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Systems Biology
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O understand biology at a system

level [Kitano 2002]

[ take into account complex interactions
at different scales of biological

Organization [Popel et al. 2009]

Biological scale

Molecules

Cells

Tissues

Organs

Organisms

Some hallmark phenomena

Signaling network
Metabolic network
Compartmentalization

Multicellularity

Variant (mutants)

Cell-cell communication
Cell movement

Cellular differentiation
(Hierarchical) organization
Pattern formation

(Hierarchical) organization

(Hierarchical) organization
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Multiscale challenges

PROXIMAL +———— DISTAL

O Repetition

APICAL

|

BASAL

] Variation

O Organization
O Hierarchical organization

[0 Communication

O Movement A
O Replication | ,
(2,2) (2,3)
] Deletion o+
] Differentiation /

Cell(3,2)

O Dynamic (variable) grid size

] Pattern formation

[Gao et. al. 2011]



Modeling challenges
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How to

O Design & construct models
O Simulate models

O Analyze models

O Visualize results

To use

[0 Colored Petri nets
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Colored Petri nets
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reproduction of prey predator death

A A

Freyl Predatorl

o

n
2/

consumption of prey

Chemical reactions:

* Prey = 2Prey
* Prey + Predator = 2Predator
* Predator 2 A



Colored Petri nets
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reproduction of prey predator death

A A

Freyl Predatorl

n
\o/
(%)

consumption of prey

reproduction of prey predator death

A A

Fredatorz

Preya
D Co

conaumption of prey
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reproduction of prey predator death reproduction of prey predator_death
o 2
Prevl FPredatorl Prey?2 Predatorz
\
Voo 2

consumption of prey consumption of prey
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. reproduction of prey predator death
Declarations:
O colorset CS = red, blue;
O variable x : CS x x
2'X
Prey Predator
0 ofS 0 ofs
50%alll () 100 aNl ()
X x 2'x
consumption of prey

0 Changing color sets adapts the model to various scenarios



. . . i " x ng
Colored Petri nets — basic notions @Y o [ C T

[ g
PV HARBIN INSTITUTE OF TECHNOLOGY

reproduction of prey predator death
Declarations: "
x x
O colorset CS = red, blue; 2'x
Prey Predator
[ variable x : CS 0 s
50*alll ()

consumption of prey

Notions:
[0 Multiset

O a set in which there can be several occurrences for the same element
O denoted by m(s1)'s1++ m(s2) s2++- -
O Example: {a,a,b, b, b} ==2"a++3"b
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reproduction of prey predator death
Declarations: " "
x x
O colorset CS = red, blue; 2'x
Prey Predator

] variable x : CS

Notions:

consumption of prey

O Place/transition/arc
O Color sets

O Guards: Boolean expressions

O Arc expressions: result type = type of connected place

O [nitial marking: initialization expressions
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reproduction of prey predator death
Declarations: " "
x x
O colorset CS = red, blue; 2'x
Prey Predator

] variable x : CS

Notions:
O Color sets

O Define how many components/subsystems (cells) in a colored Petri net model

consumption of prey

O Each component (cell) is a colot

OSimple types: dot, integet, string, Boolean, enumeration, index

O Compound types: product, union
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Declarations: ::LE; = = =
O colorset CS = ab,c; i}
O variable x : CS e T
B p_a pPbk pc
Notions:
O Guard (= | x=c] T = e
O Boolean expression (true/false) ’
OSelect those uncolored transitions . —>

where the guard is evaluated to true ==
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reproduction of prey predator death

Declarations: " "
O colorset CS = red, blue; 2x §

Prey Predator
O variable x : CS

X

Notions:

consumption of prey

O Arc expressions
O usually variables of color sets
Oeg,x 2'x
O result type = type of connected place
O [nitial marking

O A multiset expression

O50°all) == 50"a ++ 50°b



Colored Petri nets — basic notions
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O Folding/unfolding

O Place/transition instances

Questions:
O Automatic folding
O Automatic unfolding

reproduction of prey

consumption of prey

predator_death

reproduction of prey
f
2 |

\

Freyl

consumpt ion_of prey

predator_death

Predatorl

reproduction of prey

Preya

consumption_of prey

predator_death

Predator2
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Colored Petri net framework

" -
discrete state space .

&

+ continuous state space
s

molecules/levels

LTS, PO
CTL/LTL

time-free

guantitative

concentrations
deterministic rates

molecules/levels
stochastic rates

CTMC ODEs

CSL/PLTLc LTLc
abstraction ____, ] 3

: extension ____, %:%

| approximation _____ T ot ! molecules and concentrations

folding - stochastic and deterministic rates
: CTMC coupled by Markov jumps

.....f'ff?_l_r_j_"_'fi‘___”___“'_ e ! PLTLc

*Fei Liu. Colored Petri Nets for Systems Biology, PhD thesis, BTU Cottbus, Dep. of CS, January 2012.
*M Heiner, M. Herajy, F. Liu, C. Rohr. Snoopy — a unifying Petri net tool; In Proc. PETRI NETS 2012,
Hamburg, Springer, LNCS, volume 7347, 398—407, June 2012.



Colored Petri net — implementation
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“ Snoopy 20

-n g i

= Colored Stochastic Petri Met
- Elements

I Place

[ Transition

[Ey Coarse Place

B Coarse Transition

| [ Immediate Transitizn
- Deterrninistic Transticn
[ Scheduled Transition
[ Parameter
[ Cosrse Parameter
E LookupTeble

=& Fdges
--[# Edge
- [H] ReadEdge
[ Inhibitor Edge
: Reces Edge
[} Equal Edge
Madifier Edge

W

File Edit View Elements Hierachy Search Extres. Window Help

1 huui‘tu‘m.:p:un!ped

! votterra.colcontped

o=l

reproduction_of prey

consurption of prey

reproduction of prey

predatdr death

Predataor

consumpticn of prey

IR 3

»

i

Ll

reprodueticn of prepredator deasch

=

Eredator

cs

1007 allf)

conpumpticn of prey

Herardy

-l Top Level

-1 Declarations
1 B Calor Sats
(£ Simple Color Sets
[] Compound Color Sets
i L[] Akas Color Sets
[ Canstznts
-] Variakles
‘| Funchions

L]

“vnk}e’m.c olstochipn

=

consumption of prey

R T

reproduction_of prey predator death

Predator

TTin0tass
102°b

2' K

0.004676 @ Fire transtion : predator_death_a

Cipbans

Marking set |Mﬂ'.l‘l

=] [ Moy |

Furction set:

=] [ oy

Weaght set: l

Modify |

Dislay 5=t i-

=] [ Moty |

Schedule set: |l

& |

Modife |

] Parameter seti |

| [ ey |
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O Colored extension of QPN

O Special arcs: inhibitor, read, equal, reset
O Animation built in Snoopy

O Export (unfold) to external analysis tools

GFeneset
1"=211() dg=en=

unbl ock_b unblock o jenerate
rat generate b F - | 0 =1
X
g - L g = - - GEHESET.
piuLEllld a1 xed._3a protelr Dlocked D proteinc DloCKed C
. i proteina proteinh zeneset blocked

protein
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[ Colored extension of SPN

O Transition: stochastic rate with an exponential probability distribution
[0 Semantics: continuous time Markov chains (CTMCs)

O Special arcs, modifier arcs

O Special transitions: immediate, deterministic, scheduled

O Animation/stochastic simulation built in Snoopy

O Export (unfold) to external analysis tools

1°=211(})
140 T .
protein_a
120 | e sprotein_b - N
AT ,. : protein_c/ -
100 — 2 ¥ iy ] -
jenerate o 80 ~ ' i
« 2 eob 4
40 | 4
Feneset a0 L ]
protein g L ’ . . - : L I
® 0 20000 40000 60000 80000 100000

fime
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O Colored extension of CPN

[ Place: real values

[ Transition: deterministic rates

O Semantics: a set of ordinary differential equations (ODEs)
O Special arcs: inhibitor, reader, modifier

O Continuous simulation built in Snoopy

O Export (unfold) to external analysis tools

Cenalfat
1*all{} gens
045 — T T T I .
. = 04 | By protein_b i
= H 0.35 | e, protein ¢ -
blog unklock 03k HRHHHH -
generate g 025 hh“mum_ ]
-X = -] 02 |k = -
x x 015 i - .
-X Gen=Set 01 L T TT——— S |
GensSet blocked 0.05 7]
protein 0 | | | |
0 500 1000 1500 2000 2500
=
| | time

degrade




Colored hybrid Petri net (HPNC)
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O Colored extension of GHPN

O Place: real/integer values

O Transition: deterministic/stochastic rates
O Semantics: ODEs/CTMC

O Special arcs: inhibitor, reader, equal, reset, modifier
O Hybrid simulation built in Snoopy

O Export (unfold) to external analysis tools

FensSet
1211}

generate

FenaSet

protelin

gene

degrade

blocked

140
120
100
80
G0
40

value

20

I

protein_a
A1 protein_b

R _.-'-._Drotein C

40000

fime

60000

80000

100000
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[ Annotation language of colored Petti nets

(StructuredType
{IdentifierList

(IndexSpecifier
{CompoundType

)

)

)

)

)

)

)
(Enumeration)
)

)

)

)
{Product)
)

(SimpleType} | (CompoundType)
(T'ypeldentifier} | (StructuredType)
(UnsignedInteger} | (Boolean) | (String)
“int”

*bool”

“string”

(Enumeration} | (Index)

(IdentifierList)

(Identifier) | (IdentifierList)®” (Identifier)
(Identifier) “[" (IndexSpecifier) #]”

“int”

(Product) | (Union)

(Type)*x”(Type} | (Product)}“x”{Type)
(T'ype) | (Union}®” (Type)
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] Annotation language of colored Petri nets

{ColorExpr)
(MultiSet Expr)
(MSAdditionOp)
{Predicate)
(Separator Expr)
{SeparatorOp)
(TupleExpr)
(CommaExpr)
{CommaOp)
(OrExpr)
(OrOp)
{AndExpr)
(AndOp)
(EqualExpr)
(EqualOp)
(RelationExpr)
{RelationOp)
{AddExpr)
(AddOp)

(MultiSet Expr)

(Predicate) | (MultiSetExpr)(MSAdditionOp) (Predicate)
;i_l__l_”
(SeparatorExpr) | “[”(OrExpr)*]” (SeparatorExpr)

(TupleExpr) | (SeparatorExpr){SeparatorOp){TupleExpr)

(OrExpr} | “(" (CommaExpr)*)”

(TupleExpr) | {CommaExpr)({CommaOp){TupleExpr)
(AndExpr) | (OrExpr}{OrOp){AndExpr)

Uk

(EqualExpr} | (AndExpr}{AndOp}{EqualExpr)

g

(RelationExpr) | (EqualExpr}{EqualOp){RelationExpr)
S

(AddExpr) | (RelationExpr){RelationOp}{AddExpr}
Bpclt | et | Bmres® | K

(MultiplicityExpr} | (AddExpr}{AddOp){MultiplicityExpr)
wpm | o
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] Annotation language of colored Petri nets

OFlex scanner & Bison parset

O C++ vs ML (functional programming) language

F Liu, M Heiner and C Rohr: Manual for Colored Petri Nets in Snoopy; Technical report 02-12,
Brandenburg University of Technology Cottbus, Department of Computer Science, March 2012.
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] Unfolding algorithm

O reuse analysis techniques and tools for standard
Petri nets

[ reuse stochastic or contihuous simulation
algorithms

F Liu, M Heiner and M Yang: An efficient method for unfolding colored Petri nets; In Proceedings
of the 2012 Winter Simulation Conference (WSC 2012), Berlin, IEEE, 978-1-4673-4781-5/12,
2012.
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] Unfolding algorithm

O compute all instances (bindings) for every transition
[ bind every variable to each color of its color set

O the combination of color sets if the guard is always
true

Pl 2
'Sl 2z
P1 Eeclaratl ns
colorset CSl= lnt wiER g2 afs
= colorset .Ei=int .~ i o o (e
variable x:CS1:
£ X<>V] variable y:CS5Z; 1.2 ¢ 2 £ 31 A
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] Unfolding algorithm

[ the number of instances for a transition is
constrained by its guard

O A constraint satisfaction approach
O the guard is not always true

O all the variables in the guard have finite integer

domains
d. 4 | . Pl 2
Pl Declarations:
colorset CsSl=int with 1,2,3;
= colorset CS52=int with 1,2;
variable x:CS81;
t variable y 2 2 2t 2
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] Unfolding algorithm

O gct the guard of a transition
O oct all variables in this guard

] define the color set of each variable as its domain in

CSP
O define the guard as a constraint of CSP

O solve CSP using constraint solvers, e.g. Gecode

3 pz 1 PFl2Z
- Declarations:
colorset CsSl=int with 1,2,3;
% colorset CS2=int with 1,2;
variable x:Cs1;
t variable y:CSZ
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Key techniques

u Unfolding algorithm - N birth

Size Unfolding time

Mx N Places Transitions | without CSP  with CSP

10 x 10 100 884 4 seconds 1 seconds
50 x 50 2500 24 404 34 minutes 8 seconds
100 x 100 10,000 08,804 11 hours 43 seconds
200 x 200 40,000 397,604 ¢ 4 minutes

* done on PC, Intel(R) Xeon(R) CPU 2.83GHz, RAM 4.00GB. ¢ we did not get the result within 24 hours.
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[ built in Snoopy
O animation (QPN¢/SPN¢)
O simulation (SPN¢/CPN¢/HPN©)

O external analysis tools
O structural analysis (all net classes): Chatlie
O CTL model checking (QPNY): Marcie
O numerical CSL. model checking (SPN¢): Marcie
O simulative PLLTLc model checking (SPN®): Marcie
O simulative PLLTLc model checking (SPN¢/CPN“/HPN®):
MC2 tool
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based on [Li et al. 2009]
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e el Simin
................

0 Declarations:
colorset Dot = with doft;
colorset CS = integer with 3-8;
variable x : CS;

F Liu, M Heiner and M Yang: Modeling and analyzing biological systems using colored
hierarchical Petri nets, illustrated by C. elegans vulval development; WSPC Journal of Biological
Systems, 22(3):463—-493, online May 2014.
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Ex2- Planar Cell Polarity in Drosophila Wing

PROXIMAL DISTAL
APICAL
i ’ l‘ +--*"'*"W BARhL
_ Cell (3,2)
{' (1,2) j:-~ A A A

; (2. 1} | H,— - (2,3) '-. :/4!1?1} “Tﬂbq Tﬂ/\{rzj/xb\, v 1 ”—

/ .
' “=— *4 (1,1) 1,3) r
% (32) ) / / [353}—4 21 (2,2

::.. - }__:: “s) ~.} E}T{E"} @2) @3 ) San) VAR
'—4: (5, 2] % \\[31] (33) Y ‘F/ﬁ 1]\7Q e
e if
{a} {L‘-}I {':} (d)

Q Gao, D Gilbert, M Heiner, F Liu, D Maccagnola and D Tree: Multiscale Modelling and Analysis
of Planar Cell Polarity in the Drosophila Wing; IEEE/ACM Transactions on Computational Biology
and Bioinformatics, 10(2):337-351, 2013
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Ex1- Planar Cell Polarity
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Ex3 - Ca2+ release sites

(1.1) (1.2) (13) (14)
'IG 0 | 12| (1,3 11 | (1,2) | (1,3) N0 | 1.2) ] (1,3) 1) | (1.2 | 1.3)
20 [ 22) ] 23) @21 22|23 21| 22 ] @23 21) [ (22) [ 23)
3.1 [ 32) ]| (33) 316263 31| 32 ]33 31) | (32) | 33)
(2,1) (22) (2,3) (2,4)
O 5 11 [ (1.2)] 1,3) 11|12 03 11| 1.2 ] 1.3) 1.1 | (1.2) | (1.3)
k
‘E: 20 | 22) ] 23) 21| 22|23 21| 22| 23 21) [ 22) | 23)
(31) | 32) ] 33) 31| (32) | (3.3 3.1) | 3.2) | 3.3 (31| 32 [ 33
‘IIl L ||||J LILLLL L1 - - - -
f:] 0 | 12| (1,3 11 | (1,2) | (1,3) 0| 1.2) | (1,3) 1) | (1.2 | 1.3
ﬂ 1 ﬂ D Eﬂ D Eﬂ D 4[‘. D SD D 210 | 22| 23 21 | 22) ] 2,3) 21|22 | 23 21 | 22 | @23
3.1 | 32) ]| (33 316263 31| 32|33 31) | (32) | 33)

O A cluster: a group of strongly coupled channels
O An array of weakly coupled clusters

F Liu and M Heiner: Multiscale modelling of coupled Ca2+ channels using coloured stochastic
Petri nets; IET Systems Biology, 7(4):106 - 113, August 2013.



Ex3 - Ca2+ release sites

A2 KL

L | ey =71

T =
Y5 HARBIN INSTITUTE OF TECHNOLOGY

- Al

23000

2500

2000

1500
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(b)

O [gnoring/considering the effect of neighboting clusters

O Few/frequent waves
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O Parvu, D Gilbert, M Heiner, F Liu, N Saunders and S Shaw: Spatial-temporal modelling and
analysis of bacterial colonies with phase variable genes; ACM Transactions on Modeling and
Computer Simulation (TOMACS), 25(2):25p., May 2015.



Ex4 — the Brusselator
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[0 The PDEs of the Brusselator

U
%—:A—m+nU+U%wv%f
T

oV B=

~— = BU - U*V + DV?v
ot

0 The chemical reactions and diffusion

A
;?5 — U xy
B 1/h?
Un — Vﬂ Ur} — Uaﬁ
D/
EUI}' + Vﬂ U.r_v Vn = ¥k :
1
U vy 20

F Liu, MA Blatke, M Heiner and M Yang:

(u+1)=(1+n)?

Modelling and simulating reaction—diffusion systems using coloured Petri nets;

Computers in Biology and Medicine, 53:297-308, October 2014
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0 The colored Petri net model of the Brusselator

[IsNeighbor2D4(x,y,a,b)] [IsNeighbor2D4(x,y,a,b)]

f20 I2]

(x,¥) (a, b) (a,b) (x, )

37(60, 60)

Grid2D
EI- o

(x,y)

Grid2D

T Is

[

137(60, 60)

transition rate function
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0 The colored Petri net model of the Brusselator
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O Multiscale Systems Biology
O Colored Petri nets

O Colored Petri net framework
O Key techniques

O Analysis techniques

O Applications

O Summary
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Multiscale challenges vs colored Petri nets

O Repetition O Colors

O Variation O Choose a group of colors

O Organization O Ordered color sets

O Hierarchical organization O Ordered product color sets

O Communication O Exchange colots

O Movement O Change a color to another

O Replication O Create a new color in a color set
O Deletion O Remove a color from a color set
O Differentiation O Change a color to another

O Dynamic (variable) grid size O Dynamic color sets

[ Pattern formation 0 Combination
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Thank you for your attention !
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