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Modelling and Simulation of Biological Regulatory
Networks by Stochastic Petri Nets

Iftikhar A. Sheikh, Jamil Ahmad, and Muhammad T. Saeed

Abstract—Biological Regulatory Networks (BRNSs) depicts the
basic interactions in between various nodes in all biological
systems. Inherently, all chemical and biological actions are
governed by continuous functions, however, they have been
modeled in discrete domain through Rene Thomas' Formalism.
While the knowledge of steady states is sufficiently captured by
this formalism, the dynamical properties of the changes taking
place are not described. Hybrid Modeling was introduced to
cover this aspect as it associated a range of delays with the
changes in expression levels of various genes and hence insight
in the dynamical behaviour of BRNs was achieved. However,
the chemical reactions as well as the biological interactions are
all stochastic in nature and could therefore assume any rate of
change within the range of delays determined through Hybrid
Modeling. Therefore, we have extended the Hybrid Modeling
framework to Stochastic Modeling using an improved and
simplified approach for conversion of BRN to Stochastic Petri
Nets (SPNs) in which the random delay in firing of the
transitions aptly captures the stochastic behaviour of changes
in expression levels of genes. The proposed framework has been
applied to the mucus production in Pseudomonas Aeruginosa
BRN and results given by the Stochastic Petri Nets are in
agreement with the Hybrid Modeling results from which
establishes the accuracy of this approach as well as provide
more insight in the dynamical behaviour of BRNs through
simulation.

Index Terms—Biological Regulatory Networks (BRNs), René
Thomas Framework, Hybrid Modelling, Stochastic Petri Nets
(SPNs)

l. INTRODUCTION

IOLOGICAL Regulatory Networks (BRNSs) are used to
describe almost all biological functions to cover the
interactions taking place in various chemical reactions. The
nature of these interactions is continuous and stochastic in
nature and the rate of change in the underlying dynamics of
these changes is not always fixed. Large number of formal
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approaches devised for modeling the structure of BRNSs exist
which are used for analysis of dynamical properties [1]. René
Thomas Discrete Modelling technique [2] called for
representing the change in expression level in a gene or
biological entity with a logical function having discrete
values. However, it ignores the time taken for the activation
or degradation levels. Hybrid Modelling Technique [3]
addressed this short coming by associating delays in BRNs
by considering the change in levels as piece-wise linear
functions thus making it possible to perform model checking
and obtain various useful properties. This approach, however,
only considers a linear rate of change in the levels and as a
result it associates a range of delays within which a certain
dynamical behaviour is possible.

Our approach is to extend the Hybrid Modelling
Framework to Stochastic Modelling keeping in view the
stochastic nature of the changes taking place in biological
interactions. Stochastic Petri Nets (SPNs) is a useful tool for
analysis of dynamics in Concurrent Systems and it has been
applied to different biological networks [4, 5]. The random
behaviour in the changes can be represented by using
stochastic transitions in the SPN model. Chaouiya et al. have
proposed the gqualitative modelling of BRNs by Petri Nets in
[6] and have proposed an approach for Petri Nets mapping of
discrete multi-level biological regulatory models [7]. Based
on these works, we have simplified the conversion of
Biological Regulatory Networks to Stochastic Petri Nets.
Petri Nets also offers powerful analysis tools for the modelled
systems through simulation and checking of their various
properties is also possible. We take the interesting case of
mucus production in Pseudomonas Aeruginosa as a running
example in this paper as it involves Activation, Inhibition and
Self-regulation actions and also has a multi-valued Interaction
Graph. The simulation results obtained from the modelling
through our proposed simplified approach are in agreement
with the previous results thus validating its applicability to
BRNs.

The rest of paper is organised as follows: Section 2
discusses basics of René Thomas Discrete Modelling
Framework and Hybrid Modelling Framework, the principles
of Stochastic Modelling are described in Section 3 along with
the Stochastic Petri Net model followed by its different
properties and simulation results. The paper is concluded in
Section 4.

Il. HYBRID MODELLING

A. Definitions

The René Thomas Discrete Modelling Framework for
representation of Biological Regulatory Networks (BRNSs)
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has been enriched with Parametric Time Delays in Hybrid
Modelling presented in [3]. The main features of Discrete
Modelling is based on Graph Theory as defined below:

Definition 1. (Graph)

Graph R is the ordered pair R = (V, E) in which, V, having
typical element v, is the vertices set representing entities or
dimensions, and E, having a typical element e =
(V> V) Y Uy, v, € V is the edges set which represent the
connections between the vertices.

A special class of graph is the directed graph in which the
edges are directed from one vertex to another which implies
that the pair constituting the edges is ordered and therefore,
€ = (Um' Un) F ey = (Un' 17m)'

The degree of each vertex in the directed graph is assigned
on the basis of its connections with the other vertices, defined
as:

Definition 2. (Degree).

Degree of vertex v € V is defined as the edges that a
selected vertex has with other vertices in the graph. The
degree is of two types; In degree: those edges that terminate
in the selected vertex, and Out degree: those edges that
originate from the selected vertex.

In Biological Regulatory Networks the genes are always
interacting through each other's proteins thus limiting the
edges to connect a gene with a protein and vice versa at a time.
The graph formed by such network is known as bipartite
graph and defined as below:

Definition 3. (Bi-partite Graph).

Graph R = (V, E) is bi-partite if and only if: V=AUB
suchthat AN B =@ ,andE < (A X B) U (B x A). InBRNs,
the edges are of two distinct types, Activation and Inhibition.
The activation edge exerts a positive influence of the
originating gene to the target element whereas the inhibition
edge represents the negative influence. These distinct types of
interactions lead to different behavioural dynamics which
could not be represented by the static representation of the
simple directed graphs. Therefore, the graph is converted to a
dynamic network through the application of Kinetic Logic
proposed in René Thomas' formalism.

A. Logic Formalism by René Thomas

Initially, René Thomas proposed a qualitative framework
based on Boolean logic applicable on BRNs [2, 8] which
closely approximated the ODE models. Later, it was realized
that the Boolean model is insufficient to represent various
interactions taking place in BRNs at varying gene expression
concentrations. This led to the presentation of kinetic logic
formalism which allows the modelling of discretely
abstracted concentration levels other than Boolean as well [9].
Qualitative modeling approach have been used to model
behavior of several biological networks including MAL-
associated BRN [10], dengue virus pathogenesis and
clearance mechanism [11], tail-resorption in tadpole's
metamorphosis [12] and immunity control mechanism in
bacteriophage lambda [13].

Thomas' Formalism is based on a modified graph called
Biological Regulatory Network (BRN) which is adapted from
[2, 9, 14] and formally defined below:
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Definition 4. (Biological Regulatory Network).

Graph R = (V, E) is a Biological Regulatory Network
when, each edge (v, v,)is labelled by the pair
Uvppon Momwy,) SUCH that j, . is a positive integer and
represents the concentration threshold level required for
interaction, and 7, . € {+, —} describes the type of
interaction, i.e., ‘+’ for activation and ‘—’for inhibition.

Definition 5. (Qualitative States).

These are the BRN configurations based upon the discrete
threshold levels of its nodes. The qualitative state depicts a
single system configuration which is different from other
configurations in threshold level of one node at least. The
System State Space is constituted by gathering all the system
configurations. When all these configurations are represented
in the form of directed graph then it is called the BRN State
Graph.

Definition 6. (Resources).

When a single or a set of activators of a particular node is
present (resp. inhibitors is absent) then it is described as the
resource(s) of that node. The various sets of resources for the
node are generated by different combinations of inhibitors
and activators.

Definition 7. (Logical Parameters).

The BRN evolution is governed by the logical K
parameters which contain the set of resources for a particular
node.

The BRN now contains the required information to
represent its dynamic behaviour, however it still does not
represent the resulting trajectories. Such dynamics is
represented by the State Graph (SG) which is generated by
the BRN against a particular set of logical parameters
governing the behaviours of each entity as a function of
resources available for that entity in a given state.

B. Hybrid Modelling Framework

Hybrid modelling combines the discrete modelling
domain of René Thomas with the continuous time domain. In
effect, the levels of the entities remain the same, however
each entity is assigned a clock which is responsible for
measuring time for that entity [3]. Likewise, each entity is
also assigned respective activation and inhibition delays
which measure the time required by an entity to activate or
deactivate from one discrete level to another. Fig 1 (a) shows
a hypothetical graph showing the piecewise linear dynamics
of the hybrid model.

I1l.  STOCHASTIC MODELLING

The nature of most of the molecular processes is stochastic,
therefore, the application of stochastic simulations is very
suitable to these processes [15]. The Stochastic Petri Nets
were first proposed for the modelling of various processes in
Biological Regulatory Networks in [4] and several case
studies have been discussed in [16, 17].
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A. Principles

The explanation of Stochastic Petri Nets as given in [18]
is based on the assumption that the structure of the network
given by the qualitative Petri Net which is independent of
time is the same as its quantitative Stochastic Petri Net that is
dependent on time. This implies that the discrete marking
along with the structure is maintained in Stochastic Petri Net.
The main difference in SPN is in the firing of the transitions
which are enabled if pre places of that transition are marked
appropriately, but, a waiting time t elapses before the enabled
transition is fired with the actual firing not consuming any
time. This waiting time is governed by the exponential
distributed random variable W; € [0, ) having a probability
distribution function (pdf) as:

fw @ =Am) - e M= 0 (1)

Our approach.

In hybrid modelling, the piece-wise linear curve used for
modelling the change in gene X expression assumes a
constant rate of change w.r.t time. i.e., AX / At as shown in
Fig 1 (a). Whereas, we know that the chemical reactions being
stochastic in nature can have different rates which result in
the change in the gene’s expression level when its
concentration reaches a particular threshold level. This is
represented in Fig 1 (b) which shows that with different
values of At, the slope of curve changes. In our approach of
stochastic modelling, we have represented this varying time
At with a random variable Wi We have then used Stochastic
Petri Nets to model this behaviour where the transitions are
fired after a waiting time controlled by the random variable
W with the actual firing not consuming any time. In this way,
the stochastic nature of change in expression levels of genes
is appropriately taken into account during simulations.

X X
1 ; 1
i AX Ax
0 At i 0 ;Al : ‘
t - t
At At
(a) (b)

Fig. 1. (a) Piece-wise linear dynamics of change in expression level of a gene
in hybrid modelling with constant rate of change. (b) Change in expression
level of a gene in stochastic modelling can take place with different rates.

Modelling of stochastic variable.

Continuous Time Markov Chain (CTMC) describe the
SPN semantics as it is similar to the graph of reachability in
which the edges in between states is governed by the rates of
the transitions. This implies that all reactions defined in the
network structure in stochastic Petri nets still occurs, but its
likelihood is dependent on the distribution of their
probability. Therefore, the same techniques of analysis which
are applicable to qualitative Petri nets can also be successfully
applied to stochastic Petri nets. A timer local to each
transition is assigned during simulation and starts with an
initial value once enabled (i.e., its predecessor places are
appropriately loaded). Then, depending on the probability
distribution assigned to the particular transition, a waiting
time is computed. During each simulation, the value of this
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waiting time comes out to be different. The transition will fire
once the time elapses after the decrementation of timer is
carried out with constant speed. In case of conflict between
two transitions, the one with the smaller waiting time will fire
before the other. After the firing of one transition, all waiting
times are set to zero and the computation of waiting times is
carried out again for the transitions which are enabled in the
next state. It is highlighted that the firing of transition does
not consume any time.

B. Definition

Based on the works of Chaouiya et al. [19, 7], in terms of
converting BRNSs to discrete PNs, as well as the descriptions
of PNs given in [15, 20], the standard PNs, SPNs, and their
properties are defined below:

Definition 8. (Stochastic Petri Net).
Stochastic Petri Net in the context of BRN is a tuple
SPNggry = (N, E, g, w,ng), where:

e N, E are the number of places and transitions
respectively.

e g:((NXE)U(EXN)) — N, assigns a positive
integer to each arc.

e w is the array of firing rates A(m) associated with the
transitions in E where each A is the parameter
associated with random variable W..

e ny: N — N defines the initial value of the places.

C. SPN Model of Pseudomonas Aeroginosa

We take the gene regulation of Pseudomonas Aeruginosa
as our running example to show our stochastic modelling
approach and compare it with the results of hybrid modelling.
The Regulatory State Graph of production of mucus in
Pseudomonas Aeruginosa is shown in Fig 2 (a) in which U
represents Gene AlgU and V its inhibitor gene whereas its
State Graph is shown in Fig 2 (b) which corresponds to the
set of Thomas' K parameters given in Table 1.

o G —@
U v i

(A) (B)

+2

Fig. 2. (a) Regulatory Graph and (b) State Graph of mucus production in
Pseudomonas Aeruginosa.

Table I.
K-parameters for Pseudomonas Aeruginosa

Resources Value
{ 0
{U}
{V}
{uVv}
{
{U}

Parameter

RPIOINININ
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D. Proposed Algorithm

A detailed procedure for converting a Biological
Regulatory Network to a Petri Net has been outlined by
Chaouiya et al. [6] in which each biological entity P is
represented by two places (P primary and cP complementary)
and each K parameter by two transitions (T+ source and T-
sink) respectively. This approach results in a very complex
Petri net. Here we have proposed a simplification in this
algorithm by introducing only one transition X; for each K
parameter thus achieving a simplified Petri net representation
with only half the number of transitions as compared to the
method proposed in [6]. The pseudo-code for our proposed
algorithm for converting a BRN to its compatible Petri net is
shown in Fig 3. The application of this algorithm to our
running example of Pseudomonas Aeruginosa is outlined in
following steps:

3.4.1 Determining Places.

Each of the genes of Pseudomonas Aeruginosa, U and V,
are represented by two primary places G , (U and V), and two
complementary places cGi , (cU and cV) respectively.

3.4.2 Determining Transitions.

Instead of representing each resource of genes with two
transitions as outlined in Chaouiya [7], we assign a single
stochastic transition &; to each resource which in this case
are Tu_0, Tu_U, Tu_Vand Tu_UV for gene U and Tv_0 and
Tv_U for gene V respectively. This step greatly reduces the
complexity of the resulting Stochastic Petri Net model and is
easier to construct.

3.4.3 Determining Tokens.

The number of tokens are set according to the highest
level of expression of each gene. For running example, the
maximum expression level for gene U and gene V is 2 and 1
respectively, therefore, 2 and 1 tokens are placed in places cU
and cV respectively. Moreover, the tokens are conserved in
the complementary places for each gene. It implies that in all
the markings of this SPN, the total number of tokens will not
exceed 2 for places U and cU together for gene U. Similarly,
the total number of tokens for gene V will be 1 for places V
and cV together. Hence, this Petri Net is in the class of
Bounded Petri Net.

3.4.4 Determining Edges.

The places G; are connected with the transitions and
transitions with the places as per the resources of each gene.
For all resources which increase the level of gene U, the edges
are directed from cU to U through the transitions Tu_V and
Tu_UV. For K parameters which decrease the level of gene
U, the edges are directed from U to cU through the transition
Tu_0. Similarly, for gene V, the edges are directed from cV
to V for transition Tv_U and from V to cV for transition Tv_0.

3.4.5 Determining Test Arcs.

Test arcs are also required to be used in SPN model as
these are used for testing a certain number of tokens at the
places to which it is connected and gets enabled only when
the number of tokens equals the weight of the test arc. For
those genes which act as activator of other genes, test arcs are
connected from complementary place of that gene to those
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transitions of other genes which acts as resource for decrease
in expression level of other gene. Similarly, the primary place
of each gene will be connected to those transitions of other
gene which act to increase the expression level of that gene.
In this example, gene U being the activator of gene V, the test
arcs are connected from complementary place cU to Tv_0 and
from primary place U to Tv_U. This behaviour is completely
reversed for the genes which acts as inhibitor for other genes.
This can be seen in case of gene V where its primary place V
is connected to transition Tu_0, while its complementary
place cU is connected with transitions Tu_V and Tu_UV with
test arcs. The weight of the arcs is set as per the corresponding
value V; of K-parameter.

Data: G;[I; K;[1]; v;[]; // No of Genes, K-
parameters, and its Value

Result: Model M /I Output Model containing
Places, Transitions and Edges
initialization; /I For Simple Edges

for(i=1to ¥;)do
if (T.Source =T.Target) then [/ Self-regulation
M < draw edge (G;,K;);
M < draw edge (K;,G;);
else
if (v; =0)then
M « draw edge (G;,K;);
M < draw edge (¥;,cG;);
else
M « draw edge (cG;,X;);
M < draw edge (¥X;,G;);
end
end
end

I/l For Test Edges
for (i=1to G;)do
for (i=1to K;) do [l XK, for other genes than G;
if (G;is activator of K;) then
if (G;isresourceof X;) then
M « draw edge (G;,K;);

else
M « draw edge (cG;,¥K;);
end
else I G; is inhibitor of X;

if (G;isresourceof K;) then
M « draw edge (cG;, X;);

else

‘ M « draw edge (G;,K;);

end

end

end

end

return M

Fig. 3. Pseudo code for our proposed algorithm for converting a BRN to its
corresponding Petri net.

3.4.6 Self-Regulation.
For the case of self-regulation of a gene, the arcs to the
transition which contains the gene itself as the resource, are
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drawn slightly differently than those described above. In this
case, edges are drawn from the primary place to transition
representing the K parameter for self-regulation with a weight
equal to the threshold at which self-regulation is activated and
back to primary place. Moreover, there are test arcs from all
other genes to this transition as per the previous defined rules.
i.e., for activator genes, test arcs from complementary places
and for inhibitor genes, test arcs from primary places. For the
case of Pseudomonas Aeruginosa we see that Gene U is a self-
regulator at an expression threshold of 2, therefore, an edge is
drawn from primary place U to Tu_U transition and back to
U with a weight of 2. Moreover, a test edge is extended from
primary place V to Tu_U transition as it is inhibitor of Gene
u.

The resulting model of Stochastic Petri Net which
represents the production in Pseudomonas Aeruginosa is
constructed using the ‘SNOOPY” tool [21] and is shown in
Fig 4.

Fig. 4. Stochastic Petri Net model of mucus production in Pseudomonas
Aeroginosa using the ‘Snoopy’ tool.

E. Comparison between Proposed and Existing Methods

The proposed method for conversion of Biological
Regulatory Network to its corresponding Petri Net model
considerably reduces the transitions and the interactions
between transitions and places as compared to the existing
method given by Chaouiya et al. [7] which results in a more
efficient, simplified and improved Petri Net model. A
comparison between the existing and our proposed method is
given in Table Il below. It can be seen that the number of
transitions, directed arcs and test arcs are less in our proposed
method as compared to the existing method. This implies that
the proposed method leads to a much simplified model which
is also evident from the time taken for 1000 simulation runs.
The Petri net constructed by the proposed method takes 220
msec to complete the simulation whereas the Petri net made
with the existing method completes the simulation in 385
msec.

Table II.
Comparison between Chaouiya et al. [7] and proposed methods for
constructing Petri net for BRN of Pseudomonas Aeroginosa

No of No of Time taken for
No of No of . 1000
Method . Directed | Test . .
Places | Transitions Simulation
Arcs Arcs
Runs
Chaouiya
etal. [7] 4 12 21 12 385 msec
Proposed 4 6 8 10 220 msec
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The advantage of proposed method in terms of less
complexity and reduced simulation time would be more
significant for BRNs having more number of genes.
Moreover, there would be less number of conflicting
transitions in the proposed method which means that there
would be less variations in the observed behaviour of the Petri
Net model during simulation.

F. Reachability Graph and Structural Properties.

The reachability graph of this SPN model is obtained from
the ‘CHARLIE’ tool [22] and is depicted in Fig. 5 which is
the same as given in the literature against the set of K
parameters defined earlier. This confirms that the SPN model
correctly represents the behaviour of mucus production in
Pseudomonas Aeruginosa. Various structural properties of
the SPN model can be quickly deduced which gives us further
insight in the behaviour of the model. It is found that the
model is Bounded, Conservative, Repetitive and Consistent
but it is not Live.

) cu 2 e

(U:2|cV)

o
r;l_l: 2|cV)

Fig. 5. Reachability Graph obtained from SPN using the ‘Charlie’ tool.

G. Simulation Results

A main feature of modelling in Petri Nets is the simulation
of its behaviour w.rt. time. So the SPN model of
Pseudomonas Aeruginosa was simulated by assigning
different probabilities to the conflicting transitions Tu_V and
Tv_U. It can be seen that when the model is in state (1,0),
firing of transition Tu_V will lead to the steady state (2,1)
whereas firing of transition Tv_U will result in a cycle.

As can be seen in Fig 6 that for cases (a), (c) and (d) the
expression levels for Genes U and V reach the values of 2 and
1 respectively which indicates that the mucus production has
entered the steady state (2,1). Whereas, in case (b) it can be
seen that the values of 0.5 for both genes U and V indicate
that the mucus production is in a cycle between states (0,0),
(0,2), (1,1) and (1,0).
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Expression Levels of Genes U and V
(p(tu_V=1, p(tv_U)=5
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Expression Levels of Genes U and V
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Expression Levels of Genes U and V
[p(tu_V=0.1, p(tv_U)=5]

Gene U

— GeneV
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Expression Levels of Genes U and V
[p(tu_V=5, p(tv_U)=1]
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[
?”_
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Fig 6. Simulation results for SPN Model with different probabilities for conflicting transitions

IV. CONCLUSION

Petri Nets offers a powerful framework for simulation and

modelling of Biological Networks. Nature of biological
interactions and chemical reactions demands that we consider
their stochastic nature while modelling. It can be done
through stochastic PNs. We have proposed a simplified
approach for stochastic modelling of Biological Regulatory
Networks with Stochastic Petri Nets which will make it easier
to handle larger networks. The proposed scheme has been
applied to develop a Stochastic Petri Net model of mucus
production in Pseudomonas Aeruginosa. Simulation of this
model with different probabilities of interactions show

interesting  behaviours.

Moreover, various structural

properties of the PN model have also been evaluated.

(11

[2
(31
(4]

[5]

(6]

(71

(8]

REFERENCES

De Jong, Hidde. "Modeling and simulation of genetic regulatory
systems: a literature review." Journal of computational biology 9.1
(2002): 67-103.

Thomas, René. "Logical analysis of systems comprising feedback
loops." Journal of Theoretical Biology 73.4 (1978): 631-656.

Ahmad, Jamil, et al. "Hybrid modelling and dynamical analysis of gene
regulatory networks with delays." ComPlexUs 3.4 (2006): 231-251.
Goss, Peter JE, and Jean Peccoud. "Quantitative modeling of stochastic
systems in molecular biology by using stochastic Petri nets."
Proceedings of the National Academy of Sciences 95.12 (1998): 6750-
6755.

Hardy, Simon, and Pierre N. Robillard. "Modeling and simulation of
molecular biology systems using petri nets: modeling goals of various
approaches." Journal of bioinformatics and computational biology 2.04
(2004): 619-637.

Chaouiya, Claudine, et al. "Qualitative modelling of genetic networks:
from logical regulatory graphs to standard Petri nets." Applications and
Theory of Petri Nets 2004. Springer Berlin Heidelberg, 2004. 137-156.
Chaouiya, Claudine, Elisabeth Remy, and Denis Thieffry. "Petri net
modelling of biological regulatory networks.” Journal of Discrete
Algorithms 6.2 (2008): 165-177.

Thomas, René: Kinetic Logic: A Boolean Approach to the Analysis of
Complex Regulatory Systems: Proceedings of the EMBO Course

ISBN: 978-988-14048-2-4
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

(9]
(10]

(11]

(12]

(13]

[14]

[15]

[16]

[17]

(18]

(19]

[20]

[21]

[22]

Formal Analysis of Genetic Regulation, Held in Brussels, September 6—
16, 1977, vol. 29. Springer Science & Business Media (2013).

Thomas, René, d’Ari, Richard: Biological feedback. CRC press (1990).
Ahmad, Jamil, Niazi, Umar, Mansoor, Sajid, Siddique, Umair, and
Bibby, Jackyln: Formal Modeling and Analysis of the MAL-Associated
Biological Regulatory Network : Insight into Cerebral Malaria, 7(3).
(2012). http://doi.org/10.1371/journal.pone.0033532

Aslam, Babar, Ahmad, Jamil, Ali, Amjad, Zafar Paracha, Rehan,
Tareen, S. H. Khan, Niazi, Umar, and Saeed, Tarig : On the modelling
and analysis of the regulatory network of dengue virus pathogenesis and
clearance. Computational Biology and Chemistry, 53, 277-291. (2014).
http://doi.org/10.1016/j.compbiolchem.2014.10.003

Khalis, Zohra, Jean-Paul Comet, Adrien Richard, and Gilles Bernot :
The SMBioNet method for discovering models of gene regulatory
networks." Genes, genomes and genomics 3, no. 1: 15-22 (2009).
Richard, Adrien, Jean-Paul Comet, and Gilles Bernot : Formal methods
for modeling biological regulatory networks. In Modern Formal
Methods and Applications, pp. 83-122. Springer Netherlands, (2006).
Thomas, René, Kaufman, Morten: Multistationarity, the basis of cell
differentiation and memory. I. structural conditions of multistationarity
and other nontrivial behavior. Chaos: An Interdisciplinary Journal of
Nonlinear Science 11(1), 170-179 (2001).

Blatke, M. A., Monica Heiner, and Wolfgang Marwan. "Tutorial-petri
nets in systems biology." Otto von Guericke University and Magdeburg,
Centre for Systems Biology (2011).

Marwan, Wolfgang, Arumugam Sujatha, and Christine Starostzik.
"Reconstructing the regulatory network controlling commitment and
sporulation in Physarum polycephalum based on hierarchical Petri Net
modelling and simulation."” Journal of Theoretical Biology 236.4
(2005): 349-365.

Curry, John, et al. "Predictors and moderators of acute outcome in the
Treatment for Adolescents Depression Study (TADS)." Journal of the
Academy of Child & Adolescent Psychiatry 45.12 (2006): 1427-1439.
Heiner, Monika, David Gilbert, and Robin Donaldson. "Petri nets for
systems and synthetic biology." Formal methods for computational
systems biology. Springer Berlin Heidelberg, 215-264 (2008).
Chaouiya, Claudine. "Petri net modelling of biological networks."
Briefings in bioinformatics 8.4: 210-219 (2007).

David, René, and Hassane Alla. "Non-Autonomous Petri Nets."
Discrete,  Continuous, and Hybrid Petri Nets. Springer Berlin
Heidelberg. 61-116 (2010).

M Heiner, M Herajy, F Liu, C Rohr and M Schwarick: Snoopy — a
unifying Petri net tool; In Proc. PETRI NETS 2012, Hamburg, Springer,
LNCS, volume 7347, pp. 398-407, (2012).

M Heiner, M Schwarick and J Wegener: Charlie — an extensible Petri
net analysis tool; In Proc. PETRI NETS 2015, Brussels, Springer,
LNCS, volume 9115, pp. 200211, (2015).

WCECS 2016


http://doi.org/10.1371/journal.pone.0033532
http://doi.org/10.1016/j.compbiolchem.2014.10.003



