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Simulation model

“To an observer B, an object A* is a model of an object A to the extent that B can use
A* to answer questions that interest him about A”.

(Marvin Minsky, 1965)

Real World
Object A as a dynamic system may change significantly,
e.g., via succession or regime shifts.
Observers B may change his or her questions over time.
And observers B may change ..... Simulation Simulation
Results Model

So simulation models must be adaptive to be relied on for
predictions and insights.
Simulation

Experiment
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Adaptations as part |
of a simulation model o el

The system to be modeled exhibit structural
change, e.g., succession.

Building simulation models usually involves
knowledge (hypotheses about mechanisms),
data (e.g., kinetic parameters, time series).

Intricate processes of model building,
refinement, analysis, calibration, and validation.

University of Rostock, A.M. Uhrmacher
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// Raft Fusion Raft Fusion ﬁmg
Cell[Membrane[Raft:r1[?sr1] + Raft:r2[?sr2]]] -> mﬂﬂ - in
Cell[Membrane[Raft:r1[?srl + ?sr2]]] @ kRaftFusion; i

Wt 4/Internalization
// Raft internalization kortmg / i Vesicl
Cell[Membrane[Raft[?sr] + ?sm] + ?sc] -> Cell[Membrane[?sm] %ﬁﬁﬂ 3m e

oz

+ Endosome[Raft[?sr]] + ?sc] @ kEndo;

// Recycling e

Cell[Endosome|[?se] + Membrane[?sm] + ?sc] -> ~ o/ @

Cell[Membrane[?se + ?sm] + ?sc] @ kEndosomeRecycling; \ °
Endosome ° —

// Degradation Lysosome

Cell[Endosome + ?sc] -> Cell[?sc]

Haack F., Budde K. and Uhrmacher, A. M. (2020) Exploring mechanistic and temporal regulation of LRP6 endocytosis in canonical WNT

signaling. Journal of Cell Science, 133 (15). University of Rostock, A.M. Uhrmacher 4
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Sufficiently expressive
domain-specific modeling language (and efficient simulator)
How to describe it: the syntax of the domain- Organism
specific modeling language should reflect the 4
metaphors of the domain, e.g., biochemical Higher-level Or%ans
reactions. triggers of Tissues

cell signalling Higher-level
What to describe: the semantics of the domain- Cells controls of
speC|.f|c modeling IanguagpT should reflgct the Sub-cellular mechanisms ex[?rgs\seion
requirements of the domain, e.g., Continuous 4
Time Markov Chain semantics. Pathways

_ _ p t Downward
In addition, important characteristics need to be Protein machinery roteins causation
: reads genes

reflected, e.g., multi-level (up- and downward Genes

causations) or dynamic structures.

Denis Noble (2006). The Music of Life. Oxford University Press.

University of Rostock, A.M. Uhrmacher 5



ML-Rules

// Raft internalization

CelllMembrane[Raft[?sr] + ?sm] + ?sc] ->
Cell[Membrane[?sm] + Endosome[Raft[?sr]] + ?sc] @ kEndo;

-

\_

Syntax
Semantics
Membrane \ / Membrane
/ 4 Rafts \ 3 Rafts \
2 R (bind == F) 1R (bind ==F)
1R (bind ==T) 3 R (bind ==T)
4K @ 4 * kEndo 2K
\ J J

2 Endosomes

/

\_

3 Endosomes

Raft
2 R (bind == F)
1R (bind ==T)

4K...

:
E

~

/

Helms T., Warnke T., Maus C., and Uhrmacher A.M. (2017): Semantics and Efficient Simulation Algorithms of an Expressive Multi-Level Modeling
Language. ACM Transactions on Modeling and Computer Simulation (TOMACS), 27 (2), 8:1-8:25. ISSN 1049-3301



visual & analytic
computing

ML-Rules simulator with built-in adaptation

Simulation output— | Dynamic structure simulator
Flat model simulator
Change structure .
User Interface | Convert to tree | |+t Select reaction
Model v """""
| Make change |
A 4
Change Update
<— Errors Syntax check [ Convert to flat | state ] oropensities

V4

™~ Semantic check

%

Enumeration of : L
. : Static optimization
species and reactions

1

User Errors

N/

7

Error: model too large

Performance template
database

Koster Till, Henning Philipp, Warnke Tom, Uhrmacher Adelinde: Expressive modeling and fast simulation for dynamic
compartments. PLOS ONE. 2024



Different models, different performance
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Koster, T., Warnke, T., & Uhrmacher, A. M. (2022). Generating fast specialized simulators for stochastic reaction networks via partial

evaluation. ACM Transactions on Modeling and Computer Simulation (TOMACS), 32(2), 1-25.
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Q-learning for selecting suitable simulators

—e— Simulator A

—A— Simulator B

Execution Timein s

00 IIIIIIIIIIIIIIIIII|IIIIIIIIIIIIIIIIII|

0 10000 20000 30000

Number of Simulation Event

Performance of simulation algorithms varies with model properties that may change during running the simulation.

Helms, T., Ewald, R., Rybacki, S., & Uhrmacher, A. M. (2015). Automatic runtime adaptation for component-based
simulation algorithms. ACM Transactions on Modeling and Computer Simulation (TOMACS), 26(1), 1-24.

University of Rostock, A.M. Uhrmacher 9



Adaptation of simulation

model within a study /
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Time [min]

Haack, F., Budde, K., &
Uhrmacher, A. M. (2020).
Exploring the mechanistic
and temporal regulation of
LRP6 endocytosis in
canonical WNT signaling.
Journal of cell science,
133(15), jcs243675.
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Defining the various artifacts with their life cycle,
including stages, guards, and milestones, ensures mew Evperinenti
model = "Sir.m
consistency during adaptations e eiment( scan(ibeta’ <
Ziiii%:e:s(iig‘é‘an <« obsarvaat
alint =
SO);I():R(); observeAt ( . . ‘_,
>>INIT[995 + 11 Simulation Experiment 1
:E*;z’ifb‘;az"l Simulation Experiment 2
“@#i*mu;
SCreating () & Calibrating O
simulation simulation ()
experiment model [30,50] (("inf" >
Simulation Model 30) 010,101 (F180,140
({ \C) O Validating O
S Q specifying O & specifying O simulation ()
s formalism model model
=
23 Requirement 1
» € Lehoosing O ® Choosing O
requirements input data
\ Assembling simulation model / Requirement 2
Ruscheinski, Andreas, Tom Warnke, and Adelinde M. Uhrmacher. "Artifact-based workflows for supporting simulation studies."
IEEE Transactions on Knowledge and Data Engineering 32.6 (2019): 1064-1078.
12
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For guiding and documentation

rule “Stage open: Validating simulation model”

when
Ssm: SimulationModel(simulationModelAssembled == true
forall (Sexp : Experiment(experimentAssembled == true) from Ssm.getValidationExperiments())

eval(Ssm.getRequirements().size() != 0 && Ssm.getRequirements().containsAll(Ssm.getApprovedRequirements()))
then

controller.getView().getEditorTabs(). .... getValidatingSimulationModelStage().activate());

— g = EaNR Refine Generate
=7 A D . ) Choose s
VSN =\ i o Simulation . Validation
ok ~— Requirement .
TN . = v Model Experiment

Provenance of the Simulation Study o

Planning the Steps ahead

University of Rostock, A.M. Uhrmacher 13



Building

SM

@ c. model

Ok

Building
s. model

Building |
exp.
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Validating| Building |__ Validating|_
c. model c. model c. model
Building |
Validating Building | Validating
s. model s. model s. model

Ruscheinski, Andreas, et al. "Capturing and reporting provenance information of simulation studies based on an artifact-
based workflow approach." Proceedings of the 2019 ACM SIGSIM conference on principles of advanced discrete

simulation. 2019.

University of Rostock, A.M. Uhrmacher
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Adaptation of simulation model between studies

i / \
Simulation N Simulation > Simulation
Model ] Model Model

University of Rostock, A.M. Uhrmacher 15



A family of
WNT models

Budde, Kai, et al. "Relating
simulation studies by
provenance—Developing a
family of Wnt signaling models.'
PLOS Computational Biology
17.8 (2021): e1009227.

Sick et al. 2006

Howard et al. 2001 Goh and Sorkin 2013 ‘Yamamoto et al. 2006
Yamamoto et al. 2008

Haack et al. 2020
\mﬁm\

Sakane et al. 2010

Staehlke et al. 2020

Prior et al. 2003

Cho et al. 2003
Mazemondet
etal. 2012
Dequeant et al. 2006

Chen et al. 2014

Orton et al. 2009 Bernard et al. 2006
Mirams et al. 2010 tger and /
Heinrich 2004
Rodriguez-Gonzalez
% et al. 2007
Cho et al. 2006 v
Goldbeter et
Pourquié 20 \

Padala et al. 2017

\ Wawra et al. 2007
Lewis 2003

Monk 2003

Jho et al. 2002 van Leeuwen Wang et al. 2013

etal. 2007

Rida et al. 2004

Meineke etal. 2001 | van Leeuwen Hirata et al. 2004

etal. 2009 [ ™ Swatetal 2004

I colon carcinoma RKO cells Baby hamster kidney (BHK) cells
W Embryonic kidney epithelial (HEK 293) cells [l Epithelial kidney cells (Ptk2)
M Pheochromocytoma cells

Fibroblasts NIH/3T3 cells Presomitic mesoderm (PSM) cells

Mammary gland (C57MG) cells Mouse skin
Osteoblast-like cells (MG-63) Cervical cancer epithelial (HeLa S3) cells [l Neural progenitor (ReNcell VM) cells

B xenopus egg extract
Mouse embryo
M Fibroblasts L cells



Automatic generation and execution of Tlsggn
simulation experiments

Trigger pattern:

Trigger pattern: (
/\ Model calibration | SE* |

Model calibration | SE

o I
JX{ A=)
Conditions: Q@ :—@| Conditions: TN

isBasedOn(SM’, SM) A
SM-.study # SM.study A
isValidated(SM)

isBasedOn(SM’, SM) A
SM.study # SM'.study A
isValidated(SM)

W
%

New experiment:
Cross-validation

\

Experiment pattern: [ SD |
Model analysis

Wilsdorf, P., Wolpers, A., Hilton, J., Haack, F., & Uhrmacher, A. (2023). Automatic reuse, adaption, and execution of simulation
experiments via provenance patterns. ACM Transactions on Modeling and Computer Simulation, 33(1-2), 1-27.

University of Rostock, A.M. Uhrmacher 17
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Automatic Ada ptIOI | TO d | | |er6| 1T CE” typeS o
2.00
i~
@D
'g Data Source
/ ] Haack et al. 2015
Prallg et K 1504 — Leeetal 2003
al. 7000 ) -
e [ Qe @ 2
@ )] scalingFactor
/ 2 1.25-
- i
Lee et al. 2091 Dajanifet al. 2003 | | Salic &t al. f000 hd
Mazemonyjet Bafigo et et Krieghoff Hannoush % 1.001 —
et al. 2012 al. 2001 2003 et al. 2006 || 2008 =

@ 0 250 500 750
a @ Time [min]

SM: Simulation model

@ @ @ @ RQ: Research question
; ; A: Assumption
ASM2 @ O ey e
I:I Activity QM: Qualitative model

WD: Wet Lab Data

Activity used entit
@ @ @ @ @ O_D Y v SE: Simulation Experiment
D@ Entity was generated by activity SD: Simulation Data

Lee et al. 2003

Wilsdorf, P., Wolpers, A., Hilton, J., Haack, F., & Uhrmacher, A. (2023). Automatic reuse, adaption, and execution of simulation
experiments via provenance patterns. ACM Transactions on Modeling and Computer Simulation, 33(1-2), 1-27.

University of Rostock, A.M. Uhrmacher 18



Automated Adaptations _b
to new data ... o

Requires learning! /

I J,
&S S S
/ / \

Simulation N Simulation > Simulation
Model ] Model Model

University of Rostock, A.M. Uhrmacher 19
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mn\\ //
A+B —-C 0 5‘I"‘.‘I . E//
Darameter - o » Simulator » . | Data
. ) MO e 0 :‘;‘I‘I‘-‘
estimation RO: S ;I_ [- 21 \/ "%/).;;;_"*-\ D\D:ﬂ
Rl: /- R "
19@3-\\ //_‘
Learning of ) A+B—-C Gradient of simulator, * s/ 1 <~
earning o RO: 247 — ? SINDy A\
StrUCtU re + ? ! . . 0 ;&\‘ D\ata
; R1: ? = ? Model GA over simulation \
parameters ? - GA over model A ———
L2747 libraries
?7??

Kreikemeyer, J. N. and Andelfinger, P. and Uhrmacher A. M. (2024). Towards
Learning Stochastic Population Models by Gradient Descent. Proceedings of
SIGSIM Principles of Advanced Discrete Simulation (PADS ’24)

University of Rostock, A.M. Uhrmacher 20
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Evolving libraries

Preserve Elite Crossover Mutation
Member

S+1— S S+1— S S+1— S
S+1— I+ R S+1— I+ R S+1—= 2R
S — 2S5 S — 2S5 S — 25

S — I S — I S— I

S—- R S — R S— R

S+1— 2R S+1— I+ R S+1— 21

Kreikemeyer, Justin N. and Burrage, Kevin and Uhrmacher, Adelinde M. (2024) Discovering Biochemical
Reaction Models by Evolving Libraries. In: 22nd International conference on Computational Methods in
System Biology (CMSB 2024), 16-18 Sep 2024, Pisa, Italy. Proceedings, published by Springer Nature
Switzerland, Cham, pp. 117-136.



For a simple SIR model

0.00021

S+ R —2%, 25 + I

S+ 1 22T, 21

o7 2=, 31

27 0.0051 I-I—R

I+R22% S4+T+R

S+12% 21 I+ R =25 2R
[_> R S—I—ROOOO41 I—|—2R
S+I 0.0013 R

S+ 1 220 2 + R

I+ R 22279 S

S+R 0.00088 I

25 0=, S+1

28 1.2e—06 S

ground truth coupled SINDy

University of Rostock, A.M. Uhrmacher
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Can realistic models be learned? — Back to Wnt
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Yes, but ...

From Scratch From Scratch (Constrained)
* Biological Interpretability is still ot ' ' ' |
an issue, e.g., detours el |
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Bceata +ﬂu_c'7;Cf —_— NucBcata +1_VL_4_C7_’C_F 10 F 1
7 1072 1 F .
Beata NucBcata
) 104} 1t -
H P e T W I W Y re A b & Ty i L3 3 > A mas e & & & & Ak bk B I L] L] -
% 1076 M B A RS R S | [ P T RS ST ST S R SRS S |
EvoIving libraries (based on o Extension Extension (Constrained)
coupled SINDy) <EE ol ' S — 7T ' ' ' ‘ |
e ——=suma 1T ’,:g::@ -
* Improves regression results . -
* Enables model-level constraints = i
(e.g., each model should have a -
shuttling event) 104} 1| 1
* Enables learning of 1076 M L
0 100 200 300 400 500 0O 100 200 300 400 500
parsimonious models time [min] time [min]

University of Rostock, A.M. Uhrmacher 24



visual & analytic
computing

So you're saying the
inevitability of change might
be a universal constant.

Sheldon

https://www.youtube.com/watch?v=e8my2ZlaKQg

University of Rostock, A.M. Uhrmacher 25



Adaptative simulation
models

 Means for communication, e.g., suitable
domain-specific modeling languages,
and efficient simulators.

* Means for exploiting context, e.g.,
provenance of adaptation and model
lineage

 Means for reuse, e.g., for extending
models, reusing simulation experiments

 Means for automation, e.g., generating
and executing simulation experiments
automatically and learning not only
parameters but also (accessible!) model
structures

See also: Uhrmacher, A,, Frazier, P., Hahnle, R., Klgl, F., Lorig,

F., Ludascher, B., ... & Wilsdorf, P. (2024).

Context, Composition, Automation, and Communication--
The C2AC Roadmap for Modeling and Simulation.
TOMACS.

Communication Context

&
lim,

e

Real World
Simulation Simulation
Results Model
\ Simulation /
Experiment

Composition &
Reuse

Automation

g@w
% =

>

Nucleus[B:b + s0l?] ->
Nudleus[sol?] +
@ #b;

Cell[B:b +sol?]:c->
Cell[sol?] + B @ #b*sc;

reusable  §

N




Contributions

Fiete Haack, PhD
biochemical models

Philipp Henning,
biochemical models

Tobias Helms, PhD
Q-learning of
simulators,
ML-Rules 2

Till Koster
ML-Rules 3,
efficient simulators

Philipp Andelfinger, PhD
Learning of models,

e efficient simulators

Andreas Ruscheinski,
Workflows,
Provenance

University of Rostock, A.M. Uhrmacher
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Pia Wilsdorf
Automatic generation of experiments,
Provenance

Justin Kreikemeyer
Learning of models

Tom Warnke, PhD
ML-Rules 2 + 3
DSLs
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