The asynchronous dynamic of some locally non-monotonic

Boolean automata networks

Aurore Alcolei
Master thesis supervised by Kévin Perrot and Sylvain Sené

Abstract

Studies on the dynamics of Boolean automata networks (BANs) have mainly fo-
cused on monotonic networks, where fundamental questions on the links relating their
static and dynamical properties have been raised and addressed. This report ex-
plores analogous questions on non-monotonic networks, and focuses more particularly
on &-BANs (xor-BANs), that are BANs where every local transition function is a
@®-function. Using algorithmic tools, we give a general characterisation of the asyn-
chronous transition graphs for most of the strongly connected &-BANs and cactus
@-BANs. As an illustration of these results, we provide a complete description of the
asynchronous dynamics of two particular structures of ®-BAN, namely the ®-Flower
and the @-Cycle Chain BANs. This second work draws new behavioural equivalences
between BANSs, using rewrites on their graph description.
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1 Introduction

To start this report, I will first present the general context of my study and the motivations
underneath (doing a brief overview of the domain). Then I will precise my contribution
and give the road map of this document.

1.1 Background

A Boolean automata network (BAN) is a discrete interaction network, informally described
as a set of Boolean entities (the automata) whose state (in B = {0,1}) may switch (be
updated) over time, under the influence of the states of the other entities in the network.

BANs have been introduced by McCulloch and Pitts (under the name of nerve nets)
in the middle of the last century [14]. In this seminal paper, BANs are presented both
as a model of computation and as an abstract framework in which one can model neural
activities. Thereafter, these modelling abilities kept being developed on the biological side
and BANs are now a well established model for regulation systems such as neural networks
[10, 9] or gene regulation networks [12, 28].

Since Thomas’ works [28, 29], BANs used for biological modelling are generally defined
to be asynchronous, that is, at most one automaton can be updated at a time. Adding
synchronism to a BAN will then amount to allow several automata to switch state simul-
taneously. Unless stated otherwise, all the results presented in the sequel are stated for
asynchronous BANSs.

In the context of biological modelling, the Boolean state value of an entity can be
thought as the entity being active or not (respectively in state 1 or 0). Following the same
idea, the influence that one automaton has on another one describes in which circum-
stances the corresponding entity may activate, inhibit or be neutral to this other entity
(respectively have a positive, negative or no influence on the other entity).

The structure (of influences) that arises from a BAN provides a graph representation
of it. This graph representation gives their name of “networks” to BANs and is widely
used when it comes to describing the “shape” (type) of a BAN.

When considered as a whole, the states of the automata of a BAN define the configu-
ration in which this BAN is. Hence if one (or several) automaton switches state, this also
makes the whole BAN move from one configuration to another. The dynamics of a BAN
refers to its possible behaviours along time. There are basically two points of view that
one can take to study them and this gives rise to the two main branches of this field of
research:

e on the one hand, one can assume that the order in which the entities react to their
environment is known (or fixed) in advance. From there, one can predict the whole
behaviour of the system and one can try to study what kind of update sequences
leads a given BAN to a given configuration. Hence, this point of view is particularly
related to computability and complexity issues [13, 22, §].

e on the other hand, one can assume the networks to be random. This assumption
often holds in the study of discrete dynamical system and in biological modelling
because it means that there are no predefined orders on the way the automata
are updated. In this case, it is not possible to predict the whole behaviour of the
system but one will be interested in characterising its asymptotic behaviour that is
the set of recurrent configurations in which the network may end, given an initial
configuration (such a set exists since the configuration space is finite). Of course,



this highly depends on the structure of the network, and being able to relate the
structure of a network to its asymptotic behaviour is one of the main objective of
the domain [16, 19, 3, 25, 24].

To position my work in this field of research, I would say that it addresses questions from
the second branch but uses algorithmic tools that may echo the first one.

As we will see later, a BAN with n automata is formally defined as a set of Boolean
functions {f; : B" — B} ; such that each function describes the local behaviour of one
automaton. These functions are called the local transition functions of the automata. A
network is said to be locally monotonic if no automata has both a positive and a negative
influence on another one. In other words, a BAN is locally monotonic if all its local
transition functions are locally monotonic (in the analytical sense).

Because this mathematical specificity matches quite well with the behaviour of gene
regulation networks, locally monotonic BANs have been well studied, both on the applied
side [17, 7] and on the theoretical side [11, 23, 16, 19, 21]. However, recent works [20] have
brought new interests in local non monotony. On the biological side, it has been shown
that, sometimes, gene regulations imply more complex behaviour than what is usually
assumed, as this is for example the case when one also takes in account the effect of their
byproducts [27]. In this case, locally non monotony may be required for modelling, in
particular because this allows to express sensitivity to the environment. On the theoretical
side, it has been noticed [18, 21] that non local monotony is often involved when it comes
to singular behaviours in BANs. For example it has been shown that the smallest network
that is not robust to the addition of synchronism (i.e. allowing some automata to update
simultaneously) is a locally non-monotonic BAN [18, 21].

Following these lines, the work presented in this report contributes to a better under-
standing of locally non-monotonic BANs.

1.2 Contribution

Because the set of locally non-monotonic BANs is very broad, this work focuses on $-
BANSs, that is, BANs in which the state of each automaton is updated by xoring the
state value (or the negated state value) of its incoming neighbours. The choice of @®-
BANs amounts from the xor operator being the only binary Boolean operators to be non-
monotonic (with the equivalence) . Hence @&-BANs are the simplest locally non-monotonic
BANS one can think of.

A first attempt to characterise these networks is proposed in [21, 20] and focuses on
@-circulant networks. Following this constructive approach, I first looked at other BAN
structures that combine cycles, such as the double-cycle graphs [2, 15], the flower-graphs [3]
and the cycle chains. All these BAN structures belong to the family of cactus graphs (since
any two of their simple cycles have at most one automaton in common) which is a well-
known family in the (locally) monotonic context [2, 3, 15].

Happily, it turned out that the results I got with these preliminary studies were in
fact generalisable to a wider set of ®-BANs: the strongly connected @®-BANs with an
induced double cycle of size greater than 3. I will give a precise definition of these BANs
in the following section. However, let us mention here that this family of BANs contains
in particular every strongly connected cactus BAN and that its characterisation heavily
relies on that of the Boolean automata double cycles (BADCs).

As mentioned above, Section 2 introduces all the definitions, notations and basic results
from BAN theory that are used in this report. Then Section 3 presents (and proves) the



general result obtained about the asynchronous dynamic of strongly connected @&-BANs
with an induced BADC of size greater than 3. To do so, Section 3 also provides a full
characterisation of @-BADCs, used as a starter for the proof of the main result. Section 4
illustrates the results of Section 3 with a full characterisation of two types of ®-BANs, the
@-flower BANs and the @-cycle chain BANs. This also provides new bisimulation results
specific to ®-BANs, that is, equivalence results between @-BANs. Finally, Section 5 is
dedicated to the conclusion and perspectives of this present work.

Remark. In the following, proofs are sometimes omitted or shortened. The mention
“sketch” implies that a full version can be found in the Appendix.

2 Definitions, notations and some basic properties

This section introduces the main definitions and notations used in the rest of this report.
It also presents some basic results related to them. In particular it describes the static
representation(s) of BANs (as Boolean function sets and as interaction graphs), their
dynamics (viewed as transition graphs), and the important notion of bisimulation which
is an equivalence relation over the set of Boolean networks. This section ends on a short
discussion about the pertinence of these definitions.

2.1 Static definition of a BAN

Generalities on BANs A Boolean automata network (BAN) is defined as a set of
Boolean automata that interact with each other. The size of a network corresponds to
the number of automata in it. For a network N of size n we denote V = {1,...,n} the
corresponding set of automata.

A Boolean automaton i is an automaton whose state has a Boolean value z; € B =
{0,1}. The Boolean vector & = (x;)}_; that gathers together the states of all automata
in the network is called a configuration of N'. We will shorten by Z* the configuration x
where the state of the i*" automaton is negated and similarly, for any subset I of V, &’
will denote the configuration x where the states of the automata in I are negated.

The state of an automaton can be updated according to its local transition function
fi : B™ — B. This local function characterises how the automaton may react in a given
configuration: just after being updated, the state of i has value f;(x) where z is the
configuration of the network before the update. We say that i is stable in z if f;(z) = x;.
It is unstable otherwise. By extension we say that x is stable if all the automata of A/
are stable in z. Hence a network A is completely described by its set of local transition
functions, N = {f;}I ;.

An automaton 7 is said to be an influencer of an automaton j if there exists a config-
uration z such that f;(x) # f;(z). In this case j is said to be influenced by i. We denote
by I; the set of influencers of j.

In a BAN, a path, p = igi1 .. .4k, of length k is a sequence of distinct automata such
that for all 1 < j <k, i;_1 € I;. By extension, a BAN is strongly connected if there is a
path between every two automata.

A nude path, m = igi1 .. .14, is a particular path such that for all automata i; € 7
(j > 1), ij_1 is the unique influencer of i; i.e. I; = {i;_1}. In other words, for all
1<j <k fi,(x) =x;_, or fi.(x) =Z;;_,. This allows us to define the sign of a nude
path as the parity of the number of local functions of the form f;(x) = Z;—7 that compose

it, i.e. sign(mw) = (Z}Ll 1y, (z)zqi) mod 2. A nude path is mazimal if any extension of
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it is not a nude path. We will denote by 7; the maximal nude path that ends in automaton
1. Paths and nude paths get their name from the graphical representation that is often
associated to BAN as we will see thereafter.

To get a sense of what a network looks like, it is common to give a graphical repre-
sentation of it. To every local function f;, one can associate a Boolean formula F; over
the variables x;. The literal associated to the k" occurrence of the variable z; is denoted
by oy(x;) where oy is the sign of the literal. Then the interaction graph of N according
to these formulae is the signed directed multigraph Gr = (V, Ar), where V = {1,...,n}
is the set of nodes of G with one entry points per literal in F;, and A is the set of arcs
defined by (i,j,0%) € A if the k' occurrence of the variable z; in F; has sign oy, (see
Figure 1,).

With such a definition, the interaction graph of a BAN is not unique, it depends on the
choice of the formulae F;. The uniqueness can be achieved by choosing a normal form for
the writing of the formulae. In this context, the type of a BAN will refer to the underlying
structure of its interaction graph (ignoring the labels). In other words, we will say that
two BANSs are of the same type if they have the same local formulae modulo the sign of
the literals and a renaming of the automata, or, equivalently, if their interaction graphs
are isomorphic modulo the sign on their arcs.

As we focus on &-BANs, we make the natural choice of representing every local function
fi by a formula in Reed-Muller canonical form, that is 7; = @;c;, 0j(2;). Then, the
interaction graph G of a ®-BAN N will refer to this particular interaction graph. In
this representation, the incoming neighbours of an automaton ¢ in Gar are exactly the
influencers of ¢ in NV, in other words, the set {j | (,7,0;) € A} equals I;. Hence there
is a one to one correspondence between the paths of A/ (resp. nude paths of A/) and the
paths of G (resp. the paths of Gz such that every node in the path, except possibly the
head, has only one incoming neighbour). Because of this correspondence we will allow us
to switch from one representation to another without making this explicit.

We now have the tools to precise a little more the kind of &-BANs we are going to
look at.

Basic interaction structures investigated The simplest interaction structure that al-
lows for complex behaviour is the cycle structure [26]. A Boolean automata cycle (BAC) C
of size n is a BAN defined as a set of local functions { f;}?* ; such that f;(z) = T((i-1) mod n)
or fi(T) = T(G-1) mod ny for all i € {1,...,n}. Abusing notation we will often express f;
via its formula representation F; = 0(Zppeq(;)) where pred(i) = (i — 1 mod n) is the only
influencer of 7 in C and o; is its sign (either the identity or the negation function).

In the following, the majority of the networks or patterns we discuss are made of cycles
that intersect each other. If an automaton ¢ is the intersection of ¢ distinct cycles, then
its local transition function will be fi(z) = @" oj(pred;(i)) where pred;(i) represents

j=1

the predecessor of ¢ in each of the incident cycles.
If a BAN is described in terms of simple cycles, Cy,...,Cp,, intersecting with each
other, we will often represent its size by a vector of m natural numbers n = (ny,...,nn),

where ny, is the size of the k' cycle. We will also use this vector representation to describe
the configurations of the BAN: x = (z!,...,2™) € B™ x ... x B" will represent the
configuration where each cycle C; is in configuration 2 € B™. By extension :13;‘3 will
denote the state of automaton zf which is the j** automaton of cycle Cy.

As one can expect, a strongly connected ®-BAN is a &-BAN whose interaction graph
is strongly connected. Hence the type of these BANs can always be described as a set of



simple cycles and intersection automata. Strongly connected cactus ®-BANs are special
strongly connected @&-BANs where any two simple cycles intersect each other at most
once [4]. The simplest example of such BANs are the @-Boolean automata double-cycles
(®-BADCs). These @-BANs are described by two cycles Cq, Ca that intersect at a unique
automaton o = i1 = 2. The ®-BAN depicted in Figure 1, is in fact a ®-BADC of size

(2,1)=2+1-1=2.

2.2 Dynamics of a BAN and the specific asynchronous mode

Update modes and Transition graphs As previously mentioned, the configuration
of a network may change in time along with the local updates that are happening. A
local update is formally described by a subset W of V' which contains the automata to be
updated at a time. We say that W is asynchronous if it has cardinality 1, that is, W = {i}
for some ¢ € V.

An update W makes the system move from a configuration x to a configuration x’ where
z, = fi(zx) if i € W, and 2} = z; otherwise. This defines a global function Fy : B" — B"
over the set of configurations.

A network evolves according to a particular mode M C P(V) if all its moves are due
to updates from M. The asynchronous mode of a BAN of size n is then defined by the set
A = {{i}}_, of asynchronous updates, it is non-deterministic. Note that our definition of
update mode is not fully general [19] but sufficient for the scope of this work.

We say that a configuration 2’ is reachable from a configuration x (in a mode M) if there
exists a finite sequence of updates (W;);_; (in M) such that Fyy, o...o Fyy, (z) = 2. Then,
a configuration is unreachable (in M) if it cannot be reached from any other configuration
but itself (in M). Finally a fized point (of M) is a configuration x such that Fyy (z) = x for
every update W (in M). Note that z is a fixed point of a network A in the asynchronous
update mode if and only if f;(z) = x; for all i € V, i.e. if and only if x is a stable
configuration.

The study of the dynamics of a network under a particular update mode aims at
making predictions, i.e. given an initial configuration z, we want to tell what are the
possible sets of configurations in which the network can end asymptotically. These sets
are called attractors of the network and the set of configurations from which they can be
reached are their attraction basins. Notice that a fixed point is an attractor of size 1.

The dynamics of a network N according to an update mode M can be modelled by a
labeled directed graph G% = (B", Uwen Fw), called the M-transition graph of N, such
that:

e the set of vertices B" corresponds to the 2" configurations of N.

e the arcs are defined by the transition graph of the functions Fy for all W € M, that
is, 2 - 2’ is an arc of GAL if and only if W € M and Fy (z) = .

The transition graph Gf\‘/ associated to the asynchronous update mode is called the asyn-
chronous transition graph of N, shorten ATG. Figure 1 (b) shows the ATG of the &-BADC
depicted on the left.

In terms of transition graph, an attractor of N for the mode M corresponds to a
terminal strongly connected component of G% , that is, a strongly connected component
that does not admit any outgoing arcs. The attraction basin of an attractor corresponds
to the set of configurations in G% that are connected to this component. Conversely, the
unreachable configurations of M are the configurations that do not have any incoming arcs
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Figure 1: (a) The interaction graph of BAN {fi(x) = z9, f2(z) = z1 & T2} and (b) its
asynchronous transition graph.

but self-loops in G% . For example, in Figure 13, the configuration 10 is unreachable, the

configuration 11 is a fixed point and its attraction basin the whole set of configurations.
To this extent, most of the results presented in the following are expressed in terms of

walks and descriptions of the asynchronous transition graphs of the networks we study.

Basic properties of the asynchronous mode At this point we pause on the above
definitions to state some general remarks about the set of fixed points and unreachable
configurations of the ATG of any BAN. These remarks will help us in the sequel to de-
tail the description of the ATGs of the &-BANs we study. They will also be necessary
preliminaries to the proof of Theorem 3 that we will give in Section 3.

Lemma 1. The set of unreachable configuration is exactly the set of configurations x such
that fz(fz) =X;.

Proof. This statement is easily shown by contradiction: Let z be as above and suppose that
x is reachable from some configuration &’ with z, # z; for some ¢ € V. The set of automata
in NV that must be updated to go from z’ to x is non-empty so let j be the last automaton
to be (effectively) updated in the path from 2’ to x and let 2” be the configuration just

_ —J A
before the update. We have 2 = x so f;(z") = f; <:c”] ) =f@) =7 = 7 and so

the update is not effective. This is a contradiction. O

This simple result is useful when studying the structure of the transition graph because
it enables to evince the unreachable configurations when one tries to characterise the set
of configurations that are reachable from a given configuration. In particular, we will see
(Theorem 3) that in any strongly connected @-BAN with an induced @-BADC of size
greater than 3, the only configurations that cannot be reached from a given unstable con-
figuration are exactly the unreachable configuration. Moreover, Lemma 1 also generalises
some intermediate results stated in [15].

As mentioned previously, a configuration x is a fixed point if and only if for all ¢ in
V, fi(x) = z;. Hence, in a fixed point, the state of the automata along a nude path is
completely determined by the head of this nude path. This leads to the following bound
on the number of possible fixed points, that is related to the set of work [1, 5, 6].

Lemma 2. For any BAN N, the mazimum number of fized points in its ATG is 2F,
where k is the number of automata i such that ; is of length O (i.e. k is the number of
“intersection automaton” in the interaction graph of N).



Proof. As we have noticed above, a stable configuration is completely determined by the
states of the head of its maximal nude paths. Hence there is at most 2¥ distinct stable
configuration in fo. O

This bound is rough and we believe that it is possible to lower it for subclasses of
networks. However, if we define the contraction of a network to be the network obtained
by removing any automaton ¢ sucht that m; has length greater than 1 and replacing its
variable x; by the variable associated to the head of 7; in the remaining local functions,
then any BAN whose contraction results in the trivial network {f;(z) = z;};cy reaches
the bound of 2* fixed points.

Also, notice that from Lemma | the unreachable configurations of a network N =
{fi}, are exactly the fixed points of the reverse network N® = {fF}"  defined by
fE(z) = fi(@). N and N'E are of the same type hence the maximum number of fixed
points for the type of AV will also be its maximum number of unreachable configurations.
Moreover, this also implies that if all the networks of a given type pertain to the same
bisimulation class (defined in the next subsection) then their number of unreachable con-
figurations and their number of fixed points are equal.

2.3 Bisimulation equivalence relation

We conclude this section with a quick reminder on bisimulation which is an equivalence
relation over the set of BANs that expresses the fact that two networks “behaves the same
way” (up to a renaming of their automata and/or of their configurations). More precisely,
the equivalence of N and N/ means that, for any update mode M, the transition graphs
GJA\//[ and G%, are isomorphic.

Definition 1. Two BANs A and N’ bisimulate each other if there exist two bijections
o : V. — V' over the set of automata and ¢ : B" — B™ over the set of configurations such
that for any update W C V in N, the corresponding update p(WW) acts the same way in
N’| that is, for all configurations z, ¢(Fw (x)) = F;(W)(¢(x)).

This definition of bisimulation for BANs has been introduced by Noual in [19]. To
prove a bisimulation relation between two networks we will often prefer to use a stronger
condition than the one given in the definition, but which has the advantage of being local.

Lemma 3. Two BANs N = {f;}}'1 and N" = {f/}?_, bisimulate each other if there exists
a biection ¢ : {1,...,n} = {1,...,n} and a set {¢; : B — B}, of (non constant) Boolean
functions such that for all automata i, ¢; € {id,neg}, and for all configurations x € B",
oi(fi(x)) = f;(l)(qb(x)) where ¢(x) is defined componentwise by ¢(x); = -1y (Ty-13:)-

Proof. (sketch) The proof is quite straightforward since the equality ¢;(fi(z)) = ; () (p(x))

between the local functions induces the equality ¢(Fy (z)) = F‘; (W)(qb(x)) between the
global functions for any update W. O

In her thesis [19], Noual also shows some general bisimulation results that we recall
(and extend) here.

Theorem 1 ([19]). Let N' = {f;}"; be a BAN and N+ = {f*}", be its dual network
defined as fi+(z) = fi(z) then N and N+ bisimulate each other.

Proof. Take ¢ to be the identity on V (¢ = idy) and define ¢ : B — B" such that

¢(x) =T (i.e. ¢; = neg), then ¢i(fi(x)) = fiz) = fi(@) = fi(o(2)) = fi"(¢(x)) =




Theorem 2 ([19]). Let N' = {f;}"; be a BAN and N* = {f;"}7, be its canonical
network defined as (i) f;"(z) = x; if fi(z) = xj or T, and (ii) f;"(z) = fi(T!) otherwise,
where I = {i € V | sign(m;) = 1} is the set of automata whose mazximal incoming nude
path has negative sign. Then N' and N bisimulate each other.

Proof. Take ¢ = idy and for all i € V' defined ¢; to be: (i) the Boolean identity if m; = i
(i.e. m; of length 0 and 7 is an intersection automaton), or if sign(m;) = 0; (i) the Boolean
negation otherwise (if sign(m;) = 1 i.e. i;nl). Then by induction on each nude path
T = igiy . .. i} of N we prove that we prove that for all i; € 7, ¢y, (fi;(x)) = f;r(l.j)(d)(a:)) =
f;;(¢(x)) (x). Hence (*) hold for all automata in N.

The detail of the proof by induction is as follows:

- (base case: j = 0) m, = ig 50 ¢i(fi(®)) = fio(x) = fio(gl) — fu(@(@)") =
fl‘g(qﬁ(a:)) Hence (*) holds for the head of 7.

- (induction step: j > 1) suppose that () holds for i;_; then:

(i) if sign(mi;) = sign(m; ;) (i-e. fi;(x) = @i;_,) then ¢i; = ¢y, , and s0 ¢, (fi;(2)) =
Oiy (31,_,) = F (6(2));

(i) if sign(m;;) # sign(mi;_,) (i-e. fi,(z) =7;,_;) then ¢;; = E and so ¢, (fi,(z)) =
Gy (T ) = iy (w,,) = f;@(ﬂv))

O]

Theorem 1 is of importance because it tells us that all the results stated in the sequel
for &-BANs will also hold for <-BANs, which are their dual BANs (BANs with local
functions are of the form f;(z) =& o(z;)). Moreover, Theorem 2 is very useful when

JEL;

studying particular types of networks because it reduces a lot the number of cases to study.
Indeed, it says that one only needs to focus on the networks with positive nude paths to
characterise the whole set of possible transition graphs of a given type of networks.

We will make great use of Theorem 2 and Lemma 3 in Section 3 and 4.

A note about the definitions in Section 2

In the literature, the notion of interaction graph is slightly different from the one pre-
sented in Section 2.1: there is an arc between two automata i and j in G if and only if 4
is an influencer of j (i.e. there exists a configuration x € B™ such that f;(z) # f;(@%)). In
other words, the interaction graph of an network is usually a simple representation of the
influence that the automata have on each other. Then, in the case of locally monotonic
networks it is also common to sign the arcs of G to add extra information on the type
of influence (positive or negative) that one automaton has on another.

While their graph representation is a useful tool to study BANs, I could not work with
the usual definition of interaction graph for two main reasons.

The first one was that two networks with the same interaction graph (in the original
sense) do not necessarily have the same behaviour (it is enough to think about a BADC
where the central automaton is either a @-(xor) or a V-(or) function). Hence the result
of canonicity present in [19] and that we remind in the above section could not hold as
stated! (while the idea behind it was perfectly right).

The second reason was that classically interaction graphs were used to describe locally
monotonic BANs, where the notion of positive/negative influence makes sense for every



nodes and was added as extra bits of information to the graph representation. However, in
the context of locally non-monotonic BANs the interaction graphs were left with very few
information and this graph representation was not precise enough to state any interesting
result about there corresponding networks. That is why we came up with another definition
of interaction graph, that fully described the network it is associated with. In the end,
this definition is very close to the usual graph description of Boolean circuits.

This new definition of interaction graph also seems reasonable because it preserves the
connectivity of the original definition (which we call influence graph from now on). Indeed,
there is a path p = ig. .. in the influence graph of N if and only if there is at least one
path p = iy...4; with same automata in any interaction graph of N. Hence the strong
connectivity of a BAN or the presence of a cycle in its influence graph are invariant of
the choice interaction graph for A/. As a consequence, the results already stated in the
literature adapt quite well to the new definition.

Moreover, it appears that most of the networks usually studied are actually --BANs,
that is, BANs in which every local functions is obtained using an unique Boolean operator
o in {A,V,®,<}. It turns out that, for all of these BANs, the influence graph and the
interaction graph matches if one make the natural choice of representing the local formulae
of the interaction graph using the ¢ operator. Hence most of the time it was assumed that
a BAN was completely described by its influence graph. In particular, this was the case
when the bisimulation result between a network and its canonical representation was first
stated (the author was at the same time working on V-BAN).

3 General results on @-BANs

This section presents the main theorem of my work: a connexity result that characterises
the shape of the ATG of any strongly connected &-BAN with an induced BADC of size
greater than 3.

Theorem 3. In a strongly connected ®-BAN with an induced BADC of size greater than
3, any configuration that is not unreachable can be reached from any configuration which
s not stable in a quadratic number of asynchronous updates.

This theorem told us that the ATG of any strongly connected ®-BAN which is not a
cycle or a clique is characterised by (see Figure 2):

e its fixed point(s) S (if any).
e its unreachable configuration(s) U (if any).

e a unique strongly connected component reachable from any configuration of U \ S
and connected to any configuration of S\ U (within a quadratic number of updates).

The above results are in fact a generalisation of the characterisation and connexity
result that we got for @-BADCs in the first time of our study. Furthermore, the proof of
this theorem relies on the proof of these preliminary results. For this reasons, and in order
to get the reader used to the kind of reasoning we will develop in the rest of this report,
we start this section with a full characterisation of the asynchronous dynamic of &-BADC
and we will only give the proof of Theorem 3 in the second part of this section.
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Figure 2: General ATG shape of strongly connected ®-BANs with an induced BADC of
size greater than 3.

3.1 Preliminary results on -BADC

Besides the role they play in the dynamic of many @-BANs, @&-BADCs are interesting
in themselves because they are the most simple (yet non trivial) locally non-monotonic
BANS one can build.

In the following, I will prove that the asymptotic behaviour of @-BADCs in the asyn-
chronous mode is very simple: every &-BADC has a unique fixed point which is reachable
in a linear number of updates. This result might not be very exciting with regards to its
complexity but it provides a good example to present the kind of reasoning used in the
sequel. Moreover, despite their apparent simplicity ®-BADCs are in fact very expressive
and in particular I will also show that their structure provides a powerful way to generate
reachable configurations.

Asymptotic behaviour By definition the interaction graph associated to a BADC is a
double cycle graph with one intersecting point 0. Hence Theorem 2 states that for a given
type of BADC, there are only three different bisimulation classes to study: the positive
one, the negative one and the mizred one, that respectively correspond to the case where
fo(z) = 2t @ 23, fo(z) = 21 ® 22 and f,(x) = 2} ® 2. We now show that, in the case of
@©-BADCs, these three classes actually reduce to one.

Lemma 4. The set of @-BADC of size (n1,n2) admits exactly one bisimulation class.

Proof. (sketch) This is induced by the fact that the positive -BADC representative bisim-
ulates both the negative and the mixed ©-BADC representatives: In the first case, the
equality r1@a? = z1 ®2? implies that the positive and the negative ©-BADCs are trivially
equivalent; in the second case the bijection ¢(x) = TV over the set of configuration satis-
fies the condition from definition 1, proving that positive &-BADCs and mixed &-BADCs
bismulate each other. O

Because of these reductions, we only need to focus on the asymptotic behaviour of
positive @-BADCs to fully characterise the asymptotic behaviour of any &-BADCs.

There are several ways to compute the fixed points of a @-network. One way is to com-
pute the solution of the linear system Ax = x where A is the adjacency matrix associated
to the interaction graph of the network. Another way is to fix the state of one automaton
and propagate the information that this choice implies on the state of the other automata
in the network, making new choices when necessary, until having completely fixed the
configuration or until reaching a contradiction. This basic backtracking algorithm is not
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an efficient way of computing fixed points but it is useful to prove that some configura-
tions cannot be stable. In particular, it helps us show that the asymptotic behaviour of a
@-BANs is quite simple: from any configuration, the system converges to a unique fixed
point.

Lemma 5. A positive -BADC of size (n1,n2) admits a unique fized point x = (0™,072).

Proof. In a positive @-BADC D, any configuration = that contains an automaton i in
state 1 is unstable. Indeed suppose for the sake of contradiction that x is stable, then o,
and so every automata in D, are in state 1 (because updates for o to i lead to x; = z,), so
x = 1". But 1" is not stable since f,(x) = zp, ® xp, = 0 # z, = 1. Furthermore, we can
check that z = 0" is indeed a fixed point since for all i, fj(z) = 0: (1) if i = zé“ # o then
fi(z) = x?_l =0, and (%) if i = o then fi(z) = xp, D xp, =00 =0. O

Using the remarks from Section 2.2 and the lemma above we can thus conclude that
any &-BADC admits exactly one fixed point and one unreachable configuration in its
transition graph.

Connexity We now go one step further and show that the rest of the ATG is made of
a unique strongly connected component that can reach its fixed point in a linear number
of updates if n is greater than 3. These results are base on the following lemma:

Lemma 6. In a positive -BADC' D of size greater than 3, if D is in an unstable con-
figuration x then for all automaton i there exists an other unstable configuration y where
1 1s unstable and that is reachable from x in a linear number of updates.

Proof. The proof uses the fact if that if D is unstable then there exists at least one
automaton sz in state 1. Hence one can reach a configuration where at least one influencer
of the central automaton o of D is in state 1 by propagating this state along C. This leads
to a configuration where o is unstable and thus able to propagates instability to every other
automaton in the network. More precisely, in a positive &-BADC, if the central automaton
receives a value 1 from one of its influencers then it can switch state as many times as
desired by sending its own state along the opposite cycle. To make this explicit, suppose
that ¢4, (o) = 1 then updtating the automata along C2 will lead to a configuration where
Tpreds (o) = Lo and so folx) = Tpredy (o) D Tpreds (o) = 1 ©To = Tp. Hence it is possible to set
any automaton z;‘: of D to some state b, by setting o to b and then propagating b along C*
until reaching j. Moreover, one can ensure that this will be possible again, if in the end
at least one of the two predecessors of o is in state 1. The only threat for breaking this
rule is when zf = zﬁk and b = 0, i.e. when zf is an influencer of o and when we want to
set it to 0. In that case we need to set the opposite predecessor to 1 right after starting
propagating b in Cg, that is right after setting 112“ to b. This is only possible if D is at least
of size 3. O

Lemma 6 is interesting because it reveals the “generator nature” of -BADCs. From
there one can deduce two propositions characterising the ATG of a &-BADC.

Lemma 7. In a positive @-BADC of size (n1,n2), the configuration 0™ is reachable from
any other configuration in a linear number of updates.

Proof. Using the algorithm from Lemma 6 we know how to set o to the state 0 in a linear
number of updates from any unstable configuration (which is the case of any configuration
different from 0", by Lemma 5). Then it is enough to propagate this state in Cq, Co to
reach 0" in another linear number of steps. ]
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Lemma 8. In a ®-BADC, every configuration which is not unreachable can be reached
from any other (unstable) configuration in O(n?) (and the bound is tight).

Proof. (sketch) The proof uses the same generator trick as in the proof above. The idea
is first to reach a “highly expressive” configuration y from which any other configuration
can be reached in a linear number of updates. y is said to be highly expressive because
it contains only unstable automata except the automaton ¢ that is suppose to be stable
in the configuration to reach (i exists since z’ is reachable). From there, updating the
automata in an order such that every automaton is updated before one of its influencer,
except ¢ that is updated last, will lead to the desired configuration. The quadratic factor
arises when one sets the network to y because one needs to set almost every automata
in an unstable state and this take a linear number of updates for each automata, as in
Lemma 6. O

Summarising all the results we gave in this subsection, we can say that the ATG of a
@-BADC contains exactly one fixed point, one unreachable configuration, and one strongly
connected component (SCC), such that the maximal distance between two reachable con-
figurations is quadratic and the maximum distance between one configuration and the
fixed point is linear (in n).

3.2 Proof of Theorem 3

We now give the main ideas of the proof of Theorem 3. Let N be a strongly connected
®-BAN with an induced BADC D of size greater than 3, let = be its initial (unstable)
configuration, and let 2’ be the configuration to reach. The idea behind the proof of
Theorem 3 is to take advantage of the high expressiveness of &-BADCs and to use D as a
“state generator” that sends information across the network in order to set up the state of
every automata of A/ to their value in x’. More precisely, the proof of Theorem 3 is based
on Lemmas 6 and 8 and on the following lemma;:

Lemma 9. In a ®-BAN N, if i and j are two automata such that there is a path from i
to j, then for any configuration x such that i is unstable in x there exists a configuration
x’ reachable from x such that j is unstable in x'.

Proof. (sketch) The proof is based on the fact that, in a ®-BAN, making a stable automa-
ton become unstable can only be achieved by switching the state of one of its incoming
neighbours (because the state of an automaton depends on the parity of the number of its
incoming neighbours in state 1). So let ¢ and j be two automata as described in Lemma 9,
let p = ig,41,. .., be a shortest path (in the interaction graph of N) from i = i to j = iy
and let 7y denotes the last automaton in p that is unstable. Then updating along p from i,
to ix—1 (so that nothing happens if ¢ = k, i.e. if j is unstable) will lead to a configuration
where j is unstable. This is straightforward from the remark above. The only subtlety is
the choice of the path which must ensure that the update of one automaton only affects
the next automaton on the path but not the automata after it, and this is true if one takes
a shortest path. O

Proof. (sketch for Theorem 3) Putting things together we can now describe the algorithm
underlying the proof of Theorem 3: the network N starts in an unstable configuration so,
by Lemma 9, it can reach a configuration y where an automaton of its induced &-BADC D
(hence D) is unstable. According to Lemma 6 and the developments above, if D is unstable
then the state of any of its automata can be switched and this process can be repeated
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as many times as necessary while leaving D in an unstable configuration. Through this
extent, D can be viewed as a “state generator” that can propagate instabilities through the
network. Indeed, N is strongly connected so there is a path from D to every automata out
of D. As a consequence, using the algorithm from Lemma 9, we are able to set the state of
every of these automata to their value in 2/. One subtlety is to find an order to process the
automata so as to guarantee that setting an automaton to its state in x’ will not switch
the state of the automata that have already been set up. We deal with this problem by
using a breadth first search tree of root D: we set up the automata from the leaves to
the root and use the branches of the tree to be the paths used in the algorithmic process
of Lemma 9. Finally, when everything is fixed outside of D (D is still in an unstable
configuration) we apply Lemma 8 to fix D and reach z’.

There are two subtleties to the above description. The first one is that switching the
state of the automata outside of D can leave D in a stable configuration, hence blocking the
mechanism. It is possible to avoid that by modifying the states within D according to the
change of its environment, but in some case this requires to have at least 3 automata in D,
hence the condition in Theorem 3. The second subtlety is in the last step, when it comes to
setting the states within D. In fact, this only works if the restriction of 2’ to D is reachable

in D, that is if xi p is not unreachable in the ATG of D with surrounding environment

J:jv - Unfortunately this is not necessarily the case in any reachable configuration of N.

So, if this condition is not satisfied one needs to use an additional trick whose idea is the
following: 2’ is reachable so there exists i € A such that fi(z"') = 2. Let p = ig...ix be a
a shortest path from ¢ to D, then first reach the configuration y such that every automata
are in the state of 2’ except the automata of p that are alternating and such that y;, # z;,
(hence the restriction of y to D is reachable). Then set up the state of the automata from
i, to 4o using the instability of their predecessor in p if necessary, or, for the case ig = 1
using the fact that f;(z/") = . O

This algorithm described above is quadratic in the worst case. However, its complexity
highly depends on the structure of the network and/or the final configuration z’. For
example, if every automaton in A is at constant distance from an induced BADC of size
greater than 3, then this algorithm becomes linear in n. Similarly, since the number of
passes that are needed along a path depends on the number of alternating states along
this path in 2’ (i.e. the number of automata such that z} # x;md(i) where pred(i) is
the predecessor of 7 in the path; this corresponds to the number of 01 or 10 patterns in
the positive case), then if this number is less than a constant in any path the algorithm
will also run in linear time. In particular, if 2’ is a fixed point, then the total number
of alternating states is at most k, where k is the number of intersection automata in N
and so 2’ is reachable in O(k - n) updates, which is linear if k is a constant, as this is for
example the case with the ®-BA Flowers defined in the next section. Finally we need to
insist on the fact that this algorithm does not always provides the most efficient sequence
of updates (for example it does not take in account the starting configuration). Hence the
complexity of this algorithm is only an upper bound on the length of the shortest path
between two configurations. Let us notice that this bound might nevertheless be reached,
as when one move from configuration 10"~ to configuration (10)*/2 in a positive G-BADC
of size n (these considerations on 01 patterns are similar to the notion of ezpressiveness
defined on the monotonic case in [15]).
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4 Study of some specific &-BANs

We now give a complete characterisation of two specific types of &-BAN: the &-BA Flow-
ers and the @-BAC Chains. For each of these two types of BANs, we describe their
bisimulation classes and give their number of fixed points and unstable configurations.
This illustrates the results of Section 3, and introduces new bisimulations that are general
enough to be used in the study of other types of ®-BAN.

4.1 &-BA Flowers

A &-BA Flower (¢-BAF) with m petals is defined as a set of m cycles that intersect at
a unique automaton o = il = ... = i¥ (@-BADC correspond to the case m = 2). There
are at most two bisimulation classes for a given type of flower (i.e. for a given number of
petals m and size (nq,...,nm)).

Lemma 10. The set of ®-BAF with m petals of size (ny,...,ny) admits one bisimulation
class if m is even and two if m is odd.

Proof. Similarly to what is done in Section 3.1 for the &-BADCs, we restrict our study
to the canonical ®-BAFs, that are the @-BAF's such that the only negative literals are in
the local function of o (Theorem 2). Then, because of the identity by @ by = by @ by for
all Boolean values by and bs, the sign of any pair of negative literals cancel in f,, and so
there are at most two equivalence classes: the positive one, that have only positive literals
because all negative literals cancel (i.e. there is an even number of negative paths in the
original BAF), and the negative one that have exactly one negative literal in f, (i.e. there
is an odd number of negative paths in the original BAF). In the case where m is even,
the bijection ¢(z) = Z" over the set of configurations defines an isomorphism between
the ATGs of the negative and the positive &-BAF of same type, therefore the negative
and positive classes coincide. In the case where m is odd, the two classes are distinct
since, in particular, they do not have the same number of fixed points, as this is shown in
Lemma 11. O

Lemma 11. A positive ©-BAF with m petals has a unique stable configuration, 0™, if m
is even and two stable configurations, 0" and 1™, if m is odd. A negative ®-BAF (with an
odd number of petals) does not have any fixed point.

Proof. We use the same approach as the one explained in the proof of Lemma 5, fixing
the state of one automaton and cascading this choice onto the other in order to reach a
stable configuration or a contradiction. For example, in a positive -BAF F with an even
number of petals, we can prove that any configuration z that contains an automaton 4 in
state 1 is unstable. Indeed suppose for the sake of contradiction that x is stable, then o,
and so every automata in F, are in state 1 (because updates for o to i lead to z; = x,),
so z = 1". But 1" is not stable since f,(z) = @), 1 = 0. Similarly we prove that in a
negative @-BAF with an odd number of petals, if a configuration contains an automaton
in state 0, respectively an automaton in state 1, then it cannot be stable, and so the
network has no fixed points. O

The results above enable us to fully characterise the ®&-BAF's of a given type:

o if Fis a ®-BAF with an even number of petals then F and its reverse network
FE both have ATGs isomorphic to the ATG of the positive @-BAF, consequently
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Figure 3: Table of ®-equivalences.

G’;‘_- has exactly one unreachable configuration, one fixed point, and one SCC of size
2" — 2.

e if 7 is a ®-BAF with an odd number of petals then the ATG of F can have four
different forms depending on the size of F and its bisimulation class. Indeed, if F
has an even number of petals of even sizes and a self loop, or if it has an odd number
of petals of even sizes and no self loop, then F and F' are in the same bisimulation
class ; otherwise they are in different classes. Hence the ATG of F has one of the
following forms: (i) a unique SCC of size 2" if F and F% are in the negative class ;
(ii) two unreachable configurations, two fixed points, and one SCC if F and F are
in the positive class; (i) two fixed points, and one SCC if F is in the positive class
and F® in the negative class ; (iv) two unreachable configurations, one SCC if F is
in the negative class and F in the positive class.

4.2 @-BAC Chains

A @®-BAC Chain (&-BACC) of length m is described by a set of m cycles and m — 1
intersection automata, o, such that for all 1 < k < m, the cycle C; intersects the cycle
Cr11 at a unique point o = z’f = z']g:l. As previously, we characterise the bisimulation

classes of this type of BANs.

Lemma 12. The set of ®-BACCs of length m and size (ny,...,Ny,) admits one bisimu-
lation class if m — 1 is not a multiple of 3 and two if m — 1 is a multiple of 3.

Proof. (sketch) The proof of Lemma 12 is based on the equivalences presented on Figure
3. These equivalences have to be understood as follows: given a ®-BAN such that the left
pattern of an equivalence appears in its interaction graph, then this BAN is equivalent to
the BAN that has the same interaction graph except that the left pattern has been replaced
by the right pattern of the equivalence, no matter what is the number and the type of arcs
going out of the vertices with the outgoing dashed arcs. In other words, Figure 3 presents
a set of interaction graph rewriting rules that produce equivalent networks according to
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the bisimulation relation. Hence, it is enough to prove that the interaction graph of a BAN
can be rewritten into the other, to prove that the two corresponding BANs are equivalent.

As in the case of &-BAFs, the proof is done in two steps. We first show that the set
of ®-BACCs of length m and size (ni,...,ny) is divided into two classes: the positive
class and the negative class, that respectively correspond to the set of BACCs whose
interaction graph reduces to a graph where all arcs are positive, and the set of BACCs
whose interaction graph reduces to a graph where all arcs are positive except the arc
(iy,.11) that is negative. This result is shown by induction on the index of the “right
most” negative arc of the BACC, using the equivalences of Figure 3 (from left to right) to
push this negative arc to the left. In a second step, we prove that in the case where m — 1
is not a multiple of 3, the two classes coincide since one can reduce the negative interaction

graph to the positive one, using again a combination of equivalences from Figure 3. O

For every class of @-BACCs of a given length and size, we have then studied their
number of fixed points.

Lemma 13. A positive ®-BACC of length m and size n has a unique fized point, 0", if
m—1
(m—1) 20 mod 3 and has two fixed points, 0" and (101)" 35 , if (m —1) =0 mod 3.

Lemma 14. A negative ®-BACC (of length m =1 mod 3) has no fized point.

Similarly to the case of &-BAFs, we can completely characterise the ATG of a $-
BACC N of length m and size n if m —1 # 0 mod 3, since in this case there is only one
bisimulation class: Gf\‘f has exactly one unreachable configuration, one unique fixed point,
and one SCC of size 2" — 2.

Conversely, the case where m — 1 is a multiple of 3 is more complex because there are
no easy ways to tell whether a network belongs to the positive or the negative class other
than to compute its reduction graph as this is done in the proof of Lemma 12. Moreover,
the class of the reverse network also depends on the length of each half-cycle in the ®-
BACC, so describing each possible cases would be tedious. However, summarising the
results above, we can still state that there is at most two fixed points and two unreachable
configurations in the transition graph of a ®-BACC of length m — 1 = 0 mod 3. More
precisely we can say that its transition graph has one of these four forms:

e a SCC of size 2" — 4, two fixed points and two unstable configurations (case N and
N are from the positive class);

e a SCC of size 2" — 2 and two fixed points (case N is positive and N is negative);

e a SCC of size 2" — 2 and two unreachable configurations (case A is negative and
N is positive);

e a SCC of size 2" (case both A and N’ are negative).

5 Conclusions and perspectives

Through general results and their application to particular classes of interaction graphs,
the present work launches the description of asymptotic dynamical behaviours of &-BANs
under the asynchronous update mode. By this means, it contributes to improve our
understanding of the wild domain of non-monotonic Boolean automata networks.
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The algorithmic approach used to explore the transition graphs of the BANs under
study appears as a good strategy when one wants to get an insight of the mechanisms
behind the asymptotic behaviours of some networks. In our case, it emphasises the great
expressiveness of ®-BANs and their high level of “(re)activity” (in comparison with V-
BANSs for example).

The notion of bisimulation also reveals to be a powerful tool for factorising proofs when
it comes to the study of a particular family of BANs. Even though finding a proper set of
interaction graph rewritings may be a bit challenging, it results in a very interesting and
comprehensive tool that highlights which characteristics of the interaction graphs really
matter in the dynamical behaviours of the BANs.

We believe that most of the results we get could be refined or extended to some other
types of (®)-BANs. For example it should be possible to allow some arcs between or inside
the cycles of a @-BADC without changing the general shape of its corresponding ATG.
These kind of refinement draw a logical line for further works. Another interesting question
would be directed to the study and comparison of asymptotic behaviours under different
update modes. The algorithms we describe and the ATG we get for strongly connected
@®-BANs with an induced BADC of size greater than 3 suggest that the addition of k-
synchronism, that is when one allows k£ automata to update simultaneously, make the set
of unreachable configuration disappear if k is greater than the size of the smallest cycle in
an induced BADC of the network.

I end this report with great thanks to my supervisors, Kévin Perrot and Sylvain Sené,
for their enthusiasm, their availability and the precious advice they gave to me. I also
would like to thank them for giving me the chance to attend to the EJCIM-2015 and to
write my first paper. Finally I would like to thank people from the LIF for the warm
atmosphere of the lab.
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6 Appendix

This Appendix compiles the details of the proofs sketched in the core of the document.
Lemmas and proofs are presented in the same order.

Lemma 3 Two BANs N = {f;},, N/ = {f/}"_, bisimulate each other if there exists a
bijection ¢ : {1,...,n} = {1,...,n} and a set {¢; : B — B} ; of (non constant) Boolean
functions such that for all automata i, ¢; € {id,neg}, and for all configurations = € B",
oi(fi(x)) = f;(i)(gzﬁ(ac)) where ¢(x) is defined componentwise by ¢(z); = ¢,-1(3;)(To-1())-

Proof. This is almost a rephrasing of the definition: Suppose that ¢ and {¢; : B — B},
satisfy the conditions above, then

1. The map ¢ is a bijection since it is defined componentwise by a set of bijective
functions (¢; € {id, neg}, Vi).

2. G\, and Gy, are isomorphic by ¢ since

e YVyeGn, & yi:{iz(x) fé;&e Ve {l,....n)
< ®i(yi) = { izgzgx)) i)ftieelrvgfse , Vie{l,...,n}
& Gi(yi) = { i‘f((zi()(b(x)) ft;;gse , Vie{l,...,n}
S W) = { fb@ggm)) ftfézviif(w) , Vie{l,...,n)
© P(y)j = { Z;j(ggx)) i)ftiefv(vpig/) . Vje{l,...,n}
e o(x) ™ 6(y) € G,

Lemma 4 The set of ®-BADC of size (n1,n2) admits exactly one bisimulation class.

Proof. This is induced by the fact that the positive @-BADC representative bisimulate
both the negative and the mixed ©-BADC representatives: In the first case, the equality
i@z = x{ & 22 implies that positive and negative &-BADCs are trivially equivalent; in
the second case the bijection ¢(z) = TV over the set of configuration satisfies the condition
from definition 1, proving that positive &-BADCs and mixed ©-BADCs bismulate each
other.

To prove the second statement we need to show that ¢(Fy (z)) = FJ, (é(x)), Vo € B",
where F' denotes the global functions of the positive &-BADC and F’ the ones of the
negative @-BADC. We check that it is the case for each component i:

o if i ¢ W, then ¢(Fiw(2)); = Fiw(2); = 77 = d(x); = Fly(6(2));

eifi =0€e W, ¢(Fw(x))z = FW(x)z = m = ¢(«T)n1 @d)(m)nz = ¢(‘T)n1 ©®
¢(@)n, = Fyy (8())s

o if o+ ik € W, o(Fw(@) = Fy(@)f = Fi(x) = o5, = o(a)f_, = ' (6(z)) =
Fyv (6(a))
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Figure 4: The ATGs of the positive BADCs of size (1,2) (left) and (2,2) (right)

O]

Lemma 8 In a &-BADC, every configuration which is not unreachable can be reached
from any other (unstable) configuration in O(n?) (and the bound is tight).

Proof. First let us recall that all ®-BADCs of same size (n1, ng) are equivalent with respect
to bisimulation. This means in particular that their ATGs are isomorphic and so proving
that Lemma 8 holds for one &-BADC of each size is enough to prove Lemma 8 completely.
Hence in the following we only deal with positive ®-BADC. However, one will notice that
the proof below is easy to adjust to any &-BADC.

The proof presents an algorithm that explains how to walk from one configuration to
an other in the ATG of any positive ®-BADC that has at least one cycle of size greater
than 3. The algorithm can be tuned to deal with BADCs where ny and nsy are both less
than or equal to 2 but this multiplies the number of cases that need to be considered
and masks the general dynamics. So for the special BADCs of size (ni,n2) = (1,2) (or
vice-versa) and (ni,n2) = (2,2) we prefer to prove Lemma 8 by looking directly at the
form of their ATG. These ATGs are drawn in Figure 4 and they all satisfy Lemma & as
desired.

Now, without loss of generality we assume that ni > 3.
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1. From any configuration with at least one automata in state 1 (i.e. unstable in the
case of positive ®-BADC) one can reach a configuration x where z, = f,(x) and
z; = fi(z) for all i # o (i.e. T, = Tp, ® Ty, and xf = $§—1 for all z;‘: # 0). This is
possible for example using the following steps :

e In alinear number of updates, set x,,, to 1 and z, to 0: Let z? be the automaton
in state 1 that is the closest to ¢, and update every automata on the path from
’Lf to in,. If kK =1 then this simply propagates the state 1 of automaton j on
every automata up to automaton ni in Cy ; if & = 2 then the state 1 of z?
propagates from j to ng in Co then from 1 to n; in C;. The more subtle point
is that by the time o = z% is updated, we have z,, = 0 and x,, = 1 which
gives fo(z) = 1 as claimed. Hence these first updates set i,, to 1. To finish, if
ZTny, # 0 (hence z,, = 1) update all the automata of Ca from 1 (i.e. 0) to na.

e In a quadratic number of updates, set C; into the alternating configuration such
that z,, = 1, i.e. to 11(01)"/21 if n; is even and to 0(01)™~1/2 if n; is odd:
for 5 = ny to 2 do: update the automata of C; from 1 to j then the ones of Cy
from 2 to ns.

The invariant is the following : after each iteration, z'[ny, j] = (10)("1=9)/2 and

]1- = x, (hence fo(x) = xp, Dy, = 1@ CE} = m]l ). Indeed we start
with x,, = 1 and z,, = 0 so by the end of the first iteration z,, = z,, =

T, =1@®0 = 1. Then for the j** iteration, since we start with x'[ny,j + 1] =
n1—j+1 -
(10)™ 5 and with fo(:c) = x}ﬂ we end up with l‘]l = Tp, = Tp = azjl-_H and
so ztny, j] = (10)(m=9)/2,
e Similarly force Cy to alternate in a quadratic number of updates (while preserv-
ing the alternating configuration in Cj):

Tpy = T

for j = no — 1 to 2 do: update the automata of Co from 1 to j then the one of
Ci from ny to 2.

The invariant is: after each iteration, x,, is unchanged, z3 = x? = Zo, folz) #
z, and z![2,n9] and 2%[ns, j] are both alternating. The first two statements of
this invariant are direct translation of the instructions. The last two require
the invariant hypotheses. By the previous point the invariant is satisfied before
entering the loop. Hence, right after its update x, # z3 and z, # 933 +1- So after
its updtate :ch2 =2, # x?H (hence x2[ng, j] is alternating), and updating C; in
reverse order leaves it alternating. This also restores the fact that z, # fo(x)
since the state of 7, has been switched with the update of C; while the state

of iy, has been left unchanged.

e By the end of the two previous steps the system is in a configuration such that
f]k(il?) = x? for all automata zé“ but i3 and i3. The last thing to do to reach a
configuration where f;(z) = @; for all automata i but o, is thus to update C;
and Cy in reverse order (from nj, respectively ng, to 2) and then update the
central automaton o. This takes a linear number of updates.

Hence, the whole sequence takes a quadratic number of updates and it results in one
of the following configurations:

n1

- (0(10)™

- , 0(10)%) if nq and ng are odd,
—1

: ((10)%, l(Ol)nzT) if ny is even and ng is odd,
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: ((01)%, (01)%) if n; and ng are even,
ny—1

- (1(01)™

(10)%2) if nq is odd and ng is even.

2. Let = denote the resulting configuration, then any configuration z’ with at least

one automaton zf in stable state (i.e. such that x;k = f]’?(m’ )) is reachable from x.

Indeed, z, = fo(z) and z; = fi(z) for all i© # o, so in a linear number of updates
we can move from the configuration z to the configuration & where &, = z/ and
& = fi(z) for all i ¢ {zi;, o}. This is achieved by following instruction: if zfg # 0 and
xl # x,, update o and the automata from ny to j in Ck.

Then, reaching x’ from 7 is straightforward: one simply needs to switch the state of
the automata when necessary:

e for j =nj to 2 (in C1): update the automaton 1]1 if :E} # J:}l;
e for j =ng to 2 (in C3): update the automaton z? if :i:? # :L‘}Q;

e update the automaton zfc

These updates are efficient since for all i ¢ {’Li, o}, if #; # a} then o} =7 = fi(2),
which is the value returned by the update of 7. Then, by definition of Z, automaton
o already has the right state. And, finally, by definition of i, 339"3 = f]’-“(x’ ), which is
the value returned by f; after every other automaton has been updated.

The second sequence takes a linear number of steps, so the whole sequence remains
quadratic. This bound is tight since going from the configuration z = (10711, 1072~1)

to a configuration z’ where 2, = fi(2') for all automata i # o (for example the
ny—1
)

configuration 2/ = (0(10) 0(01)7127_1 if m and n are odd) requires at least
S i+ = nl(rgfl) + nz(nffl) updates, which is in 6((ny + n2)?).

O]

Remark. Note that if we allow synchronous transitions, then every configuration is reach-
able from any unstable configuration. By the lemma above this is immediate if the target
configuration is not unreachable, but the algorithm also tells us that if x is unreachable,
one can still reach the configuration 2/ = % for |C;] > 1 (since in that case the state of
the first automaton of C;_; is stable). Then for all automaton j of C;, f;(z') = z = xj,
so the synchronous update of C; changes the configuration of the system from 2’ to .
Lemma 9 In a &-BAN N, if i and j are two automata such that there is a path from i
to j, then for any configuration = such that ¢ is unstable in x there exists a configuration
x’ such that j is unstable (hence can be switched) in 2’ that is reachable from x.

Proof. This result is based on the fact that, in a ©-BAN, making a stable automaton
become unstable can be achieved by only switching the state of one of its incoming neigh-
bours. Indeed, for an automaton i stable in @ we have z; = fi(z) (= D;cy, 0j(25)),
so switching the state of one of its neighbours k € I; \ {i} leads to a configuration

2’ = T such that 2} = z; = fi(z) = Djcs, 0i(x;) = oxlzy) ® (@jeh\{k} aj(:(;j)) =

or(z),) @ <@jeh\{k} Uj(x;-)) = @;cs, 0j(7) = fi(2’), that is, i is unstable in 2.

So let i and j be two automata as described in Lemma 9, let p = ig,41,...,7r be a
shortest path (in the interaction graph of N') from i = iy to j = 4; and let iy denotes
the last automaton in p that is unstable. Then updating along p from i, to i1 (so that
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nothing happens if ¢ = k, i.e. if j is unstable) will lead to a configuration where j is
unstable. This is quite immediate from the remark above. The only subtlety is the choice
of the path which must ensure that the update of one automaton only affects the next
automaton on the path but not the ones after it. This is true in particular if one take p
to be a shortest path since this ensures that for all automata is,i» € p, there are no arcs
from iy to ip if £ +1 < £, O

Theorem 3 In a strongly connected ®-BAN with an induced BADC of size greater than
3, any configuration that is not unreachable can be reached from any configuration which
is not stable in a quadratic number of asynchronous updates

Proof. Let D be an induced BADC of size greater than 3 in the BAN N and let z and 2
respectively be the initial configuration and the target configuration described in Theorem
3. The configuration = is not stable so, by Lemma 9, it is possible to go from z to a
configuration y where one automaton of D, hence D, is not stable. Then, using Lemmas
9 and 8, we claim that it is possible to set the state of every automata ¢ outside of D to
its value in 2’ while keeping D in an unstable configuration.

The idea is as follows: let ¢ be an automaton that is not in D and let p = igiy ... 0
be a shortest path (in the interaction graph of N) from D to iy = i. Then, applying the
algorithm from Lemma 8, we know how to reach a configuration where iy is unstable and
so, using the algorithm from Lemma 9, we know how to reach a configuration where 7 is
unstable. From this configuration we can set the state of i to z by updating i if necessary.
So, if we can guarantee that this process preserves the instability in D, then we can use
it repetitively on the automata outside of D to reach a configuration where D is unstable
and where all automata outside of D are in the state specified by z’. Once this is done
we only need to set D to its right value to reach z’. Since D is unstable, this can be
done by using the algorithm from Lemma &, assuming that the restriction of z’ to D is
not unreachable for D (D is viewed as a ®-BADC whose local transition functions are
fixed by its surrounding environment in ). If this is not the case we use the same kind
of trick that what is done in the second step of the proof of Lemma 8 when the stable
state of the target configuration is not the central node o: if i is an automaton of A such
that f;(z") = z;, and if p = ig...i is a shortest path from i = ig to D, then we first
reach the configuration & such that (i) &; = 2 if j ¢ p, (ii) ir(€ B) is stable in & (so the
restriction of & to D is reachable for D), and (i) the state values of the automata in p are
“alternating”, i.e. if we set up the state of the automata of p to their value in z’ from iy, to
11 then every time an automaton i, is about to be set up, its predecessor in p must be in
an unstable state so as to enable £ to switch state if necessary. With such conditions it is
easy to go from & to z’: one only needs to update p back up as described in the previous
sentence; then if 7y is not already in state l‘;o, it can still be switched to the right state
since f;(z") = .

The configuration 2 described above can be computed inductively by taking the k"
iteration, ¥, of: (i) 2% = a/, (ii) :i'g = yffl if 7 & {ip_1,i¢}, :%fe = ;2, and i'fé—l is the
solution of the equation f;, | (&%) = #%,_;.

Actually, setting the automata outside of D to their state in 2’ cannot be done in any
order. Indeed, the algorithm from Lemma 9 often requires to switch the state of some
automata outside of D. Hence we need to guarantee that the automata that have already
been treated are not switched again while processing the other automata. A way to ensure

that is to compute a breadth first search tree of root D and to treat the automata in the
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order given by the tree from the leaves to the root, using the branches of the tree as the
paths from D to the automata to be treated. An example of such ordering is given in the
picture below.

12 o
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9 BADC }—o—
1
4 11 7
0% 6 o o
P
5
0
Finally, to conclude the proof above, we need to precise a way of using the algorithm
from Lemma 9 that ensures that the instability of D as well as the state of the automata
that are not in D or on the path from D to the automaton to be set up, are preserved by the
updates. So let z be the starting configuration, let p be the (shortest) path from D to the
automata to be set up, and let j # ip be an influencer of ig in D (i.e. j € (B\{io})N1;).

Then, since D is supposed to be unstable in x, one can use Lemma &8 to put the system in
a configuration y where i is unstable, and where y; is such that y; = f;(y") if there is an

arc from i; to ip, and y; = f; (glioi}) if there are no arcs from 4; to ig. This is possible
since D is of size at least 3, and so one can ask a third automaton of D (different from
ig and j) to be stable in y, which makes y reachable. The algorithm does not modify the
state of the automata outside of D.

From there one can start applying Lemma 9: let i, be the last automaton in p that is
unstable, then, if ¢ < 1, start updating p from 4, to i;. This leaves N in a configuration
y' such that D is unstable. Indeed,

e cither nothing happened (¢ > 1) and so D is still unstable (because ig is unstable in
y for example).

e or only i; has been updated and so: (i) if there is an arc between i; and i, then

y} =y; = f;([¥") = f;(y/) and so j is unstable in y'; (ii) if there are no arcs from i;
to ig then the neighbourhood of 7y has not changed so ig is still unstable in 7.

e or ip and ¢; have been updated and so: (i) if ip has no self loop and there is an arc
from i1 to ig then iy is still unstable (because it has changed and an odd number
of its incoming neighbours have changed too); (ii) if there are no arcs from i; to i
then y; = y; = f; (glion}y = f,(y/) and so j is unstable in y'; (iii) if ig has a self loop
then ip is not an influencer of j (because D is an induced BADC of size 3 and j has
been chosen to be the predecessor of ig different from ig) so f;(7l}) = f;(glonh),

s0 y; = fj (ylio1}) which means as previously that j is unstable in 7/

Now, let ¢ = max(2,¢) —¢' is the last automaton of p to be unstable in 3~ then, since
D is unstable in 3/, we can use Lemma & again to reach a configuration y” such that

Yio = fio (?{Z[/"“’M*l}) and y/ = y. for all automata ¢ that are not in D. Moreover, since

p was chosen to be a shortest path, no automaton in D influences the automata of index
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greater than 2 in p. So the last automaton of p that is unstable 4" is iy too. Hence we
can finish running the algorithm of Lemma 9 (by updating the automata along p from i,
to in,—1) and be sure that this leads to a configuration where i,_; is unstable. We also

know that in this configuration D is unstable since iy has state f;, (v’ A 1}) This last
algorithm concludes the proof of Theorem 3. O

Lemma 12 The set of ®-BACC of length m and size (ny, ..., ny,) admits one bisimulation
class if m — 1 is not a multiple of 3 and two if m — 1 is a multiple of 3.

Proof. We give here a “pictorial” proof of Lemma 12 using the equivalences presented in
Figure 3. These equivalences have to be understood as follows: given a @-BAN such
that the left pattern of an equivalence appears in its interaction graph, then this BAN is
equivalent to the BAN that has the same interaction graph except that the left pattern has
been replaced by the right pattern of the equivalence, no matter what is the number and
the type of arcs going out of the vertices with the outgoing dashed arcs. In other words
Figure 3 presents a set of interaction graph rewritings that produce equivalent networks
according to the bisimulation relation. Hence it is enough to prove that the interaction
graph of a BAN can be rewritten into an other one, to prove that the two corresponding
BANSs are equivalent.

The equivalences (1) and (2) only translate the well known identities by @ by = by @© by
and by ®by = by ®by for any Boolean values by and by. The proofs of the other equivalences
are a bit longer but do not present any difficulties. Let us present one of them (the third
one):

Proof of Equivalence (3) in Figure 5. Let N = {f;} and N/ = {f’} be two &-BAN whose
interaction graphs that only differ by the pattern shown in Equivalence (3). We denote
by C1, Co (respectively 01,02) the two cycles (respectively intersection automata) of the
pattern and by Cythe upper helf cycle of Co. We are going to prove that N bisimulates
N’ by using the conditions from Lemma 3: we take ¢ to be the identity over the set of
automata and ¢; to be the Boolean identity if automaton i does not belong to C1, Cy or {01}
and the Boolean negation otherwise. Then, we need to check that ¢;(fi(x)) = f/(¢i(z))
for all automata ¢ in the network. This is immediate for all automata that do not belong
to C1 UCY U {o1,02} since we use the identity everywhere. Then, if i € C; UCY, we also
have ¢i(fi(z)) = di(pred(i)) = pred(s) = Gpred(pred(i) = f/(#(x)). So it only remains
to check that the equality holds for the automata o, and os. This is the case since :

1. o, (fo, () = o, (predi(o1) ® preds(o1)) = pred; (o1) @predg(ol)
= ¢pred1(01)(pred1 (01)) ® ¢pred2 01)(p7“€d2 0 )) (¢($)), and

)

(
2. oy (for (¥)) = oy (predi(oz) ® preds(og)) = predi(02) @ preda(oz)
= prredl(oz)(predl (02)) @ ¢p7‘ed2 02)(pT€d2(0 )) f02 (d)( ))

O

Given the set of equivalences of Figure 3, we prove Lemma 12 in two steps: first we
show that the interaction graph of any &-BACC Can be rewritten into an interaction graph
with at most one negative sign on the arc from i} L toor = it. Then we prove that, in the
case where m — 1 is not a multiple of 3, this negatlve can be removed by an other sequence
of rewrites. The first point implies that for any m and n, the set of ®-BACCs of length
m and size n is made of at most two bisimulation classes: the positive class, that contains
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the BACCs whose interaction graph reduces to a graph where all arcs are positive, and
the negative class, that contains the BACCs whose interaction graph reduces to a graph
where all arcs are positive except the arc (z,ll1 ,i1) which is negative. The second point says
that, in fact, this two classes are only one if m — 1 is not a multiple of 3, since one can

reduce the negative interaction graph to the positive one.

Proof of the first point. As usually we focus on the canonical BAN, since this already
reduces the number of cases to consider. Then using the equivalences (1) and (2) from
Figure 3 we can reduce the interaction graph of any &-BACC to a graph where all negative
paths are “on the top” that is the only negative arcs allowed are the ones between the
intersection points and there left predecessor, (iflk,ok.).

Then, by induction on the position of the “right most” negative arc, we use the equiv-
alences (5), (6), (7) and (8) to push this negative arc to the left, hence proving that any
@-BACC is bisimulable by a &-BACC of same structure with at most two negative arcs
on its first two cycles.

Finally the equivalences (3) and (4) reduce the four base cases (++,+—,—+,——) to
two: the positive case (++) and the negative case (—+). O

Proof of the second point. Consider the interaction graph of a negative -BACC of length
m. By Equivalence (2), this network is bisimulated by the &-BACC of same structure
with only one negative path on the first or on the second bottom half-cycle. Then, viewing
the BACC upside-down, we can reuse the equivalences (6) and (8) alternatively so as to
push this negative path to the right. Every time we apply the equivalences (4) and (6)
successively the negative arc is pushed 3 half-cycles to the right. Finally Equivalence (8)
tells us that if the negative arc is pushed to the second to last bottom half-cycle then the
®-BACC is in the positive class. This is possible if m —1 =1 mod (3) orif m —2 =1
mod (3) (i.e. m —1 =2 mod (3)), depending on if we start from the first or from the
second bottom half-cycle respectively. In other words, this is the case if m — 1 is not a
multiple of 3. O

Note that the equivalences presented in Figure 3 are exhaustive, i.e. any other equiv-
alences can be deduced from these eight equivalences So, the argument above also proves
that it is impossible to bisimulate a positive -BACC with a negative &-BACC if m — 1
is a multiple of 3. In other words, if m —1 =0 mod (3) there are always two bisimulation
classes, the positive one and the negative one. ]

Lemma 13 A positive @-BACC of length m and size n has a unique fixed point, 0™, if
m—1

m — 1 is not a multiple of 3, and has two fixed points, 0™ and (101) 3 , if (m—1) =0

mod (3).

Lemma 13. In a stable configuration every nodes of a given nude path have the same state,
hence from now on we focus on determining the states of the intersection automata oy.
As this is done in Section 4.1 for ®-BAF, we determined the fixed points of a &-BACC
by fixing the state of one of its automata and propagating the information induced until
having to make a new choice or reaching a fixed point or a contradiction. Here, we start
by fixing the “left most” automaton and by induction on the two possible cases (z,, = 0
and x,, = 1) we show that this completely determines the state of the other automata if
we want to get a fixed point.
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1. if z,, = 0, then o0y is stable if and only if x,, = 0 and, recursively, for all 1 < k£ < m—2
, if 2, = 0 and z,, = 0 then oy is stable if and only if z,,,, = 0. Hence 0™ is the
unique fixed point such that xzg = 0.

2. Similarly, if z,, = 1 then o; is stable if and only if x,, = 0. Then, we have three
induction cases for all 1 < k < m —2: (1) if z,,_, = 1 and x,, = 0 then o is
stable if and only if z,, ., = 1; (2)if 2,,_, = 0 and z,, = 1 then o} is stable if
and only if 2., , = 1; (8) if z,,_, = 1 and z,, = 1 then o} is stable if and only if
To,,, = 0. Hence the only way for the last intersection automaton, 0,1, to be stable
when z,, = 1 is that (m — 1) =0 mod (3), and the corresponding configuration is
(101)(m=1/3,

O]

The proof above also shows the following;:
Lemma 14 A negative &-BACC (of length m =1 mod (3)) has no fixed points.

Proof. Suppose z,, = 0 then o; cannot be stable no matter what is the state of oy in
the configuration. Hence, if x is a stable configuration x; must be 1. This forces z,, to
be 1 too (otherwise the automaton o; is not stable). From this point, finding the end of
the stable configuration amounts to finding a stable configuration starting with a 1 for a
@®-BACC of size m — 1. , which is impossible from the lemma above (Lemma 13). So there
are no stable configurations for the negative @-BACC of length m =1 mod (3). O
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