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Introduction Modélisation informatique des systèmes du vivant

Modélisation informatique des systèmes du vivant

I. Modélisation  système formel abstrait ...
dont les exécutions sont sensées refléter la réalité...
et que l’on peut donc analyser (“in silico” ).

 simulations, model checking, ...
I. Different niveaux d’abstraction...

booléen, entier, . . .
chronologique, . . .
chronométrique  meilleure connaissance des comportements possibles
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Modélisation informatique des systèmes du vivant
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Introduction La régulation génétique

La régulation génétique (micro-rappels pour faire la transition)

retour1

activation et inhibition des gènes entre eux (par l’intermédiaire des protéines qu’ils produisent)

gene x

Protein X

gene y

Protein Y

Fig. 1. Description of a two genes interac-
tion network that resumes a system com-
posed by genes x and y. The gene x produces
the protein X that activates the transcription
of genes x (i.e. auto-activation) and y. Its im-
plies a production of the protein Y that re-
presses the transcription of the gene x.

achieves a description of a biological modeling protocol that deal with assump-
tions used in either formalisms. As illustration, we will first demonstrate on a
simplistic system (Fig. 1), that the constraint programming allows to transform
a PADE model and a Thomas’s model into a set of constraints (Sec. 2). Such an
abstraction provides further implicit analysis that are particularly appropriate
for investigating large gene regulatory networks (Sec. 3).

2 Constraints for Modeling Genetic Regulatory Systems

2.1 Qualitative Approaches

The regulation of genetic system is achieved via macromolecular interactions that
describe positive and negative feedback loops. Qualitative approach appeared
quickly as an appropriate way for investigating such a complexity. We mention
herein formalisms that have been successful during the last decade and that
might be expressed in a natural manner by a set of constraints.

The Biological Regulatory Graph (BRG) is widely applied for a discrete modeling
of gene regulatory networks like in Fig. 1. A BRG is a labelled directed graph
G = (V,E) where V is the set of vertex and where E is the set of edges (see
Fig. 2(a)). Each edge (i → j) ∈ E is labelled with a couple (αij , θij) where
α ∈ {+,−} is the sign of interactions (respectively activation and repression) and
θij is the concentration threshold beyond from which the regulation is effective.
We note Li = {j ∈ V | (j → i) ∈ E}, the set of labels related to the regulatory
functions of the gene i that we call the resources of i.

The System of Piecewise-Affine Differential Equations (PADEs) represents as
well the dynamic of a genetic regulatory network [5, 6]. The system follows the
form:

ẋi = fi(x)− γixi with 0 ≤ xi and 1 ≤ i ≤ n (1)

where x = (x1, . . . , xn) is a vector of protein concentrations called the quanti-
tative state of the system. (1) describes the variation of the concentration xi as
the difference between the rate of synthesis fi(x) and the rate of degradation
γixi. Note that fi(x) expresses the dependency between the synthesis rate of i
and its regulator concentrations. It can be defined as:

fi(x) = ki +
∑
j∈Li

kijbij(x) (2)

+
u v

−
mucus

+

 Model checking d’un réseaux de régulation biologique

I. comprendre (modélisation)
I. vérifier (analyse, simulation et tests, model-checking)
I. corriger. . . (contrôle)
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Introduction La régulation génétique

Motivations

Réduire l’indéterminisme

Affiner les connaissances

Ajouter des paramètres

Concrétiser les trajectoires
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Modélisation (D) Modélisation discrète (rappels rapides)

(D) Modélisation discrète (rappels rapides)

Figure 1 : Premiers paramètres discrets

sidère que le temps est synchrone c’est à dire que les variables sont modifiées
simultanément.

L’inconvénient de l’approche booléen est son adaptation aux systèmes
biologiques. Cela est dû au fait que chaque état de RRB n’a qu’un seul
successeur, et donc pas de choix de différents chemins. Ce problème a été
ensuite abordé par René Thomas par le développement d’un formalisme
logique asynchrone [Tho73, Tho78, Tho79, Tho83]. Dans une forme très
näıve, le formalisme René Thomas décrit l’état d’une entité biologique d’un
manière booléen [Tho73]. Les travaux suivants de même auteur introduisent
des variables de plus de deux niveaux. Ce formalisme suppose que, si une
variable agit sur plus d’une variable, les seuils de concentration pour chacune
de ses actions ne sont pas égaux. Nous donnons un exemple sur la Figure [?].
La variable u a un effet positif sur le gène v quand il atteint sa concentration
θuv et un effet négatif sur le gène z à θuz. La relation θuv < θuz permet
d’obtenir le discrétisation de la concentration de u dans trois niveaux 0,
1 et 2. Les valeurs du niveau qualitatif sont appelées les valeurs logiques.
L’utilisation des valeurs logiques evitent la nécessité de définir les valeurs
d’un grand nombre de paramètres logiques (Cf. Section 2).

v

10 2

z

u

!uz!uv

Figure 3: Les effets positifs et negatifs du produit u sur le produit v et le
produit z respectivement.

Le formalisme de René Thomas permet une mise à jour des variables
d’une manière logique sophistiquée. Ce formalisme introduit les paramètres
logiques [Sno89] et les valeurs logiques pour les seuils. Ces raffinements
permettent d’avoir les différents comportements, par exemple état stable et
les cycles [Sno89].

Le temps pris en compte dans ce formalisme est considéré continue. Ce
qui permet une mise à jour asynchrone des variables [Tho91]. Un ensemble
des fonctions qui décrient les états et leurs cibles est définit par ce formal-

3

Figure 2 : Exemple : Pseudomonas æruginosa

u v(2,+)

(1,+)

(1,!)
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permettent d’avoir les différents comportements, par exemple état stable et
les cycles [Sno89].

Le temps pris en compte dans ce formalisme est considéré continue. Ce
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3

Figure 4 : Exemple : Pseudomonas æruginosa
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(D) Modélisation discrète (rappels rapides)

Figure 5 : Une sigmöıde (a), et sa caricature logique (b)

(a) (b) (c)
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Modélisation (D) Modélisation discrète (rappels rapides)

Graphe d’états discret et notion de trajectoires

rappel retour2

Figure 6 : Pseudomonas æruginosa (suite)  besoin de
raffinement

(0, 0)

(1, 1)

(1, 0) (2, 0)

(2, 1)(0, 1)

uu0

0

u

v

uv

vu

n

n

1 2

1

tt

t

Figure 6: Le graphe d’états pour la RRB de la Figure 4. Les flèches en gras
montre un cycle abstrait et le boucle représente l’état stable.

3 Les Circuits et leur dynamiques

Nous avons mentionné que les RRB contiennent les circuits qui sont re-
sponsables de leurs comportement. Les circuits positifs et négatifs sont des
conditions pour des états stables et les cycles respectivement. Les inter-
sections des seuils des circuits sont des états caractéristiques. Ces états
caractéristiques jouent rôle important dans l’obtentions du comportement
du circuit et de RRB. Ils représentent les états à partir de laquelle tous
les gènes sont actifs. Les états caractéristiques pour le RRB de la Fig-
ure 4 sont (tuv, tvu) = (1, 1) et (tuu, tvu) = (2, 1) pour les deux circuits
négatif et positif respectivement. L’état (tuv, tvu) est l’état caractéristique
du circuit négatif et dont les niveaux de concentrations des variables du cir-
cuit font des oscillation autour de (1, 1). En conséquence il existe le cycle
(0, 0)→ (1, 0)→ (1, 1)→ (0, 1)→ (0, 0). Similairement, l’état (tuu, tvu) est
l’état caractéristique du circuit positif dont les concentrations des variables
sont stable à l’état (2, 1).

4 Conclusion

Le formalisme de René Thomas est une approche puissante pour l’analyse
des réseaux dont les interactions sont bien connues. Il détermine le com-
portement qualitatif possible d’un système d’une manière rigoureuse et évolutive.
L’utilisation des valeurs logiques correspondant aux seuils fonctionnels évitent

8
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Modélisation (D) Modélisation discrète (rappels rapides)

Introduire le temps :

Un autre exemple (Metazoan segmentation [P. Francois])

Metazoan : Two main divisions within the animal kingdom : the multicellular animals, or metazoa, and the single-celled protozoa.

f
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c a

retour
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exponential step (Figure 4B–E) decreasing from a constant
concentration to a concentration that is effectively 0 (i.e.
smaller than relevant binding affinities). This mimics forma-
tion of a signaling gradient upon exit from a growth zone,
similar to what happens in the PSM during somitogenesis.
Therefore, it is not necessary to model growth of the tail bud,
and for computational convenience, we just extend the
(constant) morphogen over all the posterior cells. The number
of boundaries in E is counted after the morphogen front has
run down the row of cells and is close to zero everywhere.

Results

Static gradient: in silico evolution produces
cascades of repressors

To test the relevance of themethod on a simplified example, we
first considered the in silico evolution of segmentation under
the control of a static morphogen gradient. Two typical
examples of simulations are displayed in Figure 3A–C and
D–G with the major stages of their evolutionary pathway.
Both evolutionary pathways begin in the same way: after

few generations, the gene E is put under the control of the
gradedmorphogen, and is transcriptionally activatedwhen the
morphogen G exceeds some level (Figure 3A and D).
A few generations later, the next event createsR1, a repressor

of E, only active in the region where the morphogen is highest.
As a result, this creates a second boundary (E from high to low)
in the region of R1 activity (Figure 3B and E).
The evolutionary processes then fork for the later genera-

tions. In the first case, a second repressor R2 is created, which
represses R1 in regions of yet higher concentration of the
morphogen. This creates a new region of E activity, where R2
lifts R1 repression (Figure 3C), so that E is expressed in two
broad domains.
In the second case, a second repressor R2 is created by

neutral evolution, at an intermediate concentration of the
morphogen G, and is repressed by R1 in regions of higher
concentration of G. Then, R2 represses E, which increases the
fitness by splitting the broad stripe of Figure 3E into two
smaller stripes, delimitated by the regions of high repressor
(Figure 3F). Later in the evolution, mutual repression between
repressors R2 and R1 is selected to sharpen the boundary of one
stripe (Figure 3G and Supplementary Figure S4).
Each stage in this evolutionary process creates new

boundaries by repressing or derepressing E. In the example
of Figure 3C, the evolutionary pathway creates a cascade of
repressors. Cascades were often found by the algorithm, since
cross-regulating repressors create adjacent regions of expres-
sion of E. Such networks, based on a cascade of repressors, are
suggestive of some part of the actual Drosophila gap-gene
regulation network as discussed below.

Dynamic gradient: spontaneous evolution of a
‘clock and wavefront’ mechanism

Since the algorithm succeeded in creating some simple
networks controlling localized expression of genes in a static
gradient, we allowed the gradient to sweep to create a dynamic
morphogenetic profile.

An example of a network with the corresponding evolu-
tionary pathway is displayed in Figure 4.
The first stage in the evolution of the sequential segmenta-

tion simulation (Figure 4) is always activation of E at some
intermediate level GE of the initial gradient and then positive
feedback of E onto itself so that high values are self sustaining
while low values decay to zero. This generates one step after
the morphogen gradient runs over the cells and G equals 0
everywhere (Figure 4B). Bistability is the first functionality to
evolve.
The next event is to create a repressor, R, of E that itself is

induced only for morphogen levels G greater than GE. This can
occur either by placing a pre-existing repressor of E under the
control of G or adding repressor function to some other gene
controlled by G.
Several conditions should be met for R to create a second

boundary of E expression without destroying the first one.
First, to preserve the boundary from low to high E expression:
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controlled by G.
Several conditions should be met for R to create a second

boundary of E expression without destroying the first one.
First, to preserve the boundary from low to high E expression:
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Figure 4 Stages in the evolution of sequential segmentation for a morphogen
gradient moving to the right. (A) Evolution of the best network fitness as a
function of the number of generations. (B–D) The letters correspond to the
network topologies and protein profiles in the three subsequent panels following
the conventions in Figure 3. (E) Final profile produced by network of (D) for twice
as long an embryo showing regular spacing of the stripes. See the text for details
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exponential step (Figure 4B–E) decreasing from a constant
concentration to a concentration that is effectively 0 (i.e.
smaller than relevant binding affinities). This mimics forma-
tion of a signaling gradient upon exit from a growth zone,
similar to what happens in the PSM during somitogenesis.
Therefore, it is not necessary to model growth of the tail bud,
and for computational convenience, we just extend the
(constant) morphogen over all the posterior cells. The number
of boundaries in E is counted after the morphogen front has
run down the row of cells and is close to zero everywhere.

Results

Static gradient: in silico evolution produces
cascades of repressors

To test the relevance of themethod on a simplified example, we
first considered the in silico evolution of segmentation under
the control of a static morphogen gradient. Two typical
examples of simulations are displayed in Figure 3A–C and
D–G with the major stages of their evolutionary pathway.
Both evolutionary pathways begin in the same way: after

few generations, the gene E is put under the control of the
gradedmorphogen, and is transcriptionally activatedwhen the
morphogen G exceeds some level (Figure 3A and D).
A few generations later, the next event createsR1, a repressor

of E, only active in the region where the morphogen is highest.
As a result, this creates a second boundary (E from high to low)
in the region of R1 activity (Figure 3B and E).
The evolutionary processes then fork for the later genera-

tions. In the first case, a second repressor R2 is created, which
represses R1 in regions of yet higher concentration of the
morphogen. This creates a new region of E activity, where R2
lifts R1 repression (Figure 3C), so that E is expressed in two
broad domains.
In the second case, a second repressor R2 is created by

neutral evolution, at an intermediate concentration of the
morphogen G, and is repressed by R1 in regions of higher
concentration of G. Then, R2 represses E, which increases the
fitness by splitting the broad stripe of Figure 3E into two
smaller stripes, delimitated by the regions of high repressor
(Figure 3F). Later in the evolution, mutual repression between
repressors R2 and R1 is selected to sharpen the boundary of one
stripe (Figure 3G and Supplementary Figure S4).
Each stage in this evolutionary process creates new

boundaries by repressing or derepressing E. In the example
of Figure 3C, the evolutionary pathway creates a cascade of
repressors. Cascades were often found by the algorithm, since
cross-regulating repressors create adjacent regions of expres-
sion of E. Such networks, based on a cascade of repressors, are
suggestive of some part of the actual Drosophila gap-gene
regulation network as discussed below.

Dynamic gradient: spontaneous evolution of a
‘clock and wavefront’ mechanism

Since the algorithm succeeded in creating some simple
networks controlling localized expression of genes in a static
gradient, we allowed the gradient to sweep to create a dynamic
morphogenetic profile.

An example of a network with the corresponding evolu-
tionary pathway is displayed in Figure 4.
The first stage in the evolution of the sequential segmenta-

tion simulation (Figure 4) is always activation of E at some
intermediate level GE of the initial gradient and then positive
feedback of E onto itself so that high values are self sustaining
while low values decay to zero. This generates one step after
the morphogen gradient runs over the cells and G equals 0
everywhere (Figure 4B). Bistability is the first functionality to
evolve.
The next event is to create a repressor, R, of E that itself is

induced only for morphogen levels G greater than GE. This can
occur either by placing a pre-existing repressor of E under the
control of G or adding repressor function to some other gene
controlled by G.
Several conditions should be met for R to create a second

boundary of E expression without destroying the first one.
First, to preserve the boundary from low to high E expression:
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Figure 4 Stages in the evolution of sequential segmentation for a morphogen
gradient moving to the right. (A) Evolution of the best network fitness as a
function of the number of generations. (B–D) The letters correspond to the
network topologies and protein profiles in the three subsequent panels following
the conventions in Figure 3. (E) Final profile produced by network of (D) for twice
as long an embryo showing regular spacing of the stripes. See the text for details
and Supplementary Information for other examples.
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Modélisation (D) Modélisation discrète (rappels rapides)

Introduire le temps :

Un autre exemple (Metazoan segmentation [P. Francois])

Metazoan : Two main divisions within the animal kingdom : the multicellular animals, or metazoa, and the single-celled protozoa.
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exponential step (Figure 4B–E) decreasing from a constant
concentration to a concentration that is effectively 0 (i.e.
smaller than relevant binding affinities). This mimics forma-
tion of a signaling gradient upon exit from a growth zone,
similar to what happens in the PSM during somitogenesis.
Therefore, it is not necessary to model growth of the tail bud,
and for computational convenience, we just extend the
(constant) morphogen over all the posterior cells. The number
of boundaries in E is counted after the morphogen front has
run down the row of cells and is close to zero everywhere.

Results

Static gradient: in silico evolution produces
cascades of repressors

To test the relevance of themethod on a simplified example, we
first considered the in silico evolution of segmentation under
the control of a static morphogen gradient. Two typical
examples of simulations are displayed in Figure 3A–C and
D–G with the major stages of their evolutionary pathway.
Both evolutionary pathways begin in the same way: after

few generations, the gene E is put under the control of the
gradedmorphogen, and is transcriptionally activatedwhen the
morphogen G exceeds some level (Figure 3A and D).
A few generations later, the next event createsR1, a repressor

of E, only active in the region where the morphogen is highest.
As a result, this creates a second boundary (E from high to low)
in the region of R1 activity (Figure 3B and E).
The evolutionary processes then fork for the later genera-

tions. In the first case, a second repressor R2 is created, which
represses R1 in regions of yet higher concentration of the
morphogen. This creates a new region of E activity, where R2
lifts R1 repression (Figure 3C), so that E is expressed in two
broad domains.
In the second case, a second repressor R2 is created by

neutral evolution, at an intermediate concentration of the
morphogen G, and is repressed by R1 in regions of higher
concentration of G. Then, R2 represses E, which increases the
fitness by splitting the broad stripe of Figure 3E into two
smaller stripes, delimitated by the regions of high repressor
(Figure 3F). Later in the evolution, mutual repression between
repressors R2 and R1 is selected to sharpen the boundary of one
stripe (Figure 3G and Supplementary Figure S4).
Each stage in this evolutionary process creates new

boundaries by repressing or derepressing E. In the example
of Figure 3C, the evolutionary pathway creates a cascade of
repressors. Cascades were often found by the algorithm, since
cross-regulating repressors create adjacent regions of expres-
sion of E. Such networks, based on a cascade of repressors, are
suggestive of some part of the actual Drosophila gap-gene
regulation network as discussed below.

Dynamic gradient: spontaneous evolution of a
‘clock and wavefront’ mechanism

Since the algorithm succeeded in creating some simple
networks controlling localized expression of genes in a static
gradient, we allowed the gradient to sweep to create a dynamic
morphogenetic profile.

An example of a network with the corresponding evolu-
tionary pathway is displayed in Figure 4.
The first stage in the evolution of the sequential segmenta-

tion simulation (Figure 4) is always activation of E at some
intermediate level GE of the initial gradient and then positive
feedback of E onto itself so that high values are self sustaining
while low values decay to zero. This generates one step after
the morphogen gradient runs over the cells and G equals 0
everywhere (Figure 4B). Bistability is the first functionality to
evolve.
The next event is to create a repressor, R, of E that itself is

induced only for morphogen levels G greater than GE. This can
occur either by placing a pre-existing repressor of E under the
control of G or adding repressor function to some other gene
controlled by G.
Several conditions should be met for R to create a second

boundary of E expression without destroying the first one.
First, to preserve the boundary from low to high E expression:
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Figure 4 Stages in the evolution of sequential segmentation for a morphogen
gradient moving to the right. (A) Evolution of the best network fitness as a
function of the number of generations. (B–D) The letters correspond to the
network topologies and protein profiles in the three subsequent panels following
the conventions in Figure 3. (E) Final profile produced by network of (D) for twice
as long an embryo showing regular spacing of the stripes. See the text for details
and Supplementary Information for other examples.
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exponential step (Figure 4B–E) decreasing from a constant
concentration to a concentration that is effectively 0 (i.e.
smaller than relevant binding affinities). This mimics forma-
tion of a signaling gradient upon exit from a growth zone,
similar to what happens in the PSM during somitogenesis.
Therefore, it is not necessary to model growth of the tail bud,
and for computational convenience, we just extend the
(constant) morphogen over all the posterior cells. The number
of boundaries in E is counted after the morphogen front has
run down the row of cells and is close to zero everywhere.

Results

Static gradient: in silico evolution produces
cascades of repressors

To test the relevance of themethod on a simplified example, we
first considered the in silico evolution of segmentation under
the control of a static morphogen gradient. Two typical
examples of simulations are displayed in Figure 3A–C and
D–G with the major stages of their evolutionary pathway.
Both evolutionary pathways begin in the same way: after

few generations, the gene E is put under the control of the
gradedmorphogen, and is transcriptionally activatedwhen the
morphogen G exceeds some level (Figure 3A and D).
A few generations later, the next event createsR1, a repressor

of E, only active in the region where the morphogen is highest.
As a result, this creates a second boundary (E from high to low)
in the region of R1 activity (Figure 3B and E).
The evolutionary processes then fork for the later genera-

tions. In the first case, a second repressor R2 is created, which
represses R1 in regions of yet higher concentration of the
morphogen. This creates a new region of E activity, where R2
lifts R1 repression (Figure 3C), so that E is expressed in two
broad domains.
In the second case, a second repressor R2 is created by

neutral evolution, at an intermediate concentration of the
morphogen G, and is repressed by R1 in regions of higher
concentration of G. Then, R2 represses E, which increases the
fitness by splitting the broad stripe of Figure 3E into two
smaller stripes, delimitated by the regions of high repressor
(Figure 3F). Later in the evolution, mutual repression between
repressors R2 and R1 is selected to sharpen the boundary of one
stripe (Figure 3G and Supplementary Figure S4).
Each stage in this evolutionary process creates new

boundaries by repressing or derepressing E. In the example
of Figure 3C, the evolutionary pathway creates a cascade of
repressors. Cascades were often found by the algorithm, since
cross-regulating repressors create adjacent regions of expres-
sion of E. Such networks, based on a cascade of repressors, are
suggestive of some part of the actual Drosophila gap-gene
regulation network as discussed below.

Dynamic gradient: spontaneous evolution of a
‘clock and wavefront’ mechanism

Since the algorithm succeeded in creating some simple
networks controlling localized expression of genes in a static
gradient, we allowed the gradient to sweep to create a dynamic
morphogenetic profile.

An example of a network with the corresponding evolu-
tionary pathway is displayed in Figure 4.
The first stage in the evolution of the sequential segmenta-

tion simulation (Figure 4) is always activation of E at some
intermediate level GE of the initial gradient and then positive
feedback of E onto itself so that high values are self sustaining
while low values decay to zero. This generates one step after
the morphogen gradient runs over the cells and G equals 0
everywhere (Figure 4B). Bistability is the first functionality to
evolve.
The next event is to create a repressor, R, of E that itself is

induced only for morphogen levels G greater than GE. This can
occur either by placing a pre-existing repressor of E under the
control of G or adding repressor function to some other gene
controlled by G.
Several conditions should be met for R to create a second

boundary of E expression without destroying the first one.
First, to preserve the boundary from low to high E expression:
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Figure 4 Stages in the evolution of sequential segmentation for a morphogen
gradient moving to the right. (A) Evolution of the best network fitness as a
function of the number of generations. (B–D) The letters correspond to the
network topologies and protein profiles in the three subsequent panels following
the conventions in Figure 3. (E) Final profile produced by network of (D) for twice
as long an embryo showing regular spacing of the stripes. See the text for details
and Supplementary Information for other examples.
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Modélisation (D) Modélisation discrète (rappels rapides)

Introduire le temps (suite)

Différents comportements (suivant les durées) :

a⇐ f ∧ ¬c et c ⇐ f

a

c

f
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f
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Modélisation (H) Modélisation hybride

(H) Modélisation hybride

Prise en compte des temps pour les changements de niveau :

Figure 7 : Une sigmöıde (a), sa caricature logique (b) et
sa caricature linéaire par morceaux (c)

(a) (b) (c)
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Modélisation (H) Modélisation hybride

Les valeurs relatives de délais et retards permettent

de discriminer les comportements

Figure 8 : Exemple de la bactérie Escherichia coli
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Modélisation (H) Modélisation hybride

Deux approches

Dualité continu / discret

I. Automates hybrides :
Une approche états-transitions prenant en compte les évolutions
temporelles et les commutations de phase
 model-checking hybride.

I. Process Hitting :
Une approche algébrique pour ”quotienter” l’espace des états (et
gérer la complexité) et une approche stochastique pour représenter
la temporalité
 vérification structurelle et model-checking probabiliste
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Modélisation (H1) Modélisation par automates hybrides :

(H1) Modélisation par automates hybrides :

des horloges pour mesurer les délais de franchissement de seuil

Figure 9 : modélisation des délais par des “horloges”
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Modélisation (H1) Modélisation par automates hybrides :

Related works

Automates temporisés et hybrides
I. [M. Adéläıde and G. Sutre]. ”Parametric Analysis and Abstraction

of Genetic Regulatory Networks”. In Concurrent Models in
Molecular Biology (BioCONCUR’04), London, UK, Aug. 2004,
Electronic Notes in Theor. Comp. Sci., Elsevier, 2004.

I. [H. Sieber and A. Bockmayr]∗. ”Incorporating Time Delays into
the Logical Analysis of Gene Regulatory Networks”. In
Computational Methods in Systems Biology, (CMSB 2006),

I. [ J. Ahmad, G. Bernot, J.-P. Comet, D. Lime and O. Roux].
”Hybrid modelling and dynamical analysis of gene regulatory
networks with delays”. ComPlexUs, 3(4) :231-251, 2006 (Cover
Date : November 2007)

I. [O. Maler, G. Batt]. ”Approximating Continuous Systems by
Timed Automata”, In Formal Methods in Systems Biology, 2008
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Modélisation (H1) Modélisation par automates hybrides :

Related works (suite)
et aussi :

I. [L. Bortolussi and A. Policriti]∗. ”Hybrid Systems and Biology.
Continuous and Discrete Modeling for Systems Biology”. In
Formal Methods For Computational System Biology (FMCSB),
LNCS 5016, 2006. [BP06]

I. [P. Lincoln and A. Tiwari]. ”Symbolic systems biology : Hybrid
modeling and analysis of biological networks”. In Hybrid Systems :
Computation and Control (HSCC’04), LNCS 2993, 2004. [LT04]

I. [G. Batt, C. Belta and R. Weiss]. ”Model checking liveness
properties of genetic regulatory networks”. In Tools and
algorithms for the construction and analysis of systems
(TACAS’07), LNCS, 2007. [BBW07b]

I. [G. Batt, C. Belta and R. Weiss]. ”Model checking genetic
regulatory networks with parameter uncertainty”. In Hybrid
systems (HSCC’07), LNCS, 2007. [BBW07a]

I. [A. Aswani and C. Tomlin]. ”Reachability algorithm for biological
piecewise-affine hybrid systems”. In Hybrid systems (HSCC’07),
LNCS, 2007. [AT07]
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Modélisation (H1) Modélisation par automates hybrides :
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Figure 10 :
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Modélisation (H1) Modélisation par automates hybrides :

y = Yp

Y0
> θ ∧ ω� = +1 ∧ Y �

P = YP ∧ Y �
0 = Y0 ∧

B�
P = BP ∧ B�

0 = B0 ∧ Z � = Z ∧ P � = P

y = Yp

Y0
< θ ∧ ω� = −1 ∧ Y �

P = YP ∧ Y �
0 = Y0 ∧

B�
P = BP ∧ B�

0 = B0 ∧ Z � = Z ∧ P � = P

ω = −1

ẎP = kyP (Y0 − YP )− k−yZYP

ḂP = kbP (B0 −BP )− k−bBP

P = LT2p + LT3p + LT4p+
T2p + T3p + T4p

ω = +1

ẎP = kyP (Y0 − YP )− k−yZYP

ḂP = kbP (B0 −BP )− k−bBP

P = LT2p + LT3p + LT4p+
T2p + T3p + T4p

RUN [CCW] TUMBLE [CW]
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Modélisation (H1) Modélisation par automates hybrides :

Introduction aux automates hybrides par un exemple (petite digression) :

contrôle du niveau d’un réservoir par ouverture - fermeture de vanne de vidange

variables : x1 : temps ; x2 : niveau
ouverture des vannes toutes les 3 sec. ; fermeture quand niveau nul
localité 1 (fermé) : remplissage = 1 unité / sec.
localité 2 (ouvert) : vidange = 2 unités / sec.

Figure 11 : Automate hybride du réservoir d’eau
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dx2/dt=1 dx2/dt=-2

dx1/dt=1

x2>=0
f  /  x2=0

o  /  x1=3 et x1:=0

x1:=1
x2:=1

O. Roux (IRCCyN) Modélisation hybride & analyse dynamique des GRN 20 / 72

http://www.irccyn.ec-nantes.fr/


Modélisation (H1) Modélisation par automates hybrides :

Introduction aux automates hybrides par un exemple (petite digression) :
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Modélisation (H1) Modélisation par automates hybrides :

Figure 13 : Ouverture
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Modélisation (H1) Modélisation par automates hybrides :

Figure 14 : Fermeture
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Modélisation (H1) Modélisation par automates hybrides :�� ��Définitions [ACH+95] : Automate hybride H : 7-uplet

(Loc,Var ,T ,E ,Act, Inv , Lo) où :

1 Loc : ensemble fini de localités,

2 Var : ensemble fini de variables réelles,

3 E : ensemble fini d’étiquettes,

4 T : ensemble fini de transitions discrètes (l ′, γ, e, α, l) ∈ T ,

5 Act : fonction associant à chaque localité l ∈ Loc un ensemble d’activités
Act(l)

6 Inv : fonction associant à chaque localité l ∈ Loc un invariant Inv(l).

7 Lo ⊂ Loc : ensemble des localités initiales,

I. Valuation v : v : Var → IR
x 7→ v(x)

V : ensemble des valuations
I. Région symbolique : domaine regroupant un ensemble de points, valuations de

toutes les variables.
I. Exécution : suite alternante de transitions continues et discrètes.
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Modélisation (H1) Modélisation par automates hybrides :

Problème d’accessibilité : déterminer si un domaine final F est
accessible à partir d’un domaine initial I.

Deux façons :

Considérer le domaine succ∗ des états qui peuvent être atteints
à partir du domaine initial I,
et vérifier si succ∗ ∩ F 6= ∅ (résolution ”en avant”)

Considérer le domaine prec∗ des états à partir desquels les états
de F peuvent être atteints,
et vérifier si prec∗ ∩ I 6= ∅ (résolution ”en arrière”).
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Modélisation (H1) Modélisation par automates hybrides :

Semi-algorithme d’accessibilité ”en avant”
Domaine succ∗ : union des domaines

⋃
k≥0 succk , succk définis itérativement

par :

succ0 =
⋃

l∈Loc(l , (I(l)↗Act(l) ) ∩ Inv(l))

succi+1 =
⋃

l∈Loc(l ,
⋃

(l ′,γ,α,l)∈T ((α(succi (l ′) ∩ γ)↗Act(l) ) ∩ Inv(l)))

succn =
⋃

k=0..n succk

Semi-algorithme d’accessibilité ”en arrière”
Domaine prec∗ : union des domaines

⋃
k≥0 preck , preck définis itérativement

par :

prec0 =
⋃

l∈Loc(l , (F(l)↙Act(l) ) ∩ Inv(l))

preci+1 =
⋃

l∈Loc(l ,
⋃

(l,γ,α,l ′)∈T (((α−1(preci (l ′)) ∩ γ)↙Act(l) ) ∩ Inv(l)))

precn =
⋃

k=0..n preck
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Domaine succ∗ : union des domaines

⋃
k≥0 succk , succk définis itérativement
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Modélisation (H1) Modélisation par automates hybrides :

Terminaison des algorithmes :

soit lorsque succn+1 = succn ou precn+1 = precn (point fixe),

soit lorsque succn ∩ F 6= ∅ ou precn ∩ I 6= ∅
(réponse au problème : ”oui, le domaine final F peut être
atteint”).

Cependant, rien ne permet d’affirmer que l’une au moins de ces condi-
tions sera vérifiée à une itération k : problème indécidable.
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Modélisation (H1) Modélisation par automates hybrides :

I = {x1 = x2} ∧ {1 ≤ x1 ≤ 3}
F = {x1 = x2 + 1} ∧ {1 ≤ x1 ≤ 3} en avant

F est-il accessible à partir de I ?

Figure 15 : F n’est pas accessible ?
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Modélisation (H1) Modélisation par automates hybrides :

I = {x1 = x2} ∧ {1 ≤ x1 ≤ 3}
F = {x1 = x2 + 1} ∧ {1 ≤ x1 ≤ 3} en avant

Figure 17 : F n’est pas accessible !
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Modélisation (H1) Modélisation par automates hybrides :

en arrière :
prec∗ = (ferme, 1 ≤ x1 ≤ 3 ∧ x1 = x2 + 1) ∨ (ouvert, x1 + 2x2 = 2)
et prec∗ ∩ I = ∅
en avant :
succ2i = (ferme, x1 = x2 + 1 + (−1)i+1

2i ∧ x1 ≤ 3) ∨ (ouvert, ∅)
succ2i+1 = (ferme, ∅) ∨ (ouvert, 2x1 + x2 = 2 + (−1)i

2i ∧ x2 ≥ 0)  non convergence

2 31

transition discrete

Affectation

2 31

1

2

3

x2

transition continue

3
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1
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Modélisation

Notion de zones temporelles pour la modélisation
biologique

Notion de zones temporelles pour la modélisation biologique

Retour à la modélisation hybride des systèmes biologiques

Figure 18 : Exemple de modèle discret de GRN (Rappel)

0, 1

0, 0 1, 0 2, 0

1, 1 2, 1

rappel retour

Principe :

Expansion des états discrets en une zone (région symbolique) :
zoom sur l’état discret (1,0)...
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Modélisation

Notion de zones temporelles pour la modélisation
biologique

Notion de zones temporelles pour la modélisation biologique

Figure 19 : Exemple de modèle discret de GRN (Rappel)

0, 1

0, 0 1, 0 2, 0

1, 1 2, 1

rappel retour

Principe :

Expansion des états discrets en une zone (région symbolique) :
zoom sur l’état discret (1,0)...
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Modélisation

Notion de zones temporelles pour la modélisation
biologique

Notion de zones temporelles pour la modélisation biologique

Figure 20 : Exemple de modèle discret de GRN (Rappel)

0, 1

0, 0 1, 0 2, 0

1, 1 2, 1

rappel retour

Principe :

Expansion des états discrets en une zone (région symbolique) :
zoom sur l’état discret (1,0)...
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Modélisation

Notion de zones temporelles pour la modélisation
biologique

Expansion d’un état (1,0) et introduction des horloges

Expansion : x = 1 est étendu en un segment de longueur : |d−x |+ |d+
x |

hx evolves towards  dx− hx evolves towards  dx+
(1, 0)

hxx decreases,  
(x  >   0) (x   <  2)

x increases,  

hx = dx
−

hx = dx

hx = 0

+

I. quand x augmente, hx évolue de 0 à d+
x ;

I. quand x décrôıt, hx évolue de 0 à d−x .
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Modélisation

Notion de zones temporelles pour la modélisation
biologique

Notion de zones temporelles pour la modélisation biologique

(suite)

hy evolves towards  dy +

hx evolves towards  dx+

(x   <  2)x increases,  

y incresases
(y < 1) 

(1, 0)0

1

hy

hx

(1, 0)

hy = dy

hx = dx
+

+

Figure 21 : Expansion de la localité (1, 0) en une zone temporelle :
(hx, hy)
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Modélisation

Notion de zones temporelles pour la modélisation
biologique

Notion de zones temporelles pour la modélisation biologique

(suite)

Évolutions conformes aux dynamiques (en vert)

10 −

hx=dx
+

�
�
�
�

(1, 1)y

P

(1, 0)

hx > 0
hy > 0x = 1,  hx = 0

y = 0,  hy = 0

+

1

(0, 0)

0

(2, 0)

x
hy=dy −

hy=dy 10

10

10

hx=dx
Figure 22 : Exemple de modélisation “temporelle” pour un GRN (vue
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Modélisation

Notion de zones temporelles pour la modélisation
biologique

Notion de zones temporelles pour la modélisation biologique

(suite)

Les deux sortes de pas dans la modélisation hybride :

I. Pas continu : passage du temps
I. Pas discret : saut vers la localité suivante
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Modélisation

Notion de zones temporelles pour la modélisation
biologique

Espace des zones temporelles

Figure 23 : Vue complète de la modélisation temporelle
hx = 0

y

1

1

0

(0, 1) (1, 1) (2, 1)

(0, 0) (1, 0)
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0
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2
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Modélisation Modèle hybride de l’exemple

Modèle hybride de l’exemple

loc_00

loc_01

loc_10 loc_20

loc_11 loc_21

   /dt= -1dhy

 
 d-

y
hy < 1

d+
x0hx <

d+
y0

hy <
d+
x1hx

v

d+
y0

hy

 d-
x1hx

d+
x0

hx

d -y1
hy ==

d-
x1

hx==

hx 0

d+
x1

hx

d+ y 0
h y==

< <

<

hy
0

hx 0 hx 0

h y
0

vd+
x0hx <

d+
y0

hy <

v

 
 d-

y
hy < 1

v

d+ y  0
h y=

=
h y

0

== ==

d -y1
hy ==
hy

0
d+ y  0

h y=
=

h y
0

d+
x0hx

hx 0

==    = -1hxd /dt   =1hxd /dt
   /dt= -1dhy

   =1hxd /dt
   /dt=1dhy

   =1hxd /dt
   /dt=1dhy

   =0hxd /dt
   /dt=0dhy

   =0hxd /dt
   /dt=1dhy

Figure 24 : Pseudomonas æruginosa

(les flèches en gras représentent les transitions du modèle discret)
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Modélisation Trajectoires

Trajectoires

Séquence d’alternances de transitions continues et discrètes

P

(0, 1)

1 2

y

(0, 0)

(2, 1)

0

0

1

(1, 1)

(1, 0)

(2, 0)
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Modélisation Trajectoires

Modélisation (suite)

Cas particuliers (1)
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Modélisation Trajectoires

Modélisation (suite)

Cas particuliers (1)
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Modélisation Trajectoires

Modélisation (suite)

Cas particuliers (3)
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Modélisation Trajectoires

Analyse, premiers résultats de vérification et

discussion

I. Evolution (analyse des trajectoires)

I. Résultats

I. Limitations
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Modélisation Trajectoires

Divergences et noyaux d’invariance
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Definition (Trajectoires invariantes vs divergentes)

Le plus grand ensemble de points tel que toute trajectoire, partant de
l’un de ces points, reste dans cet ensemble est appelé le “noyau
d’invariance”
ce noyau est exprimé comme une contrainte sur les paramètres de délai, qui peut être synthétisée algorithmiquement.
Au contraire, l’extérieur de ce noyau est composé des trajectoires divergentes conduisant dans un “bassin d’attraction”.
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d’invariance”
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Modélisation Trajectoires

Analyse (suite)

Objectifs :
Parmi les trajectoires, trouver :

1 Cycles : comportement infini

2 Attraction : bifurcation

Solution :

Algorithme

Ecrit en HyTech [HHWT97]

Résultat : polyèdres paramétrés

Interprétation dans PolyLib
[http ://icps.u-strasbg.fr/polylib/]
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Modélisation Trajectoires

Analyse (suite)

Figure 25 : Cycles simples ou imbriqués
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Modélisation Trajectoires

Résultats avec délais valués

Table des valeurs de délais :
(correspondent aux longueurs
et largeurs des rectangles de
la figure 25)

d−x0
-3 d−y0

-3
d+

x0
+4 d+

y0
+5

d−x1
-2 d−y1

-5
d+

x1
+3 d+

y1
+2

Zini Iini Constrained region in the phase portrait Time
(0,0) hy = 0 ∧ d−

x0
≤ hx ≤ d+

x0
hy = 0 ∧ 0 ≤ hx ≤ 2 0.28

(0,1) hx = 0 ∧ d−
y1
≤ hy ≤ d+

y1
hx = 0 ∧ −5 ≤ hy ≤ −3 0.26

(1,0) hx = 0 ∧ d−
y0
≤ hy ≤ d+

y0
hx = 0 ∧ 2 ≤ hy ≤ 4 0.26

(1,1) hy = 0 ∧ d−
x1
≤ hx ≤ d+

x1
hy = 0 ∧ 1 ≤ hx ≤ 3 0.25

(2,0) hx = 0 ∧ d−
y0
≤ hy ≤ d+

y0
∅ : (2,0) is not within a closed path 0.28
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Modélisation Trajectoires

Résultats avec délais valués (suite)
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Figure 26 : Résultats
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Résultats paramétriques...
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Modélisation Trajectoires

Résultats avec délais valués (suite)
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Figure 27 : Résultats
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Modélisation Trajectoires

Discussion

Caractéristiques de notre approche de modélisation :

1 cohérente avec celle de René Thomas
(conduit au même modèle si on affecte (de façon appropriée) les valeurs zéro ou infini aux paramètres de délai)

2 détermination plus précise (que dans le modèle discret) des
évolutions des niveaux d’expression,
(puisqu’on tient compte des relations entre les délais de synthèse et de dégradation)

3 prise en compte des accumulations de ces périodes de synthèse
et de dégradation

mais

4 Inexactitude due à l’absence de prise en compte des
transformations homothétiques.
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et de dégradation

mais
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Modélisation Trajectoires

 Affiner la modélisation
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Modélisation Trajectoires

Affiner la modélisation : l’évolution asymptotique vers le point focal

Figure 28 : Partition d’une zone en “sous-domaines”
(suivant la position du point focal)

θ2l′2

x2

θ2l2

θ1l1 θ1l′1

x1

f

Figure 5: Partition of a domain into subdomains. In each subdomain, the vector of derivative
signs is a constant.

1. The subdomains of a domain d are the equivalence classes of the set of
states under the equivalence relation ≡ defined by:

(xi)i∈[1,n] ≡ (yi)i∈[1,n] ⇔ ∀i ∈ [1, n], sign(ẋi) = sign(ẏi).

where sign(x) = 1 if x > 0, 0 if x = 0 and −1 if x < 0.
2. The temporal variation vector vsd of a subdomain sd is

vsd = (sign(ẋi))i∈[1,n]

for any point (xi)i∈[1,n] in the subdomain sd.

In the example of Figure 5, there are three subdomains:

• The subdomain where variable x2 stays constant (ẋ2 = 0), it is composed
of the points of the horizontal dashed line,

• The subdomain where variable x2 increases (ẋ2 > 0), it is composed of
the points below the dashed line, and

• The subdomain where variable x2 decreases (ẋ2 < 0), it is composed of
the points above the dashed line.

The dimension of a subdomain sd is then defined as the number of variables xi

such that ẋi &= 0. Then, we introduce dim(sd) the set of variables xi, which do
not stay constant: dim(sd) = {xi |i ∈ [1, n], sign(ẋi) &= 0}. Figure 6 shows some
3D-examples of the domain partition into subdomains.

15
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Modélisation Trajectoires

Affiner la modélisation (suite) : intuition et aperçu

Figure 29 : Dynamique hybride avec spirales convergentes

(α)

Figure 15: Hybrid dynamics with convergent spirals. Dashed thick red line determines the
frontier between divergence towards domain (2, 1) and convergence.

Figure 16: Hybrid dynamics with torus (set of cyclic temporal trajectories) and its boundaries
in thick red lines.

29
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Modélisation Trajectoires

Affiner la modélisation (suite) : intuition et aperçu

Figure 30 : Dynamique hybride avec une tore de
trajectoires cycliques

(α)

Figure 15: Hybrid dynamics with convergent spirals. Dashed thick red line determines the
frontier between divergence towards domain (2, 1) and convergence.

Figure 16: Hybrid dynamics with torus (set of cyclic temporal trajectories) and its boundaries
in thick red lines.
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Modélisation Trajectoires

Affiner la modélisation (suite) : intuition et aperçu

Figure 31 : Dynamique hybride avec spirales divergentes

Figure 17: Hybrid dynamics with divergent spirals.

Figure 18: Hybrid dynamics with a limit cycle (in thick red line).

30
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Modélisation Trajectoires

Affiner la modélisation (suite) : intuition et aperçu

Figure 32 : Dynamique hybride avec cycle limite

Figure 17: Hybrid dynamics with divergent spirals.

Figure 18: Hybrid dynamics with a limit cycle (in thick red line).
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Modélisation (H2) Modélisation (hybride) par ”Process Hitting” :

(H2) Modélisation (hybride) par ”Process Hitting” :

 Vers une approche algébrique

(en conservant les aspects hybrides)
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Modélisation (H2) Modélisation (hybride) par ”Process Hitting” :

Related works

Dans un large domaine de la modélisation et de la vérification
des systèmes biologiques (liste non exhaustive) :

”Timed and Stochastic Petri Nets (GinSim)”
[C. Chaouiya & E. Remy & D. Thieffry] [CRT08],

”Probabilistic Model Checking (Prism)”
[M. Kwiatkowska & D. Parker] [HKN+08],

”Process algebra with stochasticity (BioSpi et Spim)”
[C. Priami & A. Regev] [PRSS01]

”Constraints (Biocham)” [F. Fages] [RBFS08],

”Decision and Control of Dynamical Complex Systems”
[L. Pauleve & M. Magnin & O. Roux] []

”Cellular automata” [AKGJ02].
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Modélisation (H2) Modélisation (hybride) par ”Process Hitting” :

Related works (suite)

... et plus particulièrement de la modélisation algébrique en biologie :

Bio-PEPA : ”Bio-PEPA : A framework for the modelling and analysis of biological

systems” [F. Ciocchetta & J. Hillston] [CH09],

π-calcul et SPIM : ”Compositionality, Stochasticity and Cooperativity in Dynamic

Models of Gene Regulation” [R. Blossey & L. Cardelli & A. Phillips] [BCP08],

”A programming language for composable DNA circuits” [A. Phillips & L. Cardelli]

[PC09].

CBS : ”A Language for Biochemical Systems” [M. Pedersen & G. Plotkin] [PP08],

Blenx : ”Modelling and simulation of biological processes in BlenX”

[L. Dematté & C. Priami & A. Romanel] [DPR08],

BioSpi : ”Rule-Based Modelling of Cellular Signalling” [P. Lecca & C. Priami]

[LP07],

κ-calcul et BioNetGen : ”Rule-Based Modelling of Cellular Signalling” [V. Danos &

J. Feret & W. Fontana & R. Harmer & J. Krivine] [DFF+07],

”Abstract interpretation and types for systems biology” [F. Fages & S. Soliman]

[FS08],
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Modélisation (H2) Modélisation (hybride) par ”Process Hitting” :

:

Idée : mixer représentation structurelle (condensée) et
dynamique temporelle . . .
. . . en se passant de la relation de transitions :

f0c0a0 → f0c0a1

. . .
f0c1a1 → f0c1a0

f1c1a1 → f1c1a0

. . .

dans un ensemble de 2n états.. . .

n ”sortes” dont 1 et 1 seul ”processus” est vivant à tout instant

L’exemple du metazoaire rappel
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Modélisation (H2) Modélisation (hybride) par ”Process Hitting” :
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L’exemple du metazoaire rappel

f c a

O. Roux (IRCCyN) Modélisation hybride & analyse dynamique des GRN 57 / 72

http://www.irccyn.ec-nantes.fr/


Modélisation (H2) Modélisation (hybride) par ”Process Hitting” :

f c a

O. Roux (IRCCyN) Modélisation hybride & analyse dynamique des GRN 57 / 72

http://www.irccyn.ec-nantes.fr/


Modélisation (H2) Modélisation (hybride) par ”Process Hitting” :

f c a

O. Roux (IRCCyN) Modélisation hybride & analyse dynamique des GRN 57 / 72

http://www.irccyn.ec-nantes.fr/


Modélisation (H2) Modélisation (hybride) par ”Process Hitting” :

f c a

O. Roux (IRCCyN) Modélisation hybride & analyse dynamique des GRN 57 / 72

http://www.irccyn.ec-nantes.fr/


Modélisation (H2) Modélisation (hybride) par ”Process Hitting” :

f c a

O. Roux (IRCCyN) Modélisation hybride & analyse dynamique des GRN 57 / 72

http://www.irccyn.ec-nantes.fr/


Modélisation (H2) Modélisation (hybride) par ”Process Hitting” :

f c a

O. Roux (IRCCyN) Modélisation hybride & analyse dynamique des GRN 57 / 72

http://www.irccyn.ec-nantes.fr/


Modélisation (H2) Modélisation (hybride) par ”Process Hitting” :

f c a

O. Roux (IRCCyN) Modélisation hybride & analyse dynamique des GRN 57 / 72

http://www.irccyn.ec-nantes.fr/


Vérification (et contrôle)

1 Introduction

2 Modélisation

3 Vérification (et contrôle)

4 Simulation et propriétés temporelles

O. Roux (IRCCyN) Modélisation hybride & analyse dynamique des GRN 58 / 72

http://www.irccyn.ec-nantes.fr/


Vérification (et contrôle)

Ultimately, the systems we specify are physical ob-
jects, and mathematics cannot prove physical pro-
perties. We can prove properties only of a mathe-
matical model of the system ; whether or not the
system correctly implements the model must remain
a question of law and not of mathematics.

Leslie Lamport
Comm. ACM, 1989
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Vérification de propriétés structurelles : états stables

c1

c0

f0 f1

a1

a0

Hypergraphe du ”Process Hitting”
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Vérification de propriétés structurelles : états stables

c1

c0

f0 f1

a1

a0

Hypergraphe du ”Process Hitting”

c0

f0 f1

a1

a0

Graphe ”Hitless”

Les n-cliques sont les états stables : f0c0a0

et f0c0a1
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Vérification de propriétés dynamiques : accessibilité

c

f

a
– 2

– 1

– 0

– 1

– 0

– 1

– 0

accessibilité de f 2 ? retour
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accessibilité de f 2 ? retour

O. Roux (IRCCyN) Modélisation hybride & analyse dynamique des GRN 62 / 72

http://www.irccyn.ec-nantes.fr/


Vérification (et contrôle)

Vérification de propriétés dynamiques : accessibilité
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Vérification de propriétés dynamiques : accessibilité

c

f

a
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Blocage : f 2 non accessible ! retour
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Vérification de propriétés dynamiques : contrôle

c

f

a
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Contrôler l’inaccessibilité de f 2 : proscrire a 0 retour
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Vérification (et contrôle)

Application biologique réelle

Stratégies thérapeutiques alternatives : anticorps résistants dans le cancer du sein
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ERBB receptor regulated G1/S transition network derived from published dataFigure 3
ERBB receptor regulated G1/S transition network derived from published data. ERBB receptors are functional (i.e. 
able to transmit signal to downstream proteins) only when they form heterodimers, except for ERBB1, which is also functional 
as a homodimer. The number associated with each arrow indicates the reference from which the corresponding interaction 
was extracted (a list of these references is provided in the Additional file 1, Table 1). Normal arrows denote positive regula-
tions, whereas blunt arrows denote negative regulations. These interactions correspond to transcriptional regulations, post-
transcriptional modifications, or physical interaction. EGF constitutes the input and pRB protein represents the output of the 
network.

20 acteurs biologiques,
266 états

 états stables < 1 s

 accessibilité .01 s

 gènes clefs .01 s

[Chaouiya & Thieffry]

[SFL+09]
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Stratégies thérapeutiques alternatives : anticorps résistants dans le cancer du sein
!"#$%&'()*'$!+,-,.&!"##$%!!&' ())*&++,,,-./0123425)678-401+'9:";#:#$+<+'

=7>2!9!0?!"#

/01.)$23*4)5$2,($6,5$7+(1(+,2$0350,')'8

ERBB receptor regulated G1/S transition network derived from published dataFigure 3
ERBB receptor regulated G1/S transition network derived from published data. ERBB receptors are functional (i.e. 
able to transmit signal to downstream proteins) only when they form heterodimers, except for ERBB1, which is also functional 
as a homodimer. The number associated with each arrow indicates the reference from which the corresponding interaction 
was extracted (a list of these references is provided in the Additional file 1, Table 1). Normal arrows denote positive regula-
tions, whereas blunt arrows denote negative regulations. These interactions correspond to transcriptional regulations, post-
transcriptional modifications, or physical interaction. EGF constitutes the input and pRB protein represents the output of the 
network.

20 acteurs biologiques,
266 états

 états stables < 1 s

 accessibilité .01 s
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Simulation et propriétés temporelles Traductions

Traductions

en π-calcul

puis

en SPIM  simulations

en PRISM  model-checking probabiliste

et

inférence de paramètres temporels
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Simulation et propriétés temporelles Traductions

Exemple de la prise en compte du temps (stochasticité)

Intervalles de temps de déclenchement de l’action pour une confiance 1 − α en

fonction d’un facteur de stochasticité :

t
0

1
rd D

t
0

1
rd D

t
0

1
rd D

durée de l’interaction
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Nouveau résultat : contrôle du comportement

Exemple : c0 → c0 � c1 et c0 → f0 � f1 rappel

Empêcher f de passer au niveau 1 (donc au niveau 2)

c1

c0 f0

f1

c0 f0 f1

c0 c0 c1

δcf

δcc

t

t
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Traduction en π-calcul puis en PRISM (exemple)

(exemple : rcf
= 0.25, rcc = 2  δcc < δcf

) :

ctmc // continuous-time markov chains

module proc_c

c : [0..1] init 0 ; // states c0, c1

[h_0] c=0 -> 0.25: (true) ; // delay δcf = 4

c=0 -> 2. : (true) (c’=1) ; // delay δcc =
1
2

endmodule

module proc_f

f : [0..1] init 0 ; // states f0, f1

[h_0] f=0 -> (f’=1) ;

endmodule
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model-checking et simulation en PRISM

sans et avec facteur d’absorption de stochasticité :

Model checking : P = ? [ F (f=1) ]
Time for model checking : 0.0010 seconds.
Result (probability) : 0.1111111111111111

-----------------------------
Model checking : P = ? [ F (f=1) ]
Time for model checking : 0.042 seconds.
Result (probability) : 3.4632066773729244E-22

-----------------------------

-----------------------------
Simulating : P = ? [ F (f=1) ]

Sampling complete: 402412 iterations in 3.38 seconds (average 0.000008)
Result : 0.11075464946373369

-----------------------------
Simulating : P = ? [ F (f=1) ]

Sampling complete: 402412 iterations in 125.75 seconds (average 0.000312)
Result : 0.0

-----------------------------
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Conclusion

Prise en compte du temps au travers de l’approche hybride

Vérification par model-checking hybride paramétré

Simulations cohérentes

Compréhension  détection  contrôle

O. Roux (IRCCyN) Modélisation hybride & analyse dynamique des GRN 70 / 72

http://www.irccyn.ec-nantes.fr/


Simulation et propriétés temporelles Traductions

Conclusion

Prise en compte du temps au travers de l’approche hybride

Vérification par model-checking hybride paramétré
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réseaux de régulation génétique

Olivier Roux

IRCCyN - Nantes (FRANCE)
olivier.roux@irccyn.ec-nantes.fr

joint work with Jamil Ahmad, Gilles Bernot, Jean-Paul Comet, Jonathan Fromentin, Morgan Magnin, Löıc Paulevé
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