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[sometries of the hypercube: a tool for boolean
regulatory networks analysis

Jean Fabre-Monplaisir, Brigitte Mossé and Elisabeth Remy

Abstract Boolean finite dynamical systems (FDS) are commonly used in
systems biology to model the dynamics of intracellular regulatory networks
and interpret the emergence of cellular behaviors. Given a boolean FDS,
we can compute the corresponding regulatory network, that is a directed
signed graph representing all the interactions between components (genes),
endowed with logical rules explaining the dynamical behaviour of the system.
We consider the asynchronous trajectories generated by this boolean FDS
and represent them on the hypercube. The exploration and analysis of this
dynamics is a challenging task because of the combinatorial explosion that
we face. A way to approach this problem is to exploit the links between the
regulatory graph and the dynamics (FDS).

The set of isometries of the hypercube defines classes of boolean FDS
gathering all the isometric FDS. Thus, we classify the set of boolean FDS on
the basis of those isometries, and emphasize their common features through
regulatory graphs and logical rules. We can then restrict the dynamical
analysis of all the boolean FDS to one representative per class, and thereby
considerably improve the efficiency of analysis of all the boolean FDS. Rely-
ing on invariants properties, we propose a constructive method to provide,
given a FDS, a representative regulatory graph of its class.

We illustrate the efficiency of the method in concrete situations. For
instance, the motif analysis [12, 13, 3] is strongly improved thanks to the
reduction of the space to explore. We also revisit the negative Thomas’rule
[14, 15] by establishing a new demonstration.
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1 Introduction

Finite dynamical systems are commonly used for the modelling of biological
systems such as developmental, differentiation or homeostasis phenomena.
The main objective is to explain and understand how and by whom these
complex systems are controlled. Following a systems biology approach, we
tackle this problem by studying the regulatory networks underlying the dy-
namical process.

Modelling of regulatory networks usually consists of gathering and syn-
thetising the biological knowledge and data in two steps: first the con-
struction of an interaction network representing the genes (nodes) and their
regulations, activations or inhibitions (edges), and then its parameterisation
coding the evolution of the systems induced by these interactions, that is
called the dynamics. The panel of formalisms available to express the dy-
namics is wide, from quantitative to qualitative equations. Pioneer works
in modelling of gene regulatory networks using boolean, and more generally
discrete dynamical systems, go back to the 60s with the works of S. Kauf-
man [7] and R. Thomas [20]. One of the strength of the discrete modelling
is its ability to represent a wide range of dynamical behaviours while rely-
ing on a simple and easily handled mathematical formalism, not requiring
quantitative parameters usually difficult to obtain with precision. What-
ever the formalism used, the construction of a regulatory network and its
parameterisation is a difficult task, with many unknowns and uncertainties
on the processes and their mechanisms. Clearly, a priori good knowledge on
the families of mathematical tools used to model the system may help and
guide the modeller to overcome these difficulties. That is the aim of this
theoretical work: improving the analysis of genetic regulatory networks, and
making it more efficient.

This work focuses on the study of finite discrete systems (FDS) in the
boolean case, a FDS representing the evolution of the system that has been
modelised within the logical formalism. We aim to gather FDS displaying
the same dynamical properties, and select a favorite class representative. For
this purpose, we consider the hypercube, which supports the asynchronous
boolean dynamics, and its symmetries; clearly, all the resulting FDS con-
serve the same properties. The study of this class of FDS allows to extract
invariants relatively to their corresponding interaction graphs, and hence to
have a deeper understanding of the links between the boolean dynamics and
the structure of the underlying interaction graph. We adopt a geometrical
point of view that has already been used to study this classifying approach



by the theoretical biologist and dynamicist Leon Glass in the 70’s [5, 6].

An efficient application of this classification, together with a practical
result allowing one to modify a regulatory graph while remaining in the
class of symmetries, is emphasized through the analysis of regulatory motifs,
which are known to biologists to play a major role in the structure of the
trajectories space.

Sections summary

Notice Proofs and results presented in this paper go deeply into math-
ematical details, with geometrical and combinatorics arguments and tools
developed in a series of propositions and remarks, allowing a fine under-
standing of some dynamical features. The reader may choose the level of
reading; it is possible to capture the main results stated in the propositions
and theorems without going into all details.

In Section 3, we give basics on boolean networks and logical formalism
[17, 20].

Starting from a boolean finite dynamical system (FDS), that is a map S
from X = {0,1}" to itself (n is a fixed integer), we associate to it dynam-
ics. The set X of boolean vectors is the set of states, and trajectories are
represented through state transition graphs (STG). The function S encodes
the dynamics, and updating rules are precised to describe the trajectories.
The usual rules considered are the synchronous one, with trajectories given
by the iteration of S, and the asynchronous one, which is non determinis-
tic since only one component can update at a time and thus a state may
have several successors. Two types of attractors may be obtained in these
dynamics, complex attractors or stable states. Given .S, we derive the corre-
sponding regulatory graph (RG), consisting in all activations and inhibitions
between components gy, ..., g, (usually genes in biological applications).

The logical formalism provides an other way to determine .S, starting
from a regulatory graph with n vertices g1, ..., g, and logical rules giving
a complete description of the action of the regulators of each component;
these rules allow enable the reconstitution of S.

In Section 4, we introduce the symmetry group I',, of the hypercube
of the n dimensional space R"”. From a geometrical point of view, '), acts
naturally on boolean asynchronous STG, when they are embedded in R™.
We precise how an element f of I',, acts on a boolean FDS and on its
synchronous and asynchronous STG.



The action of T',, on boolean FDS was first introduced by L.Glass [5]
for the classification of asynchronous STG.In [22, 2], this action is studied
with symbolical considerations, and the authors note that isometric STG
are also isomorphic (in the sense of graph theory, renumbering of the nodes
preserving adjacency). In Proposition 2 we emphasize a class of dynamics
for which isomorphic STG are also isometric.

We also detail the transformation of the RG under a given symmetry (the
topology and the signs of the circuits are conserved, but signs in paths may
change), and precise the effect on logical rules.

We end this section with Proposition 7, a key tool to use these results
in applications. It provides a way to transform a boolean STG S in new
ones, representatives of interest of the class of S under the action of I';, (by
identifying subgraphs of the RG, on which it is possible to choose the signs
of the interactions after the action of some symmetry).

In Section 5, we focus on the study of boolean FDS whose RG are
usual regulatory motifs in biological applications: isolated circuits, chorded
circuits, flower-graphs, and more generally hub-graphs. All these motifs are
connected graphs containing at most one component with more than one
regulator (the "hub”). The aim is to describe the dynamical behaviours
that can be generated by a given regulatory motif, and eventually associate
dynamical properties to this motif. Due to the large set of motif-compatible
dynamics, this exhaustive and general study is difficult to carry out, and
we show that the results of Section 4 greatly facilitate the study. For each
motif, we adopt the same strategy: using Proposition 7, we transform any
boolean FDS whose RG is the motif into an isometric one, whose RG has
only activations all along a chosen sub-graph (activations are mathemati-
cally easier to study in the boolean dynamics, as they propagate coordinates
along trajectories). Relying on invariants observed in Section 4, we deduce
the dynamics associated to the motif through the analysis of the chosen
isometrical dynamics. In particular, we provide a description of the attrac-
tors of the asynchronous dynamics. We find results already described in
[13, 11] for the isolated and chorded circuits, and provide new ones related
to flower-graphs and hub-graphs (Theorems 1, 2 and 3). This analysis al-
lows us to precise the number of classes of isometric FDS determined by
the simplest motifs (isolated circuits, chorded circuits, flower-graphs with
two petals). In the large family of hub-graphs, this analysis shows that only
three asymptotic asynchronous behaviors may occur, depending on the way
the regulators ”cooperate” to regulate the hub (see Propositions 12 and 15,
and Remarks 6 and 10), improving results of [3].



Finally, in Section 6, we use Proposition 7 to propose a new proof
of the so-called "negative Thomas’s rule” : Given S : X — X a boolean
FDS such that its asynchronous dynamics displays a cyclic attractor, then
the associated regulatory graph RG(S) contains a negative circuit [14, 15].
Indeed, Theorem 4 states that if RG(S) contains only positive circuits, then
the asynchronous dynamics cannot display any cyclic attractors.

2 Boolean finite dynamical systems and regula-
tory graphs

In the following, we consider a n dimensions hypercube H,,, that is the convex
polyhedra of the space R™ whose set of vertices is equal to X = {0,1}"; the
elements x = (z1,...,x,) of X will also be called states.

Notations 1. e Forae{0,1}, a=1-a.

o _ Ja Sifa=+1
e Forac{0,1} and a € {£1}, a —{a Cifa=—1"
e Forz € X, T=(T1,...,Tn) and T/ = (X1, ..., Tj—1, D], Tj41, -, Tn)-

o Forze X, and JC{l,....n}, 7 = (y1,...,yn),
L x; ,ified
whereyz—{xi Cifid g

Notations 2. Thereafter, we will consider different directed graphs, and if
n and n' are nodes of a considered graph, we will write n ~ n’ to indicate
that there is a path from n towards n' in this graph.

2.1 Boolean finite dynamical systems

We proceed from a boolean finite dynamical system S (FDS, [17]), that is a
transformation S : X — X . Given the transformation S = (S1,...,Sy), to
any state z is associated its updating set

Upds(xz) ={i € {1,...n};Si(z) # z;}.

This brings to consider two usual dynamics associated to S [4]:

- The synchronous dynamics, with a simultaneous change of all the coor-
dinates of the state x specified by Updg(z). Any state has exactly one suc-
cessor, its image under S, and this dynamics is deterministic. The graph of



S, denoted G4(S), is called synchronous state transition graph (synchronous
STG) or synchronous graph. This graph gives the iteration of S and thus
the trajectories of the dynamics.

- The asynchronous dynamics, where at most one coordinate changes at
a time. Hence, a state x has as many successors as the cardinal of Updg(z),
and this dynamics is non-deterministic. We represent the asynchronous
dynamics by a directed graph G,(S), called asynchronous state transition
graph (asynchronous STG) or asynchronous graph; the set of nodes of G,(5)
is the set X of the states, and the edges, linking two consecutive states in the
dynamics, are located on the edges of the hypercube H,. The trajectories
are the paths of G,(5), along edges of H,,.

Let us remark that G,(S) can be directly constructed from G,(S), and
conversely.

Our attention turns to attractors of these dynamics, which can be of two
kinds: stable states (fixed points), and ”cyclic” attractors (terminal strongly
connected components of the considered STG). Let us remark that the stable
states are the same in the synchronous and the asynchronous dynamics.

2.2 Associated regulatory graphs

A regulatory graph (RG) is classically associated to the FDS. Let us denote
this graph by RG(S). The n vertices g1, ... , gn of RG(S) are components
whose levels are given by the x; along the dynamics. There is an edge in
RG(S) from g; to g;, called interaction from g; to g;, if there exists two
states z and y = @' such that S;(z) # S;(y). This condition means that g;
is a regulator of g;, in the sense that the level x; of g; has an influence on
the next level z; of g; under the action of S, expressed on at least one pair
of states {x,Z'} of the space X.

It is therefore possible to build the graph RG(S) by superposing for
all the states x the local graphs, denoted by RG,(S), whose vertices are
the g; and edges are the edges of RG(S) expressed at the pairs of states
{x,fi}, for ¢ = 1,...,n. Given a state x, it is natural to provide a sign
to each interaction from g; to g; of RG,(S): this sign is +1 (activation) if
(z; — ) (Sj(x) — Sj(@')) > 0 and —1 (inhibition) otherwise. Then we will
give a sign to an interaction of RG(S) in those cases where its sign is the
same in all the local graphs where it is expressed. Considering a path in a
RG or in some union of local RG, the sign of the path is the product of the
signs of its interactions, when these signs are determined (in other words
the same in the local graphs where expressed).

Without the loss of generality, we work with transformations S such that



RG(S) is connected; otherwise, the study of the dynamics returns to the
study of the dynamics associated to each connected component of RG(S).

As an illustration, we give a first proposition that we will use in several
applications (cf. Section 4):

Proposition 1. Let S be a boolean FDS on X, and g1, ... , gn the related
components. If a component g; has a unique regulator g;, then for each state
x, the interaction from g; to g; is expressed in the local graph RG,(S), and
always with the same sign.

Proof. Let x be a state such that z; = 0 and the interaction from g; to g; is
expressed in the local graph RG,.(.S) with the sign a (and thus also expressed
in RG,:(S) with the same sign), that is S;(z) = 0% and S(z°); = 1%

For k € {1,...,n} \ {i}, let us consider the state y = Z*. We must have
S;(y) = 0% and S;(¥') = 19, for otherwise there is an interaction from gy, to
gj- Therefore, the interaction from g; to g; is expressed in the local graphs
RGy(S) and RGy: (S) with the sign a.

The iteration of the move from a state z to a state y, and the different
possible choices of k in {1,...,n} \ {i} allow to cover all the space X, and
this gives the conclusion. O

2.3 Logical framework

Another way to determine S is to use the so called logical formalism [20],
starting from a RG with n vertices g1, ... , gn and ”logical rules” or ” formu-
las”: for each g;, conditions on the levels of its regulators are assigned in a
disjunctive normal form, that determine the states for which the level of g;
becomes equal to 1 under S, that is the set S; *(1).

More precisely, we call radical any g; (meaning that the level of g; is
equal to 1) or —g; (meaning that the level of g; is equal to 0), and conjunctive
clause any conjunction of radicals; a disjunctive normal form is a disjunction
of such clauses. The truth table of a clause (resp. a logical rule) is evaluated
on the set X of states, and a particular state  makes it true if its value on
x is equal to 1. In the sequel, we consider that clauses (resp. logical rules)
having the same truth table are equal.

The following remarks, although immediate or classical, should be able
to familiarize the reader to logical rules.

Remark 1. 1. To compute disjunctive logical rules from S, one can con-
sider brutally for each i € {1,...,n} all the states x that lead to



Si(x) = 1. Then, v standing for the empty word, a correct logical
rule for g; is

rGSi_l(l)
where, for v = (x1,...,x,) € X, the conjunctive clause c(x) is defined
by c(z) = A wkgkandwk—{y ’Z.fsvk:l.
ke{l,....n} - ifap=0

2. A shortest logical rule for g; does not include any component that is not
a requlator of g;, and any logical rule for g; includes all its requlators.

3. For instance, in the particular case where a component g; has only
activators, it admits a logical rule of the form

Cgi) = \/ /\ Yijr >

GE{1 .5} ke{l,..r;}

where the components i, are activators of g;.

3 Action of the symmetry group of the hypercube
on boolean finite dynamical systems

In order to give a structural classification of the boolean asynchronous STG
for a fixed value of n, we are going to consider these graphs embedded in
the n dimensional euclidian space R™: the set X = {0,1}" of their vertices
is naturally included in R™, and is also the set of the vertices of the n
dimensional hypercube H,, = [0, 1]".

Given S a boolean FDS on X, we locate the edges of the asynchronous
STG of S on the edges of H,. More precisely, let (&)i1<i<n be the usual
basis of R"™, given by é; = (0,...,0,1,0,...,0) with ”1” at the ith place.
We represent at each point x € X on edges of H,, the non zero components
of xS(x) with respect to this basis (loops are not represented).

Let us remark that the synchronous STG of S may also be embedded
in R™, on diagonals of H,, by representing at each point x € X the vector
xS(x) when it is non zero.

In this geometrical perspective, two asynchronous STG have the same
structure if they can be superimposed under the action of an isometry of
H, = [0,1]". This point of view is not new and was first introduced by
L.Glass [6]. It has been taken up in recent works [22, 2.



3.1 The symmetry group of the hypercube

The set of the isometries of R™ that fix H,, (or, in an equivalent manner, that
fix X) is a well-known group called symmetry group of H,, [18]; let T'(H,,) de-
note this group. From a purely algebraic point of view, I'(#H,,) is isomorphic
to the semidirect product of the group Z/2Z" and the symmetric group S, of
permutations of a set with n elements [9]. The geometrical interpretation is
that these isometries are one-to-one transformations composed of a permu-
tation of the axis and of hyperplane symmetries exchanging parallel hyper-
faces of H,,. The effect of the permutation on a state x = (z1,...,xy) is the
corresponding permutation of its coordinates, whereas each hyperplane sym-
metry transforms z = (z1,...,2y,) into & = (21,..., 21,75, Tj41, .-, Tn)
for some fixed element j of {1,...,n}. Let us remark that it is classical to
call the elements f of I'(H,) "symmetries”, even if f is not a symmetry in
the usual sense (that is even if f o f(M) # M for some points M).

In the following, we are opting for a geometrical point of view, since
isometries of H, will act naturally on various geometrical objects that we
will consider. To this end, let us recall that to any isometry f of the space R"
is associated a linear transformation f preserving orthogonality, such that
the equality f(M + ) = f(M) + f(ﬁ) holds for any point M and vector @
of the space. If f belongs to I'(H,,), it is completely determined by f, due
to the fact that the center of H, is a fixed point of f.

The previous description of I'(H,,) shows that there exists a permutation
ocof {1,...,n}and (e1,...,e,) € {—1,+1}" such that f(&;) = 50(1‘)*?(2‘)7 and
for x = (z1,...,2,) € X, the equality f(z) = (x‘;{l(l), e xj’ll(n)) holds.

3.2 Action on boolean FDS and STG

Given S : X — X a boolean FDS and f in the group I'(#,,), we define a new
”conjugated” FDS, ¢¢(S) = fo So f~1, where, for simplicity of notation,
we continue to write f for the restriction of f to X. This defines an action
of the group I'(#,,) on the set of all the boolean FDS on X (see [9] for more
details) and gives a way of classification of these FDS: two boolean FDS
are in the same class if there exists an element of I'(H,) sending one to
the other. In this way we obtain what we call isometric boolean FDS, and
isometric STG. Combinatorial tools related to group actions on finite sets

and configurations have already been used to study this classifying approach
[5, 6].

Once given S and f, it is natural to compare the synchronous and asyn-
chronous STG of S and ¢¢(S). Let us recall that two directed graphs are

10
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Figure 1: Two isomorphic but not isometric STG

isomorphic if there exists a one-to-one correspondence between their sets of
nodes preserving adjacency (here in a directed meaning).

It is clear that the asynchronous graph G,(¢¢(S)) of ¢£(S) is the image
of G4(S) under f, from the fact that the nodes and the edges of G,(S5))
are located on the vertices and some edges of H,,. Therefore the isometric
STG Ga(¢f(S)) and G,(S)) are isomorphic, the isometry f carrying out the
isomorphism. Consequently, the isometric synchronous STG Gy(¢£(S)) and
Gs(S)), easily geometrically constructed from the asynchronous ones, are
also isomorphic.

Figure 1 represents a very simple example in dimension 2 of isomorphic
but non isometric asynchronous graphs proposed in [21] (page 19).

Conversely, let us mention a current situation where isomorphic asyn-
chronous graphs are necessarily isometric.

Proposition 2. Let S; and So be two boolean FDS such that the asyn-
chronous graph G,(S1) involves all the edges of Hy. If Go(S1) and Gu(S2)
are isomorphic, then they are isometric.

Proof. We consider n > 2, the proposition being trivial for n = 1, and we
suppose the existence of an isomorphism from G,(S1) to G4(S2), i.e. of a
one-to-one correspondence ¢ : X — X associating nodes of G,(S1) to nodes
of G,(S2) and preserving directed adjacency. Then the hypothesis on S is
also true for Se. To get the desired conclusion, it is clear that we just have
to prove that ¢ coincides on X with some symmetry f of H,.

- Then, let us remark that an elementary undirected cycle of length 4
on the edges of H, is necessarily built on the 4 edges of a 2-dimensional
face of H,. Thus ¢ associates to the 4 nodes of a 2-dimensional face of H,,
the 4 nodes of a 2-dimensional face of H,,; the same for any symmetry f of
Hy. This proves that if ¢ and f coincide on 3 nodes of a 2-dimensional face
of H,, then they coincide on the fourth one, since a 2-dimensional face is
entirely determined by three of its nodes.

11



- Let the €; be the vectors of the canonical basis of R", A = (0,...,0),
A" = ¢(A) and A; = A+¢;. By the hypothesis, there exists a permutation o
of {1,...,n} and (e1,...,e,) € {—1,+1}" such that ¢(4;) = A/+5a(i)ea—(i)>v
for i = 1,...,n. It is easily seen that there exists a unique symmetry f of
H, such that f(A) = A’ and f(¢&;) = ea(i)ea_(i;. Hence ¢ and f coincide on
A and on the n points A;, which are the n nodes of H, with exactly one
coordinate equal to 1.

- For k > 1 and a subset {i1,...,ix} of {1,...,n} with k elements, let
us denote by A;, . ;, the point A 4 e, + --- + €;,. Suppose that ¢ and f
coincide on the nodes of H,, with at most k£ coordinates equal to 1, and let
us consider a point Aihm’ikJrl. Then Ah,...,ik,la Ai17.,,7ik71’ik, Ai17-~~7ik717ik+1
and Aj; ..., are the 4 nodes of a 2-dimensional face of H,. The initial
remark proves that ¢ and f coincide on A;, . and a finite iteration
thus completes the proves.

k410
0

Remark 2. In terms of requlations, the hypothesis on G,(S1) means the
absence of self-activation of the components.

3.3 Effect of a symmetry of the hypercube on regulatory
graphs and logical rules

From a boolean FDS, one can compute the RG and the logical rules. Now,
given two isometric boolean FDS, we want to understand how their relative
RG and logical rules look like.

Let us consider a boolean FDS S : X — X and an element f of the
group I'(H,). We aim to describe the effect of the action of f on RG(S),
including local graphs, paths and circuits, and the effect on logical rules.

As mentioned above, f is the composition of a permutation f; of the
axis and a product fy of hyperplane symmetries. In other words, f = foo f1
where

fl(.’L‘l, ce ,;L‘n) = (33‘0—1(1), ey xa—l(n)) and fi(e_{) = ea—(z')>7
fo(z1,. . ) = (251, ..., 250) and fo(€) = &€,
which leads to f(z) = (le—l(l)’ . ,xi"_l(n)) and f(¢é;) = Ea(i)e—a(_i)).

Let us remark that the effect of fi just makes a renumbering of the axis,
that will provide in the following a renumbering of the components g;.

12



3.3.1 Effect on local and global regulatory graphs

Given a state x, we are going to see that each interaction of the local graph
RG.(S) will turn under the isometry into an interaction between the corre-
sponding renumbered components. The sign of this interaction is changed
according to the hyperplane symmetries on the components involved, in a
way that we precise below.

Proposition 3. In the previous notation, let y be a state and x = f~'(y).
The interactions of the local graph RG,(¢7(S)) are obtained from the in-
teractions of the local graph RG,(S) in the following way: each interaction
from g; to g; of sign o in RG.(S) provides an interaction from gy (;) to go(j)
of sign a e4(;) €q(;) M RGy(P5(9))-

Proof. There is an interaction from g; to g; of sign « in RG,(S) for each
couple (i,7) such that

S@') = S+ (=1)"&) = S(z) + (-1)"aef + U« (+) ,

where W L e_}.
Considering the fact that f(x) = y gives f(T') = y + (—1)””i50(i)60—(7;)>,
and applying f to (*), we get

O1(S) (¥ + (1) eo(Eois) = 01(S) (W) + (—1)™ 0 enieai) + T

where ¥ 1 e

o(5):
Thus there is an interaction from g, ;) to go(;) of sign aeq(jeq(;) in
RGy(6¢(9)), and conversely considering f~1. O

This gives the important following corollary.

Proposition 4. The regulatory graphs RG(S) and RG(¢¢(S)) are isomor-
phic directed graphs.

3.3.2 Effect on paths and circuits

The following proposition states that any path in the RG of S is transported
in the RG under the action of f.

13



Proposition 5. Let gi,...,9;, be a path of RG(S), and for each k €

{1,...,7 — 1} a pair of states {z'\") x } where the interaction from g;,
to giy., 1s expressed with sign ay. Under the action of f, this path provides
a path go(iyys - -5 9oy M RG(G5(S)), and for each k € {1,...,r — 1} a

pair of states {y(k),wg(lk)} where the interaction from go(;,) 10 Go(iy.,) S
expressed with sign ok €4(i;) gy 1)-

Proof. This proposition is an immediate consequence of Proposition 3, con-
sidering the local graphs RG,, (S) and y*) = f(z(*). O

The following corollary states that the action of a hypercube symmetry
does not change the signs of the circuits (see also [21], with more symbolic
arguments).

Corollary 1. Let giy,...,9:i, be a circuit of RG(S), and for each k €

{1,...,7} a pair of states {x(k),x(k)Zk} where the interaction from g;, to
Gir,, 18 expressed with sign ap (with the notation ir11 = i1). Let a denote
[[i—; ak. Under the action of f, the circuit g;,,...,g; provides a circuit

Jo(ir)> -+ Joli) in RG(¢¢(S)), and for each k € {1,...,r} a pair of states
Y\ oy 7Y where the interaction from Go(in) 10 Go(i 1S expressed wit
®), y®) o h h f (ik) (ik+1) d with

sign B such that [1_, Bk = o

Proof. From Proposition 5 we get S = k€4 (i, )E0(iy ), and thus Ly Br =
[Tr=1 ar (15 5U(ik))2 = . O

3.3.3 Effect on logical rules

We are going to consider a component g;,, and C(g;,) a logical rule for g;,
with respect to S. Let us recall that in this logical rule the components
are allowed to be in the restricted subset of the regulators of g;,, which we
assume in the sequel. We deal with how to compute a logical rule C't(gy(;))
for go(;,) with respect to ¢ (S).

With the convention —— = v, where v is the empty word, we have the
following proposition.

Proposition 6. Let g;, be a component, and C(g;,) a logical rule for g;,
with respect to S in the following normal disjunctive form:

Clgi) = N wik g

je{l,...,s} kef{l,...,r;}
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where the g, , are requlators of g;, and the wj . are equal to the empty word
v orto—.

1. Ife =+1,

o (io)

Cf(go‘(lo)) = \/ /\ Wy, k )\J»k go’(ij,k) ’
je{l,...,s} ke{l,..r;}

Voo i Ealiy) =
o iy =17
respect to ¢¢(S).

2. [fga(io) = —1,

Cf(gg(io)) = /\ \/ Wik Mjk Yo(ijg) »
je{1,...,s} kef{l,..r;}

where \jj = { is a logical rule for gy(;,) with

oL if ey, =
v s Z’féo(ij‘k) =-1"
respect to ¢¢(S) in a conjunctive normal form.

where fi; = { is a logical rule for gq(;y) with

Proof. Let the logical rule C(g;,) be expressed as

Clgio) = \/ /\ Wik Gijp -

je{l,...,s} ke{l,...,r;}

In terms of subsets of X, this means that we have the following equality:
{re X ; S(x)i, =1} = U {reX; (xijﬁl,...,a:ijmj) = (ajvl,...,aj,rj)} ,
J<s
where aj, =1if w;, =vand ajp =0if w;p = .
Applying f to both members of these equalities, and considering the fact

that f(x1,...,z,) = (:L‘:E(ll)), - ,:):Z‘E;L"))), we obtain:

{y e X5 05(S)(¥)o(iy) = 1700 }

€o(isq1) i)
= U {y €X; (yU(ijJ)v s 7ya(ij,rj)) = (aj71 n yee e >aj7rjj ’ )} (*)

Jj<s
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1. Suppose that €,(;,) = +1.

Then the equality (%) can be reconverted right away in a logical rule
Cf(ga(zo)) fOI‘ ga(io):

Cf(go-(l'o)) = \/ /\ Wj,k Yo(ijx) >
je{l,...,s} ke{l,..r;}

where Wiy, = v if .} "% =1 and W), =~ if a " =0
gk = 7,k - 7,k — 3.k = U.

In other words,

yif ey =41
WjJﬂ = ijf )\j,ka WheI‘e )\J7k = { v 1 (%,k) +

- sifesy =10

2. Suppose that £,(;y) = —1.

Like in the first case, the equality (x) makes it possible to obtain a
logical rule C(gq(iy)) fOr go(ig):

C(9o60) =1/ N\ Wik Ak Goti,0)
jE{l,...,S} kE{l,...T’j}

v L if Eolisn) = +1
oo ifeaqy =1

where A\ = {

Hence, it turns out that we obtain Cf(gg(io)) as the conjunction of
disjunctive clauses

Cf(gg(io)) = /\ \/ TWj k )\j,k Go(ijr) >
je{l,...,s} ke{l,..r;}

that is
C’f(ga(io)) = /\ \/ Wik Hjk Go(ij k)
je{l1,...,s} ke{l,..r;}
= 7if50(i- )Z—i-l
J— 3,k
where 14 { voif i) = —1 .
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Remark 3. Let us suppose that a logical formula for the negation of C(gs,)
1s available in a disjunctive normal form

~C(9i,) = \/ /\ w;,k git, .

y ’ !
Je{l,....;s'} ke{l,..,ri}

where the g, . are regulators of g;, and the w;» . are equal to the empty word
Js )

v oor to - . In a similar way to the above proof, it can be shown that if

€o(io) = — 1,

Of(go(lo)) = \/ /\ w37k H;,k Go(ijn) >
Je{1,...s'} ke{l,..ri}

1% ’Lf 6‘7(i},k) = +1
o s,y =1

is a logical Tule for g,y with respect to ¢¢(S) in a disjunctive normal
form.

o
where Wi g = ;

Example 1. 1. Let us place in the case where f is the hyperplane sym-
metry transforming (z1,...,Tp) Mo (T1,...,Tjo—1,Tjos Ljotly-- -+ Ln)-
That is o(i) =i for alli € {1,...,n}, €, = —1 and g; = +1 if i # jo.

Then, for a component g;, with logical formula

Clgiy) = \/ N\ wik i, s

J€{Ls} k(L iy}

if io # jo, the logical formula C¢(g;,) is obtained from C(gi,) switch-
ing wjr into - wjy when i, = jo. In particular C(g;,) remains
unchanged if gj, is not a regulator of g;,.

Moreover, if iy = jo, the logical formula Cf(gj,) is obtained from
C(gj,) switching w; into — wjy when i, # jo and exchanging N
and \/. In particular, C¢(g;,) is the negation of C(g;,) if gj, s not
self-requlated.

2. Let us mow consider the case where f is the symmetry with respect
to the center of H,. That means that for all i € {1,...,n} we have

—

f(é) = —éi, or equivalently (i) =i and ¢; = —1.

Then, for each component g;,, given a logical formula

Clgi) = N wik g

je{l,...,s} ke{l,...,r;}

17



we have

Crlgi) = N \V  wik giy -

jE{l,...,s} ke{177T]}

For example, the action of f exchanges chorded circuits "AND” and
"OR” from one to the other (see 4.2 for more details).

3.4 A useful working tool

We aim at classify the set of all the boolean FDS on the basis of the symme-
tries of the hypercube, defining classes gathering isometric FDS. We have
emphasized the common features of the conjugates ¢((S) of a given boolean
FDS S under these symmetries, through regulatory graphs and logical rules
; we can then restrict the dynamical analysis of all the boolean FDS to one
representative per class. The following property is a key ingredient to guide
the choice of an appropriate representative.

In the proof, we will consider directed graphs T" = (V, E) such that the
undirected graph T = (V, {{a,b} ; (a,b) € E and a # b}) is a tree, that is
an undirected acyclic connected graph. We will say that 1" is tree-supported
if T is a tree and if T does not include both an edge (a,b) and its reverse
(b,a) (in particular nor any loop (a,a)), and we will call leaves of T' the
leaves of T

Proposition 7. Let S a boolean FDS, and RG(S) its corresponding reg-
ulatory graph. Consider a subgraph T = (V,E) of RG(S) which is tree-
supported. Given any family of signs (ae)ecr and g; € V, there exists a sym-
metry [ of the hypercube such that every interaction e in E can be expressed

—

inRG(p¢(S)) with sign e and such thati & {k € {1,...,n}; f(er) = —€L}.

Proof. We use an induction argument on #V. If T has zero or one vertex,
F is empty and we can take f as the identity function. We suppose that the
result holds for any tree-supported subgraph 7' of RG(S) with m vertices,
m > 0. If T has m + 1 vertices, it has at least two vertices and thus at least
two leaves. Let g; be one of them which is not g;; the vertex g; is involved
in exactly one edge ¢’ of T. Let (a)ecr be a family of signs. The tree-
supported subgraph T/ = (V'\ {g;}, E \ {¢'}) of RG(S) has m vertices, thus
there exists f € I'(H,), product of hyperplane symmetries, such that every
interaction e in E'\ {€’} can be expressed in RG(¢(S)) with the sign ., and
i,j & {ke{l,...,n}; f(éi) = —éi,}. If the interaction €’ can be expressed
in RG(¢¢(S)) with the sign a.s, the symmetry f fulfills our expectations. If
not, it means that e’ is expressed in RG(¢¢(S)) with the sign —a,s. In this

18
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Figure 2: Proposition 7 can be applied on the colored subgraph.

case, the (commutative) composition f’ of f and the hyperplane symmetry
x — 77 works, according to Proposition 3.
O]

4 Application to regulatory motifs analysis

As mentioned in the introduction, boolean FDS are used for the modeling
of gene regulatory networks. The analysis of the model is difficult, mainly
because of combinatorial explosions to generate the STG. Motifs analysis is a
way to capture local properties of the dynamics without generating the STG.
Indeed, it is well-known that some specific motifs, i.e. specific topological
components embedded in the RG, play a major role allowing the presence
and/or the maintain of complex dynamical properties (as multistationnarity,
or sustained oscillations). Several studies of well-known motifs have been
undertaken in the context of boolean logical modeling: isolated circuits [12],
chorded circuits [11], flower-graphs, and more generally hub-graphs [3].

As an illustration, it is possible to study boolean dynamics of well-known
motifs - isolated circuits, chorded circuits, lower-graphs, and more generally
hub-graphs - through the choice of favorite representatives.

Let us recall that for a € {0,1}, the notation a® means a when a = 1
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Figure 3: Isolated circuit (up, left), chorded circuit (up, right), flower-graph
(down, left), hub-graph (down, right).

and 1 — a when o« = —1.

4.1 Isolated circuits

We consider boolean FDS whose associated RG are isolated circuits on n
components g1, ... , gn, with n > 2 (see Figure 3).

In this particular case, the signs of the interactions do not depend on
the states where they are expressed (cf. Proposition 1). If o denotes the
sign of the interaction from gi to gxy1, for k =1,...,n (where gp+1 = 91),
we will denote by Cp,(aq, ..., ay) the isolated circuit associated to the FDS

Oénfl)

T A e € o N

In other words, C(gx11) = wi gk, where wi = v if a = +1, and wg, = —
if a; = —1, is a logical rule for the component gg1.
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Proposition 8. Given an integer n > 1, there exists exactly two classes
of isometric boolean FDS whose RG are respectively positive and negative
isolated circuits of length n.

Proof. First of all, the symmetries of I'(#,,) transform isolated circuits of
length n into isolated circuits of length n (cf. Proposition 4). Let us consider
the path T' from ¢; towards g, obtained from C,(a1,...,a,) by removing
the interaction of g, on g; (see Figure 4). Following Proposition 7, T is
tree-supported, and there exists a symmetry f € I'(H,) which transforms
Cn(ai,...,ap) into Cp(+1,...,+1,][;_; ag), the action of f preserving
signs of circuits (cf. Corollary 1). Hence we have two favorite representatives
for the isolated circuits of length n, the boolean dynamics of Cy,(+1,...,+1)
and the one of C,(+1,...,+1,—1), which are not isometric, due to the in-
variance of the sign in a class; thus they represent exactly two classes.

O

Let us recall that the attractors of the synchronous and the asynchronous
dynamics of isolated circuits are well-known; in particular the asynchronous
dynamics involves two stable states in the case of positive circuits, and one
cyclic attractor in the case of negative circuits [11].

4.2 Chorded circuits

Remark 4. In this paragraph, the RG will involve a component with exactly
two regulators. This brings us to precise in a preliminary examination the
boolean functions B : {0,1}?> — {0,1} whose truth tables are the ones of
the logical rules of components with two regulators. Among the 16 functions
B :{0,1}?> — {0,1}, (a,b) — B(a,b), two are constant and four depend on
a single argument a or b. Hence there are 10 possible values for B, given
by:

-aAb,aN—-b, maANb, ma N b,

-aVb, aV-b -aVb, -aV b,

-a@Pb=-aP-b,aP-b=—-aDb

(where a &b = (a A —b) V (ma AD)).
In the following, the presence or absence of negations will be carried by
parameters oy and al(:), and therefore we will fir B in {A,V,®}.

We consider now boolean FDS whose RG are chorded circuits on n com-
ponents ¢gi, ... , gn, the component g; being the target of a shortcut (see
Figure 3).
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More precisely, let us denote by CCf, g1, an; aﬁflq) the chorded cir-
cuit associated to the FDS

()

(P10 s By ) o (B, o), )

withg>1landn>qg+1, a; € {1} fori € {1,...n}, aff)q e {£1},

and B € {AND, OR, XOR} = {A,V,®} (following Remark 4).

In terms of logical rules:

- C(gr+1) = wg g, where wy, = v if ag, = +1, and wy = - if o = —1, is a
logical rule for the component gx11, for k € {1,...,n — 1},

- C(g1) = B(wy gn, wﬁlslq On—q), Where w, = v if a,, = +1, w, = — if
o = —1, wﬁflq =vif aq(flq = +1, and wy—g = — if ozgflq = —1, is a logical

rule for the component g;.

For k # 1, the sign of the interaction towards g; does not depend on the
states where it is expressed, due to the fact that g; has only one regulator,
and this sign is equal to ay_1 (cf. Proposition 1). Moreover, it is easy to
check that if B € {AND, OR} the signs of the interaction from g, to g; and

from ¢,—, to g1 are respectively equal to o, and a,(fzq, and that, at the

contrary, these signs depend on the local graphs if B = XOR.

The chorded circuit CCZ (a1,...,an;al? ) is built of two embedded

n—q
circuits, Cp (a1, ..., 0p) and Cp—_g(ay,. .. ,an,q,l,afﬂq), in the notation of
4.1. Let ¢ = [[}_, ax and ¢©*) = | P—T ozifzq be the signs of these two
isolated circuits; they play a significant role in the case B € {AND, OR}.

Proposition 9. Given integers ¢ > 1 and n > g+ 1, there exists exactly
five classes of isometric boolean FDS whose RG are the chorded circuits

cel(aq, ... ,an;afflq), with B € {AND, OR, XOR}:
o four classes gather the boolean FDS related to the chorded circuits
CCEq(al, e ,an;a;slq) with B € {AND, OR}, according to the value

of (5,¢®) in {£1}%;

e one class gathers the boolean FDS related to the chorded circuits

CCrylar, . an; agf_)q).

Proof. The Proposition 4 shows that the symmetries of I'(#,) transform
chorded circuits into chorded circuits with same values of n and gq.
Let us consider CCﬁq(al, e ,an;agiq). The path T from ¢g; towards

gn Obtained by removing the two interactions on g; is tree-supported (see
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Figure 4). Following Proposition 7 and Remark 4, there exists a symmetry
f € T'(H,) changing CCﬁq(al, e, O agflq) into CCE;Z(—H, A TE== =
with B’ € {AND, OR, XOR}.

e If B € {AND, OR}, the fact that the signs of the two embedded circuits
are determined and the Proposition 3 show that B’ € {AND, OR}.
Given this and the invariance of (¢,¢®)) under the action of f (cf.

qu) into

CCEI(J(—i—l, e g(s)). Moreover, the Remark 3 shows that

CCry (+1,..., +1,¢;¢®)) and CCRt(+1,..., +1,¢; <)) are isometric.

Hence, for example, CC;7°(+1, ..., +1,¢; ¢(9)) gives, according to the

Corollary 1), the symmetry f transforms CCﬁq(al, ce O

four possible values of (g,g(s)), four favorite representatives "AND”.
They are not isometric because of the invariance of (g, g(s)) in a class,
and thus represent exactly four classes.

e [f B = XOR, the previous study shows that the resultant classes will be
disjoined from the case B € {AND, OR}, and therefore B’ = B. More-
over the equalities a @ b = —-a @ —b and a & b = —a & b show that
CCLy (1, 41, +1;41) and CCR5 (+1, ..., +1, —1; —1) are related
to the same FDS, and it is the same for CCTOY(+1,...,+1, —1;+1)
and CCRo (+1,...,+1,+1;—1). Finally, the Remark 3 shows that
CCRy (1, 41, +1;41) and CCR (1, ..., 41, +1; —1) are isomet-
ric, since a®b = (a A—b) V (ma AD), and a® —b = (aV —b) A (—a VD).
Thus CCR% (41, ..., +1,+1; +1) represent the single class.

O

A study of the synchronous and the asynchronous dynamics of chorded
circuits can be found in [13, 11].

If B € {AND, OR}, a chorded circuit is said coherent if ¢ = g(s), and
incoherent otherwise. It is shown for example that in the asynchronous
dynamics a coherent chorded circuit and its corresponding long circuit have
the same number and type of attractors, and that an incoherent chorded
circuit has a unique attractor, which is a stable state. If B = XOR, the
asynchronous dynamics involves a unique attractor, which is a stable state.

4.3 Flower-graphs

In this section, we study boolean FDS whose RG are specific motives, called
flower-graphs. A flower-graph with n petals is a directed graph (V, E') such
that V has n + 1 elements, and there exists a particular node gy € V called
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Figure 4: Proposition 7 is applied on the colored subgraphs.
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hub for which E = {(90,9) U (9,90); 9 € V \ {g0}} (see Figure 3). We
suppose moreover that n > 2 (otherwise (V| E) is a circuit).

Let S be a boolean FDS whose associated regulatory graph RG(S) is
a flower-graph, with hub gy and V' = {go,...,9n} (see Figure 3). The
state space is {0,1}"*! = {(zo,...,2,); Vi € {0,...,n},2; € {0,1}}. The
subgraph T = (V, ET) of RG(S) with ET = {(g0,9);9 € V \ {go}} is
tree-supported (see Figure 4). From Proposition 1 and Proposition 7, there
exists a symmetry of the hypercube f such that RG(¢¢(5)) is a flower-graph
whose all regulations from the hub gy are activations.

4.3.1 Flower-graphs: study of ¢¢(S5)
From now, we consider the FDS ¢¢(S) and its associated flower-graph.

Let B(x1,...,z,) denote the logical rule governing go. We have ¢¢(S)(z) =
(B(21,- -, %n), 0, - - -, o)), hence ¢¢(S)?(z) = (B(zg, ..., 20),a,...,a) with
a = B(x1,...,x,), and all the other iterates of z will be of this form. This
leads us to consider four cases, depending on the values of B(0,...,0) and
B(1,...,1). For the sake of convenience, we introduce the boolean function

B : {0,1} — {0,1} defined by B(0) = B(0,...,0) and B(1) = B(1,...,1).

The following proposition describes asymptotical properties of the syn-
chronous dynamics of ¢¢(S).

Proposition 10. The attractors of the synchronous STG of ¢¢(S) are the
following:

1. If B(0) = 0 and B(1) = 1, then there are two stable states (0, ...,0)
and (1,...,1) and one cyclic attractor constituted of the states (0,1,...,1)
and (1,0,...,0).

2. If B(0) = B(1) = 0, then there is a unique stable state (0,...,0) and
no cyclic attractor.

3. If B(0) = B(1) = 1, then there is a unique stable state (1,...,1) and
no cyclic attractor.

4. If B(0) = 1 and B(1) = 0, then there is a unique cyclic attractor con-
stituted by the states (0,...,0), (1,...,1), (1,0,...,0) and (0,1,...,1).

Proof. This is an easy consequence of the expression of the iterates of ¢ £(.5).
O
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Remark 5. Case 2 and 3 are symmetrical, by switching 0 and 1. In other
words, the action of the symmetry with respect to the center of H,, switches
the second and the third cases.

We now study the asynchronous dynamics of flower-graphs, afresh using
the conjugated FDS ¢(S). Lemma 1 will emphasize the major role of the
hub on the dynamics.

Lemma 1. Let x be a state and
Zy={x";JC{ie{l,...,n}; = # mo}}.
We have x ~ y for any y € Z,. In particular, x ~ (xg,...,Zo).

Proof. Consider astate x and J = {i1,...,ip} asubsetof {i € {1,...,n}; z; #
xo} of cardinal p.

Let z(0),...,z(p) be the finite sequence of states defined by z(0) = =
and, for k € {1,...,p}, z(k) =z},

By Proposition 1, we know that the interaction from gg to g;, belongs
to the local graph RG,1)(¢s(S)) for any k € {0,...,p — 1}. Thus z(k) ~
z(k + 1), and finally z(0) ~ 77 = z(p). O

The following proposition describes asymptotical properties of the asyn-
chronous dynamics of ¢¢(.5), according to the cases described in Proposition
10.

Proposition 11. The attractors of the asynchronous STG of ¢¢(S) are the
following:

1. If B(0) = 0 and B(1) = 1, then there are two stable states (0, ...,0)
and (1,...,1) and no cyclic attractor.

2. If B(0) = B(1) = 0, then there is a unique stable state (0,...,0) and
no cyclic attractor.

3. If B(0) = B(1) = 1, then there is a unique stable state (1,...,1) and
no cyclic attractor.

4. If B(0) = 1 and B(1) = 0, then there is a unique attractor, which is
cyclic and involves all the states.

Proof. We recall that the stable states are the same in the synchronous and
asynchronous dynamics.
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1. If B(0) = 0 and B(1) = 1, the stable states are (0,...,0) and (1,...,1).

The Lemma 1 shows that for any state z, we have = ~ (xg,...,zo),
which is a stable state, and this implies that no state is in a cyclic
attractor.

2. If B(0) = B(1) = 0, then (0,...,0) is the unique stable state. By
Lemma 1, for any state x such that o = 0, we have x ~» (0,...,0).
By the same lemma and the condition on B, if 9 = 1, we have
x -~ (1,...,1) ~ (0,1,...,1) ~ (0,...,0), and no state is in a cyclic
attractor.

3. The case B(0) = B(1) = 1 is the same as the previous one, switching
0 and 1.

4. If B(0) = 1 and B(1) = 0, let  be a state. By Lemma 1 and the
condition on B, if g = 0 we have z ~ (0,...,0) ~ (1,0,...,0) ~
(1,...,1)~ (0,1,...,1) ~ x ; if zp = 1 we have the same switching 0
and 1. Therefore the lonely attractor is cyclic, involving all the states.

O

Example 2. We consider particular cases, in which all the signs of the
interactions of RG(S), and thus of RG(¢¢(S)), are determined. Let us recall
that n > 2.

1. If all the petals are positive circuits, that is all the interactions of
RG(¢¢(S)) are activations, then B(0) = 0 and B(1) =1 (and thus two
stable states and no cyclic attractor in the asynchronous dynamics).

2. If all the petals are negative circuits, that is all the interactions of
RG(b(S)) towards go are inhibitions, then B(0) = 1 and B(1) =
0 (and thus a unique cyclic attractor involving all the states in the
asynchronous dynamics).

3. If one petal is positive and the others negative, that is for erxample
g1 activates go and go,. .., gy inhibit go in RG(¢s(S)), we have the
following alternatives:

- if go admits a logical rule including the conjunctive clause g1, then
B(1) = 1; otherwise B(1) = 0;

- if go admits a logical rule with at least one conjunctive clause in-
cluding only radicals of {=g2,...,~gn}, then B(0) = 1; otherwise
B(0) =0.
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implies B( ) = 1, leaving the three

Let us then remark that B( )=1
= B(1) =1, B(0) = B( ) =0, B(0) =

effective possible cases B(0)
and B(1) = 0:

e the case B(0) = B(1) = 1 (and thus one stable state and no cyclic
attractor in the asynchronous dynamics) is the case where g1 does not
need to cooperate with other regulators to regulate the hub and where
g2, - - -, gn do not need to cooperate with g1 to regulate the hub;

o the case B(0) = B(1) = 0 (and thus one stable state and no cyclic
attractor in the asynchronous dynamics) is the case where g1 and com-
ponents among go, . . . , gn need always to cooperate to requlate the hub;

e the case B(0) = 1 and B(1) = 0 (and thus one cyclic attractor
involving all the states in the asynchronous dynamics) is the case where
g1 needs to cooperate with other regulators to regqulate the hub and
where some components among ga,...,gn, do not need to cooperate
with g1 to requlate the hub.

. If one petal is negative and the others positive, that is for example
g1 inhibits go and go, ..., gn activ go in RG(¢f(S)), we have the two
following alternatives:

- if go admits a logical rule including the conjunctive clause —gi, then
B(0) = 1; otherwise B(0) = 0;

- if go admits a logical rule with at least one conjunctive clause includ-
ing only radicals of {g2,...,gn}, then B(1) = 1; otherwise B(1) = 0.

implies B( ) = 1, leaving the three

Let us then remark that B( )=14i t
= B(1) = 1, B(0) = B(1) = 0, B(0) =0

effective possible cases B(0)
and B(1) =

e the case B(0) = B(1) = 1 (and thus one stable state and no cyclic
attractor in the asynchronous dynamics) is the case where g1 does not
need to cooperate with other requlators to regulate the hub and where
g2, - .., gn do not need to cooperate with g1 to regqulate the hub;

o the case B(0) = B(1) = 0 (and thus one stable state and no cyclic
attractor in the asynchronous dynamics) is the case where g1 and com-
ponents among ga, . . ., gn need always to cooperate to regulate the hub;

e the case B(0) =0 and B(1) = 1 (and thus two stable states and no
cyclic attractor in the asynchronous dynamics) is the case where gy
needs to cooperate with other requlators to requlate the hub and where
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some components among gz, - - . , gn do not need to cooperate with g to
requlate the hub.
4.3.2 Flower-graphs: general case

We have the following theorems as immediate corollary of the study of ¢ (S5).

Theorem 1. Let S be a FDS whose associated requlatory graph RG(S) is a
flower-graph. Then S has zero, one or two stable state(s), and the attractors
of the synchronous dynamics are the following:

1. If S has two stable states, then the attractors are these states and one
cyclic attractor including two states.

2. If S has one stable state, it is the unique attractor.

8. If S has no stable state, then there is a unique cyclic attractor including
four states.

Theorem 2. Let S be a FDS whose associated requlatory graph RG(S) is a
flower-graph.

1. If S has one or two stable state(s), then they are the lonely attractors
of the asynchronous dynamics.

2. If S has no stable state, then the lonely attractor of the asynchronous
dynamics is cyclic and involves all the states.

Moreover the following proposition derived from Example 2 precises a
result of [3].

Proposition 12. Let S be a FDS whose associated regulatory graph RG(S)
s a flower-graph whose signs of interactions are determined.

1. If all the petals are positive circuits, then S has two stable states which
are the lonely attractors of the asynchronous dynamics.

2. If all the petals are negative circuits, then the lonely attractor of the
asynchronous dynamics is cyclic and involves all the states.

3. If one petal is positive and the others negative, then either S has one
stable state which is the lonely attractor of the asynchronous dynamics,
or the lonely attractor is cyclic and involves all the states.
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4. If one petal is negative and the others positive, then S has one or
two stable state(s), that are the lonely attractors of the asynchronous
dynamics.

Remark 6. Ezample 2 allows to precise Items 3 and 4:

- In Item 3, if the positive petal is related to the component g1, then one
has a cyclic attractor if and only if the hub admits a logical Tule without
the conjunctive clauses g1 and —g1, and at least one conjunctive clause with
neither the radical g1 nor —gy1. In other words, one has a cyclic attractor
if and only if g1 needs to cooperate with other requlators to requlate the hub
and where some components among go, . .., gy do not need to cooperate with
g1 to regulate the hub.

- In Item 4, if the negative petal is related to a component g1, then one
has two stable states if and only if the hub admits a logical rule without
the conjunctive clauses g1 and —g1, and at least one conjunctive clause with
neither the radical g1 nor —gi. In other words, one has two stable states if
and only if g1 needs to cooperate with other regqulators to requlate the hub
and where some components among go, . .., gn do not need to cooperate with
g1 to regulate the hub.

Remark 7. In the case of the flower-graphs, it is not simple to enumerate
the classes of isometric FDS; indeed the previous study focuses on four val-
ues taken by B, letting a lot of degrees of freedom for other values. We can
assert that the classes of FDS whose associated RG are flower-graphs spread
into three families of classes: classes of FDS with zero stable state, with one
stable state, with two stable states. Moreover we have seen that each class
contains elements on the form (zo,...x,) — (B(z1,...,2,), Zo, ..., Z0), and
therefore the number of classes is less than the number of functions B de-
pending actually on each coordinate x1, ... , xy.

Example 3. As an illustration of the above, we detail the case n = 2.

FEach class contains elements on the form Sg : (zo, x1,x2) — (B(z1,%2), %0, To),
where B(x1,x2) is given by one of the 10 possibilities B(x1,x2) = x1 A x2,
x1 N\ o, X1 AN xo, 71 N\ X2, 1V T2, x1 V 7Z2, mx1 V T2, 7x1 V T2,

1 @ x2, 1 D 2 (see Remark 4).

Given B and an isometry f of the cube, it is easy to verificate that
¢£(S) is on the form Sp(zo,x1,22) = (B'(x1,22),z0,20) if and only if
f(zo,x1,x2) = (x0, 21, 22) 01 (To, T1,T2) or (0, x2,21) or (To, T2, T1).

In other words, Sp and Sp/ are isometric if and only B'(x1,x2) =
B(x1,x32), or ~B(—x1,~x2), or B(xa,x1), or ~B(—xe, —x1).
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Hence, there exists four classes of isometric boolean FDS whose RG are
flower-graphs with two petals:

- a class containing Sp for B(x1,x2) = x1 Axo and B(x1,x2) = 21V 22,

- a class containing Sp for B(x1,x2) = x1 A ~xe, B(x1,22) = -2 A 29,

B(z1,z2) = 21 V —x9 and B(z1,x2) = ~x1 V X2,

- a class containing Sp for B(x1,x2) = —x1 A —xe and B(xy,x9) =

—x1 V —Xo,

- a class containing Sp for B(x1,x2) = v1@xe and B(x1,x2) = x1B—x2.

4.4 Extensions to hub-graphs

We now study boolean FDS whose RG are hub-graphs, that are directed
graphs (V) E) such that there exists a particular node gy € V called hub
satisfying the following properties: the hub gy is the only vertex possibly
submitted to more than one regulations, (go, go) ¢ E, and for any vertex g,
one has gp ~ g in the graph (see Figure 3).

Remark that isolated circuits, chorded circuits without loops and flower-
graphs are hub-graphs.

Let S be a boolean FDS whose associated regulatory graph RG(S) is a
hub-graph, with hub go and V' = {go, ..., gn}. The state space is {0, 1} =
{(zo,...,xn); Vi e {0,...,n},z; € {0,1} }.

Remark 8. The definition of a hub-graph implies that no component is
self-requlated in RG(S): it is provided for the hub in the definition, and if
g # go, a self-requlation on g would make it requlated by itself and by another
component in a path from gg to g.

Lemma 2. The subgraph T = (V, ET) of RG(S) with ET = E\{(g, 90) € F}
1$ tree-supported.

Proof. First of all, the undirected graph T’ = (V,{{a,b} ; (a,b) € ET and a #
b}) is connected, since for any component g # go, we have gg ~> g in RG(S).
In addition, if there exists a cycle in T, the hub is not a vertex of this cycle
by definition of T". Moreover this cycle corresponds to a circuit in T, since
otherwise one component of the cycle, different of the hub, would have at
least two regulators, vertices of the cycle; the existence of a cycle in T is
thus impossible and T is connected and acyclic: T is a tree.

In a similar way, 7" does not include both an edge (a,b) and its reverse
(b,a) (same argument as Remark 8). In conclusion, 7' is tree-supported. [J
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Accordingly, from Proposition 1 and Proposition 7, there exists a sym-
metry of the hypercube f such that RG(¢¢(S)) is a hub-graph whose all
regulations which are not towards the hub gg are activations (see Figure 4).

4.4.1 Hub-graphs: study of ¢(S5)

In the following, we denote by T the image in RG(¢¢(S)) of the subgraph
T of RG(S).

The set of vertices of RG(S) (components) can be partitioned accord-
ing to the graph distance to the hub in T, and we order the components
according to this distance. For the sake of convenience, we renumber the
components

go; 91,15 +--5 Gl oo 5 Gd1s -+ Gdorg s

where d is the maximal distance to the hub in T} (hence, the distance of
91,1, -5 g1, tO go is equal to 1, and so on),

and the coordinates of a state

x = (T0; T11, -y Tipyi -ov3 Tdds -5 Tdry) -

Then there exists a boolean function B : {0,1}"~! — {0,1} such that

Gr(S) (@) = (B(@1,1y - T15 -3 Td 0y -5 Tdrg )i L0y - oy TO5 T 15w+ oy Ly -

due to the fact that there are only activations on T'y. Of course, the function
B depends effectively only on the x; related to regulators of go.

The result is that for k > d+ 1 the iterates ¢(S)¥(z) of a state x are of
the form

gbf(S)k(x) = (ap; a1,y -..,01;...; Agy.--,0q) ,

and the boolean function B : {0,1}¢ — {0,1} defined by B(ai,...,aq) =
B(ay,...,a1;...; ag,...,aq) gives

Dr(S)(2) = (Blar, .. ad): o, 001 30412 04r)
This allows to determine the stable states of ¢£(.5).
Proposition 13. The stable states of ¢¢(S) are the following:

1. IfB(O, ...,0) =0 and B(l,...,l) =1, then there are two stable states
0,...,0) and (1,...,1).
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2. If B(0,...,0)
(0,...,0).

3. If B(0,...,0)
(1,...,1).

4. If B(O7 ..,0)=1 and B(l, ..., 1) =0, then there is no stable state.

B(l, ..., 1) = 0, then there is a unique stable state

B(l, ..., 1) =1, then there is a unique stable state

Proof. This is an immediate consequence of the expression of the iterates of

o7(S). O

The following lemma generalizes a part of Lemma 1 on the asynchronous
dynamics of flower-graphs to hub-graphs.

Lemma 3. Let x be a state. In Go(¢¢(S)), one has x ~ (zo, ..., xo).

Proof. Consider a state x = (z0; 1,1, -5 Tl -5 Tdl, -y Tdry) =
(xo,...,2p). All regulations which are not towards the hub gy being ac-
tivations, the ordering of the coordinates of x shows that we have x ~»
(20, X0y X2y - -+, Tpn) ~ (T0, To, T0, T3, - - -, Tp), and so on until z ~> (zg, ..., xo).

O

It is now easy to describe the asymptotic asynchronous dynamics of
¢ ().
Proposition 14. The attractors of the asynchronous STG of ¢;(S) are the
following:

1. If B(0,...,0) =0 and B(1,...,1) = 1, then there are two stable states
(0,...,0) and (1,...,1) and no cyclic attractor.

2. If B(O,...,O) = B(l,...,l) = 0, then there is a unique stable state
(0,...,0) and no cyclic attractor.

3. If B(O,...,O) = B(l,...,l) = 1, then there is a unique stable state
(1,...,1) and no cyclic attractor.

4. If B(0,...,0) =1 and B(1,...,1) = 0, then there is a unique cyclic
attractor and no stable state.

Proof. The proofs of the cases 1, 2 and 3 are exactely the same as in Propo-
sition 11.

If B(O,...,O) =1 and B(l,...,l) = 0, let = be a state. By Lemma 3
and the condition on B, if 2o = 0 we have z ~ (0,...,0) ~ (1,0,...,0) ~
(1,...,1); if zp = 1 we have the same switching 0 and 1. Therefore the
lonely attractor is cyclic. O
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Example 4. Extending Example 2, we consider particular cases in which all
the signs of the circuits of RG(S), and thus of RG(¢¢(S)), are determined.

1. If all the circuits are positive, that is all the interactions of RG(¢¢(S))
towards gy are actwations, then B(0,...,0) = 0 and B(1,...,1) =1
(and thus two stable states and no cyclic attractor in the asynchronous
dynamics).

2. If all the circuits are negative circuits, that is all the interactions
of RG(¢7(S)) towards go are inhibitions, then B(0,...,0) = 1 and
B(1,...,1) =0 (and thus a unique cyclic attractor and no stable state
in the asynchronous dynamics).

3. If there is at least two circuits, one positive and the others negative,
that is some component g activs gy and the other regqulators of gy are
inhibitors in RG(¢¢(S)), we have the two following alternatives:

- if go admits a logical rule including the conjunctive clause g, then
B(1,...,1) = 1; otherwise B(1,...,1) = 0;

- if go admits a logical rule with at least one conjunctive clause includ-
ing only regulators # g, then B(0,...,0) = 1; otherwise B(0,...,0) =
0.

Let us then remark that B(l, .oy 1) =1 implies ~(O, .,0) =1, leav-
ing the three effective possible cases B(0,...,0) = B(1,...,1) = 1,

B(0,...,0)=B(1,...,1) =0, B(0,...,0) =1 and B(1,...,1) = 0:

e the case B(0,...,0) = B(1,...,1) = 1 (and thus one stable state and
no cyclic attractor in the asynchronous dynamics) is the case where g
does not need to cooperate with other requlators to requlate the hub and

where the other requlators do not need to cooperate with g to regulate
the hub;

e the case B(0,...,0) = B(1,...,1) = 0 (and thus one stable state and
no cyclic attractor in the asynchronous dynamics) is the case where g
and other regulators need always to cooperate to requlate the hub;

e the case B(0,...,0) = 1 and B(1,...,1) = 0 (and thus a unique
cyclic attractor and no stable state in the asynchronous dynamics) is
the case where g needs to cooperate with other regulators to regulate
the hub and where some other requlators do not need to cooperate with
g to regulate the hub.
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4. If there is at least two circuits, one negative and the others positive,
that is some component g inhibits go and the other requlators of gy are
activators in RG(¢¢(S)), we have the following alternatives:

- if go admits a logical rule including the conjunctive clause =g, then
B(0,...,0) = 1; otherwise B(0,...,0) =0;

- if go admits a logical rule with at least one conjunctive clause includ-
ing only regulators # g, then B(1,...,1) = 1; otherwise B(1,...,1) =
0.

Let us then remark that B(0,. .. ,0) = 1 implies B(1, 1) =1, leav-
ing the three effective possible cases B(0,...,0) = B(1,...,1) = 1
B(0,...,0)=B(1,...,1) =0, B(0,...,0) =0 and B(1,...,1) = 1:

e the case B(0,...,0) = B(1,...,1) =1 (and thus one stable state and
no cyclic attractor in the asynchronous dynamics) is the case where g
does not need to cooperate with other regulators to requlate the hub and

where the other requlators do not need to cooperate with g to regulate
the hub;

e the case B(0,...,0) = (1,...,1) = 0 (and thus one stable state and
no cyclic attractor in the asynchronous dynamics) is the case where g
and other regulators need always to cooperate to requlate the hub;

o the case B(0,...,0) = 0 and B(1,...,1) = 1 (and thus two stable
states and no cyclic attractor in the asynchronous dynamics) is the
case where g meeds to cooperate with other requlators to regqulate the
hub and where some other regulators do not need to cooperate with g
to requlate the hub.

7

4.4.2 Hub-graphs: general case

In the general case of hub-graphs, it is not possible to get a simple descrip-
tion of the cyclic attractors of the synchronous dynamics: there is a large
number of possibilities, related to the degrees of freedom on the function
B introduced in the previous paragraph. This is illustrated by the cases of
isolated circuits, chorded circuits and flower-graphs ([11] and Example 3).

The following theorem is an immediate consequence of the study of
¢5(5).

Theorem 3. Let S be a FDS whose associated requlatory graph RG(S) is a
hub-graph. Then S has zero, one or two stable state(s).
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1. If S has one or two stable state(s), then they are the lonely attractors
of the asynchronous dynamics.

2. If S has no stable state, then the lonely attractor of the asynchronous
dynamics is cyclic.

Remark 9. - The study of ¢¢(S) has proved that the computation of two
values of the logical rule of the hub allows to determine the type of asymptotic
behavior of the asynchronous dynamics of S, among the three possibilities
given by the theorem. Indeed, if, in practice, going through ¢¢(S) and com-
puting B(0,...,0) = 1 and B(1,...,1) = 0 is the easiest way to conclude,
this can be considered as the computation of two values of the logical formula
of the hub, coming back to S via f~'.

- Moreover this may be interpreted in depth in terms of cooperation or
non cooperation between the requlators of the hub, as it is detailed in partic-
ular cases below.

The following proposition derived from Example 4 is an extension of
Proposition 12 precises a result of [3].

Proposition 15. Let S be a FDS whose associated regulatory graph RG(S)
s a hub-graph whose signs of the circuits are determined.

1. If all the circuits are positive circuits, then S has two stable states
which are the lonely attractors of the asynchronous dynamics.

2. If all the circuits are negative circuits, then the lonely attractor of the
asynchronous dynamics is cyclic.

3. If there is at least two circuits, one positive and the others negative,
then either S has one stable state which is the lonely attractor of the
asynchronous dynamics, or the lonely attractor is cyclic.

4. If there is at least two circuits, one negative and the others positive,
then S has one or two stable state(s), that are the lonely attractors of
the asynchronous dynamics.

Remark 10. Ezample 4 allows to precise Items 8 and /:

- In Item 3, if the positive circuit is related to a regulator g of go, then one
has a cyclic attractor if and only if the hub admits a logical rule without the
conjunctive clauses g and —g, and at least one conjunctive clause without
the radicals g and —g. In other words, one has a cyclic attractor if and only
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if g needs to cooperate with other regulators to regqulate the hub and where
some other requlators do not need to cooperate with g to regulate the hub.

- In Item 4, if the negative circuit is related to a regulator g of go, then one
has two stable states if and only if the hub admits a logical rule without the
conjunctive clauses g and —g and at least one conjunctive clause without the
radicals g and —g. In other words, one has two stable states if and only if g
needs to cooperate with other regulators to regulate the hub and where some
other requlators do not need to cooperate with g to regulate the hub.

5 Application to the negative Thomas’s rule

In the boolean context, the negative Thomas’s rule can be written in the
following terms:

7Given S : X — X a boolean FDS such that the asynchronous dynamics
of S displays a cyclic attractor, then the regulatory graph of S contains a
negative circuit.”

Furthermore in case of the existence of a cyclic attractor, several exam-
ples show that it is possible that no local graph RG,(S) including a negative
circuit can be found [16]. This stresses the fact that a fine understanding of
the interpretation of this rule in terms of local and hence functional inter-
actions has to be specified.

7Given S : X — X a boolean FDS such that the asynchronous dynamics
of S contains a cyclic attractor, there exists a circuit of RG(S), and for
each interaction of this circuit a pair of states on the form {z,7'} where
this interaction is expressed, such that the product of the related signs is
negative.”

We are going to give a new proof of this rule in the light of the action of
the symmetries of the hypercube.

Remark 11. If RG(S) contains a circuit such that at least one of its in-
teraction has an indeterminated sign (i.e. sign depending on the pairs of
states where it is expressed), this implies the presence of a negative circuit.
For this reason, we will suppose that all the signs of the interactions of the
circuits of RG(S) are determined.

Notations 3. Let x a state and a € {0,1},
Updgs(z,a) = {i € Updg(z);z; = a} .
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Lemma 4. Let S : X — X be a boolean FDS such that all the interactions
of RG(S) are activations. Then for any state x, there exists a stable state
y such that x ~ y in G,(S5).

Proof. Let = be a state such that S(z) # x.

-1t Updg(x,0) = (), then set z = x. Otherwise, suppose that Updg(z,0) #
(). There exists a path (z = 2O 2 = 2) in G,(S) such that, for
0<k<r—1, gkt = W%, with iy, € Updg(z™®,0) and Updg(z,0) = 0.
Indeed, at every step of building (¥t from z*) one coordinate is switched
from 0 to 1, so that the process is required to end at a state z.

- If Updg(z,1) = 0, then set y = z. The state y is a stable state and
x ~ yin G4(S).
- If Upds(2,1) # 0, there exists a path (2 = 20 20 =) in G,(9)

such that, for 0 < k < s — 1, 2kt = ﬁjk, with j, € Updg(z™*,1) and
Upds(y,1) = 0. Such a path exists since at every step of building z(*+1)
from z(*) one coordinate is switched from 1 to 0. Moreover, the hypothesis
on S (all interactions are activations) implies that Updg(z(®,0) = ... =
Upds(2*),0) = 0. Thus z ~ y in G,(S), and the equalities Upds(y,1) =
Upds(y,0) = 0 mean that y is a stable state. O

Lemma 5. Let S : X — X be a boolean FDS such that RG(S) is strongly
connected, all the signs of the interactions are determined, and all the cir-
cuits are positive. There exists a symmetry f € T'(H,) such that all the
interactions of RG(S) become activations under the conjugation by f.

Proof. The graph RG(S) being strongly connected, let us consider a circuit
in this graph involving all the components, that we can write after their
potential renumbering

C= (g1 92X2 93X3 ... gnXn) ,

where X, is a sequence of components either empty, or of the form Yjg;,
with Y3 possibly empty and all the components of X having indices < k.
Let us consider the subgraph T' = (V, E) of RG(S), where the set V is
the set of all the components, and E is composed by
- the interactions of C' of the form (g, gx+1), with k& < n — 1, for which
X} is empty,
- the interactions (g;x, gk+1), with & < n — 1, for which X}, is not empty.
The subgraph T is tree-supported (see section 3.4, and an example in
Figure 5). By Proposition 7 and the hypothesis on the determination of
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Figure 5: Hlustration of Lemma 5’s proof with

C= (91 92 93 92 94 95 g6 95 94 g7 98 91 g5 99 910 911 92 g7 99) .

the signs, there exists a symmetry f € I'(#,,) such that all the interactions
of T become activations under the conjugation by f. Let us consider the
interactions of C' in order of appearance: the action of f preserving signs of
circuits (cf. Corollary 1), and by the hypothesis on the signs of the circuits
of RG(S), it turns out that these interactions become activations under
the conjugation by f. It is the same for the loops of RG(S), and for the
remaining interactions of RG(S), that we can include in a circuit whose other
interactions are in C': all the interactions of G,(¢f(S5)) are activations. [

Corollary 2. Let S : X — X be a boolean FDS such that RG(S) is strongly
connected, all the signs of the interactions are determined, and all the cir-
cuits are positive. Then for any state x, there exists a stable state y such
that x ~~ y in Ga(S).

Proof. Lemmas 4 and 5 give that for any state x, there exists a stable state
y such that « ~» y in G,(¢£(5)), and hence the same for G,(S). O

It is well-known that the strongly connected components of a directed
graph G are the vertices of an acyclic directed graph Gsee. Therefore,
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there exists a numbering of these components C1, ..., C,, giving a topological
sorting: if there is a path from Cj to C in Gsec, then k < h [19, 1].

Theorem 4. - equivalent to the negative Thomas’'rule -

Let S: X — X be a boolean FDS such that all the signs of the interactions
of the circuits of RG(S) are determined, and all these circuits are positive.
Then Go(S) does not include any cyclic attractor.

Proof. Let Cy,...,Cp, be the strongly connected components of RG(.S), num-
bered by a topological sorting of their acyclic graph, and, for ¢ € {1,...,m},
let V; be the set of indices of the vertices of C;.

Using the ingredients of Lemma 5 and Proposition 7, for each i €
{1,...,m}, there exists a symmetry f; € T'(H,), product of hyperplane
symmetries, such that all the interactions of C; become activations under
the conjugation by f;, and such that {k € {1,...,n}; fi(é;) = —€i} C V.
Let f be the commutative product of the f;. Then the strongly connected
components of the conjugated regulatory graph RG(¢(S)) are Ci,...,Cp,
all the signs of the interactions of the circuits of RG(¢¢(S5)) are determined,
and all these interactions are activations.

Let = be a state. Lemma 4 allows to update the coordinates x; of =
related to the g; which are components of Ci, in other words such that
i € Vy; this is achieved through a path z ~ 271 of G,(¢¢(S)) such that if
291 ~> 2 in Go(¢f(9)), then Updyg,(s)(#) does not contain any integer of Vi,
because of the way the C; were numbered.

If m > 1, we have now to consider the interactions of components of C;
on components of Co. The coordinates of z related to V; being definitively
stabilized, we consider that they are inputs for Co, and we can rewrite the
logical formulas for the components of Co, taking into account these inputs.
Some interactions of Co may disappear, but all the remaining ones will be
activations.

Then Lemma 4 allows to update the coordinates x; of x such that i € Vs;
this is achieved through a path z ~~ z91 ~ 272 of G,(¢7((S)) such that if
272 ~~ 2z in Go(df((S)), then Updg,(s)(2) does not contain any integer of
ViU WVs.

If m > 2, we consider the interactions of components of C; and Cy on
components of C3, and so on.

At the end of the process, we obtain a path

xwxj1w~~«»—>xjm:y
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in Go(¢7((S)) such that if & € {1,...,m} and 27% ~» z in Gu(d¢((S)), then
Upd, f(s)(z) does not contain any integer of V1 U --- U V,. This means in
particular that y is a stable state.

Hence, for any state x, there exists a stable state y such that z ~» y in
Ga(¢#((S)), and this is the same for S. In conclusion, G4(S) as no cyclic
attractor. 0

Remark 12. In [8], the negative Thomas’rule is enunciated in the following
form:

The presence of a negative circuit of length at least two (somewhere in
phase space) is a necessary condition for stable periodicity.

According to this formulation, an alternative boolean statement of this
rule should be as follows: ”Given S : X — X a boolean FDS such that the
asynchronous dynamics of S displays a cyclic attractor, then the RG of S
contains a negative circuit of length at least two.” We avoid “somewhere in
phase space” since, as mentioned above, counterexamples show that the ex-
istence of a local graph RG,(S) including a negative circuit is not necessary.

In our approach, the statement becomes then: “Let S : X — X be
a boolean FDS such that all the signs of the interactions of the circuits
of RG(S) of length at least two are determined, and all these circuits are
positive. Then G,(S) does not include any cyclic attractor.” But in the
logical formalism, a self-inhibition creates a flip-flop effect that produces
cycles of length two in the asynchronous STG. Moreover, such a cycle can
be an attractor, like for instance with three components and the logical Tules
(91 : =91, g2 : =91 A g3, g3 : g2), and this is in contradiction with the
alternative statement.

6 Conclusion

This work explored links between topological features of regulatory graphs
and their issued dynamics in the boolean framework. Remark that the
framework we use is very general: we made no assumption on the logical
functions, and worked within the non-deterministic asynchronous dynam-
ics (although most of the papers consider monotonous functions and syn-
chronous dynamics).

The characterisation of classes of isometric FDS through their common
interaction graph features helped in deciphering necessary conditions to gen-
erate given dynamical properties. Moreover, it greatly assisted the analytical
analysis of generic regulatory motifs. This raised the question of the choice
of a representative regulatory graph of a class that gathers dynamics sharing
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same properties. We chose as representative a regulatory graph containing
the most positive edges as possible. Indeed, from a mathematical point
of view, activations are easier to handle. However, this criteria could be
discussed, as it seems that in many biological models, such as in bacteria,
inhibitions play a major role in the regulatory mechanisms [10].

Finally, we chose to define classes based on isometries of asynchronous
dynamics. This is the maximal requirement of similarity between dynamical
properties. We could relax it, for instance considering classes of isomorphic
dynamics. We could then address the question of invariants of their regula-
tory graphs.
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