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NNNNEEEETTTTWWWWOOOORRRRKKKK R R R REEEEPPPPRRRREEEESSSSEEEENNNNTTTTAAAATTTTIIIIOOOONNNNSSSS, E, E, E, EXXXX1111
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TTTTHHHHEEEE RKIP P RKIP P RKIP P RKIP PAAAATTTTHHHHWWWWAAAAYYYY
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TTTTHHHHEEEE RKIP P RKIP P RKIP P RKIP PAAAATTTTHHHHWWWWAAAAYYYY

[Cho et al.,[Cho et al.,[Cho et al.,[Cho et al.,
CMSB 2003]CMSB 2003]CMSB 2003]CMSB 2003]
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TTTTHHHHEEEE RKIP P RKIP P RKIP P RKIP PAAAATTTTHHHHWWWWAAAAYYYY, P, P, P, PEEEETTTTRRRRIIII N N N NEEEETTTT
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TTTTHHHHEEEE RKIP P RKIP P RKIP P RKIP PAAAATTTTHHHHWWWWAAAAYYYY, H, H, H, HIIIIEEEERRRRAAAARRRRCCCCHHHHIIIICCCCAAAALLLL P P P PEEEETTTTRRRRIIII N N N NEEEETTTT    
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QQQQUUUUAAAALLLLIIIITTTTAAAATTTTIIIIVVVVEEEE

AAAANNNNAAAALLLLYYYYSSSSEEEESSSS    



BioMdel Engineering & Petri Nets

monika.heiner@b-tu.de July 2016

SSSSTTTTAAAATTTTIIIICCCC

AAAANNNNAAAALLLLYYYYSSSSEEEESSSS    
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TTTTHHHHEEEE RKIP P RKIP P RKIP P RKIP PAAAATTTTHHHHWWWWAAAAYYYY, P-I, P-I, P-I, P-INNNNVVVVAAAARRRRIIIIAAAANNNNTTTTSSSS
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PPPP----IIIINNNNVVVV1: MEK1: MEK1: MEK1: MEK
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CCCCCCCCOOOONNNNSSSSTTTTRRRRUUUUCCCCTTTTIIIIOOOONNNN    OOOOFFFF    TTTTHHHHEEEE I I I INNNNIIIITTTTIIIIAAAALLLL M M M MAAAARRRRKKKKIIIINNNNGGGG

❑ each P-invariant gets at least one tokeneach P-invariant gets at least one tokeneach P-invariant gets at least one tokeneach P-invariant gets at least one token

-> P-invariants are structural deadlocks and traps 

❑ in signal transductionin signal transductionin signal transductionin signal transduction

-> exactly 1 token, corresponding to species conservation

-> token in least active state

❑ all (non-trivial) T-invariants get realizableall (non-trivial) T-invariants get realizableall (non-trivial) T-invariants get realizableall (non-trivial) T-invariants get realizable

-> to make the net live

❑ minimal markingminimal markingminimal markingminimal marking

-> minimization of the state space

-> -> -> -> UUUUNNNNIIIIQQQQUUUUEEEE    IIIINNNNIIIITTTTIIIIAAAALLLL    MMMMAAAARRRRKKKKIIIINNNNGGGG            <-<-<-<-
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TTTTHHHHEEEE RKIP P RKIP P RKIP P RKIP PAAAATTTTHHHHWWWWAAAAYYYY, H, H, H, HIIIIEEEERRRRAAAARRRRCCCCHHHHIIIICCCCAAAALLLL P P P PEEEETTTTRRRRIIII N N N NEEEETTTT    
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TTTTHHHHEEEE RKIP P RKIP P RKIP P RKIP PAAAATTTTHHHHWWWWAAAAYYYY, H, H, H, HIIIIEEEERRRRAAAARRRRCCCCHHHHIIIICCCCAAAALLLL P P P PEEEETTTTRRRRIIII N N N NEEEETTTT    
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CCCCOOOONNNNSSSSTTTTRRRRUUUUCCCCTTTTEEEEDDDD    BBBBYYYY    PPPPNNNN    AAAANNNNAAAALLLLYYYYSSSSIIIISSSS
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TTTTHHHHEEEE RKIP P RKIP P RKIP P RKIP PAAAATTTTHHHHWWWWAAAAYYYY, N, N, N, NOOOONNNN----TTTTRRRRIIIIVVVVIIIIAAAALLLL T- T- T- T-IIIINNNNVVVVAAAARRRRIIIIAAAANNNNTTTT            
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+ four trivial ones for + four trivial ones for + four trivial ones for + four trivial ones for 
reversible reactionsreversible reactionsreversible reactionsreversible reactions
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NNNNOOOONNNN----TTTTRRRRIIIIVVVVIIIIAAAALLLL T- T- T- T-IIIINNNNVVVVAAAARRRRIIIIAAAANNNNTTTT, R, R, R, RUUUUNNNN

❑ realizability check under realizability check under realizability check under realizability check under 

the constructed marking the constructed marking the constructed marking the constructed marking 

❑ T-invariant’s unfoldingT-invariant’s unfoldingT-invariant’s unfoldingT-invariant’s unfolding

to describe its behaviourto describe its behaviourto describe its behaviourto describe its behaviour

-> partial order structurepartial order structurepartial order structurepartial order structure

❑ labelled condition / event netlabelled condition / event netlabelled condition / event netlabelled condition / event net

-> events (boxes)
- transition occurences 

-> conditions (circles)
- involved compounds

❑ occurrence netoccurrence netoccurrence netoccurrence net

-> acyclic

-> no backward branching conditions

-> infinite
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DDDDYYYYNNNNAAAAMMMMIIIICCCC

AAAANNNNAAAALLLLYYYYSSSSEEEESSSS    
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RRRREEEEAAAACCCCHHHHAAAABBBBIIIILLLLIIIITTTTYYYY G G G GRRRRAAAAPPPPHHHH

❑ simple simple simple simple     

algorithmalgorithmalgorithmalgorithm

❑ nodesnodesnodesnodes : : : :    
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❑ arcs : arcs : arcs : arcs : 
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MMMMOOOODDDDEEEELLLL C C C CHHHHEEEECCCCKKKKIIIINNNNGGGG, E, E, E, EXXXXAAAAMMMMPPPPLLLLEEEESSSS

❑ property 1property 1property 1property 1

Is a given (sub-) marking (system state) reachable ?Is a given (sub-) marking (system state) reachable ?Is a given (sub-) marking (system state) reachable ?Is a given (sub-) marking (system state) reachable ?

EF ( ERK * RP );

❑ property 2property 2property 2property 2

Liveness of transition k8 ?Liveness of transition k8 ?Liveness of transition k8 ?Liveness of transition k8 ?

AG EF ( MEK-PP_ERK );

❑ property 3property 3property 3property 3

Is it possible to produce ERK-PP neither creating nor using MEK-PP ?Is it possible to produce ERK-PP neither creating nor using MEK-PP ?Is it possible to produce ERK-PP neither creating nor using MEK-PP ?Is it possible to produce ERK-PP neither creating nor using MEK-PP ?

E ( ! MEK-PP  U ERK-PP );

❑ property 4property 4property 4property 4

Is there cyclic behaviour w.r.t. the presence / absence of RKIP ?Is there cyclic behaviour w.r.t. the presence / absence of RKIP ?Is there cyclic behaviour w.r.t. the presence / absence of RKIP ?Is there cyclic behaviour w.r.t. the presence / absence of RKIP ?

EG ( ( RKIP -> EF ( ! RKIP ) ) * ( ! RKIP -> EF ( RKIP ) ) );
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QQQQUUUUAAAALLLLIIIITTTTAAAATTTTIIIIVVVVEEEE A A A ANNNNAAAALLLLYYYYSSSSIIIISSSS R R R REEEESSSSUUUULLLLTTTTSSSS, S, S, S, SUUUUMMMMMMMMAAAARRRRYYYY

❑ structural decisions of behavioural properties structural decisions of behavioural properties structural decisions of behavioural properties structural decisions of behavioural properties ->->->-> static analysisstatic analysisstatic analysisstatic analysis

-> CPI -> BND

-> ES & DTP -> LIVE

❑ CPI & CTICPI & CTICPI & CTICPI & CTI

-> all minimal T-invariant / P-invariants enjoy biological interpretation

-> non-trivial T-invariant -> partial order description of the essential behaviour

❑ reachability graphreachability graphreachability graphreachability graph ->->->-> dynamic analysisdynamic analysisdynamic analysisdynamic analysis

-> finite -> BND

-> the only SCC contains all transitions -> LIVE

-> one Strongly Connected Component (SCC) -> REV

❑ model checkingmodel checkingmodel checkingmodel checking ->->->-> requires professional understandingrequires professional understandingrequires professional understandingrequires professional understanding

-> all expected properties are valid

-> -> -> -> VVVVAAAALLLLIIIIDDDDAAAATTTTEEEEDDDD    QQQQUUUUAAAALLLLIIIITTTTAAAATTTTIIIIVVVVEEEE    MMMMOOOODDDDEEEELLLL
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BBBBIIIIOOOONNNNEEEETTTTWWWWOOOORRRRKKKKSSSS, V, V, V, VAAAALLLLIIIIDDDDAAAATTTTIIIIOOOONNNN

❑ validation criterion 1validation criterion 1validation criterion 1validation criterion 1

-> all expected structural properties hold

-> all expected general behavioural properties hold

❑ validation criterion 2validation criterion 2validation criterion 2validation criterion 2

-> CTI

-> no minimal T-invariant without biological interpretation

-> no known biological behaviour without corresponding T-invariant

❑ validation criterion 3 validation criterion 3 validation criterion 3 validation criterion 3 

-> CPI

-> no minimal P-invariant without biological interpretation (?)

❑ validation criterion 4validation criterion 4validation criterion 4validation criterion 4

-> all expected special behavioural properties hold

-> temporal-logic properties  -> TRUE
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NNNNOOOOWWWW    WWWWEEEE    AAAARRRREEEE    RRRREEEEAAAADDDDYYYY    

FFFFOOOORRRR    SSSSOOOOPPPPHHHHIIIISSSSTTTTIIIICCCCAAAATTTTEEEEDDDD    

QQQQUUUUAAAANNNNTTTTIIIITTTTAAAATTTTIIIIVVVVEEEE    AAAANNNNAAAALLLLYYYYSSSSEEEESSSS ! ! ! !
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QQQQUUUUAAAANNNNTTTTIIIITTTTAAAATTTTIIIIVVVVEEEE A A A ANNNNAAAALLLLYYYYSSSSIIIISSSS

❑ quantitative model =  qualitative model + quantitative parametersquantitative model =  qualitative model + quantitative parametersquantitative model =  qualitative model + quantitative parametersquantitative model =  qualitative model + quantitative parameters

-> known or estimated quantitative parameters

❑ typical quantitative parameters of bionetworkstypical quantitative parameters of bionetworkstypical quantitative parameters of bionetworkstypical quantitative parameters of bionetworks

-> compound concentrations  -> real numbers

-> reaction rates / fluxes -> concentration-dependent  

❑ continuous Petri netscontinuous Petri netscontinuous Petri netscontinuous Petri nets

p1Cont

p2Cont

p3Cont
t1Contm1

m2

m3

v1 = k1*m1*m2

dm1 / dt = dm2 / dt = - v1
dm3 / dt = v1 - v2

continuous nodes !

ODEsODEsODEsODEs

v2 = k2*m3

t2Cont
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TTTTHHHHEEEE RKIP P RKIP P RKIP P RKIP PAAAATTTTHHHHWWWWAAAAYYYY, C, C, C, COOOONNNNTTTTIIIINNNNUUUUOOOOUUUUSSSS P P P PEEEETTTTRRRRIIII N N N NEEEETTTT
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TTTTHHHHEEEE RKIP P RKIP P RKIP P RKIP PAAAATTTTHHHHWWWWAAAAYYYY, C, C, C, COOOONNNNTTTTIIIINNNNUUUUOOOOUUUUSSSS P P P PEEEETTTTRRRRIIII N N N NEEEETTTT
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TTTTHHHHEEEE RKIP P RKIP P RKIP P RKIP PAAAATTTTHHHHWWWWAAAAYYYY, C, C, C, COOOONNNNTTTTIIIINNNNUUUUOOOOUUUUSSSS P P P PEEEETTTTRRRRIIII N N N NEEEETTTT
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TTTTHHHHEEEE RKIP P RKIP P RKIP P RKIP PAAAATTTTHHHHWWWWAAAAYYYY, C, C, C, COOOONNNNTTTTIIIINNNNUUUUOOOOUUUUSSSS P P P PEEEETTTTRRRRIIII N N N NEEEETTTT
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TTTTHHHHEEEE RKIP P RKIP P RKIP P RKIP PAAAATTTTHHHHWWWWAAAAYYYY, C, C, C, COOOONNNNTTTTIIIINNNNUUUUOOOOUUUUSSSS P P P PEEEETTTTRRRRIIII N N N NEEEETTTT
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TTTTHHHHEEEE RKIP P RKIP P RKIP P RKIP PAAAATTTTHHHHWWWWAAAAYYYY, C, C, C, COOOONNNNTTTTIIIINNNNUUUUOOOOUUUUSSSS P P P PEEEETTTTRRRRIIII N N N NEEEETTTT
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TTTTHHHHEEEE    QQQQUUUUAAAALLLLIIIITTTTAAAATTTTIIIIVVVVEEEE    MMMMOOOODDDDEEEELLLL    

BBBBEEEECCCCOOOOMMMMEEEESSSS    

TTTTHHHHEEEE    SSSSTTTTRRRRUUUUCCCCTTTTUUUURRRREEEEDDDD    DDDDEEEESSSSCCCCRRRRIIIIPPPPTTTTIIIIOOOONNNN    

OOOOFFFF    TTTTHHHHEEEE    QQQQUUUUAAAANNNNTTTTIIIITTTTAAAATTTTIIIIVVVVEEEE    MMMMOOOODDDDEEEELLLL ! ! ! !
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RRRREEEEAAAACCCCHHHHAAAABBBBIIIILLLLIIIITTTTYYYY G G G GRRRRAAAAPPPPHHHH
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❑ arcs : arcs : arcs : arcs : 

the (single) the (single) the (single) the (single) 

firing transitionfiring transitionfiring transitionfiring transition
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13 ‘Good’ state 
configurations
13 ‘Good’ state 
configurations

Cho et alCho et al BiochemistBiochemist

Distribution of `bad' steady states as euclidean 
distances from the `good' final steady state
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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❑ representation of bionetworks by Petri netsrepresentation of bionetworks by Petri netsrepresentation of bionetworks by Petri netsrepresentation of bionetworks by Petri nets

-> partial order representation -> better comprehension

-> formal semantics -> sound analysis techniques

-> unifying view

❑ purposespurposespurposespurposes

-> animation -> to experience the model

-> model validation against consistency criteria -> to increase confidence

-> qualitative / quantitative behaviour prediction -> new insights

❑ two-step model developmenttwo-step model developmenttwo-step model developmenttwo-step model development

-> qualitative model -> discrete Petri nets

-> quantitative model -> continuous Petri nets = ODEs


