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MODELLING =  BLUEPRINT FOR SYSTEM CONSTRUCTION

construction
/\
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behaviour
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RELIABLE AND ROBUST ENGINEERING REQUIRES VERIFIED MODELS
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Q

knowledge -> PROBLEM 1
-> uncertain

-> growing, changing

-> distributed over independent data bases, papers, journals, . . .

various, mostly ambiguous representations -> PROBLEM 2
-> verbose descriptions

-> diverse graphical representations

-> contradictory and / or fuzzy statements

network structure -> PROBLEM 3
-> tend to grow fast

-> dense, apparently unstructured

-> hard to read
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U readable
-> fault avoidance
-> nformal = cartoon-like representations ?

U analysable
-> formal = mathematical representations

0 executable
-> to experience the model

O unifying power
-> high-level description for various analysis approaches
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ARE NETWORKS
OF BIOCHEMICAL
REACTIONS

NATURALLY
EXPRESSIBLE AS
PETRI NETS

2 NAD* + 2 H,O ->2NADH + 2 H" + O,

NAD* - NADH
2 : H*
H,0
O,
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PETRI NETS
- A CRASH COURSE -
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-> active system components

U places
-> passive system components
-> local conditions
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U transitions 1
-> active system components

O places Q O

-> passive system components
-> local conditions

H 2
O weightes arcs 2@\ i,QHZO
-> causality 02@/ r

U condition’s state
-> token(s) on its place

(H2=4, 02=3, H20=O)
U system state
-> marking
Q PN=(P, T,F,mg), F:(PxT)U(TxP)->Ng, my:P->Nj

L Petri nets = bipartite directed multigraphs
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C. A. PETRI
INTERPRETATIONS OF NET THEORY
GMD, INTERNAL REPORT 75-07, 2ND IMPROVED EDITION 1976

places transitions
state elements transitional elements
conditions events/facts
statements dependencies
model domains specifications
chemical compounds chemical reactions
open one-point sets closed one-point sets
channels offices
languages translators
products poduction activities
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Q

an action may happen, if

-> all preconditions are fulfilled
(corresponding to the arc weights);

if an action happens, then

-> tokens are removed from all preconditions
(corresponding to the arc weights), and

-> tokens are added to all postconditions
(corresponding to the arc weights);

action happens (firing of a transition)
-> atomic
-> time-less

Hy (@) 2 2 FIRING
@2 o

q
0, @ T TOKEN GAME

-> prerequisite

-> firing behaviour

-> model assumptions

H 2
2®\ i’@HZO

DYNAMIC BEHAVIOUR
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U order betweenr1-r2andr1-r3
b 2—’Od -> causality X<y[xy]
r -> dependency

1 O no order between r2, r3
-> concurrency x|y

r3
-> independency
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b —y

r2

r1

c _>Oe

r3

 possible interleaving runs
> r1-r2-r3
> r1-r3-r2
-> totally ordered runs

-> INTERLEAVING SEMANTICS
all totally ordered runs

Q

order betweenr1 -r2and r1-r3
-> causality X<y[xy]
-> dependency

no order between r2, r3
-> concurrency x|y
-> independency
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 possible interleaving runs
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> r1-r3-r2
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-> INTERLEAVING SEMANTICS
all totally ordered runs

Q

order betweenr1-r2and r1 -r3
-> causality X<y[xy]

-> dependency

no order between r2, r3
-> concurrency x|y
-> independency

one partial order run

r2
r1<"
~r3

“true concurrency semantics”

-> PARTIAL ORDER SEMANTICS
all partially ordered runs
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Bi0 PETRI NETS -
SOME EXAMPLES
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[Reddy 1993]
GSS NADPH\
4 GSHGX2 NADP

TN T TN \ T
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XusP [Reddy 1993]
E [Heiner 1998]

Ru5P

GSSG  NADPH .

5 2 gADP
GSH  NADP+

NAD+ NADH ATP ADP ATP ADP

1,3-BPG
Lac Pyr PEP 2PG 3PG
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'-‘ Fas ligand(m1)
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Procaspase—8 (m5)
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[GON 2003]
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[HEINER, KOCH, WILL 2004]
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[KOCH, JUNKER, HEINER 2005]
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Ex3 - Carbon Metabolism in Potato Tuber
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[KOCH, JUNKER, HEINER 2005]
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positive feedback

A\ 4

TF+S > TF|S

e

TF|S

PCA -

[GILBERT, HEINER, ROSSER, FULTON, GU, TRYBILO 2008]
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TF

TF expression

pfb

TFS disassociation TFS association

reporter
reporter expression

precursor
8

signal

TF degradation

5| TFS degradation

POSITIVE
FEEDBACK

reporter degradation

response

>

-0

response production

[GILBERT, HEINER, ROSSER, FULTON, Gu, TRYBILO 2008]

response degradation
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RasGTP

Phosphatase1

MEK =~ ™ MEKP -~ ™ MEKPP

\/ \__/
Phosphatase2

~
ERK ~ ERKP ~_ ERKPP

Phosphatase3
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RasGTP

Raf

Phase2

ERK

k25/k26
III k30 [:]

k27 E
e \ ot
ERKP_Phase3 ERKPP_Phase3

Phase3

[GILBERT,
HEINER,
LEHRACK 2007]

[HEINER,
GILBERT,
DONALDSON 2008]
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Orangelicht/UV-Licht

ahgeschaloeter \/\ aktivierier

mplex % Komplex

//__% Methylierung
-
Demethylicrung Amplifikation
N
Cheli-P
: H m e
CheB |“I.D e - }
% CheA-P CheY P;

Schalter am
Geillelmotor

2

Blaulichr

}

chemischer Retx

[MARWAN, OESTERHELT 1999]
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...one pathway...

Mitogens
Growth factors

receptor

Plp
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ERK-PP

k&

1EK-PP/ERK (8)

¥
MEK-PP

=

Raf-1° RKIP

@\/.‘"

RK
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(#9 (=
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kit |
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@ mll

v

S
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[Cho et al.,
CMSB 2003]
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'..-“'

pee 2l G }
oo

MEK-PP

(ins) (i) (1) [Cho et al.,

ERK RKIP-P RP CMSB 2003]

'
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Raf-1Star

m1
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m9<‘><<
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k6

m7
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-\
k8 k3
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mo6
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RKIP
m2

O] k1 k2

m3 Raf-1Star_RKIP

00| k3 k4
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QUALITATIVE

STOCHASTIC CONTINUOUS
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QUALITATIVE

time-free

timed,
quantitative

STOCHASTIC CONTINUOUS

discrete state space continuous state space
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QUALITATIVE

time-free

timed,
quantitative

approximation

STOCHASTIC =

CONTINUOUS

approximation

discrete state space continuous state space
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timed,

approximation

STOCHASTIC = CONTINUOUS

|
|
|
|
|
I I I
CTMC approximation ! ODEs
CSL, PLTLc : PLTLcC
|
|
I
I

discrete state space

continuous state space
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THREE MODELS SHARING STRUCTURE

ey

QUANTITATIVE MODEL = QUALITATIVE MODEL
+

QUANTITATIVE PARAMETERS
(KINETICS)
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STOCHASTIC PETRI NETS, BASICS
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Q

transitions get a stochastic waiting time
-> exponential distribution with parameter lambda

state-dependent lambda defined by rate function

-> any arithmetic function including
the transition’s pre-places as integer variables and
user-defined real-valued parameters

-> modifier arcs
-> popular kinetics:
mass-action semantics, level semantics

semantics: Continuous Time Markov Chain (CTMC)
-> reachability graph + state transition rates

analysis

-> standard Markov analysis techniques: transient, steady state
-> stochastic simulation algorithms (SSA), e.g. Gillespie’s SSA
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RAT E F U N CTIO N S PN & BioModel Engineering

@ molecules semantics
m(p)
b= I ( )
pE.t f(p7 t)

@ concentration levels semantics

ht;:kt.N.H(y)

pE®t
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Stochastic Output - 1 Level

Concentration (Levels)

00 02 04 06 08 1.0

0 20 40 60 80 100

Time (s)
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Stochastic Output - 10 Levels

Concentration (Levels)

0 20 40 60 80 100

Time (s)
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Stochastic Output - 100 Levels

]
L ] e—— = e i
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Deterministic Output

1.0

Concentration (uMol)

00 02 04 06 0.8

0 20 40 60 80 100

Time (s)
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CoNTINUOUS PETRI NETS, BASICS PN & BioModel Engineering

O transitions fire continuously

O rate functions

-> any arithmetic function including
the transition’s pre-places as real-valued variables and
user-defined real-valued parameters

U real-valued tokens
-> concentrations

0 semantics: set of Ordinary Differential Equations (ODEs)
-> uniquely defined, but not vice versa
-> typically non-linear

0 simulation (numerical integration)
-> stiff/unstiff solvers
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Raf-1Star RKIP
m1 m2 .
[} ‘ ’
B S I [
ERK-PP
ma( s m3(_ )Raf-1Star_RKIP
k8 B L I L r
m8( )Mek-PP ERK  ma( ] m11( )RKIP-P_RP
Raf-1Star_RKIP_ERK-PP
B k7 k5 B | k10
Y ‘ \ ‘ \ Y
m7 m5 ' m6 . m10
MEK-PP ERK RKIP-P RP
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CONTINUOUS PETRI NET DEFINES ODESs PN & BioModel Engineering

Raf-1Star RKIP
ddﬂf _ m1() m2()
B k2
ERK-PP

m99¢< m3()Raf-1Star_RKIP
I:‘:Ik8 a | 11

m8( JMEK-PP_ERK ma( ) m11( )RKIP-P_RP
Raf-1Star RKIP_ERK-PP
} - ’ \ .
O ms(J m6 () m10(_ )
MEK-PP ERK RKIP-P RP
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CONTINUOUS PETRI NET DEFINES ODESs PN & BioModel Engineering

dm3 Raf-1Star RKIP
— = +r1 m1( ] m2{
dt
+ 14
B k2
ERK-PP

m99¢< m3(()Raf-1Star_RKIP
I:‘:Ik8 a | 11

m8( JMEK-PP_ERK ma( ) m11( )RKIP-P_RP
Raf-1Star RKIP_ERK-PP
} - ’ \ .
O ms(J m6 () m10(_ )
MEK-PP ERK RKIP-P RP
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CONTINUOUS PETRI NET DEFINES ODESs PN & BioModel Engineering

dm3 Raf-1Star RKIP
— =+ m1 . m2
’ \/
+ 14
-r2 N |2
-r3
ERK-PP

m99¢< m3(()Raf-1Star_RKIP
I:‘:Ik8 . | 11

m8( JMEK-PP_ERK ma( ) m11( )RKIP-P_RP
Raf-1Star RKIP_ERK-PP
} - ’ \ .
O ms(J m6 () m10(_ )
MEK-PP ERK RKIP-P RP
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CONTINUOUS PETRI NET DEFINES ODESs PN & BioModel Engineering

dm3 Raf-1Star RKIP
— = +k1*m1*m2 () m2f ]
dt
+ 14
-r2 N ™ |2
- 13
ERK-PP

m99¢< m3(()Raf-1Star_RKIP
I:‘:Ik8 . | 11

m8( JMEK-PP_ERK ma( ) m11( )RKIP-P_RP
Raf-1Star RKIP_ERK-PP
. . k7 . K5 . . K10
O ms(J m6 () m10(_ )
MEK-PP ERK RKIP-P RP
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CONTINUOUS PETRI NET DEFINES ODESs PN & BioModel Engineering

Raf-1Star RKIP
ddmt3=+k1*m1*m2 m1(J m2( )
+ k4 * m4 \ /
- k2 * m3 N {2
-k3*m3*m9
ERK-PP

m99¢< m3(()Raf-1Star_RKIP
I:‘:Ik8 . | 11

m8( JMEK-PP_ERK ma( ) m11( )RKIP-P_RP
Raf-1Star RKIP_ERK-PP
} - ’ \ .
O ms(J m6 () m10(_ )
MEK-PP ERK RKIP-P RP
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PN & BioModel Engineering

ABOUT THE RELATION
SPN - CPN
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EX1 - RKIP, REACHABILITY GRAPH (STS) PN & BioModel Enginesring

0 simple
algorithm

U nodes:
system states

O arcs:
the (single)
firing transition

U single step
firing rule
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EX1 - RKIP, QUANTITATIVE ANALYSIS

PN & BioModel Engineering

Species 51152 53 54 55 56 57581549 510 511 512 513 s

Raf-1* 1Moo 111131400 1 1 1 o

RKIP 1o 00 00o0pfo 0 1 0 0 "

Raf-1* RKIP Oj1 0 0 00O0j0f1L 1 0O 0 0 350

Raf-1* RKIFP_ERK-PR{ 0|0 1 O O O OO0 0 O 0O 0O 300

ERK 0j0 01 00 1141 0 0O 0 0 5 250}

RKIP-F ojo0 01 1 0 0040 0 0O 0 1 200

MEK-PF 1jfr 110013141 0 0 1 1 150

MEK-PP_ERK ojo0 001 1 0jJ0f0 1 1 0 0 100

ERK-FPP 1100000000 0 1 1 o

RP 1jf1 11 1o00p141 1 1 0 1 or : n . . . -

RKIP-P.RP ojo 0001 1j0f0 0 0 1 0 bl
Distribution of "bad' steady states as euclidean
distances from the “good' final steady state

13 “good” state configurations

the “bad” ones
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EX1 - RKIP, QUANTITATIVE ANALYSIS

PN & BioModel Engineering
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EX1 - RKIP, QUANTITATIVE ANALYSIS

PN & BioModel Engineering

States
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EX1 - RKIP, QUANTITATIVE ANALYSIS PN & BioModel Engineering

ERK-PP
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=
=3
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i
o
=
=
IS
=
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(=]
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Ex2 - HYpPoXxiA PN & BioModel Engineering

[YU ET AL. 2007]

Degradation pathway
0, )i K2 0, dependent Pathway - 1
independent —— = ——
pathway-1 . VHL (817)
Kl ma | K12/ K13
@— - =» HiF(s3) [ ”" HIF:PHD (S13) fus HIF:0H(S14) HIFOH:VHL(S18)
| I A K20
o I | : | K18/ K19
2 .
dependent _ | . | ’ K11
Pathway_zl I SamEEEEsm I
1 :
v | I— — ' | .
[ | | | mRNA
| | | | A
K10
K3 / K4 *4_ —_— —_ | / 2
T ARNT (S4) [€= _I_ — K22 / K21 :
| | Intermediate-3
A 4 I I
K17 A
HIF:ARNT (S5) |= »L p| HIF:ARNT:PHD (S15) | —p| HIFOH:ARNT (S16) : Ko
A
K15/ K16 . 2
‘ Intermediate-2
: : 7y
. . K8
K29 / K30 ,
K5 /K6 ‘4 HRE (S6) *2 :
v . K7 *
Intermediate-1
| HIF:ARNT:HRE (S7) | HIFOH-ARNT:HRE (s22)] *~""""""""""™] .
. K7 .
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EX2 - HYP OXIA PN & BioModel Engineering

[HEINER; SRIRAM 2010]

H1FOH:VAL

H1F:PHD
S13

H1F:ARNT:HRE H1FOH:ARNT:HRE
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EX2 - HYP OXIA PN & BioModel Engineering

(b)
k5, k6, k29, k30

HIF (steady state values)
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Ex2 - HYPOXIA

PN & BioModel Engineering

H1FOH:VAL

S18
k1 k18
k20
S17
VHL
s’ .5 ste
H1F:ARNT >O >© H1FOH:ARNT

k15 s15 k17
H1F:ARNT:PHD
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EX2 - HYPOXIA PN & BioModel Engineering

k12, k14

k18, k20

k3, k15, k17, k22
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Ex2 - HYPOXIA

PN & BioModel Engineering
B C
k2 L] k12, k14
k18, k20
A E
k1 O
H1F
S3
Olp
k3, k15, k17, k22
B C B C
k2 k12, k14 k2 L] k12, k14
k18, k20 k18, k20
A E E
PHD PHD
k1 S12 k1 S12
H1F H1FOH H1F H1FOH
S3 S14 S3 S14
Olp D

k3, k15, k17, k22

k3, k15, k17, k22

monika.heiner@informatik.tu-cottbus.de

May 2011



PN & BioModel Engineering

BUT,

THERE ARE MANY EXAMPLES
WHERE THE TRANSITION SPN -> CPN
COMES WITH COUNTERINTUITIVE EFFECTS.
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PN & BioModel Engineering

OUR TooL BOX
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0 U R TOOL BOX PN & BioModel Engineering

0 SNOOPY
-> modelling and animation/simulation of hierarchical graphs,
e.g. (extended) fault trees,
various Petri net classes, e.qg. QPN, XQPN, SPN, XSPN, CPN, TPN,

")

free style graphs

0 CHARLIE
-> QPN, XQPN, Time/Timed Petri nets (TPN)
-> mostly standard analysis techniques of Petri net theory

0 MARCIE
-> XQPN, SPN, XSPN
-> symbolic and simulative model checking
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S N OO PY PN & BioModel Engineering

-> modelling and animation/simulation of hierarchical graphs

O history
-> predecessor: Petri Net Editor PED, 1992 - 2004
-> Initial implementation concepts 1997
-> core implementation 2004
-> many Master Theses

0 platform-independent
-> implementation in C++
-> wxWidgets (http://www.wxwidgets.org)

U supported operating systems
-> MAC OS X
-> Windows
-> Linux (selected distributions)

0 now about 120,000 lines of code (without running extensions)
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CHARLIE

PN & BioModel Engineering

->

->

Q

Standard analysis techniques of Petri net theory -> QPN
inspired by INA

structural analysis
-> net classes: SM, SG, FC, EFS, ES
-> siphon/trap property, rank theorem

analysis based on incidence matrix

-> structural boundedness test

-> place/transition invariants

-> Abstract Dependent Transition sets (ADT sets)

reachability/coverability graph
-> explicite model checking ->RG of XQPN

structural reduction

Java thread programming with GUI

monika.heiner@informatik.tu-cottbus.de
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MARC I E PN & BioModel Engineering

0 Model checking And Reachability analysis done effiCIEntly
-> symbolic state space analysis (strongly connected components)
-> [nterval Decision Diagrams
-> model checking of XQPN, SPN, XSPN

0 XQPN: symbolic CTL model checking

L SPN: symbolic CSL model checking
-> “matrix free” transient and steady state analysis
-> parallelized
-> full CSL model checking + rewards

0 XSPN: simulative PLTL model checking
-> distributed
-> jn-line/ off-line traces

L command line tool, written in C++
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SNOOPY’S EXPORT FEATURES PN & BioModel Engineering

N

(@ontinuous PN:) (:Extended PN?)

(SBML Level 2)

INA tim
INA tmd
Music PN ( Modulo PN ) ( Time PN )

all net classes export to
all Petri net classes are read by

(Stochastic PN:) (: Petri Net

/

—/
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LATEST NEWS
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COLOURED FRAMEWORK

PN & BioModel Engineering

COLOURED
QUALITATIVE

o

time-free
timed,
quantitative
approximation
COLOURED hazard function, type (1) -
STOCHASTIC =

hazard function, type (2)

:

CTMC
SL, PLTLc

discrete state space

|

|

|

|

|

|

|

" " I
approximation l
|

|

|

|

|

|

|

|

COLOURED
CONTINUOUS

[ ODEs ]

PLTLcC
continuous state space
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COLOURED PETRI NETS, EXAMPLE PN & BioModel Engineering

http://len.wikipedia.org/wiki/Dining_philosophers_problem
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COLOURED PETRI NETS, EXAMPLE

PN & BioModel Engineering

left_fork @\ N

left_fork @

/

thinking

take _left

waiting

take rlgi\t

eating

ut_righ

releasin

put_left

L%%%{L

@ right_fork

right_fork

PHILOSOPHER PATTERN

phil

©O—

HQ

left_fork

right_fork
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COLOURED PETRI NETS, EXAMPLE

PN & BioModel Engineering

phil1
O
fork fork2
phil3
phil3| O \@/ O | phil2
fork3
fork1 phil1 fork2
O
phil4 | O phil4 1 | phil2
O
fork4 phil3 fork3

SYSTEMS OF PHILOSOPHERS

phil1
/ [ \
fork1 fork2
\philz/
O
fork1 phil1
O
phil5
O fork2
fork5 phil5 O | phil2
O fork3
phil4
O
fork4 phil3
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COLOURED PETRI NETS, EXAMPLE

PN & BioModel Engineering
phil3
thinking thinking thinking
([ ] ~ ([ ] ~ [ —
fork1 T~ take_left fork2 B take_left fork3 B take_left
%)waltmg fork? %)waltmg fork3 #waltmg fork1
/ : / : / :
take_right take_right take_right
#} eating %} eating # eating
put_right put_right put_right
\iork2 \iork3 \iork1
%} releasing %} releasing CF releasing
fork1 put_left fork2 put_left fork3 put_left
T ] T T ]
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COLOURED PETRI NETS, EXAMPLE

PN & BioModel Engineering

phil1

.

thinking

take_left

waiting fork2

take_right

eating

put_right
fork2

releasing

put_left

phil2

thinking

take_left

waiting fork3

take_right

eating

put_right
fork3

releasing

put_left

phil3

thinking

take_left

waiting fork

take_right

eating

put_right
fork1

releasing

put_left
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COLOURED PETRI NETS, EXAMPLE

PN & BioModel Engineering

forks

L

thinking e phil1
e phil2
e phil3
take_left
X
waiting
X 4 g‘f\"kﬂ forks
take_right
X

X

@ eating

put_right

X

@ releasing
X
Y

=
9htrx) forks

]

put_left

const N =3 // number of phils

colour_set Phils = p{1 .. N}
colour_set Forks = f{1 .. N}

colour_set(thinking) = Phils
colour_set(releasing) = Phils

colour_set(forks) = Forks

var x : Phils
left(x) = x
right(x) = (x mod n) + 1
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COLOURED PETRI NETS, APPLICATIONS

PN & BioModel Engineering

0 get multiple copies of patterns
-> Halo model, new order of net sizes

O differentiate between submodels within a master net
-> T-invariants
-> generated models in conformance with wet-lab data
-> mutants
-> algorithmic folding

L encode locality
-> Ca channel models
-> cell tissue + communication between cells
-> motility, gradients, . . .

0 dynamic membrane systems
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EX - C . E LEGAN C E PN & BioModel Engineering

[LI ET AL. 2009]
[BONZANNI ET AL. 2009]

LIN3_Anchorcell

parameter
1in1s v6_linl5 v7_1inl5 v8_linls
LIN15_hyp7 v5_LIN15_hyp7 v6_LIN15_hyp7 v7_LIN15_hyp7 v8_LIN15_hyp7
p_s10 m20 p_d27 4 P 2 2 8 p s10 m29 8_p_d27
30 30
[] []
ps9 8_p|s9

p_d26

LIN_3_frlom_hyp7

8_p_d26

O—L]
v8_LIN_3_[from hyp7

m38 mP8

[} >0} O]
vPC_3 q ’
p_u2 4_p u2 5_p_u2 6_p_u2 7_p_u2 8_p_u2
[ O

LS_molecule E v4_LS_molecule_E v5_LS_molecule_E v6_LS_molecule E v7_LS_molecule E v8_LS_molecule E

m270 m270 m270 m270 m270 m270
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EX - C. ELEGANCE

PN & BioModel Engineering

simulation Configuration

Dot Dot Dot Dot

Dot Dot Dot

(&) @17dot @1t @ldee (O 19 @idor @t
parameter aAC wvul 1inl2_wt linl2_ko 1linl2_gf 1st 1linls
1'dot

Dot ts7 cs Tsim3 €S 1vall() LN3 ac Dot tsl . Dot

dot « x IN3
{30 ® » i e g
Tinls

x steady state_time_hyp7 eady #tate time Gonad

do Dot
dot
s O * []ta22 @1'dot
LIN_13_from_hyp7 Tsiml ac
cs

* O== Tsim2

steady_state_time_VPC

t1

LS_molecule E

t1a [} *1 (<&
x

1‘dot ]

LIN3_LET23_p_dimer td24
LET_2X \g3_reT23 3 LET23 di )
Dot o N cs - cs LI ’LETcs’ e cs Léé\le N12 17 cs
@ { ] ® { ] D=0 F=0 [+
td

x 5 k td23

vul ts2 x

td25

cg td26
t19 -
s | O——{]
GtEhR_intyacelllular

x
"Hoy .

€20
c

Lst_protel

x

td21 MPK_1_active N

= " cs

tsh +d13
x x x
t12
tdi4 cs 9 /INI1 a x
x X
{ =0 o []
LIN31_LIN1_Complex % s ts10 Laq 1 b1 Fate_2 td29
LIN §1_a x x %
s [ e——COs L] O L @ O Jtan €23
x  tdlé LS_mRNA td30 mRNA_of lst_genes
x * cs cs
MU A N O e M e ®)
td19 t13 7 Pe2 Ted
x e x

. Lst_protein
O="] =0 o [
.
Vulvall gene £d17¢d20 LS olecule LIN3_LET23_p_dimer
cs x
.

tdIB Fate_1 t11
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GENERALIZED HYBRID PETRI NETS (GHPN) PN & BioModel Engineering

0 Extended Generalized Stochastic Petri Nets (XSPN)
-> discrete places
-> discrete transitions: stochastic, immediate, deterministically delayed, scheduled
-> special arcs: read, inhibitor, equal, reset

 Continuous Petri Nets (CPN)
-> continuous places
-> continuous transitions
-> special arcs: read, inhibitor

C GHPN = XSPN + CPN )

O hybrid simulation engine
-> gtatic partitioning
-> dynamic partitioning
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SUMMARY
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S U M MARY PN & BioModel Engineering

0 representation of bionetworks by Petri nets
-> partial order representation -> better comprehension
-> formal semantics -> sound analysis techniques
-> unifying view
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SUMMARY

PN & BioModel Engineering

0 representation of bionetworks by Petri nets
-> partial order representation ->
-> formal semantics ->
-> unifying view

U purposes
-> animation ->
-> model validation against consistency criteria

1
\/

1
VvV

-> qualitative / quantitative behaviour prediction

better comprehension
sound analysis techniques

to experience the model
to increase confidence

experiment design,
new insights
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SUMMARY

PN & BioModel Engineering

0 representation of bionetworks by Petri nets
-> partial order representation
-> formal semantics
-> unifying view

U purposes
-> animation
-> model validation against consistency criteria
-> qualitative / quantitative behaviour prediction

U step-wise model development
-> qualitative model
-> discrete quantitative model
-> continuous quantitative model

->

->

1
\/

1
VvV

better comprehension
sound analysis techniques

to experience the model
to increase confidence

experiment design,
new insights

discrete Petri nets
stochastic Petri nets
continuous Petri nets = ODEs
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OUTLOOK PN & BioModel Engineering
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