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(Qualitative) Petri Net

Definition :
A place/transition Petri net is a quadruple
PN = (P, T,f,mg), where

@ P, T - finite, non empty, disjoint sets (places, transitions)

Rainer Breitling, David Gilbert, Monika Heiner A Unifying Framework for Modelling and Analysing Bioche



(Qualitative) Petri Net

Definition :

A place/transition Petri net is a quadruple

PN = (P, T,f,mg), where
@ P, T - finite, non empty, disjoint sets (places, transitions)
o f:((PxT)U(T x P))— Ny (weighted directed arcs)

Rainer Breitling, David Gilbert, Monika Heiner A Unifying Framework for Modelling and Analysing Bioche



(Qualitative) Petri Net

Definition :

A place/transition Petri net is a quadruple

PN = (P, T,f,mg), where
@ P, T - finite, non empty, disjoint sets (places, transitions)
o f:((PxT)U(T x P))— Ny (weighted directed arcs)
@ mg: P — Ny (initial marking)

Rainer Breitling, David Gilbert, Monika Heiner A Unifying Framework for Modelling and Analysing Bioche



(Qualitative) Petri Net

Definition :

A place/transition Petri net is a quadruple

PN = (P, T,f,mg), where
@ P, T - finite, non empty, disjoint sets (places, transitions)
o f:((PxT)U(T x P))— Ny (weighted directed arcs)
@ mg: P — Ny (initial marking)

Interleaving Semantics : reachability graph / CTL, LTL
Partial Order Semantics : prefix / CTL, LTL
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Stochastic Petri Net

Definition :
A biochemically interpreted stochastic Petri net is a quintuple
SPNgio = (P, T,f,v,mg), where
@ P, T - finite, non empty, disjoint sets (places, transitions)
o f:((PxT)U(T x P))— Ny (weighted directed arcs)
@ mo : P — Ny (initial marking)
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Stochastic Petri Net

Definition :
A biochemically interpreted stochastic Petri net is a quintuple
SPNgio = (P, T,f,v,mg), where
@ P, T - finite, non empty, disjoint sets (places, transitions)
o f:((PxT)U(T x P))— Ny (weighted directed arcs)
@ mo : P — Ny (initial marking)
@ v: T — H (stochastic firing rate functions) with
SH = {ht\ht:N‘O'fl SRt te T}
- v(t) = hy for all transitions t € T
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Stochastic Petri Net

Definition :
A biochemically interpreted stochastic Petri net is a quintuple
SPNgio = (P, T,f,v,mg), where
@ P, T - finite, non empty, disjoint sets (places, transitions)
o f:((PxT)U(T x P))— Ny (weighted directed arcs)
@ mo : P — Ny (initial marking)
@ v: T — H (stochastic firing rate functions) with
SH = {ht\ht:N‘O'fl SRt te T}
- v(t) = hy for all transitions t € T

Semantics : Continuous Time Markov Chain / CSL, PLTLc
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Stochastic Petri Net

Interpretation of tokens :

04 | 4 level version 8 level version
@ tokens = level4 | 1°ve18
level 7
03
molecules 5 vl 6
© level 3
= level 5
g level 4
o tokens = 5 —_— |eve| :
. eve
concentration levels o+
level 2
level 1
level 1
0 —>
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Stochastic Petri Net

Specialised stochastic firing rate function, two examples :

@ molecules semantics
m(p)
hema T (1) 1)
11 \fet)
@ concentration levels semantics

he =k N - H(%) (2)

pe°t
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Stochastic Petri Net - Semantics

@ a transition t is enabled as usual : Vp € *t : m(p) > 0.
@ an enabled transition t has to wait

@ transition’s waiting time is an exponentially distributed random
variable X; with the probability density function :

f.(T) = Ae(m) - MM 2>,

@ while waiting, the transition may loose its enabled state

o firing itself does not consume time,
follows standard firing rule

Semantics : Continuous Time Markov Chain / CSL, PLTLc
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Continuous Petri Net

Definition :
A biochemically interpreted continuous Petri net is a quintuple
CPNBio = (P, T,f,v,mg), where

@ P, T - finite, non empty, disjoint sets (places, transitions)

o f:((PxT)U(T x P)) — R{ (weighted directed arcs)

e mo: P — R{ (initial marking)
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mo : P — Ry (initial marking)

v: T — H (continuous firing rate functions) with
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Continuous Petri Net

Definition :

A biochemically interpreted continuous Petri net is a quintuple
CPNBio = (P, T,f,v,mg), where

P, T - finite, non empty, disjoint sets (places, transitions)
f:((Px T)U(T x P)) — RJ (weighted directed arcs)
mo : P — Ry (initial marking)

v: T — H (continuous firing rate functions) with
-H:={h|h R R teT}
- v(t) = hy for all transitions t € T

Semantics : ODEs / LTLc
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Continuous Petri Net - Semantics

@ A continuous transition t is enabled in m, if
Vp € *t: m(p) > 0.

@ each place p subject to changes gets its own equation

= F(tp)v(t)= D fpt)v(

te®p tep®

@ each equation corresponds to a line in the incidence matrix

Semantics : ODEs / LTLc
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Continuous Petri Net - Semantics

@ A continuous transition t is enabled in m, if
Vp € *t: m(p) > 0.

@ each place p subject to changes gets its own equation

= F(tp)v(t)= D fpt)v(

te®p tep®

@ each equation corresponds to a line in the incidence matrix

@ continuous Petri net = structured description of ODEs.

Semantics : ODEs / LTLc
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Continuous Petri Net - Example

Raf-1Star RKIP

RK
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Continuous Petri Net - Example

dm3 Raf-1Star RKIP

dt

RK
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Continuous Petri Net - Example

dm3 Raf-1Star RKIP
— = +k1*m1*m2
dt
+r4
-r2
-r3

RK
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Continuous Petri Net - Example

dm3 Raf-1Star RKIP
— = +k1*m1*m2
dt
+ k4 * m4
-k2*m3
-k3*m3*m9

RK
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Continuous Petri Net - Example, ODEs

dm1
— = Iptr5—1 dmry

dt _ = b rd —+ rs — I'g
dm, dt
—— = I2+Tip—11 dmsg

dt —— = r¢—rI7—Ig
dm3 dt
—— = TI1+r4—1r2—13 dmg

dt — = TIgtrg—r3
dm4 J dt
—— = I3—I4—T5 m

dt 0 _ ryo +r11 — Iy
dms dt
—— = Is+I7—Tg dmi;

dt = Tg9 —TIip0 —TIn
dmg N dt
—— = r5+r90—Tr

at 5+ 7Tr10 —T9
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Continuous Petri Net - Example, ODEs

B = k1 * 1M * 1Mo I = k7 * 118

o = kg * 13 rg = kg * 18

rs = k3 * 13 * Mg g = kg * Mg * Mo
rg = kygrmy rip = kio*my

r5 = Kksxmy rin = kpp#mp

r¢ = Kkg*ms*xmy
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Qualitative Petri Net - Extensions

(Qualitative) Petri net + special arcs :

@ read arc
@ inhibitor arc

@ equal arc

@ reset arc

@ read/inhibitor/equal arcs :
influence on enabling, tested place is not changed by the firing

@ reset arc :
no influence on enabling, tested place is reset to zero
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Stochastic Petri Net - Extensions

@ special arcs : read, inhibitor, equal, reset

@ immediate transitions - highest priority
® deterministic transitions :

deterministic waiting time/delay - relative time points
@ scheduled transitions : start(repetition)end

schedule specifies absolute points of the simulation time
where the transition may fire, if enabled

® remark : immediate transition #*
deterministic transition with zero waiting time
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Extended Stochastic Petri Net

Definition, part 1 :
A biochemically interpreted deterministic and stochastic
Petri net is a septuple DSPN g, = (P, T,f,g,v,d, mg), where

@ P, T - finite, non empty, disjoint sets (places, transitions)
@ The set T is the union of three disjunctive transition sets :
T = Tstoch U Tim U Ttimed with :

o Tsioch - set of stochastic transitions with exponentially
distributed waiting time,

o Ty - set of immediate transitions,

@ Tiimeq - Set of transitions with deterministic waiting time.

. continued on next slide
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Extended Stochastic Petri Net

Definition, part 2 :
o f:((PxT)U(T x P))— Ny (weighted directed arcs)
@ g:(Px T)— Ny (weighted directed inhibitor arcs)
@ v: T — H (stochastic firing rate functions) with
-H:=Uer {hf [ he NG T — R+}
- v(t) = hy for all transitions t € T
® d: Tiimeg — RT (deterministic waiting time)

@ mg : P — Ny (initial marking)

Semantics : CTMC ? — simulative MC/PLTLc
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Extended Stochastic Petri Nets, Examples

EX1 : time-controlled inflow/outflow

8000 T
7000 B
6000 X&

5000
4000

3000
2000

input - scheduled(11,1,20) 1000
output - scheduled(31,1,40)

Marking

T
—
—
A

Og|

20 40 60 80 100
Time
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Extended Stochastic Petri Net, Examples

EX2 : time-controlled inflow/outflow

8000 T
switch_output_off 7000 ’é 1
output_on I
6000 f XX
input switch_output_on = 5000 ][ %k
output § 4000 o
g [
3000 I X‘k
input - scheduled(11,1,20) 2000 ] -
switch output on - 1000 P s
_ _ 0 i
scheduled(20,20, SimEnd) o @ g0 w0 w0
- ime
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Extended Stochastic Petri Net, Examples

EX3 : Token-controlled Inflow

500 T
A ——
B
400
2 300
g 200
100 “i‘w A
qkwmmf%}“‘*
tl - BioMassAction(0.1) % 2 e 80 10

Time

t2 - BioMassAction(0.005)
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Extended Stochastic Petri Net, Examples

EX4 : Token-controlled Inflow

40 T T
A ——

35 Alnpul_on
i
I
|

—

30
input_on 25

20

Marking
I =
LT

A
L
VYN WY

—

input_off 15

——

switch_off 10

input - delay(0.5) Time
output - scheduled(5,5, SimEnd)
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Extended Stochastic Petri Net, Examples

EX5 : time-controlled switch between deterministic
and stochastic behaviour

t_stoch
T
1200
B

stochastic_on

switch_to_stoch
10 1000

800

Marking

h 600 [
etﬁoﬂ t det
- A

400
R
200 Wﬂ\k

switch _to _det - scheduled(10) O e —
switch _to _stoch - scheduled(30) Time
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Extended Stochastic Petri Net, Examples

EX6 : token-controlled switch between deterministic
and stochastic behaviour

12 A —— ]
00 B
stochastic_on 1000 “|
tﬁstoch
- 800
£
= e
. 3 600
switch_to_stoch . B 2 B
400 XX‘K
200 %
500
0
0 20 40 60 80 100
Time
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Tools

@ model construction

s BioNessi (London)
s Snoopy (CB)

Rainer Breitling, David Gilbert, Monika Heiner A Unifying Framework for Modelling and Analysing Bioche



Tools

@ model construction

s BioNessi (London)
s Snoopy (CB)

@ qualitative analysis

s INA (HUB), Charlie (CB)
s BDD-CTL (Boolean), IDD-CTL (integer) (CB)

Rainer Breitling, David Gilbert, Monika Heiner A Unifying Framework for Modelling and Analysing Bioche



Tools

@ model construction

s BioNessi (London)
s Snoopy (CB)

@ qualitative analysis

s INA (HUB), Charlie (CB)
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Tools

@ model construction

s BioNessi (London)
s Snoopy (CB)

@ qualitative analysis

s INA (HUB), Charlie (CB)
s BDD-CTL (Boolean), IDD-CTL (integer) (CB)

@ stochastic analysis

s PRISM/CSL (Oxford) , IDD-CSL (CB)
s MC2/PLTLc (Glasgow)

@ continuous analysis

s MATLAB
o BIOCHAM/LTLc (INRIA/Paris), MC2/LTLc (Glasgow)
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Tools - Snoopy's Export Features

Continuous PN

Extended PN

(SBML Level 2)

INA tim
INA tmd

Stochastic PN

(Music PN ) (Modulo PN ) ( Time PN

D)

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

Rainer Breitling, David Gilbert, Monika Heiner A Unifying Framework for Modelling and Analysing Bioche



... some more examples

Circadian Clock;
PRISM web page

places : 9
transitions : 16

transl_a
b
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... some more examples

Pain-related pathways;
MOSS project, .
MD project group, 2009 e - A

places : 132
transitions : 152

AEATN) G E-REguaton
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... some more examples

C. elegance vulval development : places : 206, transitions : 366
- Miyano et al., BMC Syst. Biol. 2009 ;
- Bonzanni et al., Bioinformatics 2009 ;
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... some more examples

C. elegance vulval development :

UN_3Fom_ BT Ling_anchorcell

LiNa_LE{23_dmer
UN3_LET23_p_ dimer

R invaceluiar
3

LS

LS_molecule &

m270
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... some more examples

C. elegance vulval development :

g
O m o A
hes

)

VI_MPK_1_actve N

s
1

Vb Fae2 1o
ma0

VIASTmRNA  7p_d24
m2s

7020 v7_Vulval gene
Tou 7 pm

VI_LS_molecule

VI_LING_LET23 p_cimer
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