising from combining simulation with
containers in the context of large-scale experiments.
Lastly, we summarize our research findings and give fu-
ture research opportunities.

1 Introduction to
containerization and
container orchestration.

Container technology is a type of operating system vir-
tualization, isolating a part from the underlying host
Operating System (OS) for the processes of the soft-
ware packaged in the container. Unlike a Virtual Ma-
chine (VM), containers utilize the OS and access the
hardware of the host computer directly. This makes
containers lightweight and flexible, as only the depen-
dencies to run the containerized software are necessary.
Thus, a container only brings its purpose-specific bi-
naries and files and uses general libraries and binaries
shared by the host OS. This is implemented by a soft-
ware called container runtime, which enables contain-
ers to communicate with the host kernel and run pro-
cesses, as stated by Hitchcock [11].

Containers are commonly created based on a con-
tainer image. These are created using container engines,
such as Docker, Podman, or Apptainer engines. All
container engines follow a similar approach to image
creation, utilizing a descriptive file that defines all steps
necessary to containerize a software package. As a gen-
eralization, we call this file the containerization file in
the following. Typically, a containerization file defines
the base image and the more specific parts of the con-
tainer built atop.

Containers are highly portable software packages,
able to run on various hardware configurations, from
multiple office Personal Computers (PCs) to full-
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fledged servers, as long as the underlying OS supports
the specific container. Container orchestrators are used
to manage large amounts of containers. Therefore, they
are vital components for highly scalable simulation en-
vironments, where they handle large numbers of simul-
taneously running simulator instances.

There are several different orchestration software
packages on the market, but one of the most prominent
ones is Kubernetes, with which Google launches about
4 billion containers per week [12]. More information
on containers and Kubernetes can be found in Huawei
Technologies [13] and Poulton and Joglekar [14].

2 Container-based simulation
environment

Modern software systems that need to be highly scal-
able are typically built using a service-based architec-
ture, which is comprised of individually running ser-
vices that offer functionality to both other services and
the user. An approach to designing and scaling up these
software systems is containerization, where each ser-
vice runs within containers. Therefore, the number of
container instances providing a service can be increased
or decreased using container orchestration based on the
service’s demand and the system’s current load. This
approach efficiently addresses and uses large amounts
of heterogeneous hardware and maximizes the utiliza-
tion of existing hardware. Hence, enabling the dy-
namical adjustment of available computing resources to
different simulation projects, even when these projects
employ different simulation software packages.

Figure 1 provides an overview of the functional con-
cept of the proposed container-based simulation envi-
ronment and its main components. The Design of Ex-
periment Service represents the core user strategy on
what simulation settings need to be run; this can be an
optimizer, a reinforcement learning agent, or another
generator for the design of experiments. It generates
scenarios and commissions the system with their evalu-
ation. The Scenario Manager is responsible for manag-
ing the scenarios once they are in the system, schedul-
ing and monitoring their execution. Within our archi-
tecture, we consider a scenario to be a complete data set
representing a single instance of the modelled system.
We recognize three types of scenario data depending on
the viewpoint, with only the second one needed for a
complete system understanding.

1. Abstract meta-data, stored in the Scenario Status
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Figure 1: Concept of a container-based simulation
environment, consisting of four main components:
Design of Experiment Service (DoES), Scenario
Manager (SM), Translator and Simulation Runner (SR).

Database, like a global scenario ID or the process-
ing state of simulations desired for the scenario.

2. System description, stored in the Scenario Detail
Database, provides all system information to cre-
ate a valid model for the purpose.

3. Result data, stored in the Result Database, keeps

records of all Key Performance Indicators (KPIs)
and logs information desired from a scenario’s
simulation runs.

The Translator generates simulation-software-specific
instances of a scenario and followingly makes the sim-
ulation executable by the simulator. These executable
instances are run by the Simulation Runners, which re-
port results to the Scenario Manager after execution.

Each of these components is implemented as a ser-
vice within its container. This allows the available com-
puting resources to be adjusted depending on the de-
mand for these components and the system’s general
load. This setup, especially the Simulation Runners,
enables the user to benefit from dynamically address-
ing large amounts of computing resources. Therefore,
it allows for the adaptive provisioning of resources for
different simulation projects using different software
packages.

From our point of view, there are two general ways
to implement our concept: focusing on project-specific
components or aiming at reaching a universal system.
In the universal approach, the semantic transformation
from a project-specific to a universal model is done by
the Design of Experiment Service (DoES). All scenarios
handled and evaluated can, therefore, be stored in the
same structure, allowing the Scenario Database, Result
Database, and Translator to be universal as well. The
downside of this approach is the need to transform and
store scenarios, and therefore their model descriptions,
in a generic format. This makes the creation of these
three universal components very complex.

The more pragmatic approach is to design these
components in a project-specific way, as indicated by
the colouring scheme in Figure 1. This is, in our view,
the more worthwhile option. However, this requires in-
dividually building database schemes and Translators
for each project. The complexity of these components
is significantly smaller, as a scenario entry only needs
to hold a few key parameters, and the Translator can
be specialized for the project. A further benefit of the
project-specific approach is the improved possibilities
for fine-tuning and adapting the model structure to the
project-related domain.

2.1 Design of Experiment Service

As we mentioned earlier, the DoESs represent the
scenario-creating elements of a simulation-based sys-
tem: for example, the optimizer creating solution can-
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didates and sending them off to be evaluated or the data-
farming service implementing a given design of exper-
iments. Therefore, the DoES represents the interface
to the simulation environment and is necessary to en-
ter simulation workloads. Via this interface, the setup
of all scenarios is defined, which comprises the data re-
quired for generating the models, necessary computing
restrictions, and other requirements.

2.2 Scenario Manager

The Scenario Manager (SM) is the management com-
ponent of our concept and has various functions. Based
on the project-specific simulation data provided by the
DoES, it manages scenarios and coordinates their ex-
ecution on the Simulation Runners (SRs) using the
Translators for model generation. Furthermore, it ac-
tively monitors the SRs, ensuring comprehensive over-
sight by consistently tracking the status of each sce-
nario. Lastly, the SM also organizes the simulation re-
sults in databases and provides access to analyze the
generated data.

The SM and its databases are implemented as con-
tainers. While the Project Database and Scenario
Status Databases are universal, the Scenario Detail
Database and Scenario Result Databases are project-
specific deployments. The particular configuration of
each project-specific database deployment depends on
the scale of the experiment. Therefore, the configura-
tion can range from one database container to complex
deployments consisting of multiple database containers
and their infrastructure, e.g., load balancers.

2.3 Translator

The Translators generate simulator-specific simulation
models based on the scenarios passed to it by the SM.
The data needed is pulled from the Scenario Detail
Database. The specific implementation of the Trans-
lator highly depends on the respective project approach
and the capabilities of the chosen modelling tool. A
simple Translator would be used to forward parame-
ters from the Scenario Detail Database to the SRs that
already have a base model implemented. More so-
phisticated Translators may use the data from the Sce-
nario Detail Database to automatically generate exe-
cutable simulation models. The main technologies used
to implement Translators come from the fields of model
transformation and automated model generation. We
refer to published research for the specific implementa-
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tion of Translators. Thiers et al. [15] comprehensively
introduce this research subject. They furthermore dis-
cuss the large variety of system description languages
and propose a methodology for one system descrip-
tion language combined with a transformation step that
loosely couples other languages to the back-end bridg-
ing abstraction language.

2.4 Simulation Runner

The SRs provide simulation execution as a service.
These containers encapsulate the simulation engine
and, when started, run the actual simulations. Differ-
ent containers providing different simulation engines
can be deployed, matching the projects run. After the
scenarios are generated by the Translator, they get for-
warded to the SR with the specified simulation engine
required by the design.

The number of SRs is highly dynamic and is auto-
matically scaled up and down based on the available
computing resources. Figure 2 illustrates this breath-
ing characteristic of the SRs. During idle time, only
the template of a SR exists (1). When the Translator
generates models that require an idle SR, the deploy-
ment increases the number of SRs to a size that fits the
available hardware and the number of simultaneous in-
stances defined for this project, visualized in (2) and (3).
If demand decreases, the number of SRs decreases (4)
and goes back to zero if this specific simulation engine
is no longer needed.

3 Requirements to use
containerization for
simulation

To make simulation environments based on containers
practicable for a user, some requirements must be met
for simulation packages. Although containerization and
running software as services from inside containers are
generally not new concepts, they are rather unexplored
in the simulation community. Therefore, it is necessary
to illustrate how the specific use case of simulation is
affected by containerization. We found that container-
ization, in combination with simulation, sets specific re-
quirements that can be grouped into four general fields:

* Modeling

¢ Containerization
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Figure 2: The Simulation Runners automatically scales up and down, based on the demand created by the scheduled scenarios of

the Scenario Manager.

* Integration
* Licensing

We amend these requirements from [16] with the find-
ings from our concept in the following.

3.1 Modeling requirements

The key modelling requirement on a simulation pack-
age for usage in large-scale systems is the model gener-
ation capability by external means. We found that simu-
lation packages allow the automation of model building
to different degrees, which we categorize into five lev-
els:

1. No automation

2. Parameterization of a hand-made model

3. Bootstrapping models based on external data
4. External generation of model files

5. Online model generation using an API

In the proposed architecture for a container-based
simulation environment, the Translator component
handles automated model generation. To this end, some
degree of external model generation needs to be sup-
ported by the simulation tool. Depending on the project,
higher levels of model generation may be required, re-
stricting the choice of simulators.

3.2 Containerization Requirements

The containerization requirements focus on what
is needed to use simulation software efficiently in
container-based, scalable environments. They are cat-
egorized into three topics: needs imposed by the OS,

constraints due to the ephemeral nature of containerized
applications, and requirements of the containerization
process.

3.2.1 Operating System

An important requirement for the container-based sim-
ulation environment is providing the OS needed for the
simulation software. As we mentioned in Section 1,
containers are a form of OS virtualization, requiring a
host OS that supports the container. The majority of
currently used containers are Linux-based, requiring a
host that runs Debian, RedHat, Ubuntu, or a similar OS.
Consequently, most of the current container ecosystem,
i.e., the applications and tools used for running contain-
ers in a scalable environment, is tuned for Linux con-
tainers.

In contrast, as shown in Table 1, a significant
amount of software currently used by the simulation
community for modelling and simulation is based on
Windows. For simulation software that solely runs on
Windows, Windows containers are required. Running
Windows containers in orchestrator systems leads to hy-
brid environments, consisting of both Linux and Win-
dows hosts, as the management layers of container or-
chestrators like Kubernetes require Linux hosts. Such
hybrid environments can be considered less efficient
than their Linux-only counterparts, as resources for
both host systems need to be provided and managed.
This results in worse utilization of the available hard-
ware or increased efforts due to the need to dynamically
adjust host system allocation depending on the observed
demand. An ideal situation would be the availability of
Linux options for all simulation software packages; as
this is not the case, we see at least larger systems work-
ing on a hybrid basis for the foreseeable future.
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Simulation tool Supports Windows?  Supports Linux?  Supports macOS?
ANSYS yes yes no
AnyLogic yes yes yes
FlexSim yes no no
MATLAB/Simulink yes yes yes
OpenModelica yes yes yes
Simio yes no no

Table 1: List of simulation tools and the support of Linux-based OSs.

3.2.2 Ephemeral simulation containers

Containers may be killed at any time during their lifecy-
cle. This can be caused by errors in their internal soft-
ware or changes in maintenance or load control. This
characteristic is called ephemeral. A system that de-
pends on containers to provide functionality, therefore,
needs to address this properly. The following are ideas
to approach this problem:

Restarting failed simulation containers intuitively
emerges as the simplest method to address this is-
sue. Most container orchestrators are declarative, which
means they try to achieve the desired state defined in
the files posted to the API server of the orchestrator.
Controllers continuously check the observed state of the
cluster against the desired state and perform the tasks
necessary to achieve the desired state if deviation is de-
tected. To effectively utilize this feature of container
orchestrators for large-scale simulation experiments, a
controller that keeps track of the failed scenarios is es-
sential. This functionality would be covered by the Sce-
nario Manager in the previously proposed architecture.

If a simulation container is ended prematurely, the
state of the model is lost, and the allocated resources
for this process are wasted. Extending the restart of the
containers by keeping track and storing the progress
of the simulation run is a comprehensible next step.
For this, continuous updates of the current simulation
state, or at the least regular snapshots, must be kept
in storage. This causes a significant amount of data
to be transferred and stored. These resource-intensive
tasks likely harm simulation speed: the theoretical per-
formance gained through restarting the simulation con-
tainer from a cached image of the last state will most
likely be compromised by the processes necessary to
create these images. From the authors’ point of view,
this approach is only feasible in an environment where
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successfully finishing simulation runs is otherwise un-
likely, e.g., due to extensive simulation execution time
or unstable computing hardware.

Most simulation experiments utilize replications to
achieve sufficient confidence intervals. Therefore, in-
creasing the number of replications for each sce-
nario would be an efficient way to add redundancy and
counteract the loss of simulation runs. Depending on
stability, this method would not create a significant mar-
gin of load to the cluster, ensuring efficient utilization of
the computing hardware available. However, increas-
ing the number of replications for the scenarios does
not ensure the successful execution of any scenario, as
even a large number of replications could fail. Suppose
the probability of failure of the container/model can be
estimated. In that case, the required number of repli-
cas needed to achieve a certain coverage can easily be
calculated within the desired confidence.

3.2.3 Container creation

The last containerization requirement addresses con-
straints for containerizing simulation software.

To containerize a simulation model, it is necessary
to either have an existing base image of your simulator
or a base image that supports your simulator of choice.
The latter option requires manually adding the simula-
tion engine to the base image, which needs additional
effort. This would usually be done with the help of a
package manager or an installation method that does not
require user interaction. If the simulation tool does not
support these methods, a more tedious way of packag-
ing the simulation engine must be utilized, e.g., emulat-
ing user inputs in the containerization file.

An optimized containerization process for simula-
tion models would mean that simulation package devel-
opers and vendors provide usable base images of their
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simulation software. With functioning base images, the
SRs can easily be populated by the generated models
from the Translators. Although some simulators al-
ready provide base images, e.g., MATLAB, and some
container images for simulators created by the commu-
nity, e.g. for SimPy, this is not the norm.

3.3 Integration requirements

The integration requirements describe how well a simu-
lation package can be integrated into a container-based
software system, e.g., how it can be started and ex-
ecuted and how results are managed. Containerized
software usually runs headless, meaning that a Graph-
ical User Interface (GUI) is typically unavailable dur-
ing runtime. Therefore, in a containerized setup, it is
strongly preferred to have a simulator that supports ex-
ecution without a GUI. Suppose the simulation software
is dependent on interactions with a graphical user inter-
face. In that case, it is not well suited for a scaled-up
environment as the manual interaction also needs to be
scaled accordingly, which is typically not feasible.

Besides running, starting the simulation is also a
concern for integration. Although an essential and ev-
erywhere available option in past days, starting the sim-
ulation run from the command line is no longer gener-
ally available. Similar to manual interactions with the
model during runtime, using a GUI is also unfeasible
for environments where many simulations are started
in parallel. Although there are makeshift approaches,
including the emulation of inputs from keyboard and
mouse, that help automate these interactions, their im-
plementation is typically less than ideal.

Most simulation execution environments used in
simulation packages are not (yet) designed for dis-
tributed infrastructures. An experiment manager and an
external way of triggering a simulation run are neces-
sary for such systems. The most common way to do
this is by using command-line interfaces. Starting sim-
ulations using an API is an even more convenient op-
tion.

Other important considerations are connectivity to
databases and the possibilities to write results. If this
is not possible, other options are required to parameter-
ize the simulation model and gain access to results. At
least the results must be exportable to an external file,
which can then be evaluated and transferred by addi-
tional software in the container. This, of course, makes
the container much more complex to create, but espe-
cially for older simulation packages, it may be the only

available option.

3.4 Licensing Requirements

The last requirement for combining container technolo-
gies and simulation we see is the licensing of simu-
lation software. Software vendors have different ap-
proaches to licensing their products, which may impact
the cost structure of using this software in a container-
ized, highly scalable environment. Simulation pack-
ages, where costs only depend on the model develop-
ment environment, allow very flexible scaling of the
simulation to new or different projects. Licensing on a
per-core/seat/user basis is also suitable for a container-
ized computing infrastructure but can get quite costly if
sufficient hardware is available. Moreover, the licensing
agreement should be thoroughly reviewed to determine
whether the use in container environments is allowed.
Besides cost and permissibility, another noteworthy
side of licensing is its technical enforcement. For a dy-
namic environment, concurrent licensing via licensing
servers is ideal. In contrast, licensing schemes enforced
by hardware restrictions put significant limitations on
a containerized simulation platform. Examples of this
approach would be licensing codes tailored to a specific
computer or hardware keys provided as USB dongles.

4 Conclusion and further
research

This paper proposes a high-level concept for a
container-based simulation environment primed to meet
the growing demand for large-scale simulation experi-
ments. We introduced the four key components of our
concept, consisting of the Design of Experiment Service
(DoES) as a central service that allows access to the
environment and defines all specifics of an experiment
setup, the Scenario Manager (SM) as a management
service for handling large numbers of scenarios, the
Translator as a translation interface that generates sim-
ulation models from different description languages,
and the Simulation Runners (SRs) that provide con-
tainerized simulators which can be dynamically scaled
up and down based on demand.

To support the transition to such a container-based
simulation environment, we investigated what require-
ments arise from the combination of simulation and
containerization. The described requirements cover
various fields and must be considered when container-
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izing simulation models. General modelling require-
ments describe the importance of populating the simu-
lation containers with models.

The next step of our research will be to imple-
ment this concept, as we see a need to enhance large-
scale simulation experiments and use container meth-
ods. This includes containerizing and testing different
simulation software packages and assessing to what ex-
tent the simulation environment can support their dy-
namic management. Another future step is to evaluate
the environment on different hardware setups. Other
exciting areas of future research may look at different
concepts, for example, a more universal DoES or strate-
gies targeted to a specific hardware configuration.
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Abstract. Autonomous Mobile Systems (AMS) offer sig-
nificant advantages in industry and private sectors by
adapting to diverse and dynamic environments. To train
these systems, large amounts of data are required, typi-
cally obtained from simulated environments. However,
the creation of these environments is often labor-inten-
sive. Here, we propose a generative pipeline that provides
a streamlined approach to virtual training and testing
while allowing users to apply automated methods includ-
ing generative Al. Our pipeline consists of four, partly iter-
ative main steps. The pipeline spans from the creation of
individual assets to the utilization of the simulated envi-
ronments. The pipeline is then implemented for an exem-
plary scenario, utilizing multiple methods including gener-
ative Al. Furthermore, we propose a novel application of
our pipeline to provide robots with the capabilities to “im-
agine” virtual experiences. The presented pipeline not
only simplifies the process of generating simulated envi-
ronments, but also resembles a scalable framework for
developing increasingly complex AMS.

Introduction

Mobile robots and specifically Autonomous Mobile Sys-
tems (AMS) are changing the world. While transport ro-
bots are already well-established in industry, they have
not yet reached their peak. In the coming years compa-
nies will expand their fleets and applications with new
systems, increasingly powered by Al. [1]

Developing and training Al models requires massive
amounts of data to ensure performance in the demanding,
large, dynamic, and diverse operating environments of
AMS. One solution to reduce the effort associated with
collection and annotation of the required data is simula-
tion. In simulated environments, the possibilities to gen-
erate synthetic data are virtually unlimited. However,
generating data for all kinds of imaginable scenarios, is
still related with large human efforts. Recent

breakthroughs in generative Al could enable developers
of AMS to reduce the needed effort while improving the
quality of synthetic data from robotics simulation.

Most existing work on generating simulated robot op-
erating environments focuses on reinforcement learning
in small manipulation scenarios [2, 3]. Those do not lie
within the scope of our work. One notable exception has
been presented by Bonetto et al. Their approach focuses
on “Generating Realistic Animated Dynamic Environ-
ments for Robotics Research”, abbreviated “GRADE”
[2]. GRADE requires an existing set of assets. Bonetto et
al. have, amongst others proven that synthetic data from
simulated environments can be sufficient to train and val-
idate vision-based robots [3, 4]. Another related approach
that utilizes generative Al has been presented in the po-
sition paper “Towards Generalist Robots: A Promising
Paradigm via Generative Simulation” [5]. Xian et al. de-
fine the term “generative simulation”. Their concept is
supposed to generate scenes with accompanying robot-
tasks and at the same time include training supervision.
While the authors discuss multiple ideas and claim to be
able to generate infinite data for various robots in diverse
environments, at the time of writing this paper, the work
of Xian et al. mainly remains a literature review without
actual implementation [6]. Their related work “Ro-
boGen” [7] focuses on motion planning for stationary ro-
bots.

In this paper, we first identify methods that are rele-
vant in the context of simulated environments for AMS.
We then present a generative pipeline for the creation of
simulated environments for AMS. The pipeline consists
of four main steps, which are partially iterative. In this
modular approach, different methods can be employed in
different steps of the pipeline. This applies to both con-
ventional methods and generative Al-methods. We fur-
thermore present an exemplary implementation of our
pipeline that utilizes several of the methods discussed to
create simulated environments, fully populated with Al-
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generated assets. Finally, we introduce the concept of
‘imaginative robots’ and propose the application of our
pipeline to enable robots to prepare for new and unknown
situations autonomously.

1 Methods for the Creation of
Simulated Environments

Before defining a pipeline for creating simulated en-
vironments, it is important to clarify the relevant meth-
ods. We identify four general methods that are relevant
to simulated operating environments. These methods can
incorporate existing models, databases, etc. Although
these methods can be used in conjunction with each
other, for the purpose of this discussion, we treat them as
isolated from one another. We limit ourselves to a rather
general evaluation, which is intended to provide general
guidance. The presented methods may yield different re-
sults when specific approaches are evaluated. In this pa-
per we focus on static, unarticulated environments. Cus-
tomizability of assets and environments is still a relevant
aspect for specific scenarios and with articulated models
in mind for future work.

1.1 Manual Methods

The first and most obvious class of methods is manual
methods. This classification includes all approaches
where substantial work is done manually. Although man-
ual methods can utilize tools, they do not involve auto-
mation. Users have control and may modify every aspect
of their workpiece to fit within the requirements, as long
as it is supported by the tools utilized.

While manual methods can produce high-quality
handcrafted results, the trade-off is that they are largely
time consuming. Therefore, they are not suitable for
large-scale simulated environments.

1.2 Automated Reconstruction Methods

Due to the time-insensitivity of manual methods, the ap-
plication of automated methods is attractive. A class of
automated methods are methods for automated recon-
struction. They are proven to be suitable for efficiently
reconstructing larger scale outdoor but also indoor envi-
ronments. [7]

Automated reconstruction approaches are often im-
plemented as photogrammetric methods based on RGB
data, but might also incorporate depth data. The gathered
data is then combined into photorealistic 3D models that
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accurately represent their real-world counterpart. [7, 8]

A significant disadvantage of automated reconstruc-
tion methods is limited modifiability of the generated
models. This hinders the application of photogrammetric
methods in the context of generating new data for train-
ing and validation of AMS. Possible applications include
the reconstruction of individual assets or the reconstruc-
tion of empty “base” environments that can be populated
later on.

1.3 Procedural Methods

Methods for automated reconstruction cannot create new
environments and therefore might be helpful in some as-
pects, but not to tackle the core problem of new and di-
verse data. Manual methods can build upon human imag-
ination to create new content - however strongly impeded
by the necessary manual labor. Hence, we will now shift
towards methods that are able to create entirely new as-
sets and environments with minimal human intervention.

Procedural methods generate content algorithmically
within predefined constraints, without the need for man-
ual input after an initial setup. These methods can pro-
duce a vast amount of diverse and complex data automat-
ically, both in a deterministic manner but also by incor-
porating random elements. The absence of a manual in-
put apart from the initial setup is a core feature of those
procedural methods.

Procedural methods are well established in computer
games, where they are used to generate expansive virtual
worlds, such as in commonly known Minecraft. They
also find application in robotics simulation: NVIDIA
Omniverse includes a "Domain Randomizer", able to al-
ter multiple parameters of a simulated scene randomly
[9]. Further procedural approaches in robotics simulation
include Cropcraft [10] for generating simulated crop
fields or the already mentioned GRADE [2]. [11, 12]

1.4 Generative Al-based Methods

The next class of relevant methods is based on generative
Al. Similar to procedural methods, generative Al-meth-
ods are able to computationally generate new content.
Unlike procedural methods, they are generally not con-
strained to algorithmically pre-defined content. There are
several popular approaches to implementing generative
Al, such as Generative Adversarial Networks (GANS),
Variational Autoencoder (VAES) or Transformer Models
[13-15]. The latter might be the most publicly known
type of model for being the basis of LLMs like ChatGPT.
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Another relevant approach involves diffusion models.
Diffusion models start with random noise and iteratively
refine it into a detailed output, guided by a prompt. In-
spired by the physical diffusion process, these models re-
verse noise addition, leveraging conditioning infor-
mation — like the provided prompt — to shape the noisy
base towards the desired content. This approach enables
the generation of high-quality outputs.[16, 17]

A further notable approach are Neural Radiance
Fields (NeRFs). NeRFs synthesize 3D scenes from 2D
images by using deep neural networks to gain a volumet-
ric representation of a scene. They are able to generate
high quality scenes, but at the cost of computational in-
efficiency. [18]

1.5 Summary of Relevant Methods

All of the methods discussed in this chapter are relevant
and usable for creating simulated environments. How-
ever, each of them has specific advantages and disad-
vantages. Users have to choose a fitting method based on
their specific needs. To summarize the findings of this
chapter and to ease the decision-making process, Table 1
provides a generalized comparison of the methods men-
tioned. They are compared in five categories and rated
from -- (worst) up to ++ (best):

o Human Effort involved, less is better

o Quality of results assets

Customizability of assets for specific requirements,
e.g. rigged objects

o Hardware requirements imposed by the method; lower
requirements are rated better

Originality, meaning the capability to generate new
content

Recon-  Proce-
Manual eco.n roce Gen-Al
struction dural
Effort - 0 + ++
Quality ++ + + -
Customiza-
o ++ - 0

bility
Hardware
require- 0 - - -
ments
Originality ++ - 0 +

Table 1: The four discussed methods for creating simu-
lated environments are compared in regards
to effort, quality, customizability, hardware re-
quirements and originality.

2 Introduction of the
Generative Pipeline

In the following we introduce a pipeline which enables
its users to create, compose and harness simulated envi-
ronments. All methods compared in the previous chapter
can be applied throughout the pipeline. They may also be
combined and different approaches might be used in dif-
ferent steps. The pipeline shown in Figure 1 consists of
four steps, which are explained in a generic manner in
this chapter. An exemplary implementation is discussed
in the following chapter 4.

Figure 1: The proposed pipeline for the generation of

simulated environments consists of four steps.
The foundation of every virtual environment are its indi-
vidual components, which we refer to as assets. Hence
the first step of the pipeline is the “Creation” step, where
assets are generated. Those are 3D models of individual
items, e.g., a machine or a table. They should be stored
in a standardized and widely compatible format to ensure
future usability.

The assets created in step one need to be classified
and rated. This is done in step two, “Classification and
Rating”. Depending on the method applied for creation
of the assets, this step varies in complexity. The goal is
to obtain a database of assets, classified at least by type
and quality. An extensive, high quality model database is
crucial for a successful implementation of later steps. Us-
ers might also incorporate existing and purchasable sets,
needing to keep in mind the reduced control over the as-
sets.

Building upon the assets created and classified in the
previous steps, we can proceed to the third step of “Com-
position”. Here the simulated environments are com-
posed from the models in the asset database. This step
can vary greatly in complexity, depending on the size and
complexity of the desired operating environment of the
AMS in question.

The fourth step represents the application or actual
use of the simulated environment and does not lie within
the scope of our work. Typical applications include the
generation of synthetic data, validation of the AMS soft-
ware or reinforcement learning [3, 19].

Notably, the pipeline shown in Figure 1 does not end
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here. Instead, an iterative process is started after the ap-
plication step: The pipeline returns to the environment
composition step. Here, a new simulated environment is
created and then used for the desired application. This
can be done over and over again. Compared to existing
domain randomization approaches in robotics simulators,
an entirely new environment can be created with minimal
effort. The application can thus benefit from experiences
in diverse and virtually unlimited environments. This is a
core component of our approach and allows users to take
full advantage of the work done in the first two steps.

3 Exemplary Implementation of
the generative Pipeline

For the validation of the proposed pipeline, we chose a
scenario of practical use for ourselves: An electronics
production environment, which is to be used for the val-
idation of an autonomous tow truck. In the following, we
present an exemplary implementation of the pipeline us-
ing various methods.

We chose to focus the application of generative Al on
the first step of the pipeline. The second step is conducted
manually due to the nature of the results from the previ-
ous step. For step three we present and apply a highly
adaptable procedural approach. In this publication the
fourth step is limited to a qualitative evaluation of exem-
plary generated environments.

For implementation we chose — independently from
[2] - to use the .usd-format and NVIDIA Isaac Sim (NIS)
as simulation software. NIS offers significant benefits in
regards to graphics and thus evaluation of vision-based
algorithms over the established Gazebo simulator [2, 20].

3.1 Creation of Assets through Generative Al

In the first step of asset creation, we apply generative Al.
After applying multiple Al-models and optimizing their
settings, we settled on using MV Dream and Magic3D
[21, 22]. Both were used through the threestudio frame-
work [23].

The used models use two vastly different approaches.
Magic3D is based on a text to image model with a huge
training dataset. MV Dream is trained on a 3D-model da-
tabase. This approach delivers results of higher quality,
but for a smaller range of prompts. For very specific
prompts like “a pick and place machine” Magic3D is the
more promising approach. We also noticed that MV
Dream delivers more consistent results than Magic3D.
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With the goal in mind of generating models that are as
diverse as possible, Magic3D appears to be the better so-
lution. Therefore, depending on the assets to be gener-
ated, one has to find a trade-off between higher quality or
diverse assets. Generally, both approaches are able to
generate 3D-models in usable quality as Figure 2 illus-
trates. The left section of the figure displays textured ren-
derings, while the right section represents the normals of
the meshes.

Figure 2: Both 3D models depicted are generated with
the prompt “Industrial Reflow Oven”. The up-
per oven is created by Magic3D, the lower one
by MVDream.

To ease the creation of a large number of assets, we use
a script that automatically launches the Al model using a
list of pre-defined prompts. The importance of using the
right prompt when generating an asset is even more im-
portant than in 2D use cases. A prompt like “a pencil”
likely won’t yield a usable result. A more promising
prompt would be “an upright standing pencil”.

3.2 Manual Classification and
Rating of Components

Due to the high hardware requirements of the Al models
used in the first step, we were only able to generate a lim-
ited number of 300 assets over the course of multiple
months. This low number of assets allows us to conduct
the second step of the pipeline manually. It is simplified
by the fact, that no classification of assets is needed due
to the known prompts used for their creation.

However, the quality of the generated assets varies
vastly, even within models generated with the same
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prompt. The models are categorized into three different
categories. “Good” are all useable models, “bad” are
models where the mesh or texture have significant prob-
lems and “failed” for assets where the Al completely
failed. Around 30% of the models are rated “good” and
thus deemed usable. The models generated in the first
step and rated “good” in this step form the basis for the
next step of environment composition. Figure 3 shows a
comparison of two models rated “bad” and “good”, cre-
ated with the same prompt. Additional work is necessary
for Al generated assets, since the Al-models we use are
not aware of absolute scales. We thus have to scale and
rotate the generated assets manually.
-

Figure 3: Even with the same prompt, the resulting as-
sets can vary greatly in quality, as illustrated in
this comparison of results from Magic3D with
the prompt “Pick and Place Machine”. The up-
per model is rated as “bad”, the lower one as

“good”.

3.3 Procedural Environment Composition

For environment composition, we present a procedural
approach that uses environment subdivision and provides
interfaces to the methods outlined above through a mod-
ular approach. For our implementation, we rely solely on
our Al-generated model database. The environment com-
position can be divided into three substeps which are dis-
played in order in Figure 4.

Figure 4: The environment composition step can be bro-
ken down into the three substeps of layout
generation, definition of bounding spaces and
asset placement.

During layout generation, the available space is defined.
A randomly sized rectangle is defined as the base for the
layout. Next, the generated space is subdivided — also
randomly — into the available classes of space. For our
implementation, those are:

o Office space

e Storage space

¢ Production space

The latter is further divided into multiple production
lines, depending on the size of the plant. An exemplary
result of this process is shown in Figure 5.

Figure 5: This exemplary procedurally generated floor
layout consists of an office space (green), stor-
age space (blue) and multiple production lines
(red).

Subsequently, the defined spaces are further partitioned
into bounding spaces. They are defined by their size, po-
sition and subtype. An iterative algorithm divides the
spaces defined by the layout into smaller rectangular
bounding spaces. Their size is chosen randomly within
pre-defined bounds that are dependent on the class of the
space. An exception is made for the production lines: To
achieve a more realistic, uniform layout, their size is only
generated once for each layout and thus identical.

Each bounding space is then equipped with a proce-
durally generated group of assets. For this purpose, a sub-
function is called for each bounding space. This function
generates a fitting group of assets within the given space.
In our implementation, the function is defined among
others for workplaces, storage racks, and production
lines. An exemplary, randomly generated production line
is shown in Figure 6.
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Figure 6: The depicted exemplary production line com-
posed within step three consists of three dif-
ferent Al-generated machines, which are used
two or three times.

For the placement of the production lines in our environ-
ments a modification has been made: While the sub-func-
tion generally generates a new group of assets for each
bounding space, this is not fitting for the production lines.
In practice, a production plant often operates several
identical production lines. Therefore, a number of types
of production lines is randomly chosen after space parti-
tioning. The different lines — like the one in Figure 6 —
are stored separately from the main .usd file. Instead of
generating a new production line for each defined space,
one is then randomly chosen from the pre-generated lines
and placed within the available space including a ran-
domized offset. By adding the modifications for the pro-
duction lines to our implementation, we are both able to
generate random environments, but also to obtain areas
where a specific structure is necessary.

3.4 Assessment of Generated Environments

In this paper we restrict the application step to a qualita-
tive assessment of environments generated by the pipe-
line. An advanced application is discussed in chapter 4.2.
Figure 7, Figure 8, and Figure 9 represent examples of
each kind of area defined in our implementation.

From the exemplary screenshots we can conclude that
the presented pipeline and its implementation are suitable
for the generation of simulated environments for AMS.
The generated environments do not yet reach the same
level of detail as handcrafted simulated environments.
However, while composing an environment by hand
would take hours or days, our pipeline is capable of com-
posing environments in a few minutes, running on a
standard desktop computer. We expect that advances in
generative Al and further improvements to the pipeline
will make it possible to generate environments and their
assets with higher quality and more resource efficient in
the near future.
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Figure 7: This screenshot from an environment gener-

Figure 8: This screenshot from an environment gener-

A | )

ated by our implementation of the pipeline de-
picts an office area composed with Al-gener-
ated workplaces. There are multiple different
desks present, picked randomly from the asset
database.

I 14

ated by our implementation of the pipeline de-
picts a storage area with Al-generated storage
racks.

Figure 9: This screenshot from an environment gener-

ated by our implementation of the pipeline
shows a production area consisting of multiple
production lines with Al-generated machines.
The lines on the left are identical and have
been procedurally composed within step
three.



ASIM 2024 Tagungsband Langbeitrage, 27. Symposium Simulationstechnik, Univ. d. Bundeswehr Miinchen, 4.- 6. 9. 2024

4 Discussion and Outlook

In the following chapter the insights from this paper are
discussed. We also give an outlook on a novel application
of the pipeline.

4.1 Discussion

The validation of the generative pipeline presented in this
paper underscores the pivotal role generative Al plays in
the future development of AMS. With Al advancing at
unprecedented speeds, this structured and modular ap-
proach is vital for future applications and allows users to
update their pipeline as new and more advanced solutions
emerge. Our approach has been demonstrated to be able
to generate diverse and virtually unlimited environments
with minimal human input. It is not yet capable of com-
pletely replacing human experts. Nevertheless, the pipe-
line offers a scalable solution to the data generation chal-
lenges discussed in the introduction.

Current key limitations of the pipeline include the
generation of strictly rectangular layouts with continuous
space classifications and the necessity for manual coding
of asset placement functions. These constraints hinder the
diversity and realism of the generated environments. Fur-
thermore, manual evaluation of the assets in step two will
not be a sustainable approach going forward. Another
hindrance for large scale implementation is the compu-
ting power necessary. The employed generative Al mod-
els required around 40 GB of VRAM and took two to
three hours per asset generated on a NVIDIA
RTX 6000 ADA graphics card. At the state of the art, Al-
generation of assets thus imposes significant costs for
hardware acquisition and operation.

4.2 Imaginative Robots

Building upon the capabilities of the presented pipeline,
we propose a novel application that could substantially
improve the adaptability of AMS: Enabling robots to ‘im-
agine’. AMS could evaluate past experiences to identify
potentials for improvement or to prepare for new tasks.
The concept leverages the pipeline to enable robots to au-
tonomously generate new, imagined experiences derived
from past experiences or other inputs. Imaginative robots
are able to generate and train on synthetic data tailored to
unfamiliar environments, significantly enhancing their
problem-solving capabilities and adaptability. This is key
to advancing the flexibility and autonomy of AMS, ena-
bling them to operate effectively in novel and

unpredictable situations.

We believe that our pipeline holds promise not only
for this imaginative approach but also for improving
more established methods such as reinforcement learn-

ing.

5 Conclusion and Future Work

In this paper, we introduced a pipeline designed for gen-
erating simulated environments for AMS. This pipeline
covers the entire spectrum from the creation of individual
assets to the generation of complete simulated environ-
ments. It enables the rapid generation of large amounts of
synthetic data, which is invaluable for robot training and
validation.

Special attention was paid to advances in generative
Al, which offer significant improvements over traditional
methods. To validate our proposed pipeline, we imple-
mented it and successfully generated a wide range of
electronics manufacturing environments, populated by
Al-generated assets. In addition, we introduced an inno-
vative concept aimed at creating “imaginative” robots.

To exploit the full potential of our pipeline, we antic-
ipate further developments in generative Al, which is ad-
vancing at a remarkable pace. Our ongoing efforts will
focus on integrating newer Al models to improve the
quality and efficiency of asset creation. An example
could be LATTE3D, which has been released just at the
time of writing this paper [24]. Additionally, we foresee
the application of generative Al at various stages of the
pipeline, including asset evaluation and layout genera-
tion, thereby broadening the range of scenarios our pipe-
line can address.

Building on these advancements, we aim to fully re-
alize the concept of imaginative robots. Currently, this is
achievable to some extent, but as our pipeline evolves to
generate new assets and types of environments on the go,
its full potential will be unlocked. Until then, the use of
existing assets and predefined environment classifica-
tions provides a sufficient interim solution.
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Abstract. We present a simulation and optimization frame-
work for stochastic resource-constrained project scheduling
problems. The stochastic features are the job durations mod-
eled by continuous random variables (without any time dis-
cretization) and the fluctuations are simulated by testing a
sufficiently large number of realizations of an instance. The
aim is to gain insights in the dependencies between the fluc-
tuations of the input parameters and the objective function to
enable a priori estimations. Such estimation methods devel-
oped by simulating small instances could be extrapolated to
problems with a larger number of jobs or with more compli-
cated features.

Introduction

Resource-constrained project scheduling problems
(RCPSP) enjoy a widely spread relevance. From
the theoretical perspective, they serve as research ob-
jects for combinatorial optimization, the development
of heuristics and event-discrete simulation techniques.
From the practical perspective, they arise in manufac-
turing contexts, worker allocation schemes, medical op-
eration and surgery planning and even in packing prob-
lems — just to mention a few. In many real-world prob-
lems, process parameters and other quantities tend to
fluctuate or are just known modulo some uncertainties.
Consequently, improved modeling means incorporating
such aspects. This can be done by considering parame-
ters as random variables of a given distribution instead
of fixed numbers.

A view in the literature underlines the importance of
RCPSP: early attempts go back to [1, 2, 3] and re-
cent surveys coping the variants of such problems are
for example [4, 5]. In general, heuristics and the
genetic algorithm play an important role [6, 7, 8],
some further state-of-the-art algorithms can be found
in [9, 10, 11, 12, 13]. The works [13, 14, 15, 16] pay
attention to stochastic RCPSP mainly with discrete ran-
dom variables. However, the NP-hardness of RCPSP

impedes finding the exact optimum of larger problem
instances within a reasonable time. Consequently, we
are forced to optimize small enough problem instances.
Then the findings obtained are extrapolated.

Our approach focuses on continuous random variables
because many relevant processes or phenomena can be
modeled by normally distributed, Gamma or Beta dis-
tributed quantities. A stochastic RCPSP is character-
ized firstly by the dependencies of its inner parts (called
jobs), secondly by the duration of the jobs (continuous
random variables) and thirdly by the number of avail-
able resources. The aim is to minimize the cycle time.
Basically, we are interested in some aspects of the sys-
tematics with special attention to stochastic influences:

* How are the distributions of the input parameters
and the distribution of the objective function re-
lated?

» Regarding the reliability, is it possible to estimate
the variation of the objective function using the
variation of the input parameters?

To attack these questions, we established a four-part
simulation and analysis framework:

1. Random Number Generator: provides an appropri-
ate set of random numbers of a prescribed distribu-
tion with expectation value and standard deviation
as parameters to encode the duration of all jobs.

2. Structure Analyzer: investigates the dependencies
of the jobs to find critical paths (dependencies are
encoded in a directed network graph).

3. Optimizer: executes the optimization of the cycle
time for all stochastic realizations of the RCPSP.

4. Output Analyzer: evaluates the resulting sample of
realizations w. r. t. statistical characteristic values
and distribution function fits.

Our paper is organized as follows: Section 1 provides
the methodical basis in terms of a precise definition of
the problem class scope and short notes on the Gamma
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and the Beta distribution but of course not missing to
describe the simulation procedure. Section 2 is dedi-
cated to selected results. We summarize in Section 3.

1 Model Setup and Simulation
Approach

In this section the employed methods are explained.
First, the scope of a stochastic RCPSP is precisely de-
fined. Second, the framework for solving such RCPSP
is presented. These two main parts are supplemented
by some short notes on the Gamma and the Beta distri-
bution.

1.1 Stochastic RCPSP

To keep the view on the principle, we refrain here from
features like multiple projects, multiple modi as well
as transfer times or type representatives. A stochastic
RCPSP is therefore described by:

* jobs j = 1...J and their respective durations d; €
R>o considered as continuous random variables;
each job starts once and must not be interrupted

« successor matrix S € {0,1}"* defined by

1 if job j, follows after j;
Sjl./z = . (1
0 otherwise

e number of renewable resources R € N U {oo},
where each job occupies exactly one resource dur-
ing its execution and R = oo refers to the uncon-
strained problem

In summary, a stochastic RCPSP is a tuple
(J,R,(d}),(S},j,)) supplemented by the stochastic
parameters entering the vector (d;).

1.2 Simulation and Optimization Framework

The framework consists of the following four parts.

Random Number Generator:

Simulating stochastic RCPSP means generating a
sufficient large sample of realizations. For each
stochastic RCPSP and each job, the expectation value
uj (j =1...J) of the duration d; is kept fix. Further-
more, the coefficient of variation 7 is the same for all
jobs, such that the standard deviation o; of the duration
d; follows from o; = 1 - u;. In addition, the type of
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distribution is chosen (Gamma or Bets distribution, we
do not consider normally distributed random variables
since they can obey negative values). The sample size
varies from 10,000 up to one million.

Structure Analyzer:

Dealing with continuous random variables impedes
simple, linear optimization models with binary deci-
sion variables (see [17, 18] for instance). Since we
refrain here from a time discretization, we choose
the following structural approach to incorporate the
boundary of the number of resources. Let the successor
matrix S be given. As a first step, the tool evaluates
the potentially maximal number Rpyax(S) of resources
needed such that there would be no queue (and the
problem is unconstrained independently of d;). Typi-
cally, Rmax(S) > R. As a second step, the tool collects
all those successor matrices S with S i1in = Sjj, for all
Jj1,J2 and Rmax(S’) = R. Considering S instead of S,
the RCPSP becomes unconstrained. In summary, the
idea is to solve rapidly (many) unconstrained PSPs to
find the optimum of the original RCPSP. That is the
key point because the main issue lies in the efficient
selection of all relevant § matrices. To handle this
challenge, we strongly employ the close connection
between successor matrices and posets and the knowl-
edge about such sets (generation, isomorphism classes,
structural dependencies, [19, 20, 21, 22, 23]).

Optimizer:

The task of minimization the cycle time is equivalent
to find the shortest path in a weighted directed graph
(encoded in ). To this end, we employ both Gurobi
and the Python package Networkx to go through the
list of the relevant S matrices. Such an evaluation is
done for all stochastic realizations.

Output Analyzer:

The sample of all cycle times enters this analyzing
tool which computes statistical quantities, for example
mean value, standard deviation, coefficient of variation,
skewness. In addition, it fits the data to a given type of
distribution depending on multiple parameters. Partic-
ularly interesting is the relation in terms of appropriate
parametrizations between input and output quantities.

All in all, the framework is completely automatized
and can be combined with a simulation framework
for heuristics [24] and with an AI tool for finding
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promising fit parametrizations for the Output Analyzer.
However, the results of the following section focus on
stochastic fluctuations.

1.3 The Gamma and the Beta Distribution

We briefly collect some folklore about these two dis-
tributions both quite convenient for modeling process
times or human working durations. Let X denote a ran-
dom variable with its expectation value U, its standard
deviation ¢ and the dimensionless coefficient of vari-
ation 1 = %. The probability density function of the
Gamma distribution reads as

Fp) = Zxle P 2)

with x > 0 (arbitrary large values are admissible), o0 =

2
£5 and B = £;; analogously, we have

ﬁS%(x)—-;;Qjﬁtéézxa‘l(l——x>ﬁ—l 3

for a Beta distribution with x ranging in [0,1] (linearly
scalable to the interval [Xmin, Xmax])s

azu(%(lfmfl) 4)
and u
B=—z(l—w+u-1 5)

The cumulative distribution functions are denoted by

F 0(612 and F o(f[;’ respectively.

2 Selected Results

We picked three instances for our case study: 20 and
50 jobs for the unconstrained PSP and 10 jobs for in-
vestigating the RCPSP. As mentioned above, a univer-
sal coefficient of variation 7 is fixed (see below) and
the expectation value p; of the duration d; is chosen
randomly in the interval [0.3, 0.7]. A main result of
our investigation is that the distribution of the objective
function can be described with high accuracy by a prod-
uct ansatz having only two factors and four parameters
even the problem class contains many parameters. In
addition, this statement remains true of all values of the
resource number R. Note that it is not sufficient to fit a
simple Gamma (Beta) distribution if the input parame-
ters are Gamma (Beta) distributed. Indeed, the second

g, —— e

Figure 1: Histogram (blue) of the cycle time x and best fits
(red) according to (6) for instance with J =20,
Gamma distribution and 1 = 0.3 (sample size one

million).

factor in the product is necessary.
Let us take a closer look at the product ansatz. We chose

(D) _ D (D)

Fﬂlﬂz:ﬁl B2 () = Fal-ﬁl (x) 'Faz,ﬁz () ©)
with D € {I",B} which is inspired by the following
facts.

* The sum of multiple Gamma distributed, indepen-
dent random variables is Gamma distributed.

* The sum of multiple Beta distributed, indepen-
dent random variables is approximately Beta dis-
tributed.

* The cumulative distribution function of the maxi-
mum of multiple, independent random variables is
equivalent to the product of the cumulative distri-
bution functions of the single random variables.

Hereby, the statements of the first two bullet points refer
to the stochastical behavior along chains of jobs while
the statement of the third bullet point refers to the com-
parison of such chains to select the critical path. How-
ever, this inspiration does not pay very much attention
to the mathematical subtleties (especially the stochasti-
cal independency of the random variables).

2.1 Results of the Unconstrained PSP

We consider four samples of unconstrained problems:
J =20 with Gamma distribution (see Figure 1) and Beta
distribution (see Figure 2), J = 50 with Gamma distri-
bution (Figure 3) and Beta distribution (Figure 4). All
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0.0 -
0.5 0.6 0.7 0.8

Figure 2: Histogram (blue) and best fits (red) according to (6)
for instance with J =20, Beta distribution, 1 =0.1;
the variable x is scaled to [0,1] by dividing the cycle

time by the longest path (sample size one million).

figures display the histogram of the sample (size one
million) and the best approximation according to equa-
tion (6). The four-parameter fit exhibits a sufficiently
high quality for all considered problems even though
the problem class depend on far more parameters. Re-
garding the 50-job instances, the distribution becomes
more symmetric.

5 N
3.4 3.6 3.8 4.0 4.2

Figure 3: Histogram (blue) of the cycle time x and best fits
(red) according to (6) for instance with J =50,
Gamma distribution, 7 = 0.3 (sample size one

million).

As a next step, we compare dimensionless quantities.
Figure 5 shows the coefficient of variation 1y of the
objective function as a function of the coefficient of
variation 1;, of the input. Over a large number of in-
stances, we see a stable parameter dependency. The be-
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havior Mgy Vs. Mi, is close to a power law

Nout = a- N, (7)

with @ = 0.3227+£7-10"* and b = 0.7874£3- 1073
(red curve in Figure 5). In addition, the objective func-
tion varies less than the input quantities. This stability
in combination with the appropriate fit (6) allows an a
priori estimation because the fit parameters of (6) can be
estimated by a structural analysis (part of the Structure
Analyzer) based on what is called the grade distribu-
tion [19, 20]. Such an estimation can be refined by a
small sample. Therefore, after less runs the simulation
gives already insights of the stochastic behavior of the
objective function.

20

Blé(x

fa;

10

0 .
0.50 0.55 0.60

Figure 4: Histogram (blue) and best fits (red) according to (6)
for instance with J =50, Beta distribution, 1 =0.1; x

is scaled to [0,1] (sample size one million).

2.2 Results of the RCPSP

Let us now turn to the 10 job RCPSP. Mainly we are in-
terested in two aspects: First, does the fit ansatz (6) still
remain appropriate? Second, what kind of dependen-
cies are between the resource bound R and the stochas-
tic quantities Loy and Moy ?

Figure 6 shows the distribution (density function) of the
objective function for a 10 job Gamma distributed sam-
ple for various values of R. Note that if R > Ryax(S)
the problem is unconstrained (independently of R). Re-
garding the first question, the answer is yes (such that
the histograms are not shown in Figure 6), equation (6)
covers all of the following cases: for the case R = 1, the
execution of the jobs is equivalent to a single chain. So
in this special case, the second factor in equation (6) be-
comes obsolete. For small values of R, the problem in-
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Figure 5: Coefficient of variation of the objective function Moy
as a function of the coefficient of the variation n;, of
the input distributions (J =20, Gamma distribution,
100 instances per 7, value, sample size 10,000).
The errorbars indicate minimum, mean (crosses) and
maximum. The red curve depicts the power law

regression.

stance remains constrained for all possible realizations.
For further increasing R, the resultant distribution con-
tains a mixture of realizations, where the durations are
as such that the problem is de facto unconstrained, and
realizations, where the resource constraint is indeed ac-
tive. For R > Rmax(S), the problem is unconstrained
for all duration vectors (d;). Typically, Rynax(S) < J.

fep0)

ted

(S5
ted
e
un

Figure 6: Distribution (density function) of the cycle time for
varying resource number: R =1 (blue), 2 (orange), 3
(green), 4 (red) and 5= Rmax (purple). All cases
match the fit (6). The sample size is 40,000 and
J =10 with Gamma distribution.

Clearly, a decreasing R causes an increasing oy Fig-
ures 7 and 8 provide a more detailed and quantitative
picture by showing Loy and 7oy as a function of R for

5 x
4
3 x
=
) x ®
- %X
1
0
1 2 3 4 5

R
Figure 7: Dependecy of expectation value i, on the resource
number for a pool of Gamma and Beta distributed
instances with varying u. We have J =10 and
Rumax =5 fixed such that the problems feels no
resource limitation for R > 5. The errorbars are not

shown because they are negligible compering the size

of the crosses.

x
0.05 .
0.04 x %
_ ®
£0.03
2
0.02
0.01
0.00
| 2 3 4 5
R

Figure 8: Dependecy of the coefficient of variation Ny on the
resource number for a pool of Gamma and Beta
distributed instances with varying u. We have J =10
and Rpax =5 fixed such that the problems feels no
resource limitation for R > 5. The errorbars are not
shown because they are negligible compering the size

of the crosses.

several instances. As it is the case in Figure 5, the de-
pendency can be catched by a rather simple regression.
Summarizing the previous examples, the stochatic char-
acteristic values and the shape of the distribution of the
cycle time as objective function are predictable both for
unconstrained and constrained PSP.
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3 Summary and Outlook

The purely continuous treatment reveals close connec-
tions between the input distributions and the distribu-
tion of the cycle time as objective function. Based on
simulation studies, it is feasible to estimate the shape
and all related stochastic properties of the resultant dis-
tribution since it turned out that the proposed product fit
suffices for all practical purposes even though it seems
hard to prove its validity by rigorous mathematical ar-
guments. Although solving a single realization of an
RCPSP remains challenging for a larger number of jobs,
considering a population significantly relaxes the situa-
tion, smooths discontinuous aspects of the combinato-
rial optimization problem and eventually enables state-
ments about confidence intervals of the cycle time hav-
ing practical relevance.

Without wanting to look to far into the problem land-
scape, it seems natural to attack more sophisticated
RCPSP (multi-mode and with transfer times and type
representatives, for instance) with the continuous ap-
proach and to investigate the influence of these ex-
tended features on the shape of the objective function
distribution. Hereby, questions of continuous depen-
dency and stability are of particular interest. Innovative
tools in event-discrete simulation and optimization will
provide valuable contribution to this.
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Abstract. Der vorliegende Beitrag befasst sich mit der
Identifikation und Regelung instabiler, unteraktuierten
Systeme mit nicht-linearem dynamischen Verhalten. Die-
se Systeme sind aufgrund ihrer Instabilitdt und nicht-
linearen Reaktionen auf herkdmmliche Regelungstechni-
ken eine besondere Herausforderung fiir prazise Model-
lierung und effektive Steuerung. Zur Adressierung dieser
Probleme entwickelten wir ein methodisches, modellba-
siertes Vorgehen unter Einsatz von Rapid Control Pro-
totyping (RCP), das auf physikalischen Modellen basiert
und die Prozesse Model-in-the-Loop (MiL), Software-in-
the-Loop (SiL) und Hardware-in-the-Loop (HiL) integriert.
Der methodische Rahmen umfasst die Identifikation der
Systemdynamik durch messdatenbasierte Ansatze und
die Verifikation der Modelle zur Sicherstellung ihrer Ge-
nauigkeit. Durch Anwendung dieser Modelle auf das spe-
zifische Beispiel des S-Mobile, einem hochdynamischen
Intralogistiksystem mit spharischem Elektroantrieb, de-
monstrieren wir die Effektivitat des Ansatzes. Die Ergeb-
nisse zeigen eine verbesserte Modellgenauigkeit und ei-
ne robuste Steuerung des Systems, was dessen poten-
zielle Anwendbarkeit in ahnlich komplexen technischen
Systemen unterstreicht.

Einleitung und Problemstellung

Die Modellierung und Regelung von intelligenten dy-
namischen Systemen stellt einen fundamentalen Aspekt
der modernen Ingenieurswissenschaften dar. Besonders
herausfordernd wird diese Aufgabe, wenn es um insta-
bile, unteraktuierte Systeme mit nicht-linearem Verhal-
ten geht [1]. Solche Systeme finden sich in einer Viel-
zahl von Anwendungen, von Robotik bis hin zu Ener-
gieiibertragungssystemen, und erfordern prézise und
zuverlédssige Modelle fiir eine effektive Systemausle-
gung.

In der modernen Regelungstechnik sind die ein-
gesetzten Modelle von entscheidender Bedeutung. Sie

dienen nicht nur zur Systemauslegung, sondern sind
integraler Bestandteil der Reglerfunktionen. Fehlende
Genauigkeit in der Modellbildung kann zu subopti-
maler Leistung und sogar zum Versagen des Systems
fiihren. Daher ist die Identifikation der Systemdyna-
mik, insbesondere bei nicht-linearen und unteraktu-
ierter Systemen, eine zentrale Herausforderung. Diese
Systeme zeichnen sich durch ihre Tendenz aus, auf kon-
ventionelle Regelungsmethoden mit unvorhersehbarem
oder instabilem Verhalten zu reagieren.

Die folgende Abbildung 1 zeigt ein solches Sys-
tem, den Funktionstriger S-Mobile, der als hochdy-
namisches Intralogistiksystem mit sphérischem Elek-
troantrieb ausgelegt ist. Er besteht aus einem Aufbau
der iiber rotationssymmetrisch angeordnete Aktuatoren
mittels Allseitenrddern auf einer Kugel balanciert wird.
Primires Problem ist die Identifikation und Validierung
des Streckenmodells, als integraler Bestandteil des Re-
gelkonzeptes (vgl. [2]). Entsprechend hoch sind die An-
forderungen an die Modellierungsgiite.

Batteriepack
Aufbau

Elektromotoren

Mecanum- Réder
Stiitzstruktur
Antriebskugel
Umfeldsensorik

Kraftklemme

Abbildung 1: Funktionstrager S-Mobile als beispielhafte
nicht-lineare, instabile Strecke.

ARGESIM Report 47 (ISBN 978-3-903347-65-6), p 175-183, DOI: 10.11128/arep.47.a4723 175



ASIM 2024 Tagungsband Langbeitrage, 27. Symposium Simulationstechnik, Univ. d. Bundeswehr Miinchen, 4.- 6. 9. 2024

1 Methodik

Fiir die Entwicklung komplexer cyber-physischer Sys-
teme ist ein methodisches, modellbasiertes Vorgehen
unerlésslich [3]. Hierbei hat sich das ganzheitliche,
durchgéngige, verifikationsorientierte Rapid Control
Prototyping (RCP) durchgesetzt. Kern ist ein auf phy-
sikalischen Ansitzen basierendes White-Box-Modell
des zu regelnden Systems sowie die Prozesse Model-
in-the-Loop (MiL), Software-in-the-Loop (SiL) und
Hardware-in-the-Loop (HiL). Die Korrektheit des ein-
gesetzten Modells ist demnach eine wesentliche Vor-
aussetzung fiir eine effiziente Entwicklung und valide
Entwicklungsergebnisse. Daher sind die Modellidenti-
fikation und -verifikation Kernbestandteile des Modell-
bildungsprozesses [4].

Abbildung 2 illustriert den hierfiir angewendeten
allgemeinen messdatenbasierten Identifikationsprozess
in Anlehnung an [5]. Anhand der Aufgabenstellung
und den Anforderungen sowie den a-priori-Kenntnissen
iber das System erfolgt zunichst die Planung der Mes-
sungen sowie eine initiale Schitzung der Parameter des
theoretischen Modells. Die Differenz aus Mess- und Si-
mulationsergebnissen € dient als Eingang fiir eine Opti-
mierungsfunktion zur Parameterberechnung. Wihrend
der Modellverifikation erfolgt die Beurteilung, ob das
reale Verhalten mit hinreichender Genauigkeit abgebil-
det wird. Ist dies der Fall, steht das endgiiltige Mo-
dell fest. Ansonsten erfolgt eine Anpassung des theo-
retischen Modells beispielsweise durch Erhohung der
Modellierungstiefe.

2 Stand des Wissen

Identifikation in der Regelungstechnik bezieht sich auf
die experimentelle Bestimmung des zeitlichen Verhal-
tens eines Prozesses oder Systems durch Analyse ge-
messener Signale. Ziel ist es, das Systemverhalten in-
nerhalb einer definierten Klasse mathematischer Mo-
delle so genau wie moglich abzubilden, wobei die Feh-
ler zwischen dem realen Prozess bzw. System und sei-
nen mathematischen Modellen minimiert werden sol-
len. Die Herausforderung besteht darin, die Diskrepanz
zwischen dem tatsdchlichen Systemverhalten und sei-
nem mathematischen Modell so gering wie moglich zu
halten. Dabei nutzen Forscher und Ingenieure gemes-
sene Eingangs- und Ausgangssignale, um die System-
dynamik zu charakterisieren und zu modellieren. Die-
ser Prozess ist entscheidend fiir die Entwicklung prizi-
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ser und effizienter Steuerungs- und Regelungssysteme,
besonders in technischen Bereichen wie der Robotik,
Luft- und Raumfahrt und der industriellen Automati-
sierung, wo exakte Modelle fiir eine optimale Leistung
unerlésslich sind [6].

2.1 Klassifikation von
Identifikationsmethoden

Identifikationsmethoden fiir dynamische Systeme las-
sen sich grundlegend nach ihrer Analysebasis in zwei
Kategorien einteilen: Methoden im Zeitbereich und
Methoden im Frequenzbereich [7]. Zeitbereichsmetho-
den nutzen Zeitreihendaten, um das dynamische Ver-
halten des Systems zu charakterisieren. Diese Metho-
den sind besonders niitzlich, um nichtlineare Beziehun-
gen zwischen Eingangs- und Ausgangssignalen zu mo-
dellieren [6].

Im Gegensatz dazu analysieren Frequenzbereichs-
methoden das Systemverhalten durch Untersuchung der
Reaktion des Systems auf sinusformige Eingangssi-
gnale verschiedener Frequenzen. Diese Methoden sind
effektiv in der Bestimmung der Systemcharakteristi-
ka durch die Analyse des Frequenzgangs. Frequenzbe-
reichsmethoden eignen sich besonders gut zur Identi-
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fikation von linearen Systemen, da sie eine klare und
anschauliche Darstellung der Systemdynamik im Fre-
quenzspektrum ermdglichen [8].

Dariiber hinaus gibt es eine dritte Kategorie, die so-
genannten gemischten Methoden, die Elemente beider
Ansitze kombinieren, um die Vorteile von Zeit- und
Frequenzbereichsanalysen zu nutzen. Diese hybriden
Ansitze sind oft in der Lage, eine umfassendere Ana-
lyse zu bieten, indem sie sowohl die direkte Zeitant-
wort als auch die frequenzabhingigen Eigenschaften
des Systems erfassen [1].

Die in der obigen Diskussion erwihnten Methoden
setzen voraus, dass das Ein-/Ausgangsverhalten eines
Systems direkt gemessen wird. Bei instabilen Systemen
ist dieses Vorgehen jedoch nicht praktikabel. In solchen
Fillen ist der Einsatz fortgeschrittener Techniken wie
der Closed Loop Identification erforderlich [9]. Bei der
Untersuchung von unteraktuierten Systemen ist es zu-
dem entscheidend, sicherzustellen, dass alle Systemzu-
stidnde vollstindig angeregt und analysiert werden.

2.2 Ansatze zur Identifikation nichtlinearer,
instabiler Systeme

Die gegenwirtige Forschung im Bereich der Systemi-
dentifikation eroffnet vielfiltige Perspektiven auf die
Herausforderungen und Methoden zur Analyse dy-
namischer Systeme, insbesondere auch unter Einsatz
kiinstlicher Intelligenz und Machine Learning [9]. Ein
verbreiteter Ansatz ist das SchlieBen des Regelkrei-
ses zur Stabilisierung des Systems. Hier wird zwi-
schen direkten (Auswertung des System-Eingangs und
-Ausgangs) und indirekten (Auswertung der Fithrungs-
groBe und des System-Ausgangs) Identifikationsmetho-
den unterschieden. Diese Methoden ermoglichen es so-
wohl konsistente Modelle zu erstellen als auch mit
nicht modellierten Dynamiken (approximative Model-
lierung) umzugehen [10]. Xavier et al. [11] bieten eine
eingehende Ubersicht.

In der spezifischen Anwendung auf unteraktuier-
te Systeme wenden Chawla und Singla [12] adapti-
ve, neuralbasierte Fuzzy-Inferenzsysteme (ANFIS) an.
Hierbei wird das Modell eines inversen Pendels aus
Eingangs-/Ausgangsdaten der dynamischen Systemant-
wort generiert. Die Genauigkeit des ANFIS-Modells
wird sowohl durch den mittleren quadratischen Fehler
als auch durch experimentelle Vergleiche mit realen Sy-
stemmodellen bestitigt. Hierbei handelt es sich jedoch
um ein nicht physikbasiertes Modell, welches sich nicht
fiir die Behandlung mit typischen regelungstechnischen

Methoden eignet.

Durch Chen et al. [13] wird die duale Eingangs-
Ausgangs-Parametrisierung (Dual Input-Output Para-
metrization, dual IOP) eingefiihrt, ein neues Verfahren
zur Identifikation von linearen zeitinvarianten Systemen
unter Verwendung von Messdaten des geschlossenen
Regelkreises. Die Methode stellt eine Erweiterung der
bisherigen Ansitze zur Identifikation im geschlossenen
Regelkreis dar und vereinfacht insbesondere die Aus-
legung des stabilisierenden Reglers. Die Einsetzbarkeit
fiir nichtlineare Systeme wird nicht diskutiert.

Zuletzt befassen sich Gonzalez et al. [14] mit der
Identifikation von instabilen, kontinuierlichen Syste-
men unter Verwendung verfeinerter Instrumentalvaria-
blenmethoden, insbesondere im geschlossenen Regel-
kreis. Es wird dargelegt, dass bestehende Ansétze wie
die Simplified Refined Instrumental Variable Method
(SRIVC) in ihrer herkommlichen Form nicht zuverlis-
sig sind, wenn es um die Modellierung instabiler Syste-
me geht. Als Losung wird eine Anpassung dieser Me-
thoden vorgeschlagen, die die Einfithrung eines speziell
angepassten Allpass-Filters im Vorfilterungsschritt um-
fasst. Diese modifizierten Methoden erlauben die Iden-
tifikation instabiler Systeme und minimieren die Ab-
weichung bei Konvergenz. Die vorgestellte Methode ist
jedoch nur fiir die Anwendung auf lineare Systeme vor-
gesehen.

3 Konzeption des neuen
Verfahrens

Um den etablierten modellbasierten Auslegungsprozess
durchlaufen zu kénnen und um insbesondere modellin-
tegrierende Reglerverfahren parametrieren und nutzen
zu konnen, bedarf es einer tiefgehenden physikali-
schen Analyse der Systemzustinde und Parameter. Da-
zu ist es notig ein physikalisches Modell mit voll-
stindig definierten Parametern der Regelstrecke auf-
zustellen [15]. Hierzu ist eine Modellbildungsmetho-
de auf Basis von Bilanzgleichungen unter Beriicksich-
tigung von Erhaltungssitzen zu favorisieren. Nach dem
Noether-Theorem hat jede kontinuierliche Symmetrie
der Wirkung einen Erhaltungssatz zur Folge, und um-
gekehrt gehort zu jedem Erhaltungssatz eine kontinu-
ierliche Symmetrie der Wirkung. Somit ist die zugrun-
deliegende Physik fundamental im Modell erfasst und
nicht durch Approximation verschleiert. Somit entste-
hen nicht-lineare Modelle mit vollstindig aus der Phy-
sik herleitbaren Parametern. Die Identifikation dieser
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ist wie eingangs erwihnt jedoch aufgrund der Nicht-
Linearitdt und ggf. Zeitvarianz nicht-trivial. Das nach-
folgend beschriebene Verfahren, welches grundsitzlich
fiir jede Art von System in jeder Doméne durchfiihr-
bar ist, beschreibt sequentiell die gezielte Identifikati-
on von Systemparametern anhand eines mechanischen
Systems:

3.1 Allgemeine Modellbeschreibung

Auf Basis der Kinematik und Dynamik des jeweiligen
zu identifizierenden mechanischen Systems miissen zu-
ndchst die Dynamikfunktionen in Form von verkoppel-
ten, nicht-linearen Differentialgleichungen hergeleitet
werden. Die nachfolgende Gleichung zeigt das darauf
basierende, verallgemeinerte Dynamikmodell [2]:

M(q)-§+C(q.9) 4+G(q) =FE(q)-u (1)

Die symmetrische Massenmatrix M € R™ ™ hingt von
den einzelnen Massen der starren Korper des Systems
und den verallgemeinerten Koordinaten ¢ € R™ ab.
Der Vektor C € R"*™ beschreibt die verallgemeinerten
KreiselﬂqﬁfTe, die aus den Zentrifugal- und Coriolis-
kréften bestehen. Der Vektor G € R™ beschreibt die po-
tentielle Energie tiber die Gravitation. Die eingeprigten
Stellgroflen werden mit dem zeitveridnderlichen Vektor
u € R" gekennzeichnet. Dessen Multiplikation mit der
Funktionalmatrix F € R™*" fiihrt zur Momentenmatrix.

3.2 Linearisierung des Modells

Charakteristiken der Systemdynamik aus Gleichung (1)
lassen sich besonders gut im Frequenzbereich analy-
sieren. Hierfiir wird zunéchst ein lineares Modell in
verschiedenen Arbeitspunkten bendtigt. Hierbei ldsst
sich beispielsweise eine Taylor-Reihenentwicklung un-
ter Verwendung von Jacobi-Matrizen zu verschiedenen
Zeitschritten i einsetzen. Das linearisierte Modell am
aktuellen Arbeitspunkt ist entsprechend:

8= (=L, +L,0) - Bg-+ (<L) 7" L, (0) -Bd

flirA.-x
=i

LT 4,0 A (L7 |

fir B,-u firE;z;
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Ergebnis ist ein lineares Zustandsraummodell nach
Gleichung (2).

o )

3.3 Stabilisierung des Systems

Auf Basis der fiir den Arbeitspunkt giiltigen Zustands-
raumdarstellung soll nun das System zumindest um
einen engen Giiltigkeitsbereich um den Arbeitspunkt i
mithilfe einer Zustandsriickfithrung stabilisiert werden.
Eine Reglerverstirkung K, die iiber die Zustandsriick-
fithrung den Stellvektor u iiber das einfache Stellgesetz
u’ = — (KT -x)" = —xT - K7 bildet, ergibt sich aus di-
versen Ansitzen der Zustandsregelung und muss dabei
nicht optimal ausgelegt aber bekannt und konstant sein.
Eine Normalisierung der Systemverstirkung sowie die
Transformation des Fiihrungsvektors erfolgt iiber ein
Vorfilter N. Es ergibt sich so das Stellgesetz des Reg-
lers zu:

u=—-K -x+N,-w 3)

Aus Sicht des Sollwerteingangs w reagiert der
geschlossene Regelkreis innerhalb der hauptsédchlich
durch Stellgrolenbeschriankungen definierten physika-
lischen Grenzen nun wie ein stabiles Mehrgroensys-
tem. Die Systemgrenzen sind genauso zu priifen wie
die BIBO Stabilitit. Dies ist durch eine Betrachtung
der Steuerbarkeit gegeben; ist (A, E) vollstiandig steu-
erbar, so kann die Eigendynamik beliebig eingestellt,
ergo auch das System stabilisiert werden.

3.4 Ubertragungsfunktion und Entkopplung
des Systems

Das durch Regelung nun stabilisierte System soll zur
Identifikation in den Koordinaten des zu untersuchen-
den Starrkorpers (BCS) entkoppelt und die unabhén-
gigen Ubertragungswege als Ubertragungsfunktionen
dargestellt werden. So wird ein Zugang zur Haupt-

diagonale der Ubertragungsmatrix des Gegamtsystems
19;011 ) 19);5011 ’ ﬁfszu
den jeweiligen Raumrichtungen (entweder rotatorisch
oder translatorisch) geschaffen. Der lineare Ersatzzu-
standsraum des Systems hat die Stellgroen 7y, 7,73
der Aktuatoren als Eingangsvektor u(t), da die Wirkung

der Stellgrofen in dem Streckenmodel bereits in Bezug

in

iiber die Ubertragungsfunktionen 5
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auf das BCS beriicksichtigt sind. Die Ubertragungsma-
trix G () der Strecke ldsst sich aus der Zustandsraum-
darstellung gewinnen indem dieser in den Bildbereich
transformiert wird.

=(s1-4) "B @

Diese Strecke ldsst sich nun in die in BCS-
Raumrichtung betrachtete Strecke % z und eine Trans-
formation der StellgroBen ins BCS mittels der Trans-
formationsmatrix T unterteilen. In gleicher Weise kann
mit dem geschlossenen Regelkreis durch einsetzten des
Stellgesetzes u = —K - x+ N - w in die Zustandsraumdar-
stellung umgegangen werden. Die Ubertragungsmatrix
des geschlossenen Regelkreises im Fiithrungsfall wird
SO zZu:

(1-A+BK) BN )

Q
=
=
I
I
>
IS~
1=

Der Zustandsregler und der Vorfilter setzen sich eben-
falls aus einem in den Raumrichtungen wirkenden An-
teil K, und N, und der Transformation der StellgroBen
auf die Aktorpositionen durch die inverse Transforma-
tionsmatrix 7~ zusammen. Dies lisst sich im Bildbe-
reich durch die Ubertragungsmatrizen K(s) und N(s)
bzw. K (s) =T -K(s) und N (s) =T- Q@“) des Reglers
und Vorfilters ausdriicken. Das geregelte System ldsst
sich zur Betrachtung in den Raumrichtungen umformen
[16].

3.5 Identifikation der Systemdynamik im
Frequenzbereich

Da das Systemverhalten bisher nur theoretisch aus phy-
sikalischer Modellbildung hergeleitet wurde, soll nun
durch Frequenzgangmessungen am realen System das
Ubertragungsverhalten der Strecke identifiziert werden.
Weil das zu identifizierende System instabil ist, wird
zunichst die Fithrungsiibertragungsfunktion des durch
einen linearen Regler stabilisierten Systems identifiziert
und daraus das Ubertragungsverhalten der ungeregel-
ten Strecke berechnet werden. Da die Berechnung ei-
nes Frequenzgangs nur bei linearen Systemen anwend-
bar ist, wird zur Identifikation das an einem passenden
Arbeitspunkt linearisierte Model verwendet. Diese Mo-
del soll durch Variation der Parameter an den gemesse-
nen Frequenzgang angepasst werden. Dabei sollen nur
so wenig freie Parameter wie moglich verwendet wer-
den. Das Ubertragungsverhalten des Reglers und Vor-

filters ist bekannt und ergibt sich aus den bei der Mes-
sung verwendeten Regelparametern. Die Ubertragungs-
funktion des Aktors soll zunéchst separat durch eine
Frequenzgangmessung identifiziert werden, damit sie
bei der Identifikation der Fiihrungsiibertragungsfunkti-
on als bekannt angenommen werden kann. Die Aktor-
iibertragungsmatrix entspricht dann der Fiihrungsiiber-
tragungsmatrix der StellgroBenregelung im BCS (X- Y-
und Z-Richtung):

Gl (S) 0 0
Gy )=L-| 0  Guls) 0 [-IT°@®
0 0 Gus(s)

Dies fiihrt auf eine weitere Moglichkeit der Darstellung
der Ubertragungsmatrix im Fiihrungsfall mit den sepa-
rierten Ubertragungsfunktionen im Bezug zum BCS:

gw(s) = (H+QS7R(S) 'ngR(S) 'ER(S))_I o
"G 1(8) Gy (5) - Ny 5)

Setzt man die beiden Fiihrungsiibertragungsmatrizen
gleich, so kann man also iiber die Identifikation die-
ser zunichst durch herausrechnen der bekannten Uber-
tagungsmatrizen des Zustandsreglers und ggf. Vorfil-
ters sowie der im Vorfeld gemessenen und transformier-
ten Ubertragungsmatrix des Aktors auf die Ubertra-
gungsmatrix der ungeregelten Strecke schliefen. Durch
Gleichsetzten der GIl. (5) mit Gl. (7) ist es so auch
moglich Riickschluss auf die am Arbeitspunkt definier-
te Dynamikmatrix sowie Eingangsmatrix des Zustands-
raum zu ziehen und innerhalb der durch die Systempa-
rameter gebildeten Koeffizienten dieser auch einzelne,
unbekannte Parameter der Strecke zu identifizieren.

Da das ungeregelte und somit auch das geregel-
te System nichtlinear ist, hat die Amplitude der Anre-
gung einen Einfluss auf das Systemverhalten, da die-
se das Verstdarkungs- und Superpositionsprinzip grund-
sdtzlich nicht erfiillen [17]. Es werden daher Frequenz-
gangmessungen mit verschiedenen Anregungsamplitu-
den durchgefiihrt, um diesen Einfluss zu untersuchen.

Hierbei sind typische nicht-linearititen mechani-
scher Systeme z.B. Reibung in Form von Coulumb-
scher bzw. Stribeck- Reibung, Kraftiibertragungsabriss,
Abhingigkeiten von Systemzustéinden z.B. vom Gravi-
tationsvektor/Geschwindigkeitsvektor und variable Ko-
effizienten [18]. Da diese Effekte innerhalb des Fre-
quenzspektrums sowohl von der Anregungsamplitude
als auch von der Anregungsfrequenz abhingig sind,
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muss die Messung in Teilfrequenzbidndern durchgefiihrt
und anschlieBend mithilfe der Bewertung der Kohirenz
zu einer Messung zusammengefiihrt werden.

Grundsitzlich wird die Struktur des physikalischen
Modells genutzt um einen Ansatz fiir den zu erwar-
tenden Frequenzgang unter Nutzung bekannter Parame-
ter simulativ zu generieren. Der simulierte Verlauf des
Amplituden- und Phasengangs wird mit dem Verlauf
der Messkurve verglichen. Die Differenz aus Simula-
tion und Messung werden als quadratische Fehlerfliche
€ sowohl der Amplituden- als auch Phasenmesspunkte
dargestellt und ergibt sich unter Einbeziehung des kohi-
renzabhingigen Gewichtungsfaktors k,,,;.Das eigentli-
che Identifizieren der unbekannten Modellparameter er-
folgt durch eine iiber Schitzungen initialisierte Opti-
mierung dieser Fehlerflache mittels eines modifizierten
Downhill-Simplex-Algorithmus nach Nelder und Mead
[19].

4 Verwendete
Prifstandinfrastruktur

Zur Validierung des vorgestellten Konzepts wurde der
in Abbildung 3 dargestellte Priifstand aufgebaut in
welchem der einleitend vorgestellte Funktionstriger S-
Mobile unter sicheren und reproduzierbaren Bedingun-
gen getestet werden kann.

Leistungsaufbereitung| | Netgear POE- Switch

HEHI N )
A
CAN 1 Ethernet 2| |Ethernet ]

Inbetriebnahmegestell

Mess-PC + CAN-Adapter

| S5

1
Abacus 901 Signal Analyser

——

CAN 2

CAN1 _lll SNE
dSPACE Embedded SPU +

CAN3 dSPACE MicroAutoBox |1

2|

S-Mobile

|Ro|lwanne I IStutzrahmeri

Abbildung 3: S-Mobile in Prifstandsaufbau zur Identifikation.

Das S-Mobile ist in diesem Priifstand in einem re-
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konfigurierbaren Inbetriebnahmegestell gefesselt, wel-
ches entweder eine Sperrung oder Begrenzung der Frei-
heitsgrade des Aufbaus ermoglicht, ohne dabei die Frei-
heitsgrade der Kugel zu hemmen. Der Versuchstriger
ist durch Drahtseile mit einer definierten Lénge so fi-
xiert, dass eine Kippbewegung bis zu einem Maximal-
winkel zugelassen wird. So kann die Stabilisierung des
Aufbaus durch eine translatorische Bewegung des geo-
metrische Zentrums der Kugel bei gleichzeitiger Kipp-
sicherung erfolgen.

5 Beispielhafte Anwendung des
Verfahrens am S-Mobile

Mittels des im vorherigen Kapitel vorgestellten Priif-
stands wurden frequenzabhéngige Analysen am Funk-
tionstrager S-Mobile durchgefiihrt. Dazu wurden Soll-
Zustande in Form von periodische Anregungen als Fiih-
rungsgréfen an den Stabilisierungsregler gegeben. An-
schlieBend wurde die Antwort des geschlossenen Re-
gelkreises, bestehend aus Regler und Strecke sowie Ak-
tuator und Sensorik ausgewertet. Die periodischen An-
regungen wurden systemspezifisch ausgewihlt um spe-
zifische Nicht-Linearititen zu beriicksichtigen. So hat
die Amplitude der Anregung einen Einfluss auf das
Systemverhalten. Es werden daher Frequenzgangmes-
sungen mit verschiedenen Anregungsamplituden in ei-
nem festen Frequenzbereich durchgefiihrt, um diesen
Einfluss zu untersuchen. Zur Anregung werden Ampli-
tuden von ¥, o = 1,5° bis By son = 5° als Chirp-
Signale eingespeist.

Abbildung 4 zeigt die aufgenommen Antwortspek-
tren als Frequenzgang im Bode-Diagramm. Hier wur-
den bereits Messreihen gewihlt deren Kohidrenz im ge-
samten Spektrum mindestens 0,7 betrigt. Es ist zu se-
hen, dass die Kohdrenz der Messung ab ca. 20Hz be-
ginnt signifikant schlechter zu werden. Dies ist auf die
Dateniibertragung mittels CAN-Bussystem sowohl vom
RCP-System zu den Aktuatoren als auch von der Sen-
sorik zuriickzufiihren. So wurden die Ist-Aufbauwinkel
von einer Inertialen Messeinheit gemessen und mit ei-
ner Zykluszeit von 10ms per CAN iibertragen. Dies
entspricht einer Abtastfrequenz von 100Hz, wobei sich
nach dem WKS-Abtasttheorem [20] theoretisch eine
maximale abtastbare Frequenz von 50Hz ergibt. In der
Praxis ist das rekonstruierte Signal allerdings schon bei
geringeren Frequenzen verzerrt, was in einer geringe-
ren Kohidrenz der Signale resultiert. Bei hoheren Am-
plituden konnte der Frequenzgang nur fiir geringe Fre-
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Abbildung 4: gemessene Frequenzgange bei verschiedenen
Amplitudenanregungen, gefiltert nach
Kohéarenz.

quenzen bestimmt werden, da bei einer Anregung mit
einer hohen Frequenz und hohen Amplitude die Rider
aufgrund der begrenzten Kraftiibertragung durchdrehen
und dabei die Kugeloberfliche beschidigen. Die Am-
plitudenginge liegen fiir groBe Anregungsamplituden
dicht beieinander, wihrend das System fiir kleine Anre-
gungen bei niedrigen Frequenzen (<10Hz) eine geringe
Verstirkung und zudem eine schlechtere Kohirenz auf-
weist. Dies ist auf den groen Einfluss der Haftreibun-
gen im System bei so geringen Anregungsamplituden
zurlickzufiihren. Der Phasengang zeigt hingegen fiir al-
le Messungen weniger Abweichungen. Die Identifika-
tion der optimalen Parameter erfolgt tiber die Minimie-
rung des quadratischen Fehlers zwischen einem ange-
nommen Ubertragungsglied als Fiihrungsiibertragungs-
funktion des separierten Ubertragungsweges innerhalb
der Ubertragungsmatrix zu dem gemessenen Frequenz-
gang. Da sowohl die Ubertragungsfunktion des Aktua-
tors als auch die Ubertragungsfunktionen des Reglers
(und Vorfilters) bekannt sind, kann anhand des berech-
neten Referenzmodells auf die Struktur des Ubertra-
gungsgliedes riickgeschlossen werden. Dies ist eben-
so anhand der Beobachtung des gemessen Amplituden-
und Phasenabfall abschétzbar.

Zur Identifikation der Parameter muss zunichst die

Streckeniibertragungsfunktion Gy, (s) = % durch Li-
nearisierung des nichtlinearen Models mit dem Mas-
sentragheitsmoment als freien Parameter gebildet wer-
den. Das Model soll an dem quasistabilen Punkt
(¥ = 0,9, = 0) linearisiert werden, da das System bei
der Frequenzgangmessung um diesen Punkt schwingt.
Die Winkelgeschwindigkeit wird fiir die Linearisierung
allerdings nicht mit 3 =0 angenommen, sondern soll
der tatsdchlichen Winkelgeschwindigkeit bei der Mes-
sung entsprechen. Diese ist bei der Messung allerdings
nicht konstant, sondern hingt von der Frequenz und
Amplitude der Schwingung ab. Bei einer harmonischen
Eingangsschwingung (¢) als Anregungssignal ergibt
sich die Winkelgeschwindigkeit nach folgender Glei-
chung:

Fiir den Nulldurchgang am quasistabilen Punkt um den
das System schwingt (9(¢) = 0), ergibt sich die maxi-
male Winkelgeschwindigkeit:

PN

ﬁx(a)) :A(w) . ﬂxfsoll -0 (8)

Die folgende Abbildung 5 zeigt die jeweils zum ge-
messenen Frequenzgang zugehorigen maximalen Win-
kelgeschwindigkeiten. Diese werden fiir die Linearisie-

la

Amplitude |Gy (jw)

Frequenz logw in rad/sec

o

Winkelgeschw. 1, (w) in rad/sec

10°
Frequenz logw in rad/sec

Abbildung 5: Winkelgeschwindigkeit im Nulldurchgang.

rung des Referenzmodells genutzt, um iiber den in Ka-
pitel 3 dargestellten Weg die Ubertragungsmatrix her-
zuleiten. Aus dieser wiederum ist die Struktur und die
Parameterabhéngigkeit ersichtlich, die nun nach einem
unbekannten Parameter aufgelost werden kann. Durch
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Linearisierung des nicht-linearen Models am betrach-
teten Arbeitspunkt kann z.B. eine vom Massentréig-
heitsmoment 6, abhingige Streckeniibertragungsfunk-
tion hergeleitet werden um dieses als freien Parameter
tiber die quadratische Optimierung zu identifizieren:

Dy(s)

G = 20

=f(0,0,6) )

In Kombination mit dem bekannten/identifizierten
Aktuator(-system) und den Ubertragungsfunktionen
des Reglers kann so die Fiihrungsiibertragungsfunkti-
on fiir den gemessenen Freiheitsgrad gebildet werden.
Die Ubertragungsfunktion der Zustandsriickfiihrung er-
gibt sich immer als ein PDn-Glied, da der Zustands-
regler grundsitzlich alle Minimalkoordinaten und min-
destens deren erste Ableitung riickfiihrt [21]. Weiterhin
wird dem Ubertragungsglied eine Totzeit 7; beigestellt,
die aus dem Dateniibertragungsvorgang resultiert.

V(s) Nry - G (5) - G(s)

— .eiT}'s
ﬁx,soll (S) 1 + Gsx(s) : Gm<s) 'KRx(S)

G,(s)=

Der Frequenzgang des angesetzten Ubertragungsglieds
mit freien initialisierten Parametern ist in der folgen-
den Abbildung 6 in griin dargestellt. Durch die quadra-
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Abbildung 6: Identifiziertes Ubertragungsglied fir den
FUhrungsfall.

tische Optimierung resultiert der rote Verlauf nach Pa-
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rameteranpassung. Durch Minimierung des Fehlers des
Amplituden- und Phasengangs in Bezug auf die Mes-
sung wurden so unbekannte Werte fiir die freien Pa-
rameter des Beispielsystems identifiziert. Ein Abgleich
mit den Konstruktionsdaten des Systems bestétigen die
Richtigkeit des identifizierten Massentridgheitsmoments
6, = 20,31. Nach dieser Methode ist also eine Identifi-
kation unbekannter Parameter an unteraktuierten, insta-
bilen und nicht-linearen Systemen moglich.

6 Zusammenfassung und
Ausblick

In diesem Beitrag wurde die Identifikation und Re-
gelung von instabilen, unteraktuierten Systemen mit
nicht-linearem dynamischen Verhalten diskutiert. Der
Schwerpunkt lag auf der Entwicklung und Validierung
eines neuen methodischen Vorgehens zur Systemiden-
tifikation. Am Beispiel des S-Mobile, einem innova-
tiven Intralogistiksystem, konnte erfolgreich demons-
triert werden, wie durch die Anwendung des neuen An-
satzes die Systemdynamik prizise identifiziert und das
System stabilisiert werden kann.

Fiir zukiinftige Arbeiten bietet sich eine weiterge-
hende Untersuchung des Vorgehens an, um eine noch
groBere Bandbreite an instabilen, unteraktuierten Syste-
men abdecken zu konnen. Insbesondere die Einbindung
von fortschrittlichen, maschinellen Lernmethoden und
Surrogate Modellen [22] konnte die Genauigkeit weiter
verbessern und die Adaptivitdt der Regelungssysteme
erhohen. Zudem wire die Untersuchung der Ubertrag-
barkeit der entwickelten Methoden auf andere industri-
elle Anwendungen von grolem Interesse, um deren uni-
verselle Einsetzbarkeit zu testen.
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Abstract. Die Simulation hat sich in vielen Unternehmen
als modellgestutzte Analysemethode fiir den Bereich Pro-
duktion und Logistik etabliert. Um die aktuelle Markt-
durchdringung, den Nutzen der Simulation fir Unterneh-
men und den Entwicklungsstand von simulationsbezoge-
nen Themen abzuschatzen, wurde 2013 eine empirische
Studie durchgefuhrt. Dabei wurden neben vielen positi-
ven Einflussen auch Forschungs- und Entwicklungsbe-
darfe identifiziert. Um die Entwicklungen der letzten zehn
Jahre und den aktuellen Stand dieser Themen zu untersu-
chen, wird eine Anschlussstudie durchgeftihrt. Das Stu-
diendesign und die aktuellen Studienergebnisse werden
in diesem Beitrag vorgestellt und in vergleichender Weise
mit den Ergebnissen von 2013 diskutiert.

Einleitung

Die ereignisdiskrete Simulation wird seit vielen Jahren
als Analysemethode in Produktion und Logistik einge-
setzt [1] und hat sich branchenlbergreifend bei Unter-
nehmen bewahrt [2]. Sie ermdglicht Unternehmen expe-
rimentelle Untersuchungen ihrer komplexen Produkti-
ons- und Logistiksysteme unter Beruicksichtigung eines
stochastischen Zeitverhaltens sowie Entscheidungen auf
Basis nachvollziehbarer und abgesicherter Planungser-
gebnisse zu treffen [1]. So fuhrt die Durchfiihrung einer
Simulationsstudie bei Unternehmen spétestens im Be-
trieb zu Kostenersparnissen [1] und damit zu einer ver-
besserten Wettbewerbsféhigkeit. Aber eine konkrete mo-
netare Bewertung des Nutzens und damit auch der Wett-
bewerbsfahigkeit ist fur Unternehmen schwierig [2]. Um
den Beitrag der Simulation zur Wettbewerbsfahigkeit
von Unternehmen zu identifizieren und den aktuellen
Stand der Entwicklung zur Simulation in Produktion und
Logistik zu analysieren, haben Wenzel und Peter (2013)
eine empirische Studie durchgefihrt [2]. Die Studiener-
gebnisse zeigen, dass die Simulation einen signifikanten

Beitrag zur Wettbewerbsfahigkeit von Unternehmen leis-
ten kann, aber es noch weitere Forschungs- und Entwick-
lungsbedarfe gibt, um die technische Unterstlitzung des
Einsatzes von Simulation zu verbessern [2]. Deshalb
wird im Rahmen dieses Beitrags Uberpruft, ob die damals
aufgezeigten Defizite heute abgebaut sind und wie sich
der aktuelle Stand des Einsatzes der ereignisdiskreten Si-
mulation in Produktion und Logistik in den letzten zehn
Jahren entwickelt hat. Dazu wird die empirische Studie,
deren Aufbau und Ergebnisse nachfolgend vorgestellt
werden, in leicht angepasster Form erneut durchgefiihrt.
Neben einer Beurteilung der qualitativen Einfllisse der
Simulation auf die Wetthewerbsfahigkeit von Unterneh-
men sowie der Diskussion des aktuellen Standes von si-
mulationsbezogenen Themen werden auch die Einsatz-
bereiche und eingesetzten Werkzeuge erhoben. Ab-
schlieBend werden die Ergebnisse und daraus geschlos-
sene Erkenntnisse in einem Fazit reflektiert.

1 Studiendesign

Die im Juni 2023 durchgeflhrte Studie wendet sich an
Simulationsanwender und -experten, um den Nutzen der
ereignisdiskreten Simulation sowie den Stand der Ent-
wicklung in Produktion und Logistik abzuschétzen. Zu-
dem werden die aktuellen Ergebnisse mit den Ergebnis-
sen der bereits im Jahre 2013 durchgefiihrten Studie [2]
verglichen. Die Studie basiert auf einem Online-Frage-
bogen, der —wie 2013 — an die Mitglieder der Arbeitsge-
meinschaft Simulation (ASIM), an die Mitglieder der
Fachausschiisse 204 ,,Modellierung und Simulation“ und
205 ,,Digitale Fabrik* (sowie allen zugeordneten Richtli-
nienausschiissen) der Gesellschaft fur Produktion und
Logistik des Vereins Deutscher Ingenieure (VDI-GPL)
sowie an Vertreter aus der Automobilindustrie per
E-Mail versendet wurde. So konnten ca. 250 — 300 Per-
sonen erreicht werden.

ARGESIM Report 47 (ISBN 978-3-903347-65-6), p 185-192, DOI: 10.11128/arep.47.a4716 185
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1.1 Aufbau des Online-Fragebogens

Der Online-Fragebogen ist &hnlich aufgebaut wie bei der
bereits 2013 durchgefiihrten Studie [2]. Insgesamt um-
fasst der Fragebogen drei Fragengruppen:

1.Einsatz ereignisdiskreter Simulation in Unternehmen
2. Stand der Technik der ereignisdiskreten Simulation
3.Eigenschaften der befragten Institution

Die erste Fragengruppe umfasst allgemeine Fragen
zum Einsatz der ereignisdiskreten Simulation in Unter-
nehmen. Durch diese Fragen werden potenzielle Einsatz-
bereiche der Simulation im Bereich Produktion und Lo-
gistik (z. B. Produktionsplanung) ermittelt. Weiterhin
werden die Teilnehmenden gefragt, seit wann sie die er-
eignisdiskrete Simulation nutzen, welche Simulations-
werkzeuge zum Einsatz kommen und ob sie mit diesen
Werkzeugen zufrieden sind.

Zusatzlich werden in der ersten Fragengruppe ver-
schiedene durch die Simulation beeinflussbare Faktoren
der Wettbewerbsfahigkeit (z. B. die absolute Planungs-
dauer) im Hinblick auf eine positive, keine oder gar eine
negative Veranderung durch den Simulationseinsatz be-
wertet. Zudem erfolgt eine qualitative Einschétzung, ob
durch den Simulationseinsatz Einsparungen oder Mehr-
kosten erzielt werden kdénnen.

In der zweiten Fragengruppe wird der Stand der
Technik der ereignisdiskreten Simulation thematisiert,
um die Eignung fiir verschiedene simulationshezogene
Themen (z. B. 3D-Visualisierung oder Digitale Fab-
rikzwillinge) zu bewerten. Die ausgewahlten Themen
orientieren sich an der Studie von 2013 [2] und werden
um Inhalte aus den Thesen und Handlungsfeldern fur die
Simulation in Produktion und Logistik des VDI-Fachaus-
schusses 204 ,,Modellierung und Simulation* ergénzt [3].
Die Bewertung der Themen soll ihre Einordnung in einen
Gartner Hype Cycle (zum Gartner Hype Cycle vgl. [4])
ermdglichen. Diese Bewertung wird durch eine zeitliche
Einordnung (i. e. wie lange das Thema schon in der Com-
munity diskutiert wird) erganzt. Die Zeitintervallklassen
sind ,,weniger als 2 Jahre*, ,,2 - 5 Jahre", ,,6 — 10 Jahre*
und ,,seit mehr als 10 Jahren®. Zusétzlich kénnen The-
men als ,,nicht einschdtzbar* oder als nicht relevant
(,,wird nicht diskutiert”) bewertet werden.

Die letzte Fragengruppe beschaftigt sich mit den Ei-
genschaften der befragten Institution. Daflir werden die
Branchenzugehdrigkeit, die Anzahl an Mitarbeitenden,
der Jahresumsatz sowie der eigene Tétigkeitsbereich der
befragten Person abgefragt.
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1.2 Teilnehmerricklaufquote und
Einordnung der Unternehmen

Von den erreichten Personen haben 50 Personen mindes-
tens eine Frage beantwortet und 31 haben den Fragebo-
gen vollstandig beantwortet. Damit ist die Teilnehmer-
zahl im Vergleich zur Studie von 2013 (73 Teilneh-
mende) deutlich geringer. Da auch die unvollstandigen
Fragebdgen in die Bewertung einbezogen werden und bei
einzelnen Fragen auch Enthaltungen erlaubt sind, ist der
variierende Stichprobenumfang bei den Auswertungen
jeweils als "n" angegeben.

Tabelle 1 zeigt die prozentuale branchenbezogene
Verteilung der Befragten.

Branche 2013 2023
Hochschulen 10% 35%
Automobilindustrie 13% 25%
Logistik-/Transportgewerbe 4% 13 %
Ingenieurbiiro 4% 6%
IT-Dienstleister 10% 6%
Maschinenbau 8% 6%
Sonstiges 5% 3%
AuReruniversitare Forschungseinrichtung 27 % 3 %
Flugzeugbau 0% 3%
Elektronik 6% 0%
Metallerzeugung und -bearbeitung 5% 0%
Automobilzulieferer 3% 0%
Chemieindustrie 3% 0%
Baugewerbe 1% 0%
Sonstige verarbeitende Gewerbe 1% 0%

Tabelle 1: Vergleich der Aufteilung der Befragten nach

ihrer Branchenzugehdrigkeit (in Prozent; n=32)

Mit 34 % der Teilnehmenden bilden die Hochschulen
die grofite Gruppe, gefolgt von der Automobilindustrie
(25 %) und dem Logistik-/Transportgewerbe (13 %). Im
Vergleich zum Jahr 2013 ist in allen drei Branchen ein
deutlicher Zuwachs zu verzeichnen.

Einen bemerkenswerten Riickgang gibt es hingegen
bei Teilnehmenden aus der auBeruniversitaren Forschung
(-24 %). Im Vergleich zu 2013 sind Teilnehmende aus
der Elektronikbranche, Metallerzeugung und -bearbei-
tung, Chemieindustrie, dem Baugewerbe oder sonstigen
verarbeitenden Gewerbe sowie Automobilzulieferer
nicht mehr vertreten.

Neben der branchenbezogenen Verteilung der Teil-
nehmenden lasst sich auch eine deutliche Veranderung
bei der InstitutionsgréRe (s. Tabelle 2) und beim Jahres-
umsatz (s. Tabelle 3) erkennen.
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Anzahl Mitarbeitende 2013 2023
> 249 61 % 79 %
50 - 249 15 % 12 %
<50 24 % 9%

Tabelle 2: Vergleich der Aufteilung der Befragten nach

ihrer Institutionsgrof3e (in Prozent; n=33)

79 % der Befragten gehoren zu GroRunternehmen,
was einem Zuwachs von 18 % im Vergleich zum Jahr
2013 entspricht. Demgegenber ist ein Riickgang bei den
kleinen Unternehmen (< 50 Mitarbeitende) um 15 % zu
verzeichnen.

Jahresumsatz [in €] 2013 2023
> 50 Mio. € 59 % 64 %
10 - 50 Mio. € 6 % 27 %
<10 Mio. € 35% 9%

Tabelle 3: Vergleich der Aufteilung der Befragten nach

ihrem Jahresumsatz (in Prozent; n=33)

Bei der Betrachtung des Jahresumsatzes bilden Un-
ternehmen mit mehr als 50 Millionen Euro Umsatz die
grofte Gruppe (64 %), gefolgt von Unternehmen mit ei-
nem Umsatz zwischen 10 und 50 Millionen Euro (27 %).
Der Anteil der Unternehmen mit weniger als 10 Millio-
nen Euro Umsatz ist unter den Befragten von 35 % auf
9 % zurlickgegangen.

Neben den Vertretern aus der Industrie- oder Dienst-
leistungsbranche sind auch Teilnehmende in der For-
schung tétig (s. Tabelle 4). Diese stellen in der Studie
2023 den grolten Teilnehmerkreis. Die beschriebenen
Verdnderungen in der Zusammensetzung des Teilneh-
merkreises sind bei den Auswertungen der Studie zu be-
ricksichtigen.

Tatigkeitsfelder 2013 2023
Forschung 22% 46 %
Industrie 54 % 39 %
Dienstleister 24 % 15 %

Tabelle 4: Vergleich der Aufteilung auf die Tatigkeitsfel-
der der Institutionen (in Prozent; n=33)

2 Stand zum Einsatz der
Simulation in Unternehmen

In diesem Kapitel werden die einzelnen Einsatzbereiche
und die verwendeten Simulationswerkzeuge naher unter-
sucht, um den aktuellen Stand zum Einsatz der ereignis-
diskreten Simulation in Unternehmen zu beschreiben.

2.1 Einsatzbereiche der ereignisdiskreten
Simulation

Die verschiedenen Einsatzbereiche der ereignisdiskreten
Simulation sind absteigend entsprechend ihrer prozentu-
alen Haufigkeit (Mehrfachnennungen mdglich) in Ta-
belle 5 aufgelistet. Neben den aktuellen Ergebnissen sind
auch die Studienergebnisse von 2013 im Vergleich dar-
gestellt.

Am hdufigsten wird die ereignisdiskrete Simulation
in der Produktionsplanung (68 %) eingesetzt. Zudem
werden die Layoutplanung (64 %), die Unternehmenslo-
gistik (56 %) und die Systemplanung (50 %) h&ufig ge-
nannt. Diese Einsatzbereiche waren auch schon 2013 re-
levant, wobei die prozentuale Haufigkeit fur diese Berei-
che nochmal gestiegen ist. Inshbesondere der Zuwachs bei
der Systemplanung (+28 %) ist nennenswert.

Weitere relevante Einsatzbereiche sind die Fab-
rikstrukturplanung (38 %), die Verbesserung im laufen-
den Betrieb (30 %), die unternehmensubergreifende Lo-
gistik (28 %) sowie die Entwicklung und Testung von
Steuerungssoftware (24 %).

Einsatzbereiche 2013 2023
Produktionsplanung 50 % 68 %
Layoutplanung 43% 64 %
Unternehmenslogistik 49% 56 %
Systemplanung 22 % 50 %
Fabrikstrukturplanung 30% 38%
Verbesserung im laufenden Betrieb 38% 30%

Unternehmensubergreifende Logistik 19% 28 %

Entwicklung und Test von Steuerungs- 21% 24 %
software

Emulation 17% 18 %
Anlagenrealisierung 20% 16 %
Inbetriebnahme 16% 16 %
Storfallmanagement 11% 14 %
Personalschulung 14% 4%
Keine Angabe 0% 4%
Sonstiges 18% 0%

Tabelle 5: Vergleich der Einsatzbereiche der ereignisdis-
kreten Simulation (in Prozent; n=49)

2.2 Simulationseinsatz und
Werkzeugnutzung

Die ereignisdiskrete Simulation ist ein etabliertes Werk-

zeug in der Praxis. Uber 80 % der Befragten setzen die

Simulation bereits seit Uiber 10 Jahren ein. Das zeigt, dass
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die Methode eine gewisse Reife besitzt und sie als wert-
voll flr die Analyse von Produktions- und Logistiksyste-
men angesehen wird. Dementsprechend ist es auch nach-
vollziehbar, dass im Vergleich zum Jahr 2013 der Anteil
der Befragten, die die ereignisdiskrete Simulation schon
Uber 10 Jahre einsetzen, um 24 % gestiegen ist. Dies deu-
tet auf eine zunehmende Akzeptanz und Verbreitung der
Methode hin. Damit verbunden sind die Anteile in den
anderen Kategorien leicht gesunken.

Bei der Wahl der Simulationswerkzeuge (Tabelle 6;
Mehrfachnennungen mdglich) zeigt sich ein klarer
Trend: Plant Simulation (74 %) und AnyLogic (30 %)
sind die am haufigsten verwendeten Simulationswerk-
zeuge. Im Vergleich zum Jahr 2013 ist der Anteil der An-
wender von AnyLogic um tber 20 % gestiegen. Somit ist
im deutschsprachigen Raum eine Marktverschiebung zu
beobachten.

Simulationswerkzeug 2013 2023
Plant Simulation 62 % 74 %
AnyLogic 7% 30 %
DOSIMIS-3 9% 11 %
AutoMod 7% 11 %
Emulate3D - 9%
SimPy - 6 %
SLX 4% -
FlexSim 3% -
Enterprise Dynamics 3% 2%
Arena 3% -
Eigenentwicklungen 11 % 2%
Sonstige 33 % 40 %

Tabelle 6: Vergleich der Simulationswerkzeuge (in Pro-

zent, Mehrfachnennungen moglich; n=43)

Der Anteil an Eigenentwicklungen hat am starksten
abgenommen (-9 %). Dies kénnte mit den hohen Kosten
sowie dem Zeitaufwand fir die Entwicklung eigener Si-
mulationswerkzeuge oder der zunehmenden Verflgbar-

Personalaufwand in der Planung

Produktqualitat

Herstellkosten der Produkte

Planungsdauer insgesamt

Dauer zwischen Ende der Planung und ,Start of Production”
Gesamtkosten der Planung

Kundenzufriedenheit

Dauer der Anlaufphase bis zum reibungslosen Serienbetrieb
Anzahl der notwendigen Anderungen nach Abschluss der Planung
Zufriedenheit mit den Planungsergebnissen

Mdglichkeit, Planungsergebnisse dem Management vorzustellen
Qualitat der Planung

B Verbesserung M keine Anderung

keit von kommerziellen Werkzeugen und dem damit ver-
bunden Support der Softwareanbieter zusammenhangen.
Zudem hat der Anteil an Open Source Software (z. B.
SimPy) zugenommen.

Werkzeuge mit weniger als drei Einzelnennungen
werden unter dem Punkt ,,Sonstige* (z. B. Vensim, Mat-
lab oder Witness) zusammengefasst. Die hohe Anzahl an
weiteren Werkzeugen deutet darauf hin, dass es in der
Praxis keine eindeutige Préferenz fur ein einzelnes Werk-
zeug gibt, sondern dass die Auswahl von verschiedenen
Faktoren (z. B. den vorhandenen Unternehmensressour-
cen oder den personlichen Préferenzen der Anwender)
abhangt. Auch die Grinde fiir den Einsatz eines neuen
Simulationswerkzeugs sind sehr individuell. So nennen
die Befragten bspw. die personliche Weiterbildung oder
die Reduzierung der Abhédngigkeit von einem Hersteller
als Griinde. Zudem beziehen sich die Griinde auf einen
bestimmten Funktionsumfang oder die Spezialisierung
auf eine Anwendung.

3 Beurteilung qualitativer
Einflisse der Simulation auf
die Wettbewerbsfahigkeit von
Unternehmen

Um den Nutzen des Simulationseinsatzes in den be-
schriebenen Einsatzbereichen zu bewerten, erfolgt in die-
sem Kapitel eine Bewertung von qualitativen Faktoren
und eine Analyse, inwieweit diese die Wettbewerbsfa-
higkeit eines Unternehmens beeinflussen. Dafiir sollen
die Befragten beurteilen, ob die einzelnen Faktoren eine
Verbesserung, Verschlechterung oder keine Verande-
rung der Wettbewerbsfahigkeit verursachen. Die abge-
fragten Faktoren sind in Abbildung 1 entsprechend ihrer
prozentualen Haufigkeit der Nennungen ,,Verbesserung*
aufsteigend sortiert.

0% 20% 40% 60 % 80% 100 %
Verschlechterung

Abbildung 1: Vergleich der Faktoren in Bezug auf die Wettbewerbsfahigkeit von Unternehmen (in Prozent; n=45)
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Bei der Betrachtung der Ergebnisse fallt auf, dass nur
der Personalaufwand (45 %) und die Gesamtkosten der
Planung (29 %) laut den Befragten einen sichtbaren ne-
gativen Einfluss auf die Wettbewerbsfahigkeit von Un-
ternehmen aufgrund des Simulationseinsatzes aufweisen.
Diese Faktoren wurden auch schon 2013 von den Befrag-
ten als negative Einfliisse eingestuft. Lediglich die Pla-
nungsdauer (6 %) wird von den Befragten 2023 nicht
mehr grofitenteils als negativer Faktor gesehen. Verbes-
serungen werden insbesondere hinsichtlich der Dauer der
Anlaufphase bis zum reibungslosen Serienbetrieb
(70 %), der Anzahl der notwendigen Anderungen nach
Abschluss der Planung (79 %), der Mdglichkeit, Pla-
nungsergebnisse dem Management vorzustellen (89 %),
der Zufriedenheit mit den Planungsergebnissen (87 %)
und der Qualitat der Planung (92 %) gesehen. Auch diese
Ergebnisse sind vergleichbar mit denen von 2013. Die
Faktoren haben zwar keine direkten monetéren Auswir-
kungen, fihren aber zu einer transparenten und effizien-
teren Planung, wodurch langfristig die Wettbewerbsfa-
higkeit eines Unternehmens gesteigert werden kann. So
schafft bspw. die Prasentation der Planungsergebnisse
eine transparente Basis flr fundierte Entscheidungen des
Managements.

Keine Einflisse auf die Wettbewerbsfahigkeit werden
bei der Planungsdauer (63 %), der Dauer zwischen Ende
der Planung und dem ,Start of Production (SOP)“
(63 %), den Herstellkosten der Produkte (64 %) und der
Produktqualitét (73 %) gesehen. Bei der Kundenzufrie-
denheit sind sich die Befragten uneins, ob sie einen posi-
tiven Einfluss (52 %) oder keinen Einfluss (42 %) auf die
Wetthewerbsfahigkeit von Unternehmen hat.

Allgemein ist im Vergleich zu den Studienergebnis-
sen aus 2013 der prozentuale Anteil der Auspragung
»verschlechterung” bei jedem Faktor zuriickgegangen.
Daraus kann geschlossen werden, dass sich die ereignis-
diskrete Simulation als Planungsunterstiitzung unabhan-
gig von der UnternehmensgrdéRe oder der Branche etab-
liert hat und ihr Nutzen positiv bewertet wird.

Eine einfache Mdglichkeit, die Vorteilhaftigkeit des
Simulationseinsatzes aufzuzeigen, besteht in der Bewer-
tung des Aufwands und Nutzens. Demnach ergeben sich
nach Angabe der Befragten Einsparungen durch den Si-
mulationseinsatz (86 %); 56 % davon sehen sogar hohe
oder sehr hohe Einsparungen. 11 % sehen keine Verande-
rung und 4 % sogar Mehrkosten. Der Vergleich zu den
Ergebnissen von 2013 zeigt, dass insgesamt der prozen-
tuale Anteil der Einsparungen leicht gestiegen (+12 %)
ist (s. Abbildung 2).

3%

2013

Mehrkosten

[l Einsparungen [ keine Anderung

Abbildung 2: Vergleich Einsparungen oder Mehrkosten
durch Simulation (in Prozent; n=34)

4 Aussagen zum Stand der
Simulation im produktiven
Einsatz und zu mdéglichen
technischen Defiziten

Die zweite Fragengruppe beschéftigt sich mit der Rele-
vanz und dem Umsetzungsgrad von aktuellen Themen
der Simulations-Community. Durch diese Untersuchung
soll festgestellt werden, ob die ereignisdiskrete Simula-
tion fiir Aufgaben befahigt ist (,,im produktiven Einsatz*)
oder ob es noch technische Defizite gibt. Die Auswahl
der Themen orientiert sich an der Studie von 2013 [2] und
Entwicklungsthemen (mit einem * markiert), die aus den
VDI-Thesen und Handlungsfeldern [3] abgeleitet sind.
Insgesamt werden 45 Themen (vgl. Tabelle Al in [5]) ab-
gefragt, die in den Gartner Hype Cycle eingeordnet wer-
den. Die ersten drei Phasen (1) ,erste Ideen“, (2) ,,uber-
zogener Hype* und (3) ,,kein Interesse (mehr)* beschrei-
ben den anfanglichen Hype und die einhergehende Er-
nlchterung bei der Einflhrung von neuen Technologien.
Die beiden letzten Phasen (4) ,,Relevanz fiir den produk-
tiven Einsatz erkannt“ und (5) ,,im produktiven Einsatz*
beschreiben die Etablierung einer Technologie und ihre
Nutzung in der Praxis. Diese Phasen dienen auch im Fra-
gebogen als Antwortmdglichkeiten.

Das Vorgehen fur die Einordnung der Themen orien-
tiert sich an dem Vorgehen von 2013 [2]. Dabei werden
nur die Themen in den Gartner Hype Cycle eingeordnet,
die von Uber 50 % der Befragten einschéatzbar sind und
mehrheitlich einer der sechs Antwortmdglichkeiten (bzw.
zwei benachbarten Antwortmdglichkeiten) zugeordnet
werden kdnnen. In Tabelle 7 sind alle Themen, die ent-
weder 2013 oder 2023 als nicht einschatzbar bewertet
werden, dargestellt. In der aktuellen Studie werden die
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Themen ,High Level Architecture (HLA)", ,,Komponen-
tenorientierung”, ,,Model Driven Architecture®, ,,Mo-
dellmanagementsysteme* und ,,Modellreduktionsverfah-
ren”, die fur die Mehrheit der Befragten (> 50 %) nicht
einschétzbar sind, nicht weiter betrachtet.

Thema 2013 2023
Agentenorientierte Simulation 42 % 17 %
Agile Modellentwicklung 51 % 20 %
Data Farming 62 % 21 %
High Level Architecture 54 % 59 %
Komponentenorientierung 41 % 56 %
Model Driven Architecture 63 % 79 %
Modellmanagementsysteme 30% 50 %
Modellreduktionsverfahren* - 62 %

Offene und skalierbare Simula- 44 % 41 %
tionswerkzeuge
Serious Games 63 % 33%

Tabelle 7: Themen, die 2013 oder 2023 als nicht ein-

schatzbar bewertet werden (in Prozent; n=35)

Die geringe Einschatzbarkeit der HLA ist ggf. auf die
geringen Anwendungspotenziale im Bereich Produktion
und Logistik zurtickzufiihren.

Im Vergleich zu 2013 sind die agentenorientierte Si-
mulation (17 %), die agile Modellentwicklung (20 %)
und das Data Farming (21 %) von einer héheren Anzahl
an beteiligten Personen einschétzbar. Die zunehmende
Bedeutung der agentenorientierten Simulation zeigt sich
auch in den letzten Tagungsbénden der ASIM [6, 7].

Fur die verbleibenden 40 Themen wird die Haufig-
keitsverteilung der Antworten Uber die sechs Auspragun-
gen untersucht (vgl. Tabelle A2 in [5] fur die Haufig-
keitstabelle). Fur die Themen in der folgenden Aufzéh-
lung kann dementsprechend kein Konsens (Mehrheit) fir
eine Auspragung bzw. zwei benachbarte Ausprédgungen
abgeleitet werden, wodurch eine eindeutige Positionie-
rung auf dem Gartner Hype Cycle nicht moglich ist fir:

o Agile Modellentwicklung

o Data Farming

¢ Einbindung in die Digitale Fabrik

o Ganzheitliche, interagierende Simulationsmodellele-
mente*

o Interoperabilitat

o Offene und skalierbare Simulationswerkzeuge

o Reduktion des Rechenzeitbedarfs*

o Simulation als Service

o Simulation im Internet

 Simulation und Digitale Produktzwillinge*
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 Simulation und Kiinstliche Intelligenz (KI)*

 Simulations- und Modellbildungskompetenz fur Mit-
arbeiter:innen in kleinen und mittleren Unternehmen*

o Simulationsbasierte Assistenzsysteme

o Standardisierte, durchgédngig und vollautomatisiert
nutzbare Doménenmodelle*

e Vernetzung der Simulation mit dem realen System
Uber entsprechende Auto-1D-Techniken zur Nutzung
der aktuellen Produktions- und Logistikdaten*

 Verteilte Modellierung und Simulation

e Verzahnung unterschiedlicher Berechnungsverfah-
ren*

Bei den aufgelisteten Themen fallt auf, dass einige
neue (im Vergleich zur Studie von 2013) Themen aufge-
flhrt sind. Dies zeigt, dass die Themen in der Community
zwar diskutiert werden, aber noch keine Einigkeit Gber
den aktuellen Entwicklungsstand besteht. So werden
bspw. mit dem kombinierten Einsatz von Simulation und
KI, dem Data Farming, den simulationshasierten Assis-
tenzsystemen oder der Interoperabilitat sowohl der pro-
duktive Einsatz als auch lediglich erste Ideen assoziiert.

Die verbleibenden 23 Themen werden entsprechend
ihrer mehrheitlich zugeordneten Auspragung in den
Gartner Hype Cycle eingeordnet (s. Abbildung 3). Falls
zwei Ausprégungen gleich oft genannt werden, wird das
Thema zwischen den beiden Auspragungen positioniert
(z. B. Virtual Reality). Die Sortierung innerhalb einer
Auspragung erfolgt aufsteigend anhand der prozentualen
Héufigkeit (vgl. Tabelle A3 in [5]). Zusétzlich ist die Ab-
bildung um eine Zeitspanne ergénzt. Dabei werden die
meisten Themen bereits seit ber 10 Jahren diskutiert.

Bis auf die doménenspezifischen Modellierungsspra-
chen werden alle verbleibenden Themen als relevant be-
trachtet. Das Thema Serious Games wird zwar schon sehr
lange in der Community diskutiert, bisher konnte aber die
Relevanz fiir den produktiven Einsatz noch nicht erkannt
werden.

Fir das Thema ,,selbstlernende Simulationsmodelle*
sind erste Ideen vorhanden, die Aufmerksamkeit beziig-
lich datenbasierter Themen nimmt in der Community zu,
sie werden aber noch nicht seit Gber 10 Jahren in der
Community diskutiert. Der Einsatz von Virtual Reality
wurde bereits 2013 als (iberzogener Hype eingeordnet.
Technologische Weiterentwicklungen haben dazu ge-
fuhrt, dass die Technologie noch nicht ins Tal der Enttau-
schung gefallen ist und von einigen Befragten immer
noch als relevant beurteilt wird. Deshalb ist weitere For-
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schung notwendig, damit die Relevanz fiir den produkti-
ven Einsatz gewahrleistet werden kann.

Fur die meisten Themen in Abbildung 3 wird die Re-
levanz flr den produktiven Einsatz erkannt oder sie sind
bereits im produktiven Einsatz. So werden marktfahige
Simulationsumgebungen mit doménenspezifischen Bau-
steinbibliotheken fur den Simulationseinsatz angeboten.
Fur die erfolgreiche Anwendung der Simulation stehen
zudem Vorgehensmodelle fiir die Durchftihrung einer Si-
mulationsstudie sowie fiir die Verifikation und Validie-
rung zur Verfugung. Um die Simulationsergebnisse dar-
zustellen, wird die 3D-Visualisierung im produktiven
Einsatz verwendet. Zusétzlich befindet sich der kombi-
nierte Einsatz von Simulation und Datenanalysen (neues
Thema) bereits im produktiven Einsatz. Im Vergleich
zum Jahr 2013 koénnen mittlerweile auch die Modelldo-
kumentation und die automatische Experimentdurchfiih-
rung dem produktiven Einsatz zugeordnet werden. Die
meisten kommerziellen Simulationswerkzeuge verfligen
Uber Funktionen, um automatisiert Experimente zu pla-
nen, Parameter zu variieren und die Ergebnisse zu analy-
sieren. Zudem ist in der Forschung die Aufwandsreduk-
tion bei der Experimentdurchfiihrung weiterhin Gegen-
stand der Forschung (vgl. [8]), wodurch die Relevanz des
Themas weiter bestehen bleibt.

Neben der automatischen Experimentdurchfiihrung
kénnten auch bereits bei der Erstellung eines Simulati-
onsmodells Aufwénde reduziert werden, indem die ma-
nuelle und zeitintensive Modellierung automatisiert
wird. Bereits in der Studie von 2013 wurde die Relevanz

A

Virtual Reality

Selbstlernende
Simulationsmodelle®

Aufmerksamkeit

Serious Games

Domanenspezifische Modellierungssprachen®

mathematische Optimierung

Simulationsbasierte
Steuerungsentwicklung
Referenzmodelle
Automatische
Modellgenerierung

der automatischen Modellgenerierung flr die Praxis er-
kannt. Auch in der Forschung beschéftigen sich seit Jah-
ren einige Autoren mit diesem Thema [9, 10]. Dennoch
hat sich noch keiner der entwickelten Ansétze fur den
produktiven Einsatz bewahrt, da sie hdufig auf einen An-
wendungsfall zugeschnitten und nur mit einem hohen
Aufwand Ubertragbar sind [9]. Zudem ist es schwierig,
das komplexe Systemverhalten von Produktions- und
Logistiksystemen zu generieren, weil die bisherigen An-
sétze bereits Probleme bei der Umsetzung von einfachen
Kontrollflussstrategien haben [9]. Deshalb hat sich wei-
terhin noch kein Ansatz oder Standard im produktiven
Einsatz durchgesetzt.

Ahnlich verhalt es sich mit den Referenzmodellen,
der simulationsbasierten Steuerungsentwicklung und der
Eingangsdatenqualitét, welche sich — trotz der erkannten
Relevanz vor zehn Jahren — noch nicht im produktiven
Einsatz befinden.

Zusétzlich konnten neue relevante Themen fur den
produktiven Einsatz identifiziert werden. So werden die
Emulation und die agentenorientierte Simulation, mittler-
weile im produktiven Einsatz gesehen. Dariiber hinaus
hat inshesondere der Simulationseinsatz im Kontext des
Digitalen Fabrikzwillings in der Forschung und Praxis an
Aufmerksamkeit gewonnen. Trotz einer fehlenden ein-
heitlichen Definition zeigen einige Forschungsarbeiten
die Potenziale einer Anwendung auf [bspw. 11]. Fir die
Uberfiihrung der Technologie in den produktiven Einsatz
ist aber noch Forschungsbedarf vorhanden.

Domanenspezifische
Hierarchische Bausteinbibliotheken

Modellierung
Modelldokumentation

| Simulation und

| Datenanalysen®
|| Marktfahige Simulations-
| und Simulations-

entwicklungs-

umgebungen

—_— Vorgehensmodell fir

— Medellbildung und Simulation
Automatische

™. Expermentdurchfihrung

Verifikation und Validierung

3D-Visualisierung

Simulaticn und

Product Lifecycle Management

™ Integrationslasungen/

Schnittstellenstandardisierung
Eingangsd atenqualitat
Emulation
Simulation und Digitale Fabnkzwillinge®

Agentenorientierte Simulation

Kein Interesse
mehr

Uberzogener

Erste ldeen
Hype

Nicht relevant

[:) < 2 Jahren in der Diskussion @ 2 — 5 Jahren in der Diskussion O & — 10 Jahren in der Diskussion

- pr——— - Zeit
elevanz fur produktiven Im produktiven Einsatz

Einsatz erkannt
. > 10 Jahre in der Diskussion

Abbildung 3: Gartner Hype Cycle fur simulationsbezogene Themen in 2023 (n=35)

191



ASIM 2024 Tagungsband Langbeitrége, 27. Symposium Simulationstechnik, Univ. d. Bundeswehr Munchen, 4.- 6. 9. 2024

5 Fazit

Die Ergebnisse der durchgefiihrten empirischen Studie
zeigen, dass Unternehmen bereits seit vielen Jahren die
ereignisdiskrete Simulation fur verschiedene Einsatzbe-
reiche anwenden. Die Ergebnisse lassen zudem Aussagen
zum Einfluss der Simulation auf die Wettbewerbsfahig-
keit von Unternehmen sowie eine Untersuchung des ak-
tuellen Standes der Simulation und dessen Verdnderun-
gen im Vergleich zum Jahr 2013 zu. Durch den Vergleich
der beiden Studienergebnisse kdnnen Aussagen (ber die
Entwicklung von simulationsbezogenen Themen getrof-
fen werden. Einige der Themen haben in den letzten Jah-
ren einen erheblichen Fortschritt erfahren, was durch die
hohe Anzahl an Themen auf dem Gartner Hype Cycle,
die bereits im produktiven Einsatz sind und einen hohen
Nutzen fir Unternehmen bieten, bestatigt werden kann.

Jedoch gibt es auch Themen, die von den Befragten
nicht eindeutig zugeordnet werden konnen (z. B. Simula-
tion im Internet) oder groRtenteils nicht eingeschétzt wer-
den koénnen (z. B. Modellreduktionsverfahren). Die Po-
tenziale dieser Themen missen durch weitere Forschun-
gen gehoben und ihre Entwicklung weiterverfolgt sowie
durch Forschende publiziert werden. Dartber hinaus gibt
es auch Themen, die sich im Vergleich zu den Studiener-
gebnissen von 2013 nicht weiterentwickelt haben. Fir
diese Themen (z. B. automatische Modellgenerierung)
mussen die themenspezifischen Griinde identifiziert wer-
den, damit auch diese Themen in den produktiven Ein-
satz gelangen. Zudem kénnen auch themeniibergreifende
Griinde — wie bspw. die fehlende Ubertragbarkeit von
Forschungsergebnissen auf andere Einsatzbereiche oder
die fehlende Werkzeugunabhéngigkeit von Unterneh-
men — eine Hirde fir eine breite Anwendung mancher
Themen in der Praxis sein. Fur eine weiterfihrende Ana-
lyse des aktuellen Standes der simulationsbezogenen
Themen kdnnten zukinftig auch die Antworten in Ab-
hangigkeit der UnternehmensgréRe oder Branchen aus-
gewertet werden.

Allgemein zeigen die Studienergebnisse aber wieder
einen positiven Einfluss der ereignisdiskreten Simulation
auf die Wettbewerbsféhigkeit von Unternehmen. Deshalb
kann davon ausgegangen werden, dass sie auch in Zu-
kunft als Analysemethode eingesetzt wird sowie die un-
tersuchten Themen weiterentwickelt und neue Themen
hinzukommen werden.
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Abstract. Process mining is increasingly being used to
gain insights into processes based on operational data.
Recently, approaches have been researched as to how
these findings can be automatically transferred into pro-
cess-regulating actions during system operation to cor-
rect deviations between the actual and target process in
real time. However, the implementation of such action-
oriented process mining mechanisms requires sufficient
testing of the implemented actions in the application to
prevent undesirable side effects in the real system. This
article explains how discrete-event simulation in produc-
tion and logistics can be used to mitigate risks in the con-
text of implementing action-oriented process mining
through the use of an emulation model. For this purpose,
we present simulation-enhanced action-oriented process
mining as well as a proof-of-concept implementation
based on a use case.

Introduction

Discrete-event simulation (DES) has proven itself across
many industries as a planning tool for production and lo-
gistics systems (e.g., see [1][2]). Its application enables
users to analyze "what-if" or "how-to-achieve" questions
by executing simulation experiments during the planning
phase of a production or logistics system. The utilization
of simulation during commissioning or system operation
is less mature, but the potential benefits of using simula-
tion during these system life cycle phases are also appar-
ent (see [3]). In the following, a distinction is made be-
tween the levels of the technical system and the control
system with respect to systems in production and logis-
tics. This distinction can also be made with appropriate
modeling in the simulation application, so that there is a
real technical system, a real control system, a simulated
technical system, and a simulated control system. In the
context of this paper, emulation describes the use of a real
control system being used in a simulated technical system

(other types of coupling are described in [4]). The simu-
lated technical system thus receives the same inputs that
the emulated real technical system would receive, and the
real control system can thus be tested simulatively.

DES can be used in combination with other digital
methods such as process mining, for example, to reduce
the effort involved in creating simulation models, or to
simulatively generate synthetic input data for the appli-
cation of process mining techniques [5]. The added value
of the combined use of both methods has been presented
in the pertinent scientific literature — also for the area of
production and logistics [6].

Process mining is a research area at the intersection
of data science and process science [7]. Process mining
is mainly used to analyze processes based on past opera-
tional data (see [8]) and its use is favored by the increas-
ing prevalence of information technology systems in pro-
duction and logistics [6]. The classic types of process
mining are process discovery, conformance checking
(see Section 1), process enhancement, and more recently,
performance analysis, comparative process mining, pre-
dictive process mining (machine learning-supported pro-
cess mining), and action-oriented process mining (see
Section 1; [7]). These types of process mining have some
overlaps in terms of both methodology and application.

In combination with DES, the combined use of both
methods can be used to gain insights into both the past
and the future. Not part of this given time continuum is
the present and the associated consideration of the com-
bined use of methods during ongoing system operation.
Input data for process mining techniques is convention-
ally stored in so-called event logs (see Section 1 for more
details). The process information stored in these event
logs can be used, for example, to extract models describ-
ing process behavior (process discovery), and to retro-
spectively identify deviations between the target and ac-
tual process (conformance checking). However, for pro-
cess mining to be used in an action-oriented manner in
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the current system operation, the process-related insight
must be gained in real time, i.e., possibly before a process
instance is completed and thus before the complete event
log is generated. Streaming process mining methods (al-
ternatively online process mining) are suitable for this
purpose (see [9]). Streaming process mining analyzes so-
called event streams (see Section 1) instead of conven-
tional event logs [9], thereby gaining knowledge about
process instances even before they are completed and, if
necessary, enabling actions that regulate process in-
stances.

Action-oriented process mining aims to generate
these diagnostic-based actions (see [7]), thereby bridging
the gap between insight and action that conventional pro-
cess mining cannot. However, the implementation of
such action-oriented process mining-based process con-
trol mechanisms has not yet been researched in detail in
the area of production and logistics, and the risks associ-
ated with the implementation of action-oriented process
mining are obvious. For example, in case of failure, test-
ing on the real system may affect its operational perfor-
mance (e.g., due to unforeseen system failures caused by
actions of the action-oriented process mining mecha-
nism). DES could, on the one hand, help mitigate these
risks by generating event streams for different process
scenarios, which are used as input resources for action-
oriented process mining to analyze the different response
actions (e.g., an online adjustment of machine parameters
or job scheduling) as well as their effects. On the other
hand, as an element of decision support, DES can help to
determine the impact of non-conformity with regard to
process instances to gain predictive insights into the nec-
essary process control actions. This enables users to mit-
igate the risks associated with the implementation of ac-
tion-oriented process mining and helps increasing its ef-
fectiveness in practice. Our approach uses simulation as
an emulation model of an underlying technical system to
test an action-oriented process mining mechanism.

The paper is structured as follows: Section 1 explains
the key process mining terms. Section 2 specifies theo-
retical scenarios for simulation-enhanced action-ori-
ented process mining. Section 3 presents a use case based
on a proof-of-concept implementation. The paper con-
cludes with a summary and a research outlook.
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1 Process Mining Terms and
Context

A process in the context of process mining refers to "a
coherent series of changes that unfold over time and oc-
cur at multiple levels" ([10], p. 3). These changes are trig-
gered by events. Event logs record the execution of pro-
cesses based on events that start or end activities. Process
and activity executions represent so-called instances. A
process instance is also referred to as a case. Each case
can be described by a sequence of events or activities,
which is logged as a trace in the event log. In other words,
event logs are a multiset of traces, with each trace being
a sequence of events ([7], def. 3).

Events are assigned to their respective cases using a
corresponding case identifier. Events and traces can be
described in more detail using additional information
(such as resources performing activities). In practical use,
event logs log a finite number of events. Different types
of process mining can then be applied on the basis of
these logged events. Processes (as defined above) can be
mapped and analyzed using process models (e.g., models
in Petri net notation [11]).

Conformance checking can be used to check how
well a process model is able to replay the process behav-
ior observed in an event log. The scientific literature
mentions various conformance checking methods, such
as footprints, token-based replay (for Petri nets), and
alignments [12]. The ability of a process model to repro-
duce recorded process behavior is referred to as its fitness
[8][12] and is the most important indicator for describing
process model quality (the other process model quality
indicators are precision, generalization, and simplicity,
see [12]). On the one hand, conformance checking can be
used to quantify the quality of a modelled or extracted
process model in relation to an event log (i.e., recorded
process behavior). On the other hand, it is also possible
to analyze the conformity of the logged cases in relation
to a normative process model (i.e., a binding model spec-
ifying the target process). This approach of conformance
checking is central to the implementation of simulation-
enhanced action-oriented process mining.

1.1 Streaming Process Mining

The examination of cases using event logs enables an
a posteriori determination of conformity in relation to a
normative process model. However, for a process in-
stance to be corrected during its execution in a production
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and logistics system the conformity assessment must be
carried out a priori with regard to the completion of the
process instance. This requirement can be met by analyz-
ing event streams.

Van Zelst et al. ([13], p. 7) define an event stream as
"a continuous stream of events executed in context of an
underlying business process". An event stream comprises
a — potentially infinite — number of events (as defined
above). The investigation of event streams is the subject
of streaming process mining and includes streaming pro-
cess discovery and online conformance checking [9].
Event stream analysis allows for the processing of very
large event logs (like event logs too large to be stored in
memory) or for continuous monitoring of processes. The
latter is important for our contribution in the context of
production and logistics. In principle, event streams can
be analyzed using conventional process mining algo-
rithms by combining events into batches and then pro-
cessing them like event logs. However, there are also
dedicated algorithms that enable online analyses (e.qg.,
prefix alignments [14] or the analysis of behavioral pat-
terns ([15], see Section 2) for conformance checking).
Van Zelst et al. [13] present an architecture (S-BAR) for
the application of common process discovery algorithms
in online settings using abstract representations. These
techniques focus on the investigation of activity relation-
ships and control flow. In addition, Stertz et al. [16] pre-
sent an approach that analyzes the temporal relationship
between activities using a temporal profile. A temporal
profile contains information about the (stochastically)
expected durations of activities as well as their temporal
distance and a normative process model can be infused
with it to allow the application of temporal conformance
checking (see Figure 1 "temporal items"). A temporal
profile can, for example, be extracted from a normative
process execution log (i.e., a log containing valid traces
of a target process) which contains information about the
start and end times of activities (i.e., start and end events)
or on the basis of expert domain knowledge. New events
are compared with a temporal profile and time-related
outliers are detected by calculating their Z-score [17].
Temporal conformance can also be checked in the event
stream in addition to the control flow view. The approach
in this paper checks event streams based on behavioral
conformance (see [15]) and temporal conformance [16]
to monitor process execution online.

1.2 Action-oriented Process Mining

Streaming conformance checking based on event streams
enables online monitoring of processes. Action-oriented
process mining builds on this and uses streaming process
mining to automatically generate actions based on de-
tected deviations from target processes (i.e., non-con-
formities) that imply risks associated with the violation
of process constraints. In the context of production and
logistics, constraints can be, for example, case-specific
production deadlines that are about to be missed (viola-
tion of temporal conformance) or the prescribed produc-
tion sequences that are not being followed in the ongoing
process (violation of behavioral conformance).

Park and Van der Aalst [18] provide a comprehensive
framework for implementing action-oriented process
mining for business processes with a focus on operational
support (more in [8]). During the execution of business
processes events are logged in a real information system
and an event stream is generated which is then analyzed
by the constraint monitor [18]. The constraint monitor
analyzes the event stream given the abovementioned con-
straints (which, in our approach, are temporal and behav-
ioral constraints), that are formalized in a constraint for-
mula (e.g., in a production setting, one such formula
could evaluate if a product is manufactured given a pre-
scribed production sequence). The analysis of events
given the constraint formulae yields constraint instances
which are then sent as a constraint instance stream to the
action controller [18]. The action controller evaluates the
incoming constraint instances and generates an action
based on the evaluation result and given an action for-
mula [18]. The action formula takes in the constraint in-
stance stream and a time window to produce a set of
transactions (i.e., operations which the underlying infor-
mation system can perform). An example of such an ac-
tion in a production setting would be to increase an or-
der’s priority if production delays (i.e., temporal non-
conformance) are diagnosed.

This paper builds on the framework of Park and Van
der Aalst [18] and extends it with simulation-related
components focusing on the implementation of action-
oriented process mining in production and logistics.

Drieschner et al. [19] present an approach that focus-
ses on simulation as a learning tool for action-oriented
process mining. The similarity between this approach and
our contribution is that both approaches use simulation as
a data generator for process mining (see Section 2). How-
ever, the focus of Drieschner et al. [19] is pedagogical
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and focuses on user interaction. Our approach focuses on
the automated testing of an implemented action-oriented
process mining mechanism. For this purpose, the simula-
tion model emulates the real system and simulation runs
are conducted.

2 Simulation-enhanced Action-
oriented Process Mining

Based on the framework of Park and Van der Aalst [18],
the following Figure 1 shows a possible architecture for
simulation-enhanced action-oriented process mining.
During the execution of a simulation model, a simula-
tion-generated event stream is created whose events are
recorded by an event monitor and evaluated with regard
to their temporal and behavioral conformance. For this
purpose, the approach of Stertz et al. [16] is applied on
the basis of a normative temporal profile and the formu-
lation of temporal constraints to identify temporal outli-
ers within the event stream. Temporal constraints can be
formulated, for example, by target dates that are set for
the completion of an order. If, for example, a processing
activity occurs too late or takes too long, this deviation is
recognized via temporal conformance checking. In addi-
tion, the event monitor monitors the behavioral conform-
ance of incoming events. The behavioral conformance is
assessed by analyzing behavioral patterns (i.e., a set of
activities and possible control flow relations [15]) and a
reference behavioral model (expressed as the set of pre-
scribed behavioral patterns which are expected for the

Temporal Temporal
» Conformance
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s Checking

! ™,
/! \,

Temporal
Imperfections

'-->\ Simulation Model )—P Event Monitor

Behavioral _
Imperfections A

underlying process (see [15]). This is shown as the refer-
ence behavioral model in Figure 1. This granular per-
spective on the control-flow allows an in-vivo analysis of
singular observable behavioral patterns (which can be in-
ferred from events but at a higher level of abstraction)
during process execution and allows for the calculation
of three distinct key indicators (see [15]): Conformance
(indicating the correctness of the observed behavior),
completeness (indicating case progression), and confi-
dence (indicating the expected stability of the conform-
ance).

Checked events are appended to the checked event
stream and relayed to the simulation action controller.
Depending on the event status (i.e., whether an event con-
forms or not), a suitable event routine is selected from the
event routine space and communicated to the simulation
model. Since actions in the (discrete-event) simulation
model are generated by executing event routines, we use
the term event routine space instead of the action space
(cf. [18]). We refer to the simulation action controller as
the component that fulfils the tasks of the action control-
ler (see [18]). If specific behavioral or temporal non-con-
formity is detected for an event, a routine for handling
these deviating events is automatically selected (if an
event conforms, the default event routine is executed).
The described workflow is shown in Figure 2.

The effects of the decisions by the simulation action
controller can then be observed during the remainder of
the simulation runs. Based on the simulation model con-
figuration, event streams containing non-conforming
events, i.e., temporal or behavioral imperfections, can be
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Figure 1: Architecture of the presented approach.
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Figure 2: Information flow of the outlined approach.
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generated during a simulation run to invoke automatic ac-
tions of the simulation action controller, the effects of
which are assessed in the simulation.

This allows the action controller to be thoroughly
tested simulatively before it is implemented in the real

system. Risks relating to the impairment of process
sequences in the real system can be mitigated in this way.
The results of the simulation application can be statisti-
cally validated through systematic experimental design
and, in the context of the implementation of action-ori-
ented process mining, should also capture rare events and
faults that are difficult to observe in real system opera-
tion. The specific number of simulation runs depends on
the specific use case and the number of different scenar-
ios which have to be addressed by the simulation action
controller. This ensures that the system behavior for these
edge cases is also considered in the action controller of
the real system. This is the qualitative added value of the
proposed approach: Based on the execution of simulation
experiments that cover the range of expected cases of

. machine

. stopping point €

process deviations in the real system, action-oriented pro-
cess mining can be implemented without having to make
any changes to the real system. Instead, the simulation is
used as an emulation model for the real control system
and risks associated with the action-oriented process
mining implementation are mitigated.

3 Use Case

The following use case demonstrates the idea behind sim-
ulation-enhanced action-oriented process mining (see
Section 1) using a practical case study and implements
the architecture in Figure 1.

3.1 Application System

The application system is a conveyor system on a univer-
sity laboratory scale, Figure 3 shows the corresponding
simulation model.

Starting from the source conveyor, load units are fed
onto the main conveyor. Load units carry objects that
have an object type that determines the target production
sequence on the machines M1-M6 and one load unit cor-
responds to one case. In addition, there are various stop-
ping points (H1-H7) on the main conveyor, which can
read and write to RFID tags attached to the load units. In
addition to the conveyed object type, other load unit-re-
lated information (attributes) is also stored on the RFID
tags, such as the priority of the order (high/low), the tar-
get time for completion of the order and the next machine
in the object type-specific processing sequence. The ma-

side convevors

sink conveyor |

conveyor switch iloa(l unit

(@ RFID read/write head -+ matenal flow direction

Figure 3: Simulation model of the laboratory system.
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chines are located on side conveyors, which are con-
nected to the main conveyor via conveyor switches. Side
conveyors have a certain load unit capacity and load units
can only be discharged onto a side conveyor if it can ac-
commaodate further load units. At the conveyor switches,
load units with high priority have right of way; for load
units with the same priority, first in first out (FIFO) ap-
plies.

We formalize a workflow net (a Petri net with certain
properties, see [8]), which is a simplified process model
for the behavior of the load units (cases) in the applica-
tion system (Figure 4). The normative workflow net ex-
hibits maximum fitness in relation to the underlying con-
veyor system. However, it enables additional behavior
that is not possible in the real system due to the object
type-specific processing sequences (i.e., its precision is
low). To increase the precision of the model, the formal-
ization of color sets and the introduction of transition
guards would be appropriate. For simplicity, however, we
decided not to include a colored Petri net of the load unit
process. Starting from the source (‘exit_source"), the var-
ious stopping points on the main conveyor are controlled
and logging events are fired ('log_at_H*").

Depending on the conveyed object type on the load
unit, its processing progress and the availability of side
conveyor capacity, the load units are processed at the ma-
chines (‘processing_on_M*") or conveyed in a waiting
loop. Skips are modelled as silent transitions; load units
that cannot be processed at their destination machine will
still pass the subsequent stopping points on the main con-
veyor (i.e., it is not possible to skip logging activities,

MH1end -> M1start, OH1end -> M1s

exit_source

sing_on_M1

proces

which is coherent with respect to the layout in Figure 3).
Furthermore, the process model is infused with a tem-
poral profile, which is based upon domain knowledge
about the controls of the reference system. For clarity, we
graphically omit the temporal distances between all ac-
tivities and activity (transition) durations (examples for
both are highlighted in blue in Figure 4).

3.2 Use Case

The goal of the use case is to illustrate how the approach
can handle incorrect processing sequences (behavioral
non-conformance) and processing delays (temporal non-
conformance) and how automated actions can address
them.

Due to the stochastic order loading of different object
types, congestion of load units can occur in the system,
which delays the processing of orders. Furthermore, it is
assumed that the reading of the RFID tags — which are
placed on the load units — is not always error-free, and
that read and write errors can occur. A case is considered
compliant if its processing sequence corresponds to the
target processing sequence of its object type and the order
is completed in time. If the target processing sequence is
violated, the event monitor detects this deviation as be-
havioral non-conformance. Delays related to the pro-
cessing of load units may lead to the detection of tem-
poral non-conformance (see Section 2). In case of behav-
ioral non-conformance, rerouting to the original target
machine is defined as an automated action in the action
space of the action controller.

In case of temporal non-conformance, the priority of

log_at_H2 processing_on_M2
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1 - 1
; Transition I:II

1

1
I Silent transition I:
|
1

1
| Arc - |

1

! Tem poral n
information

L 1

enter_sink

Figure 4: Workflow-net of the load unit process.
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a load unit must be increased if there is a delay so that it
can be routed to the conveyor switches more quickly if
necessary. In the event of temporal non-conformance of
a processing activity, it must also be assumed that a ma-
chine requires maintenance. A maintenance worker
should therefore be sent out in this case to carry out the
maintenance as quickly as possible.

3.3 Technical Implementation

We implement the architecture from Figure 1 using
AnyLogic 8 and open-source process mining software
systems. Figure 5 shows the proof-of-concept implemen-
tation.

AnyLogic Simulation
Model
Exported .
X Model invokes action
RL Experiment
Template
take action next event
Alpyne
relay event routine 1 init: simulation
Simulation configuration
Action
Controller
chooses event
Simulation Controller routine communicate
check results

observed event |
Event Monitor

temporal check

behavioral check

Temporal Behavioral
Conformance Conformance
Checker ' Checker

Single Aggregated ’
(PM4Py) Bent | ™| TEvent (pyBeamline)
Dataframe Dataframe
init: temporal 7 init: behavioral
profile profile

(Python) Jupyter Notebook

Figure 5: Structure of the proof-of-concept implementation.

First, a simulation model is built and an experiment
template is implemented. The current AnyLogic software
ecosystem provides a template for Reinforcement Learn-
ing (RL) (i.e., the possibility to define observations, ac-
tions and configurations) which can be adapted because —
similarly to RL — our approach utilizes the observation
and action capabilities in the simulation context.

Therefore, we repurpose the RL pipeline to imple-
ment simulation-enhanced action-oriented process min-
ing. The simulation model containing the experiment
template is exported to a standalone (Java) model, which
is bi-directionally linked to a Python Jupyter Notebook
using the Alpyne software library [20]. The exported

model is configured to invoke actions based on certain
key events, those being the logging events shown in Fig-
ure 4 at the stopping points (H1-H6). Whenever a logging
event occurs, the simulation engine pauses the simulation
run and passes the events to the Python simulation con-
troller, which implements Alpyne as its simulation inter-
face. The observed event is then relayed to the event
monitor which transforms and logs the observed event in
a Pandas (https://pandas.pydata.org/docs/) Dataframe ob-
ject (‘Single Event Dataframe’) to perform temporal and
behavioral conformance checking. Software systems for
the implementation of streaming conformance checking
(the central component of the event monitor) are cur-
rently only available to a limited extent (see [21]). The
comprehensive Python-based open-source framework
PM4Py [22] implements the temporal conformance
checking approach of Stertz et al. [16]. Burattin [21] pro-
vides an open-source streaming process mining software
named Beamline, which is available for Java and Python
(pyBeamline). Our work implements pyBeamline’s be-
havioral conformance checking [15][21] and provides a
compact implementation. Based on a reference event log
(which can be generated, for example, by simulating the
workflow net shown in Figure 4 or by exporting traces
from a valid simulation model after the warm-up phase)
a normative behavioral model is initially mined with py-
Beamline and new event instances are checked against it.
In order to assess the behavioral conformance of a run-
ning case, we implement a second Dataframe object to
which each event is appended (technically, at each itera-
tion the ‘Single Event Dataframe’ and the ‘Aggregated
Event Dataframe’ are concatenated). This step is compu-
tationally costly but necessary to contextualize events
with regard to the previous events of their running case.
Furthermore, each event is checked against the temporal
profile of the normative process which is created using
PM4Py (the computation of a temporal profile requires
start and end timestamps for activities). The PM4Py im-
plementation additionally requires floating point num-
bers as timestamps whereas other algorithms often work
based on datetime formatted timestamps. After conform-
ance checking, the results of the check are relayed to the
simulation action controller which then chooses an ap-
propriate event routine (action). If the event monitor does
not register non-conformance, the default routing logic is
applied to the load unit (see Section 3.1). If, for example,
the event monitor detects that a case is being processed
late (temporal non-conformance), the simulation action
controller increases its priority to enable faster transport
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to the processing machines. After selecting a suitable ac-
tion, it is communicated to the simulation model via Al-
pyne and the simulation engine continues the simulation
run. The control logic of the simulation can be modified
by the simulation controller (with appropriate implemen-
tation in the simulation model) to specifically generate
non-conforming events, for example by generating mis-
reads at the stopping points with a predetermined proba-
bility, which ensures that load units are incorrectly
ejected or not ejected. In this way, the components of ac-
tion-oriented process mining can be specifically checked
within the framework of simulation experiments with re-
gard to their ability to detect and recommend and thus
their suitability as operational support before they are im-
plemented in the real system (see Section 2). This avoids
risks associated with undesirable side effects in reality.

4 Summary and Outlook

This article presents a combination approach of discrete-
event simulation and process mining, in which a simula-
tion model is used as an emulation model for the imple-
mentation of action-oriented process mining. The quali-
tative added value lies in the mitigation of risks associ-
ated with the automated process-regulating actions in
production and logistics systems. Furthermore, the use of
simulation allows the introduction of targeted imperfec-
tions to improve the testing of action-oriented process
mining mechanisms. However, the current results can
only be seen as a starting point for subsequent research
challenges. These concern, among other things, the incor-
poration of a more dynamic action space and the explicit
consideration of data and information quality. The cur-
rent implementation uses a rules-based mechanism for
generating event routines because the underlying use
case is of lower complexity than industrial systems.
Herein lies a limitation of the proposed approach. Possi-
ble research directions in this context include the explo-
ration of action spaces using RL (since the current soft-
ware implementation is already predestined for it). The
consideration of data and information quality is crucial
for the successful combined use of simulation and pro-
cess mining and is therefore a subject for future research
as well. Furthermore, the quantitative added value of the
presented approach has yet to be shown in more complex
production and logistics settings in subsequent studies.
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Abstract. This paper explores the application of multi-
agent reinforcement learning using the Proximal Policy
Optimization (PPO) algorithm for resolving deadlocks in
material flow systems with Automated Guided Vehicles
(AGVs). A multi-agent strategy that optimizes the dynam-
ics and interactions of multiple AGVs in real-time is imple-
mented. The integration of the Population Based Training
(PBT) algorithm from Ray enables continuous adaptation
and improvement of learning processes. Subsequent
modifications to the reward system have also been imple-
mented to enhance the model's efficiency and effective-
ness. The efficacy of the proposed approach is evaluated
using a material flow simulation for a real industrial use
case. The results demonstrate significant improvements
in reducing collisions and increasing throughput within
the system. This study highlights the potential of multi-
agent reinforcement learning and specifically the PPO al-
gorithm, to enhance the performance and efficiency of
material flow systems with AGVs.

Introduction

Industries increasingly rely on automated systems for
production and logistics, which brings about complexity
in management, particularly with deadlocks where auto-
mated guided vehicles (AGVs) block each other, halting
operations. Traditional methods to resolve these dead-
locks (Xu et al. 2014; Hussain et al. 2015), such as wait-
ing or rerouting AGVs, are inadequate for larger systems
due to scalability and adaptability issues. This paper pro-
poses that Reinforcement Learning (RL), especially
Multi-Agent Reinforcement Learning (MARL), can ef-
fectively address these challenges. It focuses on the

Proximal Policy Optimization (PPO) algorithm, com-
bined with Population Based Training (PBT) and tar-
geted reward adjustments, to develop a robust and safe
system for multi-agent environments.

The paper is organized as follows: Following a com-
prehensive literature review in Chapter 1, Chapter 2 de-
scribes the used simulation environment, the specific
challenges faced throughout the project and how they
were addressed. Finally, Chapter 3 presents and discusses
the obtained results, while lastly chapter 4 outlines per-
spectives for future research directions and the further de-
velopment of the model.

1 Literature

1.1 Reinforcement Learning

Reinforcement learning (RL) is an area of machine learn-
ing in which an agent learns to make decisions by inter-
acting with its environment. This learning paradigm has
evolved considerably since the seminal work of Sutton
and Barto (1998). At its core, RL is about developing a
strategy or policy that maximizes the agent's cumulative
long-term reward based on the actions it takes in different
states.

The application of RL in complex decision-making
tasks, has shown promise in the past. The ability of RL to
learn from experience and adapt to dynamic environ-
ments makes it ideal for dealing with the uncertainties
and complexity associated with such systems (Zhang et
al. 2021; Choi et al. 2022).

The difference between Multi-Agent Reinforcement
Learning (MARL) and Single-Agent Reinforcement
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Learning (SARL) lies in the number of agents that learn
and make decisions in the environment. While SARL fo-
cuses on scenarios in which a single agent controls all
AGVs, MARL deals with situations in which multiple
agents act simultaneously. MARL is particularly relevant
to the problem of deadlocks in logistics systems, as it
considers the interaction of multiple AGVs and can de-
velop strategies for cooperative behavior to effectively
avoid or resolve conflicts and deadlocks [Stone & Ve-
loso, 2000].

1.2 Proximal Policy Optimization (PPO)

The Proximal Policy Optimization (PPO) algorithm, pre-
sented by Schulman et al. (2017), is a further develop-
ment in the family of policy gradient methods in RL. PPO
aims to improve the stability and efficiency of the learn-
ing process by finding a balance between the agent's ex-
ploration ability and the utilization of what has already
been learned. In contrast to its predecessors, such as the
Trust Region Policy Optimization (TRPO) algorithm,
PPO offers a simplified yet effective method for policy
optimization, making it particularly suitable for use in
dynamic and complex environments such as those found
in automated logistics systems.

1.3 Population Based Training (PBT)

Population Based Training (PBT) is an approach for hy-
perparameter tuning that combines the advantages of ge-
netic algorithms and hand-guided optimization. Devel-
oped by Jaderberg et al. (2017), PBT enables adaptive
and time-efficient optimization of the learning processes
of Al models. PBT dynamically adjusts hyperparameters
as the model is trained, leading to a continuous improve-
ment in model performance. The main benefit of PBT lies
in its ability to adapt to changing conditions within the
training environment. Compared to conventional hy-
perparameter tuning methods, optimal configurations are
achieved more effectively and quickly.

By combining these advanced techniques - MARL
with PPO and dynamic adaptation through PBT - this
project aims to develop a robust system for automated lo-
gistics that can avoid deadlocks while increasing the ef-
ficiency and reliability of the overall system.

2 Simulation Model

There has been a growing interest in using RL for dead-
lock resolution in intralogistics systems. In (Mdiller et al.
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2022; Jelibaghu et al. 2023), the authors proposed a dead-
lock resolution method using a single RL agent. The
agent was trained to learn how to resolve deadlocks by
observing the states of the system and taking actions that
lead to desired outcomes. The agent was able to achieve
high levels of deadlock resolution and collisions avoid-
ance in (Mller et al. 2022).

As part of the research project, a real-world applica-
tion for an AGV system was considered and modelled in
Plant Simulation (cf. Figure 1). The application is a high-
bay warehouse with five aisles that the AGVs can only
enter and exit from one side (dead ends). There are three
AGVs available that have the task of moving pallets from
the goods receipt, where the orders are created automati-
cally and assigned to the AGVs (well known as dispatch-
ing), to the high rack. At the beginning the AGVs are lo-
cated at the park station. A deadlock situation is shown
in Figure 1. The deadlock occurs because the AGV01
currently located on the STR02 wants to enter aisle02. At
the same time, the AGV02 wants to leave aisle02. The
simulation model is a digital twin of the logistics system,
enabling scenario testing and performance optimization.
It tracks material movement and component performance
to identify bottlenecks and improvement areas.

Park station or
E W Charging station

T ahkol
delivery point :

1 e

| dead ends I

iwo-lane paths

goods receipt

Figure 1:lllustration of a deadlock with three AGVs at the
beginning of dead ends

The AGVs are controlled by an artificial neural net-
work, which is implemented using Python code and con-
nected to the simulation model and the AGV agents via
the COM interface.

We decided to reduce the complexity of the environ-
ment, by reducing the number of agents to two. This ad-
justment aimed to provide a clearer view of how well our
agent could learn and adapt, allowing for a more detailed
observation.

To track the hyperparameters and the progression of
rewards throughout the training, we utilized Weights &
Biases (wandb). This platform enabled us to gain insights
into the performance of our model and observe the
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development of hyperparameters over the course of train-
ing. These adjustments resulted in clearer and more in-
formative training progressions, allowing for more thor-
ough analyses of the model's behavior and effectiveness.

In Table 1 we present the initial setup of training con-
figurations, action space and reward system, to show the
baseline from which we began observing and adjusting
the models performance and learning abilities.

As Table 1 shows, at first the trials of the trainings
were carried out serially and not in parallel. This had a
considerable influence on the hyperparameters.

Training configurations

Episodes per training 300

Steps per epsiode 2000

Trials per training 5

Concurrent trials 1

Perturbation interval 5

Observation Space

General ID of the considered
AGVs

For each agent i x and y position of
agent i
Current  speed of
agent i

x and y position of the
target destination of
agent i
Action Space
MoveForward,
MoveBackward,
Stop
Reward-System
Perform action -1
Pick up order +100
Complete order +5000
Not-loaded agent exits aisle | +10
Agent enters occupied aisle | -10

Possible actions

Loaded agent exits aisle -10
Table 1: Summary of initial action space and reward-sys-
tem

3 Experiments and Results

Our work builds on the work of (Midller et al. 2022;
Jelibaghu et al. 2023). We propose a deadlock resolution

method using a team of RL agents that is based on a real-
world intralogistics system. We aim to evaluate our
method on a number of different scenarios and demon-
strate that it is able to achieve high levels of deadlock
resolution and performance enhancement. In Figure 2 we
show the MARL functionality. Compared to Single
Agent Reinforcement Learning (SARL), the MARL ap-
proach is a decentralized approach. This means that each
AGYV is considered as an independent decision maker.

—’{51.1'1"‘ agent, %‘
1

action;
Sy, > agent; |=———

H

Environment —

agents

Figure 2: Agents in a multi-agent reinforcement learning
(MARL)

In the initial phase of our study, we set out to inten-
tionally provoke a deadlock scenario by initializing two
or five agents and assigning the same drop-off location
within the warehouse for the first ten orders. This ap-
proach quickly proved to be too aggressive or challeng-
ing, as it led to the AGVs consistently getting stuck. The
high number of AGVs and task concentration offered lit-
tle room for exploration. The resulting constant number
of deadlocks highlighted the inadequacy of such a com-
plex setup. Making it difficult to observe and understand
the behavior of the reward system, the hyperparameters,
and the learning efficacy of our agents.

The analysis is divided into five distinct sections to
reflect the evolution of our model through various stages
of adjustments.

Initially, the investigation begins with an examination
of results obtained from the baseline setup, which repre-
sents our model's performance under initial conditions
without any alterations to the reward system or hyperpa-
rameters tuning strategy. This foundational setup, shown
in Table 2, is crucial for establishing a benchmark against
which the impact of subsequent modifications can be
measured.
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Hyperparameter Search Search space
space
function
Minibatch size Randint [4; 4000]
SGD-iterations Randint [3; 30]
Clip-parameter Uniform [0.1; 0.3]
Learning rate Uniform [0.000005; 0.003]
KL-Coefficient Uniform [0.3; 1]
KL-target range Uniform [0.003; 0.03]
Discount factor y | Uniform [0.8; 0.9997]
GAE parameter 2 | Uniform [0.9; 1]
Value function co- | Uniform [0.5; 1]
efficient
Entropy  coeffi- | Uniform [0; 0.01]
cient

Table 2: Hyperparameter search spaces and functions

After establishing a baseline understanding, the focus
shifts to the outcomes following strategic adjustments to
the reward system. This part dives into how modifying
the reward parameters influences the learning trajectory
and decision-making processes of the agents.

The following part of this chapter explores the effects
of refining the tuning mechanism. It examines how the
implementation of a more dynamic and responsive tuning
approach impacts the model’s performance.

Lastly, we show the ability and the potential of our
model to reduce the number of collisions while increas-
ing the number of completed orders. This gives an out-
look on the capability of the model to successfully re-
solve deadlocks.

Baseline Setup

We begin by examining the performance of one agent
(SARL) before expanding our analysis to a scenario in-
volving two agents (MARL). To be clear, we built the
following scenario. First we ran and analyzed 1 agent in
the environment and then we took the same model and
increased it to 2 agents. Figure 3 shows the result of the
analysis. We use the result of the single agent as a bench-
mark. We analyze the maximum rewards achieved during
the training. This metric is indicative of the agent's ability
to optimize its behavior within the environment, with the
highest reward in a series of trials representing the peak
efficiency reached by the agent. Out of five trials con-
ducted during this phase, only the best-performing trial is
considered for detailed analysis. This selection criteria
ensures that we capture the agent's optimal performance
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potential under the baseline settings (cf. Table 1).
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Figure 3: Max reward during training with multi agents

In the initial graphical analysis, contrasting perfor-
mance outcomes between single-agent and dual-agent
setups provide insightful revelations about their opera-
tional efficiency within the simulation. The Figure 3 re-
fers to 1 agent and 2 agents results. 2 agent refers pre-
cisely to the accumulated reward of 2 agents. Initially, it
might be assumed that the single agent would outperform
due to its sole occupancy of the environment, facing no
competition or interference. However, our findings show
a different picture; the dual-agent setup achieved a higher
maximum reward (cf. Figure 3). It demonstrates the cu-
mulative advantage of having double the number of steps
available compared to a single agent. This increased ac-
tion potential, combined with effective learning behavior,
indeed resulted in higher rewards for the dual-agent train-
ing scenario. It emphasized the significance of collabora-
tive efforts in navigating complex environments.

Despite having twice as many steps at their disposal,
the fact that the dual agents did not achieve double the
reward of a single agent can be directly attributed to the
escalated complexity introduced by their interaction.
This complexity presents both challenges and opportuni-
ties for learning and optimization, highlighting the deli-
cate balance between cooperation and competition in a
shared environment.

Upon closer examination across all five trials for each
training setup, it becomes evident that the two-agent
model not only outperforms the single-agent framework
in terms of maximum rewards but also in cumulative
mean reward. This shows that the enhanced learning out-
comes facilitated by multi-agent interactions are signifi-
cant. The shared policy learning dynamic allows the sys-
tem to benefit from a richer set of information for policy
adjustments. This increases the likelihood of achieving
successful, stable training outcomes.
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Reward System

Table 3 shows the updated reward system, detailing the
strategic modifications made to enhance navigation in the
simulated environment. These changes were strategically
implemented to swiftly move agents out of the aisles,
thereby reducing potential deadlocks and easing traffic
congestion.

Reward-System
Perform action -1
Unloaded AGV performs -5
MoveForward on aisle
Unloaded AGV performs -5
MoveForward on aisl
Unloaded AGV performs +2
MoveBackward on aisle
Pick up order +100
Complete order +5000
Unloaded AGV exits aisle +25
Loaded AGV exits aisle -10
AGV enters occupied aisle -10
Unloaded AGV enters aisle -50

Table 3: Adjusted reward-system

This refinement entailed modifying the existing
movement incentives for “MoveForward”, “MoveBack-
ward”, and “Stop” actions, which are integral to the
agents' navigation through the simulation environment.

The standard penalty assigned to any step taken re-
mained set at -1, preserving the agents' motivation to
minimize unnecessary movements. However, to promote
more efficient behavior post-order completion, executing
a “MoveForward” or a "Stop” action was assigned a
larger penalty of -5, while a reward of +2 was allocated
for a “MoveBackward” action. This careful calibration of
rewards and penalties was designed to maintain a balance
where agents are discouraged from counterproductive
movements without overshadowing the adverse implica-
tions of such actions, thereby sustaining the learning im-
pact.

To further encourage the desired behavior, the action
of successfully exiting an aisle was assigned a higher re-
ward of +25. Conversely, to deter agents from exploiting
this system by repeatedly entering and exiting the aisle
without carrying a load, a hefty penalty of -50 was im-
posed on unloaded travel on the street. This modified in-
centive system was implemented to guide the agents to-
wards behaviors that enhance overall efficiency in the

logistics environment.

4 2ot =
9000000000004
200000 ¢
. ' v
150000 |40 By 000000000000
2 ;
$ 100000 |§
: !
50000
0 step

0 50 100 150 200 250 300

Figure 4: Max reward of training with new reward setup.

Figure 4 illustrates an improvement in the maximum
reward output compared to Figure 3, which represents the
results from the initial setup. This enhancement confirms
that the modifications to the reward system have been ef-
fective, showing a positive impact on the overall perfor-
mance.

Hyperparameters

In our exploration of hyperparameters and the implemen-
tation of the tuning process, the utilization of the Popula-
tion Based Training (PBT) algorithm played a pivotal
role. Despite careful inclusion of all relevant parameters
within the PBT tuner, along with the definition of search
spaces and corresponding search functions, it was noted
that several values remained at their initial setting
throughout the training period. This phenomenon of no
adaption applied to all hyperparameters except for the
clip coefficient. Unexpectedly, the clip coefficient exhib-
ited variations that extended beyond the predefined
search space boundaries. At the start of each trial, a ran-
dom value for lambda was selected from within the
search space, establishing the initial conditions under
which each trial would proceed.

To leverage the full capabilities of the PBT mecha-
nisms, we adjusted the number of concurrent trials to
five, allowing for simultaneous training of all trials. This
setup positioned each trial as an integral component of
the PBT's population, fostering a dynamic learning envi-
ronment. The perturbation interval, set at every five epi-
sodes, served as a benchmark for evaluating and compar-
ing trials. This interval determined the feasibility of con-
tinuing a trial based on its performance. This necessitates
adjustments to align with more successful trials or termi-
nating trials that failed to show promise. It should be
mentioned here that training the trials in parallel leads to
significantly longer training times and to a partially
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incomplete recording of the courses in wandb.

This strategic approach aimed to optimize the learn-
ing process by facilitating real-time adaptations and fos-
tering a competitive yet collaborative environment
among the trials. The performance outcomes, captured in
Figure 5, illustrate the impact of these adjustments on the
model's learning efficiency.

Due to gaps in data collection for these parallel trials,
the data of some trials was not fully tracked by wandb.
Follow several reasons can be attributed: Technical Is-
sues, System Overload, Network Interruptions, Human
Error and Software Bugs. Nevertheless, the results in
Figure 5 showcase clear improvement in the collected
max-reward, compared to the baseline setup with serial
trials (Figure 3). These results suggest that parallel train-
ing, despite requiring longer training durations, has a pos-
itive impact on the agents' performance. Such high-re-
ward instances demonstrate the potential benefits of con-
ducting training in parallel. It demonstrates that this ap-
proach can significantly enhance the learning outcomes
and operational efficiency.

The primary advantage of conducting parallel trials in
PBT lies in the dynamic adjustment of hyperparameters
in real time. While most parameters remained constant
during serial trials, the training involving parallel trials
saw dynamic adaptations. This leads and enhances learn-
ing behaviour, making the training process more effec-
tive. By terminating less promising trials, the algorithm,
ensures that no resources are wasted on prolonging the
training time unnecessarily. Thereby, it puts the focus on
the most promising configurations.

Lr Kl target Clip param

Entropy coeff

Entropy

training methodologies.

Figure 6 provides a detailed visualization of the hy-
perparameter values across all trials. It is evident that
many trials exhibit similar or identical hyperparameter
values, which is consistent with the observation from se-
rial trainings that hyperparameters tend to remain con-
stant. Nevertheless, the trials that underwent dynamic ad-
justments generally show improved performance, rein-
forcing the advantage of real-time hyperparameter tun-
ing. However, this does not negate the possibility of
achieving good performance in serial trials, as previously
demonstrated.
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Figure 5:Max reward of training with 2 agents and concur-
rent trials

When analysing the hyperparameters of the parallel
training trials, it is essential to recognize that the values
presented represent only the average due to the dynamic
adjustments made during the process. From these aver-
ages, it is observable that a higher entropy coefficient,
which introduces more randomness into the decision-

Episode
reward max

lambda_

gamma vf loss coeff

Figure 6: Hyperparameter ranges and their impact on the max reward

This approach allows for the rapid identification of supe-
rior hyperparameter configurations compared to manual
tuning, The capability to dynamically adjusting and re-
fining the training process in real time represents a piv-
otal shift towards more agile and responsive agent
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making process, can be beneficial to the results. An in-
crease in entropy generally encourages exploration,
which can prevent the agents from getting stuck in subop-
timal behaviors.

Furthermore, a slight uptick in the learning rate,
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paired with a reduced clip parameter, appears to be ad-
vantageous. The learning rate determines how quickly
the model adapts to new information, while the clip pa-
rameter helps in stabilizing the policy update. Adjusting
these parameters could lead to a more efficient learning
process by balancing the rate of adaptation with the sta-
bility of learning. However, pinpointing the exact values
that yield the best performance is challenging, as a wide
array of configurations have resulted in favorable out-
comes. Therefore, while certain trends in hyperparameter
adjustments can be identified as generally positive, the
diversity in effective configurations emphasizes the com-
plexity and adaptive nature of the learning environment.
This variability shows the need for a comprehensive hy-
perparameter search when tailoring the model to maxim-
ize performance.

Collision avoidance

In the final section of the analysis, we demonstrate the
capability of our model to not only avoid collisions but
also to reduce their occurrence over the course of train-
ing, while simultaneously enhancing the throughput of
completed orders. We present three Figures to illustrate
these developments: Figure 7 displays the reduction in
the number of collisions throughout the training sessions.
Figure 8 shows the corresponding increase in the number
of successfully completed orders. These completed or-
ders lead to the reward shown in Figure 9.
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Figure 7: Number of cumulative collisions of 2 agents
during training process
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Figure 8: Number of cumulative completed orders of 2
agents during training process

These figures clarify that the MARL approach

effectively enhances operational efficiency by increasing
throughput and minimizing disruptions caused by colli-
sions. Furthermore, these results indicate that the model
possesses significant potential to avoid and resolve dead-
locks, as collisions and deadlocks present very similar
scenarios within our simulations. This demonstrates sub-
stantial improvements in both safety and efficiency of the
AGV-fleet.

RT
100000
80000
2
£ 60000
&
40000
20000

Episodes

Figure 9: Accumulated reward of 2 agents during train-
ing process

Testing phase

Eventually, we wanted to verify the policy our agents
have learned over the period of training. Therefore, we
established checkpoints to capture and store the policy
and hyperparameter configurations learned by the agents
at specific training stages. By reloading these check-
points into a model, we were able to verify that the agents
were indeed learning. During the 100-episode learning
phase the agents were still allowed to continue exploring,
with the data loaded from the checkpoints serving as
starting points for further learning and adaptation.

Collisions
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Figure 10: Number of cumulative collisions of 2 agents
during testing phase
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Figure 11: Number of cumulative completed orders of 2
agents during testing phase
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Figures 10 to 12 offer a clear visualization of the out-
comes from the checkpoints applied during our testing
phase. Figure 10 illustrates the cumulative number of col-
lisions, which have remained consistently low from the
beginning of the testing phase, suggesting that the colli-
sions are well-managed throughout the training. Figure
11 shows the cumulative number of completed orders,
where it is evident that the orders are completed at a high
rate, consistently ranking in the upper performance tiers
of our training data. Lastly, Figure 12 shows the cumula-
tive rewards occrued, which are also high from the outset
of the testing phase. These visuals collectively demon-
strate that the checkpoints contain effective policy and
hyperparameter configurations, and that the agents did
not require a reset or additional exploration phases to
achieve these results. This underscores the robustness
and efficiency of the learning mechanisms we have im-

plemented.

RT
100000

80000
E 60000
2
&
-4

40000

20000

Episodes

Figure 12: Sum of collected reward of 2 agents during
testing phase

3 Conclusion and Outlook

In summary, this study has demonstrated that the Proxi-
mal Policy Optimization (PPO) approach coupled with
Population Based Training (PBT) for hyperparameter
tuning is suitable for efficiently coordinating AGV fleets
to reduce collisions and deadlocks and thus throughput to
increase. Possible extensions of the approach address the
question of how to increase the number of agents. This
will allow us to better understand the scalability of our
approach and to refine the interplay between agents. Fur-
thermore, we plan to experiment with different configu-
rations of the perturbation interval, a critical mechanism
in PBT that can significantly influence learning out-
comes. In parallel, further adjustments to the reward sys-
tem are on the horizon. These modifications aim to en-
hance the learning process even more, and we intend to
evaluate the impact of these changes, especially when
combined with parallel trials. With these adjustments, we
anticipate uncovering even richer insights into the
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model's performance. While our findings have shown
promise, the capabilities of our model and the process of
refining its performance is ongoing. There are still many
opportunities to further improve the model and gain
deeper understanding, driving the evolution of AGV co-
ordination in logistics.
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Abstract. The quest for a simulation scheme that com-
bines the preciseness of the PDEVS formalism with the
ease of use of standard simulation environments has
lead to the definition of NSA-DEVS, which has meanwhile
been shown to provide a useful basis for real-world appli-
cations. A set of modeling and simulation tools for NSA-
DEVS is freely available that uses Matlab as programming
language and the graphical editor of Simulink for the con-
struction of complex models from simple atomic compo-
nents.

To demonstrate that these tools are ready for gen-
eral discrete-event based applications, the implementa-
tion of a textbook example is presented in some detail.
It is shown that components that are necessary for a
transaction-oriented style can be modeled easily, leading
to a comprehensible model with a solid mathematical ba-
sis.

Introduction

For modeling and simulation using the discrete event
approach, practitioners can choose between a lot of
commercial simulation environments, which provide
users with a wide range of components and helpful tools
[1]. However, the behaviour of complex models can
sometimes be different than expected, especially be-
cause the documentation often does not provide all nec-
essary details. In such situations users generally build
a toolset of workarounds to make things work. But this
often leads to conceptual problems and does not deepen
the understanding of the precise behaviour of a model
[2].

On the other hand, one could start instead with a
precise description of the model and its components, us-
ing the well-established PDEVS formalism [3]. There
are even a few free tools that provide a user-extensible
set of DEVS-based components and a graphical user
interface for combining components to build complex
models [4]. But Preyser et al. have shown in [5] that
the way, how PDEVS uses transitory states (i. e. states
with lifetime 0), makes it hard to define some simple

reusable components, especially when they show Mealy
behaviour. Therefore they proposed a revised version of
the PDEVS formalism [6] that allows for the direct de-
scription of Mealy components.

However, this formalism still has problems with
chains of concurrent events [7]. Therefore it has
been extended to NSA-DEVS (Non-Standard Analysis
DEVS), which solves these difficulties by formally in-
troducing infinitesimal delays. This idea has been ana-
lyzed thoroughly in [8, 9] and used to implement a large
real-world example [10]. A corresponding simulation
environment has been built, which contains graphical
tools and a growing library of components. It is based
on Matlab and the graphical editor of Simulink and is
freely available from [11].

Since this article is primarily an invitation to use
these new tools for modeling and simulation in discrete-
event based studies, it concentrates on practical aspects,
not on the underlying mathematical formalism. After a
short definition of NSA-DEVS and a recapitulation of
previous results, the structure of the tools and the basic
workflow for concrete studies will be presented in some
detail. A basic example from Law’s textbook [12] will
illustrate how to implement and apply components for
standard entity-based applications.

1 Definition of NSA-DEVS

Like the PDEVS specification, the NSA-DEVS formal-
ism describes two types of models: atomic models,
which are the basic components, and coupled models,
which combine atomic and coupled models in a hierar-
chical structure.

An atomic model (cf. Fig. 1) is given by a set X of
input ports, each with a name, a similar set ¥ of out-
put ports, a set S of internal states and an input delay
time 7. Each state s has a lifetime, given by the time
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> L@ A(s.e.x) Y
()

Figure 1: Dynamics of an atomic component.

advance function ra(s). The behaviour is given by the
output function A, which defines output values y, and
the transition function &, which computes the next in-
ternal state. Both functions depend on three values: the
current state s, the elapsed time e since the last transi-
tion and the input values x. When an external event, 1.
e. a set x of input values, occurs at time 7, A is called
at time 7 + 7, followed by an immediate call of 6. An
internal event, i.e. a state change after a waiting time
ta(s), leads to a direct (undelayed) call of A and §.

The essential modification of NSA-DEVS is the in-
troduction of the input delay together with extended
time values: Introducing an infinitesimal value € > 0,
times are defined as values of the form a 4 be. The de-
lay time is usually defined as T = € and only changed
at rare occasions to guarantee a given order of events.
Furthermore, the lifetime of states can never be 0, but
an “immediate” (transitory) state change needs at least
an infinitesimal time 7p.

A coupled model is basically a set of several lists
that describe the submodels used (atomic or coupled),
the input and output ports of the coupled model and all
connections between the submodels and from or to the
ports of the coupled model. Inputs of a coupled model
are immediate, i. e. they have no additional input delays.

2 Current Status of NSA-DEVS

The fundamental insight of [5] was that while the basic
PDEVS formalism is sufficient to model any discrete-
event based system, this is generally not possible with
every reusable component. After the definition of NSA-
DEVS one had therefore to show that it was up to this
task.

The first step was the definition of a corresponding
abstract simulator [8]. According to the DEVS philoso-
phy, the simulator is actually part of the definition of
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the formalism. It adds a semantic layer to the static
definition of models by defining their exact behaviour.
In a next step [9], a set of standard examples was de-
fined formally and implemented using simple reusable
atomic components. A special point of interest was,
how one can define the infinitesimal parameters intro-
duced by NSA-DEVS in a simple and systematic way.
This was studied further with a large real-world exam-
ple in [10] consisting of 391 atomic and 88 coupled
models in 5 hierarchical levels. It contained 391 input
delay times T and 12 additional delays 7p for transi-
tory states. Its construction has been simplified by the
introduction of a graphical model builder, which uses
Simulink for the definition of coupled models.

In the course of these investigations, a basic set of
atomic models has been defined and implemented:

* sources (constant, several generators),

* math operations (add, gain, multiply, divide, com-
pare),

* logic operations and flipflops based on IEEE 1164,
* routing components (combine, distribute),
* a QSS-based integrator,

* a sink (toworkspace) for logging simulation re-
sults,

* common logistics components (queue, server,
batch, unbatch, terminator),

* statistical computations (getmax, utilization).

For all atomic models, corresponding NSA-DEVS
blocks are provided for the Simulink editor and assem-
bled in libraries. They make it possible to construct
coupled models using Simulink’s graphical capabilities
for positioning and connecting blocks and ports. In ad-
dition, block parameters can be set, among them the
values for the input delay 7 and, where necessary, the
transition delay 7p.

All delay values are predefined and usually set to the
default value 74, = €. An exception are components
that emit trains of output values with infinitesimal time
distances, such as queue and combine atomics. They
need larger values for Tp, which are predefined in the
library to Tp = 2¢€. This often works, but has to be en-
larged in special cases. If a special ordering is requested
for loops that contain several sequences of components,
one has to increase a few input delays to slow down
some paths [10].
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3 Implementation in Matlab

For the implementation of the example models, a set
of tools and a component library have been constructed
that are based on Matlab and the Simulink editor. Using
a simple example, we will describe the basic workflow
necessary to implement own models and running simu-
lations.

Listing 1: Atomic model am_add2.

1| classdef am_add2 < handle

2 properties

3 s

4 inl

5 in2

6 name

7 tau

8 debug

9 end

10 methods

11 function obj = am_add2 (name, tau,
debug)

12 obj.s = "running";

13 obj.inl = 0;

14 obj.in2 = 0;

15 obj.name = name;

16 obj.debug = debug;

17 obj.tau = tau;

18 end

19 function delta(obj, e, x)

20 if isfield(x, "inl")

21 obj.inl = x.inl;

22 end

23 if isfield(x, "in2")

24 obj.in2 = x.in2;

25 end

26 end

27 function y = lambda (obj, e, x)

28 sl = obj.inl;

29 s2 = obj.in2;

30 if isfield(x, "inl")

31 sl = x.inl;

32 end

33 if isfield(x, "in2")

34 s2 = x.in2;

35 end

36 y.out = sl + s2;

37 end

38 function t = ta(obj)

39 t = [inf, 0];

40 end

41 end

42| end

The atomic models are the basic building blocks.
They are implemented in Matlab as classes that contain
a constructor and the methods delta, lambda and
ta. A simple example is the class am_add?2 for the

addition of two input values (cf. Listing 1) and shows
how to implement a Mealy component. On first sight, it
looks similar to its counterpart in a continuous environ-
ment, but the discrete-event nature leads to a very typ-
ical change: Since input values are defined only, when
an input event arrives, these values have to be stored
internally using properties inl and in2. The prop-
erty s is used throughout the whole library to denote
“macroscopic” states, which is useful in more complex
atomics. Here it is simply set to a constant value. The
remaining properties store the values of external param-
eters, in this case the name of the component, the input
delay and a debug flag.

The constructor provides initial values for all prop-
erties, its parameter list defines the set of external pa-
rameters of the component. The delta method just
stores incoming values. The lambda method com-
putes the output value, which is given here by the sum
of the incoming or stored values. Finally the t a method
returns the lifetime of the state, which is always given as
a two-dimensional vector [a, Db], denoting the time
t = a+ be. In this case it is always infinite.

As a graphical representation of am_add2 a
Simulink subsystem with the name am_add? is stored
in an NSA-DEVS library using the Simulink editor. In-
ternally it just consists of unconnected input and output
ports, which have the names of the ports that are used
inside the atomic model. Additionally, it has a mask that
defines the order and values of all parameters — except
name, which is set to the name of the actual component
— and short description and help texts (cf. Fig. 2).

Add2 (mask) (link)

Adds two inputs.

Advanced
tau 0.1

debug [0
OK Cancel Help Apply

Figure 2: Mask of the am_add2 atomic.

A coupled model, such as the simple example model
demol shown in Fig. 3, is defined by a Matlab function
that creates all its atomic and — using recursion — its cou-
pled components and all connections. To simplify this
tedious and error prone programming task, the user in-
stead builds the model from the Simulink representation
by copying the components from the library and con-
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necting them in the standard way. The toworkspace
models are used here to collect the simulation results.
In the example, their parameter varname is set to
"input" and "result" respectively.

(L)
JJJJL*

am_toworkspacel
am_generator

N o

C am_add2 am_toworkspace2

am_const

Figure 3: Coupled model demo1l.

The very simple script shown in Listing 2 can now
be used to create and run the model and plot the simu-
lation results.

Listing 2: Run script for model demo1.

1| function testDemo ()
2 tEnd = 6;
3
4 model_generator ("demol") ;
5 out = model_simulator ("demol", tEnd);
6 plot_results (out, tEnd);
7| end
From the Simulink representation, the

model_generator creates the Matlab scripts
for all coupled models. Next the model_simulator
runs the model and collects all results in the struct
variable out. In the example model it contains the two
fields out .input and out.results, which each
have subfields t and y for the time and result values.
They can now be plotted easily with Matlab’s standard
functions.

A typical result is shown in Fig. 4. The
am_generator creates increasing numbers, starting
att = 1, which are shifted by the constant value 3. The
output event at t = 0 probably comes unexpected. It is
due to the am_const atomic that sends its value only
once at the beginning. It is then stored in am_add?2
and added to the initial value O stored for the other input
port. One should bear in mind that the coupled models
look like Simulink models, but the inner workings of
discrete-event models are still very different.

Discrete-event models can easily contain very hard
to find errors. To support the debugging process, the
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Add2 out

Figure 4: Plot of simulation results for the model demo1.

toolset supports three different levels, from simple time
stamps over debug outputs from individually chosen
atomic components to a complete output of internal
simulator messages. The last level creates a graphical
representation of all messages with a huge amount of
information and is usually only useful for simple test
models.

4 Example Model

In order to show that the methods and tools presented
can be used directly for transaction-based modeling, we
will implement a standard textbook example [12]. The
model describes a time-shared computer with N termi-
nals, which submit jobs of varying computing time de-
mands. These jobs are processed on a single CPU in
time-slices of length ¢ using a round-robin scheduler
with a switching time #y,,,. When a job completes, a
new job is created after a waiting time. The waiting and
processing times are exponentially distributed random
variables with mean values fy and zg. After the com-
pletion of Nj jobs, the average response time and queue
length and the CPU utilization are computed.

A common method to implement such a model uses
entities describing the jobs, which contain attributes
such as the service time, i. e. the remaining process-
ing time, or the start time. Entity attributes are im-
plemented using struct variables. Four atomics have
been created to handle such entity attributes (cf. Fig.
5): am_adddata adds a set of fields denoting new
attributes to each incoming entity. If the input is not
already an entity (i. e. of type struct), an entity is cre-
ated with an additional attribute that stores the input
value. am_writedata changes the value of an entity
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attribute using values from other attributes. The chang-
ing function is defined as string parameter describing
an arbitrary Matlab command. am_readdata out-
puts the value of an attribute from the input entity and
am_deletedata deletes a set of attributes.

.

B} £ B} £

am_adddata

LV .4

am_writedata am_readdata am_deletedata

Figure 5: Atomic models for entity handling.

A few existing atomics have been modified to op-
tionally read an attribute from an incoming entity in-
stead of using a parameter or an input, among them the
server and distribute components. With these
atomics, one can create a coupled model for a server
with exponentially distributed service times tg (cf. Fig.
6): The addTS component adds an attribute to store the
value of 75, set TS sets the value of this attribute using
the Matlab command string

"out = -" + tS + "xlog(rand());"

where the variable t S is the mean service time, given by
a mask parameter. The am_server component uses
the attribute of incoming entities to set the current ser-
vice time. Finally, deleteTS deletes the attribute for
the sake of better encapsulation. Using a different for-
mula for the computation of tg, which uses several at-
tributes, one can implement complex strategies for cal-
culating the service time.

L&D

n

. el e

o |+ Bl E-E} A —
0 _| deleteTS

addTS seiTS am_server

working

Figure 6: Coupled model of a server with entity-dependent
service times.

A standard component in a transaction-based envi-
ronment is the N-server, which can serve up to N in-
coming entities, each with its own service time. Its ex-
act behaviour can be quite complicated and often is not
transparent to the user of a commercial program. The
NSA-DEVS description eliminates all ambiguities that
arise e. g. with several incoming and outgoing entities at
the same time. The diagram in Fig. 7 describes the basic

behaviour of the am_nserver atomic, where monitor-
ing compliance with the maximum server capacity has
been omitted for better readability. Among its proper-
ties are a list E of entities in the server, a corresponding
list o of remaining service times and a list ¢gOut of out-
going entities. An interesting difference to the simple
server is the possibility that several entities can be ready
at the same time. To handle this, the N-server moves all
finished entities to gOut, changes to the state emitting
and outputs them with a time delay of #p. According to
the rules stated above, tp is predefined as 2¢, but may
need to be enlarged in special applications. All details
defining the exact behaviour can be found in the open
source code of am_nserver.m[11].

working
ta—min(o)

(#qOut=1 & #E>0)

(#qOut=1 & #E=0)
/qOut-

emitting
ta-tD

(#qOut>1)/qOut-

Figure 7: State diagram of the N-server component.

— state transition due to internal event
> state transition due to external event

ta lifetime of the state

E external event (entity at input)

E+ insert entity in list E

E- remove entity from list E

#E number of entities in list E

With these atomics the three coupled mod-
els Terminals, CPU and the complete model
timeShared can be assembled easily. The
Terminals model (cf. Fig. 8) starts with a genera-
tor initialJobs that creates N entities at time 0
(more precisely at times 7 -tp) with consecutive IDs.
They get the attributes startTime, outPort and
remainingServiceTime, which is set to the in-
dividual service times. An N-server implements the
individual waiting times. The startTime is set to
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the current simulation time, using the utility function
get_time(), and the entities proceed to the CPU. When
a job is fully processed by the CPU, a corresponding ID
is sent as external event to the input of coupled model
Terminals, where it is promoted to a new job by the
atomic model constAdder.

il T -] e

iceTime setServiceTime

h J

addAttriby

D) >+C . R

n
consthdder -‘-'
8 |—.L FEHEH

setStartTime

h 4

CIM_EXpnserver

Figure 8: Coupled model Terminals.

The CPU model (cf. Fig. 9) starts with a queue for
the waiting jobs, followed by a server representing the
CPU proper. Its service time is set to g + fgyqp Or less,
if the job is almost ready. After processing, the entity
attributes are updated: The time slice is subtracted from
the remainingServiceTime and outPort is set
to 1, if the job is ready, or 2 otherwise. The internal
feedback from the server to the queue signals to the
queue whether the server is available.

util
> H-eHeaH=] B2

| deleteTS
addTS setTS

-BEHEE

out

subtract( setOutPon
Figure 9: Coupled model cpu.

The complete model timeShared (cf. Fig. 10)
shows the loop around the CPU that jobs are sent,
until they have got their complete service time. The
distribute atomic uses the outPort attribute to
route finished jobs through the upper port. Finally the
response time is computed by subtracting the value of
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attribute st art Time from the current time and the en-
tity is terminated. The terminator counts the outgo-
ing jobs and sends this value back to the coupled model
Terminals, where new jobs are created. A stop
atomic halts the simulation, after N; jobs have been pro-
cessed.

<

distribute

=

W
readResponseTime  setResponseTime

A

—dr

terminator

_ B0

comparator

NJ

Figure 10: Complete coupled model t imeShared.

Adding a few output blocks, one can gather enough
information to get a complete picture of the model be-
haviour. The information displayed in Fig. 11 is suffi-
cient to read off the waiting and service times of the jobs
and follow each job individually through the model.
This allows to thoroughly check the system behaviour.
Especially intuitive is the plot of the remaining time af-
ter the CPU, which nicely displays the loops of the jobs
around the CPU and the interaction of several jobs.

The component library contains the atomic
am_getmean that calculates the running mean value
of its input values, and the atomic am_utilization
for the computation of the CPU utilization. Adding
them to the timeShared model, one easily gets
all requested statistical data. A typical example with
N =20 and N; = 1000 is shown in Fig. 12. The results
are similar to those of the SimEvents version of this
model that had been used in [2], and consistent with
the results shown in [12].

5 Conclusions

The implementation of the timeShared model has
once again shown that NSA-DEVS is a conveniant basis
for component-based modeling of discrete-event sys-
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Figure 11: Detailed results of timeShared.

tems with a sound mathematical foundation. Especially,
not one of the delay parameters had to be changed from
its default value. This should be the typical case for sys-
tems with stochastical elements, where the probability
of concurrent events is quite small.

Furthermore, the toolset available freely from [11]
has proven its versatility: After finding and implement-
ing a suitable set of atomics for handling entities with
variable attributes and adding some standard atomics
to the library, the construction of a transaction-oriented
application proceeded by standard graphical methods.
We invite all modelers interested in discrete-event mod-
eling to try out these tools, ask for enhancements or
even provide useful new atomics to the library.

During the design of the free NSA-DEVS simula-
tor and the library, the focus has mainly been on cor-
rectness and simplicity. This shows, when measuring
its performance: The simulation of t imeShared with
N =40 and N; = 1000 has a runtime of around 45 sec-
onds on a recent PC platform, while the corresponding
SimEvents version needs less than 2 s. Of course, the
comparison is not quite fair, since SimEvents compiles
the Matlab code before a run. Nevertheless, there is def-
initely large potential for improvement by trading ele-
gance of construction for runtime performance and by
generally reducing the number of messages sent.

With the presented tools and methods, one can fi-
nally tackle the questions that have been raised in [2]:

What are the shortcomings of current imple-
mentations? Which concepts or components
are missing? How could a reasonable set of

CPU utilization
0.8 . !

0.6

0.4

util

0.2

0 200 400 600 800 1000 1200 1400

t
Queue length, avg.

0 200 400 600 800 1000 1200 1400
t
Response time, avg

AR
400 600 800 1000 1200 1400

Figure 12: Statistical results of t imeShared.

components be defined?

The atomic models for entity handling and the N-server
introduced above are practical examples, how to pre-
cisely define fundamental building blocks due to their
underlying NSA-DEVS based formulation. Another
step along these lines would be the introduction of ver-
satile queue models that are capable of supporting all
the applications denoted in the ARGESIM benchmark
C22 [13]. To cite [2] once again:

For the advancement of transaction-based
modeling it is vital that it is based on a thor-
ough theoretical analysis to reveal the fun-
damental abstractions and basic components
that are necessary.

This is true more generally for all discrete-event based
modeling. NSA-DEVS and corresponding tools seem
to be a promising path to promote such a program.
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Abstract. NSA-DEVS (Non-Standard Analysis Discrete
Event System Specification) is an advancement of the
DEVS formalism for modeling and simulating discrete-
event and hybrid systems. DEVS supports modular-
hierarchical modeling and clearly separates model from
simulator. The primary objective of NSA-DEVS is to sim-
plify the modeling of components with Mealy behavior
while maintaining a simple simulator structure and the
exact set-theoretic definitions of DEVS. With the imple-
mentation of a modeling and simulation environment, a
comprehensive library of generic components, and real-
world applications, the use of NSA-DEVS has been eval-
uated. However, the implementation of complex appli-
cations revealed that set-theoretic modeling should be
complemented by visual techniques to facilitate system
design and documentation. This paper explores how a
visual representation equivalent to NSA-DEVS can be de-
veloped based on the known DEVS diagram and Harel's
Statecharts.

Introduction

The set-theoretic DEVS formalism [1, 2] and its pop-
ular version PDEVS [3] are widely used for studying
discrete event systems. However, Preyser et al. [4]
have shown that it is difficult to define some basic
reusable components, especially when they have Mealy
behaviour. They introduced a revised version called
RPDEVS [5]. However, RPDEVS struggles with han-
dling chains of concurrent events [6].

Junglas argues in [7] that mathematical problems
often are due to oversimplification in modeling. The
macroscopic abstraction of phenomena by events re-
sults in simultaneous events, while in the underlying
microscopic dynamics the corresponding processes are
separated by small time delays. NSA-DEVS (Non-
Standard Analysis DEVS) [8, 9] uses hyperreal numbers

to represent infinitesimal time delays, thereby solving
the problem of simultaneous event cascades. In con-
trast to PDEVS, Mealy behavior can be modeled with-
out transitory states, which simplifies the specification
of generally reusable model components.

A modeling and simulation (M&S) environment
based on NSA-DEVS has been developed using MAT-
LAB and Simulink’s graphical editor [10, 11]. A few
things became clear when implementing a real applica-
tion [12], which consists of several layers and hierar-
chies with a large number of model components. First,
designing and testing atomic model components speci-
fied in purely textual form using set theory requires a lot
of time when the specification involves a large number
of events and states. Second, using the visual support
of the Simulink editor has proven to be extremely ben-
eficial for modeling networked systems and hierarchi-
cal structures. This insight is not new, and several ap-
proaches to represent DEVS models graphically have
already been developed. Based on preliminary work,
Song and Kim designed the Revised DEVS Diagram
[13] for Classic DEVS. In the authors’ opinion, the Re-
vised DEVS Diagram provides the best compliant rep-
resentation of atomic DEVS models, even taking into
account newer UML-based approaches, such as in [14].

The paper explores how the Revised DEVS Diagram
can be adapted to depict NSA-DEVS models. It starts
by giving a brief overview of the NSA-DEVS formal-
ism and the Revised DEVS Diagram, and then exam-
ines the key differences between modeling with Classic
DEVS and NSA-DEVS. Next, it discusses the basics
of the modified diagram proposed here. Finally, a case
study is used to demonstrate how NSA-DEVS models
can be specified using the customized diagram.
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1 Background

This section gives a short review of the NSA-DEVS
formalism and the Revised DEVS Diagram for Classic
DEVS.

1.1 The NSA-DEVS Formalism

Analogous to the DEVS formalism, NSA-DEVS de-
fines a set-theoretic model specification and an opera-
tional semantics, called abstract simulator, to execute
the specification. As with all DEVS formalisms, a
distinction is made in the model specification between
atomic and coupled models. An abstract simulator is
defined for each model type, which is referred to as the
simulator for atomic models and the coordinator for
coupled models. During the execution phase, an ab-
stract simulator is assigned to each model. A root coor-
dinator manages the hierarchy of abstract simulators.

An atomic model describes the dynamic behavior of
an arbitrarily complex system and is defined by a 7-
tuple < X,S,Y,7,ta,8,A > with:

X set of input ports and values,
S set of states,

Y set of output ports and values,
T € *RyY input delay time,

ta:S— *R;9U{@} time advance function,
§:0xXT =S state transition function,
A:OxXT —Y™* output function.

The input and output sets X, Y contain pairs of ports
and values, where ports are given by names.

X = {(pvv)|p€PinaV€Xp}
Y = {(pvv)|pEPout,V€Yp}

The sets X , Y+ consist of sets of pairs from X, ¥ to
describe the simultaneous appearance of input or output
values at different ports. Simultaneous input events at
the same port are not allowed. The definition of the
transition function & and the output function A contain
the set O = {(s,e)|s € S, 0 < e < ta(s)} that combines
a state and the elapsed time e since the last transition.
According to the model specification, the simula-
tor must process external, internal and confluent events.
All three event types lead to a call of A followed by
a change to a new state according to 6. The time ad-
vance function fa may be infinitesimal or infinite (using
o := 1/¢€, with € as infinitesimal value), but it is always
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> (, thereby excluding proper transitory states. The de-
lay time 7 between the arrival of a set of inputs and the
call of A and 6 is generally an infinitesimal, often given
by a default value 74,y = €. Generally, all hyperreals
used in models and the simulator have the form a + be
for real a,b. A more detailed description of the opera-
tional semantics of the simulator can be found in [10]
and the full algorithm in [8].

A coupled NSA-DEVS model is defined as in
PDEVS with ports [2]. It consists of input and output
ports and a set of atomic or coupled models, which are
connected among themselves and to the external ports.
Outputs are transported as usual and a coupled model
has no additional input delays. Since the operational
semantics of the coordinator and the root coordinator
are not essential for understanding a DEVS diagram for
atomic models, they are not discussed in detail and ref-
erence is made to [8].

1.2 The Revised Diagram for Classic DEVS

To represent the dynamics of atomic models visually,
Song and Kim formulated the Revised DEVS Diagram
[13]. Itis based on a series of preliminary works, whose
origin probably goes back to Prihofer [15]. Based on
the idea of Harel’s Statecharts [16], Priahofer introduces
a DEVS diagram which already contains descriptive el-
ements adapted for atomic models.

The Revised DEVS Diagram in [13] is specifically
designed for Classic DEVS with Ports [2]. According to
the DEVS formalism, two types of diagrams are distin-
guished, one for atomic and another for coupled mod-
els. The latter is similar to the UML Composition Struc-
ture Diagram, which is extended by a field for specify-
ing the select function specific to Classic DEVS.

The diagram for atomic models is based on a struc-
turing of events and states. Events are grouped by cate-
gories into classes. Thus, events have a type and a value
and are called a message. The set of Ports defines the
interface of an atomic model. A port can only process
messages of the same type, and only one message at a
time, and is defined by portName:messageType. While
an input port can only be connected to one source, an
output port can be connected to several targets. The
following syntax applies to input and output messages:
inportName ?message and outportName!message.

States are structured in phases, as in Harel’s State-
charts [16]. A phase is a representative value of a set
of states which produce the same output event and/or
have the same time advance (remaining lifetime) at the
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states. A phase is represented by a rounded box with
the value of the phase variable and its remaining life-
time @T until the next internal event. In addition to the
phase variable, there is the set of ordinary state vari-
ables S, so that the current system state s € S results
from the values of the pairs (phase,s,) with s, € S,,.

Phase transitions are triggered by external or inter-
nal events. Transitions caused by external events are
represented by a solid line, transitions caused by inter-
nal events by a dashed line. In Classic DEVS, there are
no simultaneous internal and external (confluent) events
in atomic models. These are resolved at the level of
the coupled models using a select function. Further-
more, there is no Mealy behavior, i.e. outputs can only
be generated by internal events. Both types of events
lead to state changes, i.e. to a phase transition and/or to
changes in the ordinary state variables, and to a recal-
culation of the lifetime @7 of the current phase. This
DEVS-based dynamics can be described with a triple
(event, guard, action) at the phase transitions using the
following notation:

inportNamemessage @ [guard] /{actions}

out portName'message @ [guard] /{actions}

The first notation defines state changes triggered by
external events and the second one outputs and state
changes caused by internal events. The @ [guard] de-
fines a logical expression that depends on the message
or the ordinary state variables. A phase transition, the
execution of actions, and the sending of output events
will only become active if the guard is true.

Figure 1 shows the specification of the dynamics of
a single server as DEVS diagram. The server receives

entities E of type @ to be served via the port in :@ and

sends processed ones via the port out @ Furthermore,
it sends the current status via the port working : {0,1},
where 0 stands for the IDLE phase and 1 for BUSY.
Additionally, the initial phase is denoted with a bold
box. The types and initial values of the phase variable
and the ordinary state variables are defined in the lower
box. The transition annotation in?E /{job = E,c =0}
specifies the transition from IDLE to BUSY due to a
message E on the port in without defining a guard. The
two actions describe the allocation of the server with the
entity (job = E) and the scheduling of an immediately
internal event (o = 0) in order to send the server’s new
status as a message on the port working (no Mealy be-
havior!). The behavior resulting from the internal event

| am_server |
>in:® DLE out:®
@ "—l working:{0,1}
inoE/ | outtjob,
{iob=E,0=0} | working!o

| @[status=1]/
I {status=0,job=0%}

—

I BUSY
I @o
working!1
@[status=0]/
{status=1,0=2.5}

phase : {IDLE,BUSY} =IDLE
status : {0,1} =0
job:®=0

o RF

in?E/{o=0-e}

Figure 1: DEVS diagramm of a single server with
discrete-event output of the server status.

specifies the dashed phase transition with the annotation
working!1@|[status = 0] /{status = 1,0 = 2.5}. How-
ever, the guard defines the condition for activating ex-
actly this transition and the action ¢ = 2.5 sets the life-
time of the phase (fixed service time). Entities arriving
in BUSY (in?E/{c = 0 —e}) are discarded, but the
remaining time advance is recalculated using the inter-
nal variable e for the elapsed time since the last state
change.

The transition from BUSY to IDLE with the an-
notation out!job,working!0@|[status = 1]/{status =
0, job = 0} describes the output of the processed entity
(job) on the port out when the service time has expired,
and the output of the new server status at port working.
Moreover, the ordinary state variables status and job are
updated. The example shows how the guards control
which of the two transitions takes place when an inter-
nal event occurs.

In addition to the techniques described, the Revised
DEVS Diagram supports other mechanisms such as hi-
erarchical phase compositions and parallel phases [13].

2 A Diagram for NSA-DEVS

This section begins with a short discussion of the key
differences in modeling with Classic DEVS and NSA-
DEVS. Subsequently, we introduce some adapted and
new modeling elements for a DEVS diagram to repre-
sent atomic NSA-DEVS models.
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2.1 Key Differences in Modeling with Classic
DEVS and NSA-DEVS

The roots of NSA-DEVS are based on PDEVS [3] and
RPDEVS [4]. Similar to these formalisms, concurrent
events are not resolved at the level of coupled models.
In contrast to Classic DEVS, there exists no Select func-
tion at the level of coupled models.

In NSA-DEVS, the handling of simultaneous inter-
nal and external events, termed confluent events, must
be specified at the atomic model level. However, as out-
lined in Section 1.1, the approach differs significantly
from that of PDEVS.

Analogous to Classic DEVS, NSA-DEVS prohibits
multiple simultaneous external events on an input port.
However, it does support simultaneous input messages
on different ports.

With direct support for Mealy behavior in NSA-
DEVS, the segmentation of state changes into event
type-specific transition functions has been merged into
a single state transition function 8. Moreover, all three
event types (external, internal and confluent) prompt a
call to the output function A, followed by a transition to
a new state using 0, and the re-scheduling of the next
internal event via the fa function.

As detailed in Section 1.1, NSA-DEVS excludes
proper transitory states with a lifetime of zero. Thus,
internal events are always scheduled by the function ta
with a value greater than zero, even if infinitesimal.

2.2 Adapted and New Modeling Elements

The differences in modeling and processing an atomic
model between Classic DEVS and NSA-DEVS require
the adaption and incorporation of some new modeling
elements into the DEVS diagram. Figure 2 provides a
summary of the diagram elements for NSA-DEVS.
The basic structure of the DEVS diagram shown in
Figure 1 with the division into three parts: (i) name
field, (ii) phase diagram, and (iii) variable definition,
has been retained. The representation of ports and
phases is also unchanged. The case study in Section
3 shows that it is sometimes useful to split the phase
diagram into sub-diagrams. In order to always be able
to clearly identify the initial phase, the initial transition
has been adopted from Harel’s statecharts. In NSA-
DEVS, phase transitions can occur due to external, in-
ternal and confluent events. Although there are formally
three event types in NSA-DEVS, only two line types
are used for phase transitions in the adapted DEVS di-
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agram. Phase transitions due to internal and conflu-
ent events are displayed with a dot-dash line. Due to
the extended annotations at the phase transitions, ex-
plicitly internal events can still be clearly distinguished
from confluent events in the diagram. In addition, the
element condition junction with priorities already in-
troduced by Freymann [17] for DEVS diagrams was
adopted. This allows phase transitions to be summa-
rized and case distinctions to be defined, which im-
proves the clarity of the diagram.

Item Description

Input or output port
portName:msgType |with name and
permitted message type

_O_

BUSY State phase with value
@o of the phase variable

and it's remaining

lifetime until the next

internal event;

IDLE
@w Initial state phase

Phase transition due
to an external (—)

or internal/confluent
(——) event

Condition junction
and Priorities for
modeling case
distinctions in phase
transitions

I R

Phase transition
annotations: External
event as message with
type and value at input
port Name

inportName?msg

inports? Read all input ports
Definition of a
transition guard with
@[guard] guard result true or false
Transition actions,
defining output
messages with: message
msg at output port
Name, and updates of
ordinary state vaiables

/{outportName!msg,...,
stateVarl=value,...}

% Comment

Figure 2: Summary of modeling elements of the NSA-DEVS
Diagram for atomic models.

Due to the different semantics of NSA-DEVS and
Classic DEVS, the annotations at phase transitions have
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been partially changed. The annotation of an exter-
nal event on a single input port is unchanged with
inportName?msg. However, NSA-DEVS also supports
simultaneous events on different input ports. For this
purpose, the notation inports? is introduced. It specifies
reading messages from all input ports simultaneously
where ports without a message are set to empty mes-
sage (0). The rules for defining guards have not been
changed. The transition actions (/{actions}) specifi-
cation has been extended by defining output messages
and updates of ordinary state variables as actions. The
change arises from the semantics of NSA-DEVS: Un-
like Classic DEVS, Mealy behavior is modeled without
transitory states, meaning that external events can im-
mediately trigger output events. The general relocation
of output messages to the action part ensures uniform
indication of cause and effect for all event types.

Comments marked with % can be inserted in all
three subfields of the DEVS diagram.

3 Case Study: Simple Queuing
System

This section demonstrates the specification of a sim-
ple queuing system (SQS) using generic atomic mod-
els, usually organized in a model base. Figure 3 shows
the structure of the SQS as a coupled model, developed
within the NSA-DEVS M&S environment [11]. The
associated model base provides an atomic model for
recording statistical variables provided by ports such as
ng (number of entities in queue) and ns (number of oc-
cupied servers).

dlll T )

generator ‘

terminator

queue server

Figure 3: Coupled model SimpleQueuingSystem.

Figure 4 shows the DEVS diagram specifying the
generator. The top box defines the name of the atomic
model class, and the configurable variables, such as the
interarrival time ¢G of the entities. The bottom box de-
fines all variables. The state variable E is of type En-
tity, which defines a field variable id. This is initialized
with the start ID, set by the configurable variable n0.

The phase diagram in the middle shows the two phases
with the initial phase PROD. After a time advance of tG
time units, an internal event @¢G is triggered. This re-
sults in two actions: (i) sending an output message with
the current entity E at port out and (ii) incrementing the
state variable E.id. The guard @[E.id — n0 < nG]| de-
cides whether a phase transition occurs back to PROD
or to FINISH. In FINISH, the generator becomes inac-
tive due to the defined time advance @oo. The variable
T is a default variable and should be defined for each
atomic model according to the NSA-DEVS specifica-
tion. But it is irrelevant for the generator and could be
omitted here as it does not define input ports.

am_generator(tG,n0,nG,tau)

%tG interarrival time
%nO0 id of first entity
%nG total number of entities to create

%default tau = 0+1¢
0ut:®|:>
/{out!E, E.id++}
PROD &2.—— | FINISH
@6 | _ @[Eidno<nc] ! O

phase : {PROD,FINISH}
tG:RT,n0:N,nG: N
E:® ,E.id:N=n0

r* RZ0 = tau

Figure 4: Atomic model class am_generator.

Figure 5 shows the DEVS diagram specifying the
atomic model class for the queue. The queue works
according to the push principle, i.e. it releases entities
until it receives a blocking event. The advantage over a
pull queue policy is a reduction in the number of events
when the queue stores entities for an N-server, i.e. a
server with a capacity greater than one.

The diagram defines an input and output port for the
entities E, an input port bl : {0, 1} for blocking and un-
blocking events and a port for outputting the current
number of entities in the queue (ng : N). The phase
variable defines four phases, and the three ordinary state
variables are defined: (i) a list ¢ for storing entities E,
(i) the input delay time 7 and (iii) the internal delay
time Tp. The comment in the top box notes that the con-
figurable variables are set to their default values, mak-
ing Tp > 7. This means that simultaneous input events
are processed with an infinitesimal time interval before
internal events. The type List for storing entities defines
typical list operations, which are noted in the diagram
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as follows:
* #q ...number of elements in queue
* g+(E) ...insert element E into queue

* g—(1) ...remove first element from queue

q(1) ...read first element from queue without
delete

The phase diagram is divided into sub-diagrams,
which are separated from each other by a solid line.
The first diagram shows the four phases with the initial
phase EmptyFree and all possible transitions from Emp-
tyFree (marked with a bold box) to other phases. The
inports? transition annotation indicates that this transi-
tion occurs, if a message is received at one of the input
ports (in, bl) or at both ports simultaneously. If the first
guard @[in = E] is not satisfied, only a transition to
EmptyBlocked occurs. Otherwise, an output message
with the number of entities in the queue is sent to port
ng and the new entity E is inserted into list g. The sec-
ond guard @[bl = 1] checks whether a blocking event
is present at the same time and regulates the transition
to QueuingBlocked or to QueuingFree. A transition to
phase QueuingFree always involves the scheduling of
an internal event with an infinitesimal time advance 7p.

The second diagram describes all possible transi-
tions originating from EmptyBlocked. This phase is
also only left by an external message. If only an
unblocked message bl = 0 is received, a switch to
EmptyFree occurs. In the case of an incoming entity,
the guard @[in = E] is satisfied and the same actions are
performed as described in the first diagram. If an un-
blocked message bl = 0 is also present, then the guard
@bl = 0] is satisfied and a transition to QueuingFree
occurs, otherwise to QueingBlocked.

The third diagram specifies the transitions that orig-
inate from QueuingBlocked. In case of an incoming
entity in = E, the same actions are performed as in the
two previous diagrams. The second guard @[bl = 0]
checks for an unblocking event and decides whether to
switch to QueuingFree or to return to QueuingBlocked.

The most complex case are the transitions originat-
ing from QueingFree. For a better overview, the pos-
sible transitions are shown in two sub-diagrams. As
mentioned above, QueuingFree schedules an internal
event with infinitesimal time advance Tp to send an en-
tity stored in the list g on port out. However, the system
can receive a blocking message b/ = 1 at the same time.
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am_queue(tau,tauD)
%push queue, default tau=0+1¢, tauD=0+2¢

in:® ueuing out:®
bl:{0,1} B"gzed ng:N

@[bl=1]

~2
Empty
Free
L@ J
Empty |inports? Queuing
Blcgt)ed @[in=EJ/ BIo@(D:I;ed
— 1 {nq!#qg+1,g+(E)} 2
Empty 2 Queuing|
Free J @[bl=0]| Free
@w |%IN=0,bl=0 @
Queuing 2 - inports? ueuing|
Free y@lin=ey/ Blocked
[ at#a+La+@} | ge
. T
%blis 1 or @
ueuing|_ _ _2 @[b|=1]:
Blocked I<|) |
[ @ jo——-! L/gouttE=q(1
@in=EY R
{nq'#q+1, i . L
a+E)} i @[in=El/{nq!#q, : :
hra@ar®r i
2] !
Empty i{nql#a-1,9-(1)} :
Free (V) i
@ @[#9=0] 172  o%#q>0

@Ibl=1]

phase : { EmptyFree, EmptyBlocked,
QueuingBlocked, QueuingFree}
q:List=9
TRz =tau
>0
7p * Rg) = tauD

Figure 5: Atomic model class am_queue.

The simultaneous occurrence of both events is resolved
by the hyperreal state variables 7 and 7p. The setting
Tp > T ensures that no entity is sent when a simulta-
neous blocking event is received. The specification of
this confluent event situation is shown in the first sub-
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diagram of phase QueingF'ree.

The inports? transition annotation indicates that all
input ports are checked for messages before the in-
ternal event is triggered. If a blocking message bl =
1 is present (@[bl = 1] is satisfied), a transition to
QueingBlocked occurs. The guard @[in = E] checks
whether an entity E is present at the input port in at the
same time. If so, the current queue length is sent as an
output message to port ng and the new E is inserted into
the list g. If there is no message at port bl or bl = 0 the
transition action /{out!E = q(1)} is executed. The first
entity is read from the list ¢ and sent to port out. It is
then checked whether an entity is present at the input
port in at the same time. If so, an output event with
the queue length is sent to port ng, the list ¢ is updated
(delete sent E and insert arrived E) and the system re-
turns to QueingFree to output another entity. If no new
entity has arrived, the current queue length is sent to
port ng and the list ¢ is updated (delete sent E). The
last guard @ [#g = 0] checks whether the list ¢ is empty
and regulates the transition to EmptyFree or the return
to QueuingFree.

am_server(ts,tau)

%ts service time
%default tau = O+1¢

[Din:(@ out:®
working:{0,1}

@w | ... I
in?E/ I
{working!1, ! .
job=E,o=ts} | /{working!0,
I job=0}
|
1j 2
BUSY /{ggi!o_t.’_},é
@o i
in?E/{o=c0-e} @[in?E] /
%entity is discarded {working!1,
%e is elapsed time job=E,o=ts}

phase : {IDLE, BUSY}
ts: Rt

job:® =0

o *R>0

7 Rz = tau

Figure 6: Atomic model class am_server.

Even though the next internal event is scheduled
in QueingFree with infinitesimal time advance 7p, ex-
ternal input messages may be present during this time
span. The specification of this case is shown in the sec-
ond sub-diagram for QueingFree. All input ports are

checked by inports? for external messages. If the first
guard @[in = E] is satisfied, the new queue length is
sent as output message and the new entity is inserted
into the queue list g. The second guard @[bl = 1]
checks if a blocking message has been received and de-
cides whether a transition to QueingBlocked or a return
to QueingFree takes place.

am_terminator(tau)
%default tau = O+1¢

—

}in:@ out:N |:>
IDLE

@ in?E/{out!n+1, n++3}

phase : {IDLE}
n:N=0
T RZO =tau

Figure 7: Atomic model class am_terminator.

Although the atomic model class am_queue sup-
ports N-server, only the specification of a single server
is discussed below, shown as a DEVS diagram in Figure
6. The specification does not take into account the out-
put port ns shown in Figure 3, which outputs the number
of occupied servers, as this information is not of inter-
est for a single server. The server is configurable with
a service time ts. The infinitesimal input delay time
T can be set to the default value. The initial phase is
IDLE. When an entity E arrives at port in, then: (i) a
server occupancy event is sent to the port working, (ii)
the entity and the service time are stored in ordinary
state variables, and (iii) the server switches to BUSY,
where an internal event @o is scheduled according to
the service time. The server checks for external events
in the BUSY phase, but does not register incoming en-
tities (you could count them). The timeless return to
BUSY, however, requires a rescheduling of the internal
event using the action 0 = 0 —e. The internal variable e
stores the elapsed time since the last event. If the inter-
nal event is triggered after the service time has expired,
an external event may occur at the same time (conflu-
ent event). In any case, an output message is sent with
the served entity job via port out. The guard @|[in?E]
checks if an external event occurs at the same time. In
this case a server busy output message (working = 1) is
sent, the new entity E is scheduled as the current job in
service, and the server returns to BUSY. Otherwise, a
transition to IDLE occurs, a server is free output mes-
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sage (working = 0) is sent, and the state variable job is
updated.

Figure 7 shows the specification of the terminator.
In addition to the model structure in Figure 3, the model
class am_terminator defines an output port out : N.
It counts the number of incoming entities and sends
changes of the counter as an output message to port out.

4 Conclusion

At first glance, the specification of atomic systems with
a DEVS diagram may seem confusing, especially the
complexity of the notations at phase transitions. How-
ever, it must be emphasized that the adjusted DEVS di-
agram can represent the complete dynamic specifica-
tion of atomic models and can be converted one-to-one
into program code for the NSA-DEVS simulation envi-
ronment, where atomic NSA-DEVS models are imple-
mented as a MATLAB class and organized in a model
base.

The developers’ experience is that the specification
with DEVS diagrams is very helpful after a short train-
ing period, especially in the system design and system
documentation phase. This becomes especially clear,
when implementing complex atomics like an N-server
[10]. Its graphical description has also been very help-
ful during the implementation and debugging phases,
and documents the complex code in a clear-cut way, that
highlights the basic underlying ideas.
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Kurzfassung. Die Einflhrung neuer digitaler Techno-
logien treibt den gesellschaftlichen und wirtschaftlichen
Wandel voran, insbesondere im Bereich der Mobilitat, die
durch autonomes Fahren in cyber-physischen Systemen
(CPS) ermdglicht wird. Die Realisierung autonomer Fahr-
systeme erfordert Fahrzeuge in der Lage, in komplexen
Strallenumgebungen eine spurgenaue Lokalisierung und
eine spurgenaue Lokalisierung anderer Verkehrsteilneh-
merdurchzufihren. In dieser Arbeit wird eine Funktiona-
litat zur spurgenaueren Selbstlokalisierung und zur ge-
naueren Lokalisierung anderer Verkehrsteilnehmer ent-
wickelt, die auf visuellen Informationen basiert. Diese er-
moglicht es dem Fahrzeug, StraReninformationen und
andere Verkehrsteilnehmer zu identifizieren. Die Funk-
tionen werden in einem virtuellen Testszenario validiert.

Einleitung

Derzeit befinden sich Gesellschaft und Wirtschaft in
einem Transformationsprozess aufgrund des Einsatzes
neuer digitaler Technologien. Eine bedeutende Techno-
logie fiir zukiinftige Mobilitit ist das autonome Fah-
ren in der vernetzten CPS-Umgebung [1]. Die Socie-
ty of Autonomous Engineers (SAE) hat sechs verschie-
dene Stufen des autonomen Fahrens (LO-L5) spezifi-
ziert [2]. Das Ziel des autonomen Fahrens (L5) besteht
darin, dass Fahrzeuge ohne Eingriff des Fahrers voll-
stdndig autonom die Wahrnehmung, Entscheidungsfin-
dung und Ausfithrung tibernehmen, die urspriinglich
dem Fahrer oblag. Aus [3] ist bewusst, dass Hochpri-
zise Navigations und Lokalisierung eine der Schliissel-
technologien fiir autonome Fahrzeuge sind, wobei die
spurgenaue Lokalisierung eine Grundvoraussetzung fiir
diese Lokalisierung darstellt. Eine weit verbreitete Me-
thode zur spurgenauen Positionierung ist die Verwen-
dung von GNSS Echtzeit-Kinematik (RTK), die jedoch

hiufig aufgrund schlechter Satellitengeometrie ausfillt
und zu erheblichen Fehlern fiihrt. Dartiber hinaus fiih-
ren Unterbrechungen des Funksignals durch Wolken-
kratzer in stiddtischen Gebieten zu Problemen [4]. Eine
Alternative fiir die genaue Lokalisierung ist das Mat-
ching mit einer Karte, der auf Sensordaten und fritheren
Karten basiert. Durch das Abgleichen von Lidar-Daten
mit Punktwolkenkarten kann eine hochprizise Ortung
erreicht werden [5]. Aber mit dieser Methode nimmt
oft viel Speicherplatz in Anspruch und erfordert héufi-
ge Aktualisierungen der Karte.

Ein Ansatz ist die Bestimmung der Fahrzeugpositi-
on durch visuelle Erkennung der Fahrspur und der be-
nachbarten Fahrspuren. Dariiber hinaus ist es fiir eine
effiziente Routenplanung auf Fahrstreifenebene erfor-
derlich, dass die Fahrzeuge Hindernisse und Verkehrs-
teilnehmer auf anderen Fahrstreifen wahrnehmen. Die
Objektlokalisierung sollte spurgenau erfolgen, um die
Routeplanung zu optimieren. Daher wird in dieser Ar-
beit die Bilder aus der Kamera verwendet, um Fahrspur
zu erkennen. Dadurch wird eine Spurgenaue Lokalisie-
rung des Ego-Fahrzeugs sowie eine Spurgenaue Loka-
lisierung anderer Verkehrsteilnehmer erméglicht.

Der weitere Beitrag ist wie folgt gegliedert: zu-
néachst wird in Abschnitt eins der strukturierte, modell-
basierte und verifikationsorientierte Rapid Control Pro-
totyping (RCP)-Entwicklungsprozess ausfiihrlich er-
lautert. AnschlieBend werden in Abschnitt zwei die
aktuellen Fortschritte und Herausforderungen bei der
erforderliche Technologie dargestellt. Der dritte Ab-
schnitt umfasst die Konzeption fiir die Lokalisierungs-
funktion. In Abschnitt vier wird schlieflich den Ent-
wurf der Lokalisierung vorgestellt. Die Ergebnisse der
spurgenauen Lokalisierung werden in Abschnitt fiinf
dargestellt. AbschlieBend erfolgt eine Zusammenfas-
sung der Arbeit und ein Ausblick auf zukiinftige For-
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schungsarbeiten.

1 Methodik

Der durchgiingig modellbasierte und verifikationsori-
entierte Funktionsentwurf und die Absicherung ver-
netzter mechatronischer Systeme nach [6] hat sich in
zahlreichen Anwendungen in Forschung und Industrie
als zeit- und kosteneffizient erwiesen. Abbildung 1
zeigt den modellbasierten mechatronischen Entwick-
lungskreislauf, der zur Absicherung Model-in-the-Loop
(MiL)-, Software-in-the-Loop (SiL)- und Hardware-in-
the-Loop (HiL)-Simulationen sowie die Echtzeitreali-
sierung durch Prototypen umfasst.

Anforderungen ¢ -

SR J Systemtest ist ok
Spezifikationen \ it

fe

Reales System
Modellbildung Erprobung
b Ph,\-':uk:}lmchc B Feldtest
> Modellierung
1 =] .. k=
Mathematische = 'gu £ e
i e sl = =y
Modellierung g g.. g é.. E E
l = = R
s [aa] I =
v -]
Analyse f f f
Software-in-the-
Analyse des passiven Loop (SiL)
Systemverhaltens | g
Automatische
Codegenerierung
v
Synthese und .| Analyse des aktiven

Funktionsauslegung " | Systemverhaltens (MiL)

Entwurf der Funktion

Abbildung 1: Mechatronischer Entwicklungskreislauf.

Der Entwurfsprozess beginnt mit der Modellbildung
basierend auf dem realen System, welches gemdf der
Anforderungen reduziert bzw. vereinfacht wird, sodass
sich zunéchst ein physikalisches Modell ergibt. Dieses
wird mithilfe physikalischer GesetzmifBigkeiten in ein
mathematisches Modell uberfiihrt, welches wiederum
bspw. in Form von Signalflusspldnen im Rechner ab-
gebildet und mithilfe von CAE-Werkzeugen und ent-
sprechender Numerik simuliert werden kann. Der Mo-
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dellbildungsprozess umfasst Messungen am realen Sy-
stem. Dabei werden die Parameter des mathematischen
Modells identifiziert und die Simulation validiert. Eine
anschlieBende Analyse der Simulationsergebnisse ldsst
Schlussfolgerungen iiber die grundlegenden statischen
und dynamischen Eigenschaften des realen Systems zu,
auf dessen Grundlage die Konzeption der Funktionen
erfolgt. Es werden sowohl die Funktionsarchitektur als
auch Ansitze zu dessen Auslegung und Optimierung
festgelegt. Komplexe Funktionen werden zudem nach
dem verallgemeinerten Kaskadenprinzip in hierarchi-
sche Teilfunktionen zerlegt um die Funktionskomple-
xitdt zu reduzieren und so den Auslegeprozess hand-
habbar zu machen. Dazu werden bereits in einem frii-
hen Entwicklungsstadium Hard- und Softwareanforde-
rungen beriicksichtigt und Schnittstellen fiir die funk-
tionsiibergreifende Kommunikation definiert. Der Er-
probungsprozess wird parallel zur Entwicklung durch-
gefiihrt. Wenn eine Teilfunktion entwickelt worden ist,
wird diese getestet und analysiert.

In dieser Arbeit wird mit Hilfe dieser Methode zu-
nichst die Anforderungen werden bestimmt. Durch die
Analyse des physikalischen Modells, sowie der Ma-
thematik, wird die Funktion modelliert. Jeder Teil der
Funktion wird entsprechend getestet.

2 Stand des Wissens

Mit der Entwicklung des Deep Learning wurden ver-
schiedene auf Deep Learning basierende Algorith-
men fiir die Aufgabe der Fahrspurerkennung vorge-
schlagen [7], von denen die meisten gefaltete Neu-
ronales Netze verwenden [8]. In [9] wird eine Tech-
nik vorgeschlagen, die neuronale Netze mit dem lan-
ges Kurzzeitgeddchtnis (convLSTM) kombiniert, um
die zukiinftige Trajektorie eines Fahrzeugs vorherzu-
sagen. In [10]wird ein auf semantischer Segmentie-
rung basierendes Kodierungs-/Dekodierungsnetzwerk
vorgeschlagen. Nach dem Downsampling des Bildes
wird ResNet-50 verwendet, um die gewiinschten Merk-
male zu extrahieren, die dann mit dem Unet-Modell
decodiert und upgesamplet werden. In [11]wird ein
Netzwerk mit semantischer Segmentierung und opti-
scher Flussschitzung kombiniert. Die semantische Seg-
mentierung wird fiir Schliisselbilder verwendet. Unkri-
tische Frames werden mit Hilfe eines Netzwerks zur
Schitzung des optischen Flusses verfolgt und schlief3-
lich werden die Fahrspuren mit Hilfe von Clustering
(Density-Based Spatial Clustering of Applications with
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Noise) identifiziert. Das Modell LanetNet [8] zeichnet
sich durch seine hohe Leistungsfihigkeit aus. Es ist
ein End-to-End-Deep-Learning-Modell, das die gleich-
zeitige Erkennung und Segmentierung von Fahrspur-
linien, ein Merkmalsextraktionsnetzwerk und ein inte-
griertes Clusternetzwerk umfasst. Das Merkmalsextrak-
tionsnetz verwendet eingefaltete Neuronales Netz, um
Merkmale aus dem Bild zu extrahieren. Das Cluster-
netzwerk hingegen gruppiert die extrahierten Merkma-
le, um die verschiedenen Fahrspurlinien zu segmentie-
ren. Zu den Vorteilen gehoren eine hohere Echtzeitlei-
stung und Robustheit. Im LaneNet-Modell werden hau-
fig vortrainierte Modelle als Kodierer verwendet. Der
Vorteil von Pre-Trainingsmodellen besteht darin, dass
sie die Merkmalsextraktion verbessern und den Trai-
ningsprozess bis zu einem gewissen Grad beschleuni-
gen konnen. VGG16 [12], ResNet [13] und BiSeNet
V2 [14] sind hiufig verwendete Pre-Trainingsmode.

Die Technik der Objekterkennung 16st das Pro-
blem der Klassifizierung und Lokalisierung von Objek-
ten in einem Bild [15]. Die Anwendung dieser Tech-
nik legt den Grundstein fiir die automatische Analyse
und das Verstdndnis komplexer Szenario. Ihre Effek-
tivitdt wirkt sich direkt auf die Leistung verschiede-
ner KI-Anwendungen aus, z. B. auf die Objektverfol-
gung [16, 17].

Die klassische Objektierkennungsalgorithmus wa-
ren hauptsidchlich vor dem Jahr 2008 verbreitet. Sie ba-
sierten auf manuell extrahierten Merkmalen und folg-
ten in etwa folgendem Ablauf: Markierung von Kan-
didatenbereichen, Merkmalsextraktion, Erkennung und
Klassifizierung. Reprisentative Detektoren sind der VJ
(Viola-Jones) Detektor [18] und der DPM (Deformable
Parts Model) Detektor [19]. Zu den Nachteilen tradi-
tioneller Objekterkennungsalgorithmen zihlen geringe
Genauigkeit, schwache Robustheit und langsame Ver-
arbeitungsgeschwindigkeit. Mit der Entwicklung der
kiinstlichen Intelligenz sind allm#hlich Objekterken-
nungsalgorithmen auf Basis von Deep Learning ent-
standen

Die auf Deep Learning basierenden Objekter-
kennungsalgorithmen lassen sich hauptsdchlich in
zwel Arten unterteilen: One-Stage- und Two-Stage-
Verfahren. Das Two-Stage-Verfahren R-CNN [20], Fast
R-CNN [21] und Cascade R-CNN [22] 16sen die-
ses Problem, in dem sie die Bildregionen in kleine
Regionen aufteilen und separat klassifizieren. Zuerst
werden den Erkennungsbereich abgegrenzt, dann er-
folgt die Merkmalsextraktion und Klassifizierung. R-

CNN zeichnet sich durch die Verwendung von Fal-
tungsnetzen zur Merkmalsextraktion aus, wodurch die
Schwichen herkommlicher Erkennungsmethoden aus-
geglichen werden, und verwendet eine selektive Suche
zur Abgrenzung vom Bereich von Interesse (ROI), wo-
durch der Rechenaufwand reduziert wird. Fast R-CNN
baut auf R-CNN auf und verbessert die Erkennungsge-
schwindigkeit durch die Einfiihrung einer neuen Ver-
lustfunktion und erreicht eine erste Implementierung
der End-to-End-Erkennung [23]. Two-Stage-Verfahren
zeichnen sich durch eine hohe Erkennungsgenauigkeit
aus, sind jedoch langsamer und fiir Echtzeitanwendun-
gen weniger geeignet. One Stage Verfahren, vertreten
durch die YOLO-Serie [24], zeichnen sich dadurch aus,
dass sie keine Begrenzung des Erkennungsbereichs be-
notigen und direkt die Wahrscheinlichkeit der Objekt-
kategorie und die Positionsdaten liefern, was die Erken-
nungsgeschwindigkeit deutlich erhoht.

Fiir Algorithmen zur Zielverfolgung lassen sich
die derzeit verwendeten Verfolgungsschritte in zwei
Hauptteile unterteilen: 1. Bewegungsmodell und Zu-
standsschitzung, die hauptsidchlich dazu dienen, die
Position von Objekten in nachfolgenden Frames
vorherzusagen; 2. die Assoziation neuer Frame-
Erkennungsergebnisse mit der aktuellen Trajektorie.
Die derzeit fithrenden Tracking-Algorithmen sind De-
epSORT [25] und Bytetrack [26]. Ersterer ist eine Wei-
terentwicklung des SORT-Algorithmus und verwendet
die Mahalanobis-Distanz und Erscheinungsinformatio-
nen, um die Tracking-Frames des aktuellen Frames mit
den Erkennungs-Frames abzugleichen. Allerdings sind
der Rechenaufwand und die Verzdgerung relativ hoch,
so dass es fiir Anwendungen, die eine sofortige Re-
aktion erfordern, ungeeignet sein kann. Bytetrack ver-
fiigt tiber eine starke Assoziationsstrategie, die durch
ein Sekundirer-Matching von Trajektorien mit hohen
und niedrigen Vertrauensrahmen sowohl die Genauig-
keit beibehilt als auch die Geschwindigkeit erhoht und
eine gute Robustheit bietet.

3 Konzeption

Im vorliegenden Abschnitt wird eine Konzeption fiir
die spurgane Lokalisierung dargestellt. Abbildung 2
zeigt die Konzeption des der Spurgenaue Lokalisie-
rungsfunktion. Um eine spurgenaue Lokalisierung zu
ermoglichen, muss die Funktion folgende Anforderun-
gen erfiillen: Das Fahrzeug kann Fahrspuren erkennen
und die Anzahl der Fahrspuren bestimmen, auf denen es
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sich befindet. Das Fahrzeug kann andere Verkehrsteil-
nehmer erkennen und die Fahrspuren der anderen Ver-
kehrsteilnehmer bestimmen.

In dieser Arbeit kann ein Video V als eine chro-
nologisch geordnete Sammlung von Einzelbildern be-
trachtet werden, wobei jedes Einzelbild als Matrix dar-
gestellt und mit B(¢) bezeichnet wird. AuBerdem wird
die Bildrate des Videos als r bezeichnet wird.

* Erkennung der Fahrspur: Der Hauptzweck dieses
Teils besteht darin, die Fahrspur-Informationen in
den Daten zu extrahieren. Die jede Spurtrennlinie
I;(x) konnen durch ein Polynom 1 dargestellt. i be-
deutet die Nummer der Spurtrennlinie und x be-
deutet den und der Koordinatenwert der Fahrspur
in der Fahrtrichtung

Li(x)=apx"+...+a1x+ag (1)

Der Gesamtrahmen dieses verwendeten Modells
ist als Kodierungs-/Dekodierungsstruktur konzi-
piert, die fiir die bindre Segmentierung und die
Instanzsegmentierung zustindig ist. Der Kodierer
ist fiir die Merkmalsextraktion und der Dekodierer
fiir die Verlustberechnung bei der bindren Segmen-
tierung und der Instanzsegmentierung zustdndig.
Der binire Segmentierungsbild B, (#) und der In-
stanzsegmentierungsbild B, (#) wird durch das Mo-
dell erstellt. Bei der bindren Segmentierung han-
delt es sich um eine semantische Segmentierung in
zwei Kategorien (Fahrspur/Hintergrund); bei der
Instanzsegmentierung wird die Cluster-Konzept
verwendet, um jede Fahrspurlinie zu klassifizieren.
Um die Genauigkeit der Anpassung der Fahrspur-
linien zu sichern, muss das Rauschen im Binirbild
verarbeitet werden. Das verarbeitete bindre Seg-
mentierungsbild und das Instanzsegmentierungs-
bild werden als Eingaben verwendet, um ihre Fahr-
spurlinienmerkmale zu extrahieren. Die erhaltene
Ausgabe sind die Koordinaten des Fahrspurlini-
enpunktsatzes C;(¢). SchlieBlich werden die Fahr-
spurpolynome durch Kombination der Clustering-
Ergebnisse angepasst, um ein Polynom fiir jede
Fahrspurlinie zu erhalten.

» Lokalisierung: Das Hauptziel dieses Teils besteht
darin, Verkehrsinformationen aus den Daten zu ex-
trahieren, die zur Identifizierung von Verkehrsteil-
nehmerkategorien wie Fahrzeugen, FuBlgingern,
Fahrrddern usw. erforderlich sind. Sobald die Ka-
tegorie erkannt ist, muss das erkannte Objekt ver-
folgt werden. Es ist auch erforderlich, fiir jedes
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erkannte Fahrzeug eine eindeutige Identifikations-
nummer id festzulegen und Informationen iiber die
Position P,;(¢) des Fahrzeugs sowie Informationen
iiber die Fahrspur /;4(t), auf der das Fahrzeug féhrt,
aufzuzeichnen.

4 Entwurf

In diesem Kapitel wird der Entwurf der Lokalisierung
vorgestellt. In dieser Arbeit wird das Design der Lokali-
sierung beschrieben. In diesem Kapitel wird ein Video
als Eingabe verwendet. Das Video zeigt die Verkehrs-
informationen der Fahrspuren aus der Ego-Perspektive.
Wie bereits erwiahnt, umfasst die Informationsauswer-
tung sowohl die Identifizierung von Fahrspurlinien als
auch die Lokalisierung.

4.1 Erkennung der Fahrspur

In diesem Modell wird das Kodiermodell BiSeNetV2
verwendet. Die Aufgabe dieses Teils ist die Merkmal-
sextraktion, die aufgrund der parallelen Verzweigungs-
struktur von BiSeNetV2 rechnerisch effizient ist. Nach
der Dekodierung werden die bindre Abbildung und die
Instanzabbildung erhalten. Dann wird die morphologi-
sche SchlieBungsoperation an der bindren Abbildung
durchgefiihrt, um die kleinen Hohlrdume im Bild zu
beseitigen und die Bildgrenzen zu glitten, um das Er-
gebnis der bindren Segmentierung zu optimieren und
zu bereinigen und ein klareres und vollstindigeres Er-
gebnis der Fahrspursegmentierung zu erhalten. Danach
wird mit der Verarbeitung der Segmentierungskarte be-
gonnen: Zunichst werden die verarbeitete bindre Karte
und die Instanzabbildung als Eingaben verwendet, um
ihre Fahrspurmerkmale zu extrahieren, und die erhalte-
ne Ausgabe sind die Koordinaten der Fahrspurpunktsit-
ze.Das DBSCAN-Clustering wird fiir die Koordinaten
der Fahrspurlinienpunkte durchgefiihrt, um die Anzahl
der Cluster, die Clusterbeschriftungen und die Cluster-
zentren zu ermitteln. Um die Genauigkeit der Fahrspur-
berechnung zu gewihrleisten, miissen Fahrspurpolyno-
me durch Kombination der Clustering-Ergebnisse und
Fahrspurkoordinaten angepasst werden, um die spezifi-
schen Punktkoordinaten jeder Fahrspur zu erhalten. Das
Verfahren wird durch Prozedur 1 dargestellt.

4.2 Lokalisierung

Die Lokalisierung erfordert zunéchst eine genaue Er-
kennung der Fahrzeuge im Video. Da diese Aufgabe ei-
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Abbildung 2: Konzeption der spurgenauen Lokalisierung

Prozedur 1 Erkennung der Fahrspur

1: INPUT:V
2: OUTPUT: ;(x)

3: for B(¢) in V do

4:  Kodieren: F(¢) = BiSeNet(B(t))

s:  Dekodieren: B’(¢),B!(t) = Decode(E(t))
6:  Filter: B/ (t) = Filter(B"(t))

7. Cluster: G;(t) = DBSCAN(B’(t),B! (1))

8:  Fahrspur: [;(x) = Ausgelichung(C;(r))

9: end for

ne Effizient der Objekte im Video erfordert, sind die
Anforderungen an die Verarbeitungszeit und die Ge-
nauigkeit des Erkennungsalgorithmus sehr hoch. Nach
einem Vergleich verschiedener Objekterkennungsalgo-
rithmen wurde der YOLO Algorithmus ausgewdhlt, da
er in Bezug auf Geschwindigkeit und Genauigkeit iiber-
legen ist. Nach der Erkennung eines Fahrzeugs erstellt
der Algorithmus automatisch eine Box E,-(,) um das
Fahrzeug, der durch vier Koordinatenpunkte enthilt. j
ist die Nummer des erkannten Fahrzeugs. Diese Box
befindet sich in der Nidhe der umgebenden Kanten des
Fahrzeugs, so dass der Mittelpunkt der unteren Seite
der Box als Position des Fahrzeugs betrachtet werden
kann. Zusitzlich wird im Erkennungsprozess ein Konfi-

P; (t) - ,
Objekt = R Objekt id _
erkennen K; (t) Tracking Pa(t) | Objekt-
' ] ! =1 List
| FL;(t) /@'\
: AQNER : ()

denzwert K(t) erzeugt, der die Wahrscheinlichkeit an-
gibt, dass das erkannte Ergebnis zur Fahrzeugkatego-
rie FL;(t) gehort. Dieser Konfidenzwert bestitigt nicht
nur die Erkennungsgenauigkeit, sondern ist auch ein
wichtiger Matchingparameter, um das erkannte Fahr-
zeug dem Objekttracker zuzufiihren, damit wird sicher-
gestellt, dass der Tracker die Fahrzeuge genau verfol-
gen kann.

Nach der erfolgreichen Erkennung von Fahrzeugen
wird in dieser Arbeit der Byte-Track-Algorithmus ver-
wendet, um die erkannten Fahrzeuge zu verfolgen. Die
Hauptfunktion von Byte-Track besteht darin, jedem er-
kannten Fahrzeug eine eindeutige Identifikationsnum-
mer zuzuweisen, die nach Erhalt der Position des er-
kannten Fahrzeugs und der Konfidenzwerte vergeben
wird. Anhand dieser ID konnen die Positionen des-
selben Fahrzeugs in aufeinander folgenden Videobil-
dern verfolgt. Durch die Analyse der Positionsdaten des
Fahrzeugs in Bezug auf die Fahrspur kann auflerdem
festgestellt werden, dass sich das Fahrzeug auf einer be-
stimmten Fahrspur befindet. Byte-Track zeichnet auch
die Position jedes Fahrzeugs in jedem Bild auf, um den
Fahrweg des Fahrzeugs zu rekonstruieren. Diese Funk-
tionen verbessern nicht nur die Kontinuitit und Genau-
igkeit der Verfolgung, sondern liefern auch wichtige
Daten iiber die Dynamische Information der Fahrzeuge.
Das Verfahren wird durch Prozedur 2 dargestellt, wobei
s angibt, wie vielen Metern jedes Pixel entspricht.
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Prozedur 2 Lokalisierung
1. INPUT: V, [i(x) , s,r

2: OUTPUT: ¢,id, Py (1), via(t), lia(t))
3: for B(¢) in V do

4: f=f+1

5. B(t) = addline(B(t),l;(x))

6:  P;,K;(t),FL;(t) =YOLO(B(t))

7. P(t)B, ID = Track(P;,K;(t),FL;(t))

8 P (t)=Box_Mittel punktder_Unterseite(P(t)’8,id)

9: if Piy(t)[x]>I; (P (2)[y]) then
10: lig(t) ist i

11:  endif

12: Save(t,id,P;y(t),Lq(t))

13: end for

5 Ergebnisse

In diesem Kapitel werden die Ergebnisse der Spurge-
naue Lokalisierung dargestellt. Diese Funktion wird in
einer virtuellen Simulationsumgebung validiert.

Abbildung 3 zeigt die Validierung dieser Objekter-
kennungsfunktion in einem virtuellen Simulationsum-
gebung. Die Fahrzeuge in dieser Umgebung werden er-
kannt. Das Fahrzeug in dem rechteckigen Box stellt das
erkannte Fahrzeug dar. Auf dem Kasten befindet sich ei-
ne Nummer, die der Identifikationsnummer des erkann-
ten Fahrzeugs bedeutet.

Abbildung 3: Identifizierte Fahrzeuge
Abbildung 4 zeigt die erkannten Fahrspuren in der

Simulationsumgebung. Die Linien stellen die angepas-
sten Fahrspuren dar, die mit den tatsidchlichen Fahrspu-
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ren im Bild iibereinstimmen.

Abbildung 4: Erkannte Fahrspuren

Abbildung 5 zeigt die befahrbaren Bereiche der
Fahrspuren und ihre Fahrbahnnummern. Die Strafle auf
der linken Seite ist mit 1 gekennzeichnet, die Strae in
der Mitte mit 2, und der Fahrradweg auf der rechten Sei-
te ist nicht erkannt. Zu diesem Zeitpunkt befinden sich
sowohl das Ego-Fahrzeug als auch das erkannte Fahr-
zeug auf Fahrspur 2.

Abbildung 5: Numerierte Fahrspur

6 Zusammenfassung und
Ausblick

In der vorliegenden Arbeit wurden sowohl die Selbst-
lokalisierung auf Fahrspurebene als auch die Lokalisie-
rung anderer Fahrzeuge auf Fahrspurebene entwickelt.
Diese Arbeit besteht aus zwei Aspekten: Erstens wird
ein Modell auf der Grundlage einer Kodierungs- und
Dekodierungsstruktur angewandt, um die Fahrspuren
zu identifizieren unund zu nummerieren. Zum ande-
ren wird der Algorithmus YoLo verwendet, um ande-
re Fahrzeuge auf der Stra3e zu identifizieren und deren
Fahrspur zu berechnen.Die Funktion wurde in einem



ASIM 2024 Tagungsband Langbeitrage, 27. Symposium Simulationstechnik, Univ. d. Bundeswehr Miunchen, 4.- 6. 9. 2024

szenariobasierten virtuellen Simulationsumgebung va-
lidiert.

Zukiinftige Arbeiten werden sich auf die Optimie-
rung der Strallenerkennungsfunktion zur Anpassung
an andere Umgebungen konzentrieren. Dariiber hinaus
werden weitere Sensoren wie LiDAR fusioniert und
die erkannten Informationen iiber V2X-Paare an andere
Verkehrsteilnehmer iibermittelt werden.
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