Discrete Applied Mathematics 161 (2013) 1345-1355

Contents lists available at SciVerse ScienceDirect

Discrete Applied Mathematics

journal homepage: www.elsevier.com/locate/dam

On the number of update digraphs and its relation with the ®CM1
feedback arc sets and tournaments

J. Aracena?, J. Demongeot, E. FanchonP, M. Montalva %*

2 CPMA and Departamento de Ingenieria Matemdtica, Universidad de Concepcién, Av. Esteban Iturra s/n, Casilla 160-C, Concepcién, Chile
b UJF-Grenoble 1, CNRS, Laboratoire TIMC-IMAG UMR 5525, F-38041 Grenoble, France

¢ AGIM FRE 3405, F-38700 La Tronche, France

4 Facultad de Ingenieria y Ciencias, Universidad Adolfo Ibdfiez, Av. Diagonal las Torres 2640, Pefialolén, Santiago, Chile

ARTICLE INFO ABSTRACT

ATfiCl_e history: An update digraph corresponds to a labeled digraph that indicates a relative order of its
Received 11 August 2011 nodes introduced to define equivalence classes of deterministic update schedules yielding
ggg’;“’e‘j in revised form 28 November the same dynamical behavior of a Boolean network. In Aracena et al. [ 1], the authors exhib-

ited relationships between update digraphs and the feedback arc sets of a given digraph G.
In this paper, we delve into the study of these relations. Specifically, we show differences
and similarities between both sets through increasing and decreasing monotony properties
in terms of their structural characteristics. Besides, we prove that these sets are equivalent

Accepted 24 December 2012
Available online 4 February 2013

ﬁ;ﬂﬁfgf;gmph if and only if all the digraph circuits are cycles. On the other hand, we characterize the min-
Feedback arc set imal feedback arc sets of a given digraph in terms of their associated update digraphs. In
Tournament particular, for complete digraphs, this characterization shows a close relation with acyclic
Update schedule tournaments. For the latter, we show that the size of the associated equivalence classes is

a power of two. Finally, we determine exactly the number of update digraphs associated to
digraphs containing a tournament.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Boolean networks (BN) are the simplest models for genetic regulatory networks, as well as for other simple distributed
dynamical systems. Despite their simplicity, they provide a realistic model in which different phenomena can be reproduced
and studied, and indeed, many regulatory models published in the biological literature fit within this framework [5,8,7].

A BN is defined by its connection digraph, its local activation functions, and the update schedule used (see [2] for
more details). In [6] equivalence classes of deterministic update schedules in BNs were defined according to the associated
connection digraph, named update digraph, with labels on its arcs, which are of two types: an arc (a, b) has a negative label
if the state of a is updated strictly before b, and a positive label otherwise.

In [6,2], the authors showed that the elements of such equivalence classes yield exactly the same dynamical behavior of
the network. This result was the starting point for the algorithmical and combinatorial study of the update digraphs done
in [1], where among others, a close relationship between update digraphs and the feedback arc sets of a given digraph was
exhibited.

For a given digraph, a feedback arc set is a set of arcs which if removed leaves the resulting digraph free of cycles. The
problem of finding a feedback arc set with minimum size has been a subject of extensive research (see [3] for a good survey).
One of these works showed that such a minimum arc set is determined by a sequential ordering of the nodes which mini-
mizes the number of positive arcs [9].
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In this paper, we delve into the study of the relationships between update digraphs and feedback arc sets showed in [1]
as well as their relations with some particular digraphs such as complete digraphs, acyclic digraphs and tournaments in
order to determine exactly the number and size of the associated equivalence classes.

2. Preliminaries

We begin this section giving some basic definitions and introducing the necessary notations. Besides, we recall some
known results that allow us to develop the following sections.

A digraph is an ordered pair of sets G = (V, A), where V = {1, ..., n} is a set of elements called vertices (or nodes) and
Ais a set of ordered pairs (called arcs) of vertices of V. The vertex set of G is referred to as V(G), its arc set as A(G). If more
than one arc that connects a node i to a node j are admissible, then we will say that G is a multidigraph. A subdigraph of G
isadigraph G’ = (V/,A’) where V' C Vand A" C (V' x V) NA.We write G’ C G.IfA" = (V' x V') N A, we say that G is
induced by V’ and call G’ an induced subdigraph of G which is denoted by G’ = G[V'].If V/ C V v A’ C A, then we write
G' € G.We will often write G — U whose meaning depends on the nature of U. Thus, if U C V, then G — U is the subdigraph
of GinducedbyV — U,i.e.G—U =G[V — U].IfU C A, thenG—U = (V,A—U).

G is a complete digraph ifA = {(u, v) : u,v € VAu # v}.GisatournamentifVx,y € V,x #y, (x,y) € AV (y,x) € A.

A walk from a vertex v; to a vertex v, in a digraph G is a sequence of vertices vq, v,, ..., vy of V(G) such that
Vk=1,...,m—1, (v, vk+1) € A(G) or (vg+1, Vk) € A(G). The vertices v, and vy, are respectively the initial and terminal
vertex of the walk. A walk is elementary if each vertex in the walk appears only once with the possible exception that the
first and last vertex may coincide. A walk is closed if its initial and terminal vertices coincide. A circuit is a closed elementary
walk. Awalk v, vy ..., vy isa pathif (vg, ver1) € A(G) forallk = 1, ..., m— 1. Acycle is a directed circuit, that is a closed
elementary path. G is an acyclic digraph if G has no cycle.

An arc set U C Ais a feedback arc set of G if G — U is an acyclic digraph. U is said to be a minimal feedback arc set of G if
U is a feedback arc set of G and there is no other feedback arc set W C A of G such that W C U. U is said to be a minimum
feedback arc set of G if U is a feedback arc set of G and there is no other feedback arc set W C A of G such that |[W| < |U]|.
The sets of feedback arc sets, minimal feedback arc sets and non feedback arc sets of G are denoted by FAS(G), MFAS(G) and
NFAS (G) respectively.

A digraph G is said to be connected if there is a walk between every pair of its vertices, and strongly connected if there
is a path between every pair of its vertices. G’ C G is a strongly connected component of G if G’ is strongly connected and it
is maximal for this property, i.e., there is no other strongly connected subdigraph G” of G such that G’ ¢ G”.If G’ is a strongly
connected component of G, composed by only one vertex, then G’ is called a trivial component.

An undirected graph (or a graph) is an ordered pair G = (V, E) where V = {1, ..., n} is a non-empty finite set of
elements called vertices (or nodes) and E is a finite set of unordered pairs of distinct vertices of V called edges. The vertex
set of G is referred to as V(G), its arc set as E(G). An orientation of G is a digraph G’ = (V’, A) where V' =V, |A| = |E| and
V{x,y} € E, either (x,y) € Aor (y, x) € A.

Also, in the sequel, for any integers a and b with a < b, we will write [[a, bl ={i € Z:a <i < b}.

An update schedule of the vertices of a digraph G = (V,A), with |V| = n,is a functions : V — [1,n] such
that s(V) = [1, m] for some m < n. We denote by S, the set of update schedules over [[1, n]. A block of s is the set
Bi = {v € V:s(v) =i},1 <i < m.The number of blocks of s is denoted by nb(s) = m. If nb(s) = 1, then s is said to
be a parallel update schedule. In this case, we will write s = s,,. If s is a permutation over the set [ 1, n]], i.e. nb(s) = n, s is
said to be a sequential update schedule. In all other cases, i.e. when 2 < nb(s) < n — 1, s is said to be a block sequential
update schedule. Frequently, s will be denoted by s = (j € B1)(j € By) - - - (j € Byp(s)) Or more compactly s = (Bi)?ﬁ(ls) and
Ps = {By, ..., Bups)} the partition associated to s.

As mentioned in [4], the number of update schedules associated to a digraph of n vertices, i.e. |S;|, is equal to the number
of ordered partitions of a set of size n, that is

n—1 n
Sl =T =D ()T
where Ty = 1.

Let G be a digraph. A function lab : A(G) — {6, &} is called a label function of G. An arc a € A(G) such that lab(a) = &
is called a positive arc and an arc a € A(G) such that lab(a) = & is called a negative arc. A cycle C in G such that Va € A(C),
lab(a) = @ is called a positive cycle and a cycle C in G such that Va € A(C), lab(a) = & is called a negative cycle. (G, lab)
is named a labeled digraph.

Let s be an update schedule of V(G), we denote by labs the label function defined as follows (see Fig. 1):

VG, i) € AG), laby(j, i) = {g 128; 28

We define equivalence classes with respect to labeled digraphs: if s is an update schedule of the vertices of a digraph G, we
write [s]¢ the set of update schedules s’ such that s L s/, that is
[slc = {s' : (G, laby) = (G, laby)}.
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Fig. 1. Adigraph G = (V, A) labeled by the function lab; whereVie V = {1, ..., 4}, s(i) = i.
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Fig.2. (a)Alabeled digraph (G, lab) which is an update digraph with a maximal (but not maximum) number of negative arcs. (b) A labeled digraph (G, lab’)
which is not an update digraph.

Fig. 3. (a) Alabeled digraph G = ({a, b, c}, A). (b) (Gg, labg) where the arcs drawn in dotted lines are the ones that have been inverted.

In simple words, an equivalence class, [s]g, is a set of update schedules that all yield the same labeled digraph, and
consequently the same dynamical behavior of the network [2].

We will say that s has the maximum number of blocks if Vs' € [s]g, nb(s") < nb(s) and we will denote by S; the set of
update schedules having the maximum number of blocks.

A labeled digraph (G, lab) is said to be an update digraph if there exists an update schedule s such that lab = labs,
that is Va € A(G), lab(a) = labs(a). We denote by U(G) = {lab : A(G) — {©S, ®}| (G, lab) is an update digraph} and
NU(G) = {lab : A(G) — {6, ®}| (G, lab) is a non update digraph}. An update digraph (G, lab) has a maximal number of
negative arcs if there is no label function lab* € U(G) with strictly more negative arcs that lab, and where lab(u, v) = ©
implies lab*(u, v) = &, for every (u, v) € A(G) (see example in Fig. 2).

We define the projection of (G, lab) onto G’ C G as being the labeled digraph (G, lab|¢), where lab|¢ (a) = lab(a), Ya €
A(G).

Given an update digraph (G, lab), G C G is said to be a positive strongly connected component of (G, lab) if G’ is a
strongly connected component of G — {a € A(G) : lab(a) = ©}. In particular, if G’ is an isolated vertex, G’ is called a trivial
positive component. Besides, any update digraph (G, lab) has a unique decomposition into positive strongly connected
components.

Let (G, lab) be a labeled digraph. The labeled reoriented multidigraph associated to (G, lab), denoted by (G, labg), is
the labeled multidigraph defined as follows:

o V(Gg) = V(G).
e Y(u, v) € A(G) such that lab(u, v) = &, (u, v) € A(Gg) and labg(u, v) = &.
e V(u,v) € A(G) such that lab(u, v) = &, (v, u) € A(Gg) and labg(v, u) = 6.
Observe that if (G, lab) has no cycle of length two with a positive arc and another negative, then (Gg, labg) is simply a digraph.
An example of labeled reoriented multidigraph is shown in Fig. 3.
A forbidden cycle in (Gg, labg) is a cycle containing a negative arc.
In this context, the following characterization of update digraphs was proven in [1].

Theorem 1. A labeled digraph (G, lab) is an update digraph if and only if (Gg, labg) does not contain any forbidden cycle.

Observe that if (G, lab) has a negative cycle, then (G, lab) is not an update digraph. Besides, if G is a digraph without circuits,
then for every label function lab : A(G) — {6, &}, (G, lab) is an update digraph.
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On the other hand, in [1] it was also shown that the property of being an update digraph can be extended or projected
over update digraphs. Specifically, the authors showed the following Theorem.

Theorem 2. Let G be a digraph and G' C G. If (G, lab’) is an update digraph, then there exists a label function lab of A(G) such
that (G, lab) is an update digraph and lab|g = lab'.

The above theorem will be fundamental in the following section, to be more explicit, in the relationships between the sizes
of the sets U(G), MFAS(G) and FAS(G) associated to a given digraph G.

3. Feedback arc sets and update digraphs

In this section we will investigate the relationships that exist between the feedback arc sets and the update digraphs
associated to a given digraph, which were first studied in [1].
Next, we first recall a result concerning the sizes of the sets U(G), MFAS(G) and FAS(G) that was shown in [1].

Proposition 3. Let G be a digraph. Then,
IMFAS(G)| < |[U(G)| < [FAS(G)|.

Basically, the proof of the Proposition 3 considers, on the one hand, an injective function g : U(G) — FAS(G) such that for
every lab € U(G), g(lab) = {a € A(G) : lab(a) = &} and on the other hand, an injective function h : MFAS(G) — U(G) such
that for every F € MFAS(G), h(F) = labg, where labg(a) = & < a € F.

Now, being a little bit more specific, it is easy to see that the label function lab, defined by lab,(a) = @, Va € A(G) isin
U(G) but there does not exist F € MFAS(G) such that h(F) = lab,, because for each arc in F there exists a cycle in G which
does not contain another arc in F. Therefore, the function h cannot be surjective and hence, we have the following result.

Proposition 4. Let G be a digraph. Then,
IMFAS(G)| < |U(G)] < |FAS(G)|.

As shown in Proposition 4, there exist relationships between feedback arc sets and update digraphs. Next, we will study in
greater depth this relation.

Proposition 5. Let G be a digraph and G' C G where V(G) = V(G). Then |U(G')| < |U(G)| and |FAS(G)| < |FAS(G)|.
Proof. Let G be a digraph with |[V(G)| = nand ¢ ¢ G where V(G) = V(G'). Due to Theorem 2, there is a function

f:U(G) — U(G),lab’ — f(lab") = lab,where lab|¢ = lab’. Thus, it is easy to see thatf is injective. Hence, |U(G')| < |U(G)].

Besides, since G’ C G and V(G) = V(G'), then 3(a, b) € A(G) — A(G'). Let sy, s; € S, such that s;(a) = s1(b) = s;(a) =1,
s2(b) = 2,51(c) = 2and sy(c) = 3,Vc € V(G) — {a, b}. Then labs, | = labs, |, but labs, # labs,. Defining lab’ = lab;, |¢
and supposing w.l.o.g that f (lab’) = labs,, we deduce that f is not surjective because there is no lab” # lab’, lab” € U(G')
such that f (lab”) = labs,. Hence, |[U(G)| < |U(G)|.

On the other hand, the function g : FAS(G') — FAS(G), F’ — g(F') = F' U (A(G) — A(G)), is evidently injective and
well-defined. Thus, |FAS(G')| < |FAS(G)|. But for a given (a, b) € A(G) — A(G'), F = A(G) — {(a, b)} € FAS(G), however,
there is no F' € FAS(G') such that g(F") = F. Hence, g is not surjective and in this way |FAS(G')| < |FAS(G)|. O

Theorem 6. Let G be an undirected graph and G, and G, two orientations of G such that every cycle of G is also a cycle of G,.
Then |U(G1)| < [U(G2)| and |[FAS(G,)| < [FAS(Gq)l.

Proof. Let G, Gy and G; as in the hypothesis of the proposition. We define the function f : NU(G;) —> NU(Gy),
lab — f(lab) = lab’ by:

lab(u, v), if(u,v) € A(Gy) NA(Gy),

Y(u,v) € A(Gy), lab'(u,v) = {lab(u v).  otherwise

where lab : A(G) —> {©, @) is defined by:
lab(u, v) = @ < lab(v,u) = 6,

then f is well defined. First, note from definition of lab’ that (G;)r = (Gi)g, where (Gq)g and (G,)y are the reoriented
multidigraphs associated to (Gy, lab") and (G,, lab) respectively. In this way, if C is a cycle in ((G,)g, labg) with some negative
arc, then C is also a cycle in ((Gy)g, laby) with some negative arc (see Fig. 4).

In fact, suppose on the contrary that C is a cycle in ((G1)x, laby) with all the arcs positive. This is possible if and only if C
is a cycle in (Gy, lab") with all the arcs positive and by hypothesis of the proposition, C is also a cycle in (G,, lab) with all the
arcs positive, which is a contradiction. Therefore, lab € NU(G,) = f(lab) = lab’ € NU(G,).

On the other hand, it is easy to see from the definition of lab’ that f is injective. Therefore, INU(G,)| < |[NU(G;)| and
consequently |U(Gy)| < |U(Gy)].

Finally, INFAS(G1)| < |[NFAS(G,)| and consequently |FAS(G,)| < |FAS(Gy)|.In fact, if F C A(Gy) is a non-feedback arc set
of Gy, then F' = {(u,v) € G, : (u,v) € F Vv (v, u) € F}is anon-feedback arc setof G,. O
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b 9—2 5
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G (Gy,lab)
c @ 5
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((G2)r,lab g) ((Gi)r,lab’g)

Fig. 4. (a) An undirected graph G. (b) Two orientations G; and G, of G and the injective function f defined in the proof of Theorem 6. Observe that
|U(G1)| = 18 < 20 = |U(G,)| and |[FAS(G,)| = 27 < 32 = |FAS(Gy)|. (c) The labeled reoriented multidigraph ((G; )k, labg) associated to (G, lab). (d) The
labeled reoriented multidigraph ((Gy)x, laby) associated to (G, lab’).

Proposition 7. Let G be a digraph. Then, [U(G)| = |FAS(G)| if and only if all the circuits of G are cycles.

Proof. (=) Let us suppose that G has a circuit C which is not a cycle. We will prove that |U(G)| < |FAS(G)|. Let (G, lab)
be an update digraph. Then {a € A(G) : lab(a) = @} is a feedback arc set of G induced by the function lab, and thus
|U(G)| < |FAS(G)|. We will show that there is another feedback arc set F’ of G not induced by any element of U(G). Indeed,
there exists a label function lab’ such that the circuit C is a forbidden circuit of (G, lab’) with at least a positive arc and a
negative arcin C. Let F/ = A(G) — {a € A(C) : lab’(a) = ©}. It is easy to check that F’ is a feedback arc set of G which is not
induced by any element in U(G).

(«=) Let us suppose that all circuits of G are cycles. We want to prove that |[FAS(G)| < [U(G)|.
We define the following function T¢ : FAS(G) —> U(G) such that for each feedback arc set F € FAS(G), T(F) is the label
function:

. ifaeF,
TG(F>(a)={2 oo F

Then, T¢(F) € U(G). Indeed, if there exists a forbidden circuit C in (G, T¢(F)), there is at least an arc a € A(C) such that
Tc(F)(a) = . Since, if for all a € C, Tg(F)(a) = © then A(C) N F = @, which contradicts the fact: F € FAS(G). Besides,
there exists a’ € A(C), T¢(F)(a’) = ©. Hence, C is a circuit in G which is not a cycle, which is a contradiction. Therefore, T¢
is well-defined and obviously injective. O

From the proof of Proposition 3, we know that to each F C A(G), a minimal feedback arc set of G, can be associated a label
function labr such that (G, labr) is an update digraph. However, the opposite is not always possible. Next, the following
theorem shows a characterization of the update digraphs (G, lab) induced by a minimal feedback arc set.

Theorem 8. Let G be a digraph with |V (G)| = n. Then, F C A(G) is a minimal feedback arc set of G if and only if (G, labg) is an
update digraph with a maximal number of negative arcs, where labg (u, v) = & < (u, v) € F.

Proof. (=) Let G be a digraph with |V (G)| = n and F a minimal feedback arc set of G. From the proof of Proposition 3, we
know that (G, labr) is an update digraph.

Suppose on the contrary that (G, labr) does not have a maximal number of negative arcs, i.e., there exists a label function
lab with strictly more negative arcs than labr such that (G, lab) is an update digraph, and where labg(u, v) = © implies
lab(u, v) = &, for every (u, v) € A(G). Then F' = {(u, v) € A(G) : lab(u, v) = P} is a feedback arc set of G and verifies
F’ C F, which contradicts the minimality of F. Hence, (G, labg) is an update digraph with maximal number of negative arcs.
(«=) Let labr be a label function for which (G, labg) is an update digraph with maximal number of negative arcs. We know
that F C A(G) is a feedback arc set of G because (G, labr) is an update digraph, which implies that G — F is acyclic.

Now, suppose on the contrary that F is not minimal, i.e, there exists a minimal feedback arc set F* C F of G and
consequently a label function labps with which (G, labg) is also an update digraph, but having the same negative arcs as
(G, labr) and more. This contradicts the maximality of (G, lab). Therefore, F is a minimal feedback arc set of G. O

Remark 9. It is easy to see that a labeled digraph (G, lab) with all its arcs negative is an update digraph if and only if G is an
acyclic digraph (see [9]). However, in the general case, we have the following result.

o]
t 2

Proposition 10. An update digraph (G, lab) with maximum number of negative arcs has at leas negative arcs.
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Proof. Let (G, lab) be an update digraph and na(G, lab) = |{(u, v) € A(G) : lab(u, v) = ©}| the number of negative arcs of

(G, lab).
If G is an acyclic digraph, then (G, lab) with all its arcs negative is an update digraph, i.e. na(G, lab) = |A(G)]|.
If G has a cycle, then let s;; = (v1)(v2) - -~ (vp) and sg, = (vn)(vp—1) - - - (v1) two sequential update schedules with

v; € V(G), Vi € [[1, n]l. Then, Vi, j € [[1, n]] such that (v;, vj) € A(G),
labs,. (vi, vj) = © < labs,, (vi, vj) = D.

Thus, since (G, lab) has the maximum number of negative arcs, na(G, lab) > max{na(G, lab,, ), na(G, labsqz)} > @. O

Sqq

Proposition 11. Let (G, lab) be an update digraph with a maximal number of negative arcs. Then, there is no positive cycle.

Proof. Let (G, lab) be an update digraph with a maximal number of negative arcs, i.e, there is no positive arc that can be
changed by a negative arc holding the property of update digraph. Let s be an update schedule such that (G, lab) = (G, lab)
and suppose on the contrary that there is a positive cycle C, then there exists (i, j) € A(C) such thats(i) = s(j). Defining s’ by:

s'(k) = s(k), Vk, s(k) < s(i)
s'(i) = s(i)
s'(k)y =sk)+1, Vk#i, sk) > s(i)
we have labs(u, v) = 6 = laby (u, v) = &, butlab(i, j) = & # laby (i, j) which contradicts the maximality of (G, lab). O

Proposition 12. Let (G, lab) be an update digraph. Then, there is a sequential update schedule s, such that (G, lab) = (G, labs,)
if and only if (G, lab) has no positive cycle.

Proof. (=) Straightforward.

(<) Let (G, lab) be an update digraph with |V (G)| = n and without positive cycles, then (Gg, labg) has no cycles. Therefore,
there exists a topological order iy, ..., i, of the vertices, i.e,, (ij, k) € A(Gg) = k > j, such thats; = (i1)(i2) ... (ip) is a
sequential schedule satisfying (G, lab) = (G, labs,). O

In general, the necessary condition of Proposition 11 is not sufficient. As a counter-example, we can consider a simple labeled
digraph (G, lab) composed by only one positive arc (a, b) which is obviously an update digraph without positive cycles, but
not maximal. Nevertheless, Theorem 16 of the next section shows that in update complete digraphs, the sufficiency holds.

3.1. Feedback arc sets in update complete digraphs

In the particular case of complete digraphs, we will see how many of the properties of update digraphs and feedback arc
sets previously mentioned are equivalent, establishing an explicit form for determining the set MFAS(G).

Remark 13. Let G be a complete digraph with |V(G)| = n and F a minimal feedback arc set of G. Then, |F| = (;) and a
feedback arc set is minimal (with respect to set inclusion) if and only if it is minimum (with respect to size). In fact, suppose
that |F| > (;) then necessarily there exist u, v in V(G) such that {(u, v), (v, u)} C F. Since F is a feedback arc set, there
exists path Py = uy, ..., u, with u; = v, uy = u which does not contain any arc of F (in particular the arc (v, u)), for some
k € [2,n]land u; € V(G), Vi € [[1, k]l. Analogously, there exists path P, = vy, ..., vj with v; = u, v; = v which does not
contain any arc of F (in particular the arc (u, v)), for some j € [[2, n]l and v; € V(G), Vi € [1, j]. Thus, joining the paths P,
and P, we deduce the existence of a cycle which does not contain any arc of F, a contradiction because F is a feedback arc
set. Hence |F| < (). On the other hand, |F| > (}) because G has (}) cycles of length two.

The following proposition is a simple characterization of update complete digraphs.

Proposition 14. Let G be a complete digraph. Then, (G, lab) is a non update digraph if and only if there exists a forbidden cycle
of length either two or three in Gg.

Proof. (<) It is straightforward.

(=) Let (G, lab) be a non-update complete digraph. Then, there exists a forbidden cycle Cy of smallest length in (Gg, labg).
Let suppose that the length of Cy is strictly greater than three.

Let C be the forbidden circuit associated to Cg in G. If C has a path of the form (a, b), (b, c) @-labeled, then necessarily
(a, c) is also positive in G because otherwise, there would exist a forbidden cycle C’ of length three strictly smaller than Gy in
Gg. Analogously, if C has a path of the form (a, b), (b, c) &-labeled, then necessarily (a, c) is negative (see Fig. 5: (a) and (b)).

Therefore, we can suppose that C does not have two consecutive arcs with the same label. But when, for example,
lab(b, a) = © and lab(b, c) = @, necessarily the arc (c, a) is negative in G (i.e., (a, c¢) is negative in Gg), because on the
contrary, there would exist a forbidden cycle C’ of length three smaller than Cy in Gy (see Fig. 5: (c) and (d)).

In this way, it is always possible to reduce the length of the forbidden cycle Cy up to a length of three. O

Proposition 15. Let G be a complete digraph with |V (G)| = n. Then, F is a minimal feedback arc set of Gifand onlyif G = G—F
is an acyclic tournament.
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Fig. 5. Proof idea of Proposition 14. (a) When the arcs (a, b) and (b, c) are positive in C, then necessarily (a, ¢) is also positive in C. (b) When the arcs (a, b)
and (b, c) are negative in C, then necessarily (a, c) is also negative in C. (c) If lab(b, a) = © and lab(b, ¢) = @ in C, then necessarily lab(c, a) = ©. (d) If
lab(a, b) = © and lab(c, b) = & in C, then necessarily lab(a, c) = ©.

Proof. (=) Let F be a minimal feedback arc set of G, then G¢' = G — F represents an acyclic digraph. Besides, G’ is a
tournament. In fact, suppose on the contrary that G’ is not a tournament, i.e., there is a pair of vertices a, b in V(G’) such that
{(a, b), (b, @)} N A(G") = @. That means {(a, b), (b, a)} C F and since F must have at least one arc for each pair of vertices

of V(G), we have |F| > (;) + 1, which is a contradiction because by Remark 13, |F| = (g)

(<) Let G’ be an acyclic tournament, then F = A(G) — A(G') is a minimal feedback arc set of G, because |F| = |A(G) — A(G')|
n

= (2) =

Theorem 16. Let (G, lab) be an update complete digraph with |V (G)| = n. The following statements are equivalent:

(i) (G, lab) has a maximal number of negative arcs.
(ii) The digraph induced by the negative arcs of (G, lab) is an acyclic tournament.
(iii) (G, lab) has no positive cycle.

Proof. Let (G, lab) be an update complete digraph with |V (G)| = n.

(i)=(ii). If (G, lab) has a maximal number of negative arcs, then by Theorem 8, F = {(u, v) € A(G) : lab(u, v) = P} isa
minimal feedback arc set of G. Hence, by Proposition 15, G’ = G — F is an acyclic tournament, i.e., the digraph induced by
the negative arcs of (G, lab) is an acyclic tournament.

(ii)=(iii). If the digraph induced by the negative arcs of (G, lab) is an acyclic tournament, then the digraph induced by the
positive arcs of (G, lab) is also an acyclic tournament because G is a complete digraph, i.e. (G, lab) has no positive cycle.

(iii)=(i).If (G, lab) has no positive cycle, then all its cycles of length two have only one negative arc. Since a complete digraph
has (g) cycles of length two, (G, lab) has at least (g) negative arcs, but this is the maximum number, and thus the maximal
number of negative arcs that an update complete digraph can have. O

Corollary 17. Let G be a complete digraph with |V(G)| = n. Then, [MFAS(G)| = |{lab : (G, lab) is an update digraph with
maximal number of negative arcs }| = n!

Proof. It is easy to see that the number of acyclic tournaments of size n is n!. Then, the Corollary 17 follows from Theorem 8
and Proposition 15. O

Note also due to Theorem 8, Proposition 12 and Theorem 16 that finding all possible minimal feedback arc sets of a complete
digraph can be made considering the update digraphs associated with the n! different sequential update schedules, where
a minimal feedback arc set will consist of their positive arcs. In other words, if G is a complete digraph, then,

MFAS(G) = {F € A(G) : labs,(a) = ® & a € F A sq sequential}.

4. Tournaments and update digraphs

In the previous sections, we found bounds for the sizes of the schedule equivalence classes associated with a given update
digraph G as well as relationships between the sets U(G), MFAS(G) and FAS(G). In this section, we will restrict to classical
families such as acyclic digraphs, complete digraphs and tournaments in order to determine exactly the number and size of
their schedule equivalence classes. Also we will show how the number of negative arcs of a given update digraph (G, lab) is
related to these families and the feedback arc sets.
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Theorem 18. Let G be an acyclic digraph with |V (G)| = n. Then,

(@) lU(G)| = nl.
(b) JU(G)| = n! & Gis a tournament.
(c) If Gis a tournament, then for each update schedule s of G, |[s]¢| = 2, for some k € N U {0}.

Proof. (a) For every lab € U(G), (G, lab) has no positive cycle. Hence, by Proposition 12 there exists a sequential schedule
sq such that (G, lab) = (G, labs,).
Therefore, since the number of different sequential update schedules is n!, we have:

IUG)| < n!

(b) («=) Let G be a tournament with |V(G)| = n and let s, s, be two different sequential update schedules, then by
tournament definition there is (i,j) € A(G) such that labs, (i, j) # labs,(i, j). Since every sequential update schedule s
defines a different update digraph (G, labs) and the number of different sequential update schedules is n!, we have:

IU(G)| = n!

and due to (a), we conclude that |U(G)| = n!.

(=) Let G be an acyclic digraph with |V(G)| = n and |[U(G)| = n!. Suppose on the contrary that G is not a tournament,
then necessarily there exist u, v in V(G) without arcs between them (to have two arcs between them is not possible because
G is acyclic) which implies that there are two different sequential update schedules with the same update digraph. This
contradicts the fact that |U(G)| = n!. Therefore, G is also a tournament.

(c) Let T be an acyclic tournament. We proceed by induction on m = |V (T)|.

Basis Step, m = 2. There are two possibilities: the equivalence classes of the parallel update schedule s,, where it is easy to
see that [[splr| = 2! = 2, and those of the sequential update schedule Sq & [Splr, where clearly [[sq]r| = 20=1.

Induction Hypothesis. T an acyclic tournament with m < n — 1. Hence, for each update schedule s over V(T), |[s]r| = 2, for
some k € N U {0}.

Let G be an acyclic tournament with |V(G)| = n. First, note that the proof of (b) implies the existence of a bijection
f 1 U(G) — {s € S, : ssequential update schedule on V(G)}. Let (G, labs) be an update digraph with the sequential update
schedule s = (i1)(i2) - - - (i) (M) (fj+1) - - - (ia—1), where {i1, ..., in—1} ={1,...,n = 1}

Let G = G — {n}. Clearly, G’ is an acyclic tournament with |V(G)] = n — 1and s’ = (i1)--- (i) (ij+1) - - - (in—1) is
a sequential update schedule such that (G, laby) is the labeled subdigraph of (G, lab) induced by {iy, ..., i,_1}. Defining
Sair = {s* € [§'le : s*(ij) = s*(ij+1) — 1} # Vand Seq = {s* € [']¢ : s*(§j)) = s*(ij+1)}, we can see that if S,y # ¢, then
ISdif| = [Seq| = 2%~ for some k € N U {0}.

There are the following 23 = 8 cases:

Case 1. lab,(ij, n) = © and labs(ij11, n) = lab,(ij+1, i) = @ (see Fig. 6(a)).

To obtain all the elements of [s]¢, for every s* € Sgy, it is enough to generate s and s, in [s]c where s1(p) = s2(p) = s*(p),
Vp € V(G) such that s*(p) < s*(ij); s1(n) = s;(n) = s*(i)) + 1and s;(q) = s1(q) — 1 = s*(q), Vg € V(G satisfying
s*(q) = s*(ij+1). In this way, |[Slg| = 2 - [Sqir| = 2% for some k € N U {0}.

Case 2. labs(n, i) = lab;(ij;1, n) = labs(ij1, ij) = ® (see Fig. 6(b)).

To obtain all the elements of [s]¢, for every s € Sqir, we generate sy, s, and s3 in [s]g where s1(p) = s2(p) = s3(p) = s7(D),
Vp € V(G') suchthatsj(p) < s7(ij);s1(n) = s3(n) = s2(n)+1 = s7(i))+1and s2(q) = s3(q) = s1(q)—1 = s7(q), ¥q € V(G
satisfying s7(q) > si(ij+1). And for every s; € S, we generate s4 € [s]¢ defined by s4(p) = s5(p), Vp € V(G'),p # nand
s4(n) = s3(ij). Therefore, [[slc| = 3 - |Saif| + |Seq| = 3 - 2571 4 2k=1 = 2%+ for some k € N U {0}.

Case 3. lab,(ij, n) = lab,(ij, ij41) = labs(n, ij;1) = © (see Fig. 6(c)).

Here, for each s} € Sqir, we generate s, € [s]c where s1(p) = s*(p), Vp € V(G') such thats*(p) < s*(ij); s1(n) = s*(i)) + 1
and s1(q) = s*(q) + 1,¥q € V(G) satisfying s*(q) > s*(ij1). Therefore, |[sl¢| = |Sg| = 2¥~! for some k € NU {0}.

Case 4. labs(ij, n) = labs(ij, ij41) = © and labs(ij11, n) = D.
Case 5. labs(n, i;) = lab,(ij+1, i) = @ and labs(n, ij11) = ©.
Case 6. lab(n, ij11) = labs(ij, ij+1) = © and lab,(n, ij) = @.
Cases 4,5 and 6 are similar to case 1. O

Observe that the assertion (c) of Theorem 18 is not true for tournaments in general (see Fig. 7 as a counter-example).

Corollary 19. Let (G, lab) be an update digraph where G is an acyclic tournament. Then, all arcs of (G, lab) are negative, if and
only if there exists a sequential update schedule s, such that (G, lab) = (G, labs,) and |[sq]¢| = 1.

Proof. Let G be an acyclic tournament. First, observe that every acyclic digraph (G, lab) with all its arcs negative is an update
digraph.
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Fig. 7. An update digraph (G, lab;) where |[s]¢| = |{(a)(b)(c), (a)(b, ¢), (a, b)(c)}| = 3.
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Fig. 8. Proof idea of Corollary 19. (a) Case j = i + 1.If there is a positive arc from the B;,; to B;, it is possible to construct a new update schedule s # s,
with block B; = B; U Bi4. (b) Case j > i + 1. There is necessarily a cycle (vi, vit+1), (Vig1, Vit2), - - ., (Vj-1, V), (v}, v)).

]
:

(=) Suppose that all |A(G)| = (g) arcs of (G, lab) are negative. Then, by Proposition 12, there exists a sequential update
schedule s, such that (G, lab) = (G, lab,,). Now, suppose that there exists another update schedule s # s, such thats € [sq]c.
By Theorem 18, we know that s cannot be a sequential schedule. If s is an update schedule but not sequential, then there is a
block B; of s, 1 < i < nb(s) < |V(G)|, such that |B;| > 1, i.e., there exists u, v in B; such that the arc (u, v) € A(G) is positive

in (G, labs), but the same arc is negative in (G, labs, ), which is a contradiction. Therefore, |[sq]c| = 1.

(&) Let sg = (v1)(v2) - - - (vy) be a sequential update schedule such that (G, lab) = (G, labs,), |[sqlc| = 1and V(G) =
{v1, ..., vn}. Since (G, lab) is an update tournament, for every pair of vertices v;, v; in V(G), there is only one arc be-
tween them, either the negative arc (v;, vj) or the positive arc (vj, v;) withi,j € {1,...,n}. Observe that Vi = 1,...,
n—1, (vi, viy1) € A(G), since otherwise there would be another update schedule s # sg, s = (v1)(v2) - - - (Vi—1)(Vi, Vig1)
(vit2) - - - (vp) such that (G, lab) = (G, labs,) = (G, labs), which contradicts that |[s;]c| = 1(see Fig. 8(a)). Besides, for every
i#je(l,...,n}suchthatj > i+ 1, (v;, vj) € A(G) because if there exists the positive arc (vj, v;), from the above men-
tioned, we would have the existence of the negative arcs (vj, Vi+1), (Vit1, Vi+2), - - ., (vj—1, v;) which implies the existence
of a cycle (see Fig. 8(b)). It would be a contradiction, because G is acyclic. Therefore, all arcs of (G, lab) must be negative. O

Observe from the previous proof, that if G is a tournament with at least one cycle, then there exists an update schedule s
such that [s]¢ does not contain a sequential schedule. Hence, |U(G)| > n!.
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Theorem 20. Let G be a digraph with |V(G)| = n, P = {B;}[, a partition of V(G), m < n, and s, = (Br())[L; € Sn, where w
is a permutation over [[1, m]). Then, the following statements are equivalents:

(1) s, €8S;.

(2) Vi € [[1, m]l, G[Bi] is a positive strongly connected component of (G, lab;_ ).

(3) Vi € [[1, m]|, G[B;] is a strongly connected subdigraph of G.

Proof. Let G be a digraph with |[V(G)| = n, P = {B;}{"; a partition of V(G), m < n,and s, = (B;)L; € S,, where 7 isa
permutation over [1, m].

(1) = (2) Suppose that s, = (Br)iX; € Sy, i.e., s, has the maximum number of blocks. We note that P is the partition
associated to s,;. Now, let us prove that Vi € [1, m]], G[B;] is a positive strongly connected component of (G, labs, ), i.e. G[B;]
is a strongly connected component of G = G — {a € A(G) : labs, (a) = ©}.If |B;| = 1, then the proof is done. Hence,
we can assume w.l.o.g. that |B;] > 2. Suppose on the contrary that G[B;] is not a positive strongly connected component
of (G, lab,, ). Then, either G[B;] is not a subdigraph of G, which means that 3a € A(G') N A(G), labs, (a) = ©, but this is
impossible because (G, lab, ) is an update digraph, or G[B;] is a strongly connected subdigraph of G/, but not maximal for
this property. i.e., Ju & B; strongly connected with the nodes of B; by positive arcs, this means that s, (1) = s, (j), Vj € B,
which is a contradiction because u ¢ B;, or G[B;] is not strongly connected, then there exists a strongly connected component
U C B; which is a source, i.e. without incoming arc to U, having initial vertex in B; — U. Thus, since G[B;] = G[By ;] for some
j € [[1, m]], there is another update schedule s’ = (k € B (1)) - - - (k € By —U)(k € U)(k € By(j+1)) - - - (k € Bz(m)) on V(G)
such that s’ € [s;]¢ and nb(s’) = nb(s;) + 1 = m + 1, which contradicts that s, has the maximum number of blocks.

(2) = (3) If G[B;] is a positive strongly connected component of (G, lab;_ ), then G[B;] is a strongly connected component of
G =G —{a € A(G) : labs, (a) = ©} C G, i.e, G[B;] is a strongly connected subdigraph of G.

(3) = (1) Suppose that Vi € [1, m]|, G[B;] is a strongly connected subdigraph of G. Let s’ € [s, ], then (G, laby) = (G, labs, ).
Thus, s’ must satisfy that for every i € [1,m], s'(j) = s'(k), Vj, k € B;, because s’ is an update schedule on V(G) and
Vi € [[1, m]l, G[B;] is a strongly connected subdigraph of G with all its arcs positive in (G, lab,, ). Hence, P = {B;}" , is also
the partition of V(G) associated to s’, then necessarily nb(s") = nb(s) = m. Therefore, we have shown that, Vs’ € [s;]c,
nb(s’) < nb(sy),ie,sy €S;. O

Lemma 21. Let G be adigraph with |V (G)| = n, containing a tournament of n vertices as a subdigraph. Then, for every s, s; € S}
such that s; # s, we have: (G, labs,) # (G, lab,).
Proof. Let G be a digraph with |V (G)| = n containing a tournament of n vertices as a subdigraph. Let sy, s; € S}, s; # s, and
suppose on the contrary that (G, labs,) = (G, lab,,). Lets; = (B)™$",s, = (B! andj = min{i : B! # B?}. Hence, there
are two cases:
Case 1. B} N B} # . Then, from (2) of Theorem 20, B/ and B; are positive strongly connected components of (G, labs, ). On
the other hand, because the decomposition of (G, lab;, ) in positive strongly connected components is unique, then le = sz,
which is a contradiction.
Case 2.B/ N'B} = @.Then, 3p € B},3q € B, p # q: 51(p) < 51(q) A 52(q) < s2(p). Since G has a tournament of n vertices,
(1, @) € A(G) v (q,p) € A(G), i.e, lab, (p, q) # labs,(p, q) Vv labs, (q, p) # labs,(q, p), which contradicts that (G, labs,) =
(G, laby,).

Therefore, (G, labs,) # (G, lab,,). O

Theorem 22. Let G be a digraph with |V (G)| = n, containing a tournament of n vertices as a subdigraph. Then, |U(G)| = |S}|.

Proof. Let G be a digraph with |V (G)| = n, containing a tournament of n vertices as a subdigraph.

Evidently, due to Lemma 21, we have |[U(G)| > |S;|.

On the other hand, Viab € U(G), 3s € S;: (G, lab) = (G, laby). Hence, 3s’ € [s]¢ with the maximum number of blocks.
Thus, [U(G)| < [S]. O
Observe from Theorem 20 that:

Sy ={Br@); : P ={Bi}[L, € P} Am isapermutation over [1, m]},

where P} is the set of partitions P = {B;}{*; of V(G) such that Vi € [[1, m]l, G[B;] is a strongly connected subdigraph of G.
Thus, we obtain straightforwardly the following corollary:

Corollary 23. Let G be a digraph with |V (G)| = n containing a tournament of n vertices as a subdigraph. Then:
UG =) card(P)!.

PeP};

Note that if G is an acyclic tournament of n vertices, the only strongly connected subdigraphs are the trivial ones, i.e., P} =
{{{1}, ..., {n}}} and therefore,

UG = Z card(P)! = card({{1}, ..., {n}}Hh! =n!,
PeP};

giving the result (b) of Theorem 18.
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On the other hand, if G is a complete digraph with |V (G)| = n, then every subset of vertices defines a strongly connected

subdigraph of G. In this way, PP} is the set of all the possible partitions over V(G) and therefore, [U(G)| =T, = Z;S (Z) Ty,

with Tp = 1, as was obtained in [4,1]. Moreover, if G; and G, are two orientations of a complete undirected graph satisfying
the conditions of Theorem 6, then a strongly connected subdigraph of G; is also a strongly connected subdigraph of G,.
Therefore, Corollary 23 implies that [U(G1)| < |U(G,)|, as established in Theorem 6.

Acknowledgments

This work was partially supported by FONDECYT project 1090549 (J.A., M.M.) and ANILLO ACT-87 (J.A.), by FONDAP and
BASAL projects CMM, Universidad de Chile, by Centro de Investigacién en Ingenieria Matematica (CI2MA), Universidad de
Concepcion, by CONICYT fellowship, MECESUP Project UCO0713 and ANILLO ACT-88 (M.M.). Besides, we gratefully thank
Andras Sebo for bringing tournaments to our attention.

References

[1] J. Aracena, E. Fanchon, M. Montalva, M. Noual, Combinatorics on update digraphs in Boolean networks, Discrete Applied Mathematics 159 (2011)
401-4009.

[2] J. Aracena, E. Goles, A. Moreira, L. Salinas, On the robustness of update schedules in Boolean networks, Biosystems 97 (2009) 1-8.

[3] J. Bang-Jensen, G. Gutin, Digraphs: Theory, Algorithms and Applications, Springer-Verlag, 2010.

[4] J. Demongeot, A. Elena, S. Sené, Robustness in regulatory networks: a multi-disciplinary approach, Acta Biotheoretica 56 (1-2) (2008) 27-49.

[5] S.Kauffman, Metabolic stability and epigenesis in randomly connected nets, Journal of Theoretical Biology 22 (1969) 437-467.

[6] L. Salinas, Estudio de modelos discretos: estructura y dinamica, Ph.D. thesis, Universidad de Chile, Santiago, Chile, 2008.

[7] 1. Shmulevich, H. Lihdesmadki, E. Dougherty, J. Astola, W. Zhang, The role of certain Post classes in Boolean network models of genetic networks,
Proceedings of the National Academy od Sciences USA 100 (2003) 10734-10739.

[8] R. Thomas, Boolean formalization of genetic control circuits, Journal of Theoretical Biology 42 (1973) 563-585.

[9] D. Younger, Minimum feedback arc sets for a directed graph, IEEE Transactions on Circuit Theory (1963) 238-245.



	On the number of update digraphs and its relation with the feedback arc sets and tournaments
	Introduction
	Preliminaries
	Feedback arc sets and update digraphs
	Feedback arc sets in update complete digraphs

	Tournaments and update digraphs
	Acknowledgments
	References


