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We consider finite hypergraphs with hyperedges defined as sets of vertices of unbounded cardinality.
Each such hypergraph has a unique modular decomposition, which is a tree, the nodes of which
correspond to certain subhypergraphs (induced by certain sets of vertices called strong modules) of
the considered hypergraph. One can define this decomposition by monadic second-order (MS) logical
formulas. Such a hypergraph is convex if the vertices are linearly ordered in such a way that the
hyperedges form intervals. Our main result says that the unique linear order witnessing the convexity
of a prime hypergraph (i.e., of one, the modular decomposition of which is trivial) can be defined in MS
logic. As a consequence, we obtain that if a set of bipartite graphs that correspond (in the usual way) to
convex hypergraphs has a decidable monadic second-order theory (which means that one can decide
whether a given MS formula is satisfied in some graph of the set) then it has bounded clique-width.
This yields a new case of validity of a conjecture which is still open.  © 2002 Elsevier Science (USA)

Key Words: hypergraph; bipartite graph; monadic second-order logic; clique-width; modular decom-
position.

INTRODUCTION

We are interested in the expression in monadic second-order (MS) logic of properties of graphs and
hypergraphs, and also in the definition by MS formulas of their relevant structures. We take “structure”
as a generic term that can cover several notions like that of a tree-decomposition of width at most k of a
graph [15], the representation of a planar drawing of a planar graph (by rotation schemes, see [8]), or the
modular decomposition of a graph [5, 12, 16], a linear order of a given graph satisfying certain properties
like being a topological sorting [5], a depth-first spanning tree [4, 9] just to take a few examples.

Certain graphs have a unique such structure: for instance, every graph has a unique modular decom-
position, every connected graph has a unique decomposition in 3-connected components (a result by
Tutte [19] used in [7]), and every planar 3-connected graph has a unique planar representation, by a
theorem of Whitney (used in [8]). It seems that such structures are easier to define by MS formulas when
they are unique. The constructions are otherwise more difficult (as in [15] for tree-decompositions) or
impossible (for instance, one cannot define by MS formulas a linear order on a set).

We study here the notion of modular decomposition of a hypergraph. To be precise, we consider finite
hypergraphs with hyperedges that are unordered and of unbounded rank, i.e., that are defined as (un-
ordered) sets of vertices of unbounded cardinality. Each such hypergraph has a unique modular decompo-
sition, which s a tree, the nodes of which correspond to certain subhypergraphs (induced by certain sets of
vertices called strong modules) of the considered hypergraph. One can also consider the tree of the modu-
lar decomposition as the syntax tree of an algebraic expression denoting the considered hypergraph. Such
an expression uses operations that are defined in terms of substitutions of hypergraphs to vertices in prime
hypergraphs. A hypergraph is prime if it cannot be obtained from smaller hypergraphs by substitutions.

These notions of module, substitution, prime hypergraph, and modular decomposition are formally
similar to the corresponding notions for graphs. A hypergraph can be considered as a bipartite graph
in a standard way; however, its modular decomposition is not the modular decomposition of the corre-
sponding bipartite graph.

We prove that the modular decomposition of a hypergraph is definable by MS logical formulas. We
take advantage of the fact that the logical structure representing a hypergraph has an element in its
domain for each hyperedge. This should be contrasted with the case of graphs considered in [5]. This
article uses logical structures, the domains of which consist only of vertices. The modular decomposition
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of a graph is proved to be definable by MS formulas with the help of an auxiliary linear order. In the
present case, we need no such order.

We focus then our attention on convex hypergraphs, i.e., on those the vertices of which can be linearly
ordered in such a way that the hyperedges form intervals. We prove that a prime hypergraph has at most
one (up to reversal) linear order witnessing its convexity. This result is similar to the one saying that a
prime graph has at most one transitive orientation (i.e., an orientation such that the binary edge relation
is transitive). See [14] for this result, actually due to Gallai. These results are similar but we do not
know whether any of them is derivable from the other.

Our main result says that in a prime convex hypergraph, this unique linear order can be defined by
MS formulas.

We derive from this result that, if a set of convex bipartite graphs (i.e., of bipartite graphs corresponding
to convex hypergraphs) has a decidable monadic second-order theory, which means that one can decide
whether a given monadic second-order formula is satisfied in some graph of the set, then it has bounded
clique-width. This yields a new case of validity of a still open conjecture made by Seese [17] and
reformulated in terms of clique-width by means of results by Courcelle and Engelfriet [10]. Previous
cases were considered in [4, 9, 17]. The notion of clique-width and a discussion of this conjecture can
be found at the beginning of Section 4.

1. PRELIMINARIES

For monadic second-order logic and relational structures, we refer the reader to the Appendix and to
previous papers, in particular to the survey [6] and to [5], where modular decompositions of graphs are
also considered.

We will consider finite hypergraphs where each hyperedge is a nonempty set of vertices. These sets
are not ordered; hence, hypergraphs are undirected.

To a hypergraph H with set of vertices V and set of hyperedges E corresponds a directed bipartite
graph Bip(H) with set of vertices V U E and an edge from x to e if and only if x is in V and is a vertex
of e (e € E). The requirement that hyperedges are nonempty implies that the corresponding vertices of
Bip(H) are not isolated. A vertex v of V in Bip(H) can be isolated. The mapping Bip is thus a bijection
of the class of hypergraphs onto a class of directed bipartite graphs.

Trees will be rooted and directed in such a way that every node is reachable from the root (denoted
by root; for a tree T) by a unique directed path. A tree T will be represented by a structure (N7, sucy)
where N7 is the set of nodes and sucy € Ny x Ny is the successor relation in 7. Leaves have no
successor. Although trees are graphs, it will be convenient to call their vertices nodes, especially in the
case where we discuss simultaneously a hypergraph and a tree representing its structure.

If A is aset and ~ is an equivalence relation on A a cross-section of ~ is aset B € A which contains
one and only one element of each equivalence class of ~. Thus B is isomorphic to A/~ in a canonical
way. If A is a part of a relational structure and ~ is definable by an MS formula, then the cross-sections
of ~ can be characterized by an MS formula with free variable B. It follows that the transformation of
A into A/~ is an MS transduction, which uses a parameter, namely B. See the Appendix or [6] for a
review of definitions.

For sets a, 8 we write L B if and only if they overlap; thatis, ifand only ifa — B # D, 8 —a # @
and o N B # @. We will also say that @ overlaps B.

If G is a loop-free undirected graph, a module of G is a set X of vertices such that every vertex not
in X is adjacent either to no vertex of X or to all of them. A module M is strong if no other module
overlaps it. The strong modules form a tree for inclusion, which is the modular decomposition of the
graph. The modular decomposition of a graph can be constructed in linear time [12]; its definability in
MS logic is considered in [5].

2. MODULAR DECOMPOSITION OF HYPERGRAPHS

A hypergraph H will be formally handled as a triple (Vy, Ey, incy), where Vy is the finite set of
vertices, Ey is the finite set of hyperedges (Vy N Ey = @), and incy C Vy x Ey is the incidence
relation; we assume that each e € Ey belongs to some pair in incy.
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We let H(a) = {v € Vg/(v,a) € incy} for a € Ey. This set is thus nonempty. We may have
H(a) = H(b) with a # b. The rank of a € Ey is Card(H (a)), the cardinality of H(a).

Let H and K be hypergraphs. We write H C K if Vg C Vg, Ey C Eg,incy = incg N(Vy X Eg).
We say then that H is a subhypergraph of K. If X C Vg, we let H[X] = (X, E', incyg N (X x E'))
where E' = {a € E/H(a) C X}. We say that H[X] is the subhypergraph of H induced by X.

We denote the hypergraph ({x}, @, @) by 1, (or by 1 if it is not important to specify x).

Let H, K be nonempty hypergraphs. We write G = H[K /x]ifx € Vg, VgNVx =@, EzNEx = @,
Ve =VygUVk —{x}, Ec = Eg UEg,andincg = incg U (Vg x {a € Eg/(x,a) € incy}) U (incy N
(Vi — {x}) x En)).

We say that G is the result of the substitution of K in H for x. It is easy to see that

H[K /x[K'/y] = H[K'/yI[K /x]
if H, K, K’ are pairwise disjoint and x, y € Vg, x # y. We have also
HIK /x1[K'/y] = H[K[K'/y]/x]

if x € Vg and y € Vg and both sides of this equality are well defined. We will use the notation
H[K,/xy,...,K,/x,] for H[K|/x|1[K2/x2]...[K,/xn]1f x1, ..., x, € Vg are pairwise distinct.

We will use two special notations: H & K for B[H /x, K /y] where B = {{x, y}, @, @) and a % H for
L[H/x] where L = ({x}, {a}, {(x, a)}). Hence H & K is the union of two disjoint hypergraphs H and
K and a * H is obtained from H by the addition of a new hyperedge a containing all V. We will write

AxH=H ifA=0,
and
A*H:al*(ag*...(ak*H)) ifA:{al,...,ak}.

We say that a hypergraph H is connected if the corresponding bipartite graph Bip(H) is connected.

Although hypergraphs correspond to bipartite graphs (by Bip), the above definitions for hypergraphs
are not just the corresponding ones for bipartite graphs. In particular, a subhypergraph of H corresponds
to an induced subgraph of Bip(H ). An induced subhypergraph of H consists of a set X of vertices and all
hyperedges that have all their vertices in X. In the hypergraph H[K /x] obtained by substitution, where
the vertices of K replace x, the rank of a hyperedge a of H containing x is increased by Card(Vg) — 1,
because in H[K /x], its set of vertices is H(a) U Vg — {x}. The substitution of hypergraphs is not the
substitution of the corresponding bipartite graphs.

Lemma 2.1. IfG = H[K,/x1, ..., Ki/xi] then each K; is a subhypergraph of G and H is isomor-
phic to a subhypergraph of G.

Proof. The first assertion is straightforward from the definitions. For the second, observe that one
can recover H from G by eliminating all the hyperedges from the K;’s, and for each i, all the vertices
from K; except one (we can do this because the hypergraphs K; are nonempty). Hence H is isomorphic
to a subgraphof G. W

Lemma 2.2. (1) If H is not connected, it can be written in a unique way as Hy @ - - - & H; where
each H; is connected and nonempty. Unicity holds up to the ordering of the list Hy, . .., Hy.

(2) If H is connected, it can be written in a unique way as A x K where K is x-atomic, i.e., is
not of the form a x K’ for any a and K’'. Furthermore A = {a € Ey/H(a) = Vy}.

We omit the easy proof. We only observe that the H;’s correspond to the connected components of
Bip(H).

We will draw hypergraphs as bipartite graphs, with vertices represented by black dots and hyperedges
by white circles. See Fig. 1.



394 BRUNO COURCELLE

a b b
u \Y t w X y
H K

FIGURE 1

A hypergraph is an atom if it is nonempty, connected, and x-atomic. In the example of Fig. 1, we
have H = K[L/x,M/yl,L=1,®&1,,M = a*x (1, ®1,). Both hypergraphs H and K are atoms.

We are interested in canonical expressions of atoms of the form P[H,/xy, ..., Hy/x;] where P is as
small as possible.

We introduce the notion of a module. Let H be a hypergraph. A module in H is a subset X of Vg
that does not overlap H(a) for any a in Ey, i.e., such that for all such a:

H@<X o XCH@ o XNH@=0.

In the hypergraph H of Fig. 1, {u, v} and {¢, w} are modules.

If G = H[K /x]for G, H, K hypergraphs, then Vi is a module of G. If X is a module of G, one can
express G as H[G[X]/x] for some hypergraph H with Vg = (Vg — X) U {x} where x ¢ V. Hence,
modules are useful for the study of substitutions.

A module of a hypergraph H is not in general a module of the graph Bip(H ): In the hypergraph H’ of
Fig. 2a, the set {5, 6, 7} is a module. It is not a module of the graph Bip(H’) (actually shown in Fig. 2a
since we represent hypergraphs as bipartite graphs), because the vertex m of Bip(H’) is linked to 5 and

not to 7.
a b c j k
i d h X u v w
1 2 3 4 5 6 7 8 9 10 11 12 13 14

Hypergraph H'

The modular decomposition of H.

FIGURE 2
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A hypergraph H is prime if it is an atom, is not of the form 1., has no hyperedge of rank 1 and no
modules other than Vy, @, and the singletons.

The smallest prime hypergraph is e——o——e——o——e because no hypergraph with one or two
vertices is prime. If we delete the hyperedge b from K of Fig. 1, we obtain this prime hypergraph.

A prime hypergraph is connected (because it is an atom), and for any two vertices, there is a hyperedge
containing one of them and not the other, because otherwise, these two vertices would form a module.

The forthcoming definitions and lemmas will be fully similar to the corresponding ones for graphs.
The objective is to have for hypergraphs a notion of modular decomposition.

LemMA 2.3. If X and Y are modules in H and X N'Y # @, then X UY is a module in H.
Proof. Leta € Eyg with H@)N(XUY) #@.If H(a) N X # @ then:

(1) either H(a) € X and then H(a) C X UY,

(2) orX C H(a),andthen Y N H(a) # @ since XNY # @;if H(a) C Y then H(a) C X UY;
otherwise, Y C H(a),andthen X UY C H(a). N1

Lemma 2.4. (1) Let X be a module of hypergraph H; let G=H[K/x1, ..., Ki/x¢]. If x1, ...,
X ¢ X, then X is a module of G. Otherwise, let X' = X — {xy, ..., x¢}. Then X’ U\J{Vk,/x; € X} is
a module of G.

(2) Let X be amodule of G = H[K /x]. If Vk C X, then X U {x} — Vi is a module of H.

The proof is a verification from the definitions.

A module X in a hypergraph H is strong if no other module overlaps X. In other words, for every
module Y, either X C Y, Y C X,or XNY = @. A module X in H is properif X # Vy, X # @. If
X, Y are maximal proper strong modules, then either XNY =@or X =Y.

LemmA 2.5. Let H be an atom and X C Vg be a proper module. There exists a maximal proper
strong module Y such that X C Y.

Proof. There exists a maximal proper module Y such that X C Y. We prove that it is strong. Let
Z be a module with Y N Z # @, Y not be a subset of Z and Z not be a subset of Y. Then Y U Z is a
module by Lemma 2.3.

If Y U Z # Vj then Y is not maximal, a contradiction. Hence Y U Z = V.

Since H is connected, there is a hyperedge a € Ey such that

HaNY-2)#0 and H@NZ#O.

If H(a) € Z we cannot have H(a) N (Y — Z) # @. Hence, since Z is a module, Z C H(a). We
have H(a)NY # @. Since Z € H(a), we cannot have H(a) C Y. Hence Y € H(@)and Y U Z =
Vu C H(a). Hence H = a x H' and is not an atom, a contradiction.

Hence, for every module Z, either ZNY =@, Y C Z,or Z C Y. This shows that Y is strong. B

ProposITION 2.6.  Let H be an atom, H # 1. Let Cy, . . ., Cy be its maximal proper strong modules
and K; = H[C;1fori =1, ...,k
(1)  There exists a prime hypergraph P such that H = P[K,/xy, ..., Ki/x¢].
(2) Conversely, if H= P[L,/x\, ..., L,/x,] and P is prime, then {V.,, ..., V. } ={Ci,...,

Ck},l’le, and{Ll,...,L,,}={K1,...,Kk}.

This proposition says in particular that every atom which is not a singleton can be expressed in a unique
way as P[K/xi, ..., Ki/x;] where P is prime. As in Lemma 2.2 we have a unique decomposition.

Proof. LetH,Cy,...,Cy,and {Ky, ..., K;} be as stated.

(1) ByLemma 2.5, every vertex which is by itself a module is contained in some C;. Since the C|s
aredisjoint, {Cy, ..., Cr}isapartition of V. Hence, there exists P suchthat H = P[K/xy, ..., Ki/x¢].
Clearly k > 2. Hence P # 1, P is an atom (otherwise H would not be an atom), and it has no hyperedge
of rank 1 (since K; contains all hyperedges a of H such that H(a) € C;).
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It remains to prove that P has no module M such that 1 < Card(M) < Card(P) = k. Assume it has
one, say M. Let M’ be the union of the sets C; such that x; belongs to M. It is a proper module of
H that contains at least two of the modules Cy, ..., Ci. This holds by Lemma 2.4.1. By Lemma 2.5,
it is contained in one of Cy, ..., Ct; hence one of these sets is properly contained in another. This
contradicts their definition. Hence, we get that P is prime.

(2) Letus conversely assume that H = P[L;/x, ..., L,/x,] where P is prime. Then V., ...,
V1, are proper modules. We prove they are maximal. If one of them is properly included in a proper
module X of H, then Lemma 2.4.2 yields a proper module of P, and P is not prime.
Hence {V.,,...,V.,} € {C),..., Ci} by Lemma 2.5. The other inclusion follows from Lemma
2.4.2. This completes the proof. W

Lemma 2.7. IfH = Hy & --- & Hy, with Hy, ..., Hy connected, k > 2, orif H= P[H;/xy, ...,
Hy/xi] with P is prime, the strong modules of H are Vy and the strong modules of Hy, . . ., Hy.

Proof. 'The set Vy is trivially a strong module in both cases.

Let us consider the case H = H; @ - - - @ H;. Let X be a strong module of H;. It is a module of H.
Let us check that it is strong. Let Y be a module of H that overlaps X. The set Y N Vy, is a module
of H; and hence does not overlap X. Hence Y is not a subset of Vy,. Since H; is connected and Y
overlaps X, there is a hyperedge a of H; such that H(a) overlaps Y. Since Y is a module of H we
must have Y € H(a), contradicting the fact that Y is not a subset of Vy,. Hence X is a strong module
of H.

Conversely, let X be a strong module of H, X # Vy. Let X; = X N Vy,. It is a strong module of
H;. If two of the sets X; are not empty, say X; and X, and X is such that Z = Vy, N (Vy — X) # (0]
(w.l.o.g. j # 1), then Y defined as Vy, N Vj, is a module such that X — Y includes X; # 0,Y - X
includes Z # @, and X N'Y includes X, # @; hence X is not strong.

Hence X C Vg, for some i, and X is a strong module of H;.

We now consider the case H = P[H,/xy, ..., Hy/x;] with P prime. Every strong module X in some
H; is amodule in H. Let us prove it is strong in H. If it is not, some module Y in H overlaps X. If Y
is in H; then X is not strong in H;. Hence Y overlaps H;, and this contradicts Proposition 2.6.2, saying
that Vy, is a strong module of H.

Conversely, by Proposition 2.6.2 and since P is prime, every strong module in H not equal to Vi is
in some H;. It is easy to see that it is strong in H;. W

A component of a hypergraph His a subhypergraph of H of the form H[X] where X is a nonempty
strong module of H. We let Comp(H ) denote the set of components of H.

THEOREM 2.8.  Every hypergraph H has a unique hierarchical decomposition defined as follows:

(1) if H is not connected, then H=H; & --- ® Hy,k > 2, H, ..., Hy are connected,
2) if Vg ={x},then H=Eg x1;
(3) if H is connected and Vy not singleton, then H = A x P[Hy/xy, ..., H/x;] where
(3.1) either P =1,,, k =1, A # @, H, is not connected,
(3.2) or P is prime, H; = H[X;] where {X1, ..., Xy} is the set of maximal proper strong
modules of H.

Furthermore, we have in these cases, respectively,

(1) Comp(H)={H}UComp(H)U ---U Comp(Hy),
(2) Comp(H) = {H]},
(3.1) Comp(H) = {H}U Comp(H,) — {H,},
(3.2) Comp(H)={H}U Comp(H;)U ---U Comp(Hy).
Proof. Case (1) follows from Lemma 2.2.1; the expression of Comp(H ) follows from Lemma 2.7.
Case (2) is immediate from the definitions.

We now consider Case (3). By Lemma 2.2.2, H can be written in a unique way as A x H' where
A ={a € Ey/H(a) = Vy} and H' is a x-atom. If H' is not connected we are in Case (3.1), and the
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expression of Comp(H ) follows from Lemma 2.7. The set V;, cannot be a singleton because Case (2)
handles this case.

Hence the remaing possibility is when H' is connected and x-atomic. Then Proposition 2.6 applies
and yields Case (3.2) together with the unicity of P. The characterization of Comp(H) follows from
the definitions and Lemma 2.7. H

DEriNiTION 2.9 (Modular decomposition). From Theorem 2.8 we get a tree T = T (H) representing
this decomposition, called the modular decomposition of H and defined as follows:

(1) Nr = Comp(H),
(2) root; = H,
(3) theleaves of T are the components with a single vertex,

(4) for every component C € Comp(H), where V¢ is not a singleton, we have the following
cases where, in each of them, Cy, ..., Cy are the successors of C:

(4.1) C = D P[Cy,...,Cy], (cf. Case (3.2) of Theorem 2.8) where P is prime, k > 3
(because prime hypergraphs have at least three vertices), and D may be empty,

42) C=Dx%x(C;®---® Cy),k > 2 (cf. Case (3.1) of Theorem 2.8), Cy, ..., C; are
connected, D # @,

@43 C=Ci®---dCr,k=>=2,Cyq,...,Cyare connected (cf. Case (1) of Theorem 2.8).

In Cases (4.1) and (4.2), we will denote D by Full(C) and we call it the set of full hyperedges of C.

By Lemma 2.1, a hypergraph P as in Case (4.1) is isomorphic to a prime subhypergraph of C whence
of H. We will call these hypergraphs the principal prime subhypergraphs of H. We denote their set by
PPrime(H).

ExampLE. The proper strong modules of H' (shown in Fig. 2a) are A={3,4}, B={5,6,7},C =
{1,2,3,4,5,6,7}, D={8,9}, E={10, 11, 12, 13, 14}, F ={11, 12}, G ={1, 2}, and the singletons.

Let us define H = a * H’'. The modular decomposition of H is shown in Fig. 2b. The nodes of type
(4.1)are B, C, E,and Full(C) = Full(E) = @, Full(B) = {j}. The nodes of type (4.2) are A, D, F, and
the root which corresponds to the module Vi of H. We have Full(A) = {i}, Full(D) = {d}, Full(F) =
{x}, Full(Vyg) = {a}. There is only one node of type (4.3), namely G.

The principal prime hypergraphs are shown in boxes B, C, and E. The edges between these nodes
and their successors start inside the boxes from the vertices to which substitutions are made (see
Case (4.1) of the definition).

The box B contains not only the prime hypergraph but also the hyperedge j which forms Full(B).

We now consider the formalization of this definition in MS logic.

A hypergraph H is represented by the relational structure |H|, = (Vy U Eg, incy). The subscript 2
is a reminder of the two possibilities of quantifications arising from this representation: on vertices and
on hyperedges (see the Appendix). Our objective is to build from |H |, a structure

Dec(H) = (Vg U Ey U Nr, incy, sucy, compy)

such that Ny N (Vg U Eg) = @, (N7, sucy) = T(H), and comp; = {(x, w)/x € Ny, w € Vc U E¢
where C is the component of H corresponding to node x of T'(H)}.

Hence this structure contains |H |, and, in addition, a structure representing 7 (H ) together with the
relation comp, between the nodes of 7(H) and the corresponding components of H. Our aim is to
construct the nodes of T(H) from Vg U Ey and to define its relations by MS formulas. Formally this
means that Dec(H) is obtained from |H |, by an MS transduction. See the Appendix (or the survey
papers [3, 6]) for formal definitions.

In [5], we proved a similar result for graphs G, represented by the less informative structures |G|; =
(Vi, edg.), that do not permit quantifications on sets of edges, but given with a linear order on the
vertices. In contrast, in the following proof, we need no linear order but we use quantifications on sets
of hyperedges.
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THEOREM 2.10. There exists an MS-transduction associating Dec(H) with |H|, for every
hypergraph H.

Proof. The leaves of T are in bijection with the vertices of H: a leaf of T is a component of H of
the form H[{x}] for x € Vy and hence consists of x and the hyperedges a of H such that H(a) = {x}.

We let E| € Eg be the set of hyperedges a such that H (a) (the set of vertices of @) is a strong module
of cardinality at least 2, and fora, b € E| we leta ~ b if and only if H(a) = H(b). There is a bijection
between E;/~ and the set of components C of H that are either of the form (4.2) of Definition 2.9 or
of the form (4.1) (also of Definition 2.9) with Full(C) # . Hence, one can select a cross-section X of
~1, X C E; and we get in this way a representation of the nodes of 7' (H) of these two forms.

We let E, = Ey — E; — {the hyperedges of rank 1}. For each a € E, we let C(a) be the small-
est component containing a. It is necessarily of the form (4.1), and a € Full(C(a)) U Ep (because if
C(a) = Full(C(a)) * P[Cy, ..., Cr]and a € C;, then C; and not C(a) would be the smallest component
containing a).

Let E), ={a € E,/Full(C(a))=@}. We let for a, b € E}:a~,b if and only if C(a)=C(b). We
choose a cross-section ¥ C E) of ~,. The elements of ¥ can be used to define the nodes C of type
(4.1) such that Full(C) = @. Note that X N Y = @.

It remains to define the nodes of type (4.3), i.e., those corresponding to the strong modules that are
not connected.

The connected strong modules are represented by the elements of the set Z = X UY U V. We
denote by M (x) the module represented by x € Z. We let Z3 C Z be the set of x € Z such that M (x)
is some C; in the unique strong module of the form C; @ - - - @ C; with k > 2. We will denote by N (x)
this strong module. We let x ~3 y if and only if N(x) = N(y).

A cross-section U of ~3, U € Z3 can be used to represent the strong modules that are not connected
(i.e., those of the form (4.3) of Definition 2.9). If x € U, then the module it represents is N (x).

Finally the structure Dec(H') can be constructed with domain

D=(VgUEp) x {1JUXUYUVy) x {2JUU x {3},

where (u, 1) in D represents u in Vi U Ey, where (u, 2) represents the node of 7' (H) corresponding to
M (u), and (u, 3) represents the node N (u).
It is routine to see that compy;;, and sucr () are definable by MS formulas. W

For the hypergraph of the example of Definition 2.9 one obtains, for instance, the tree shown in Fig. 3.

Its internal nodes a, b, d, u, i, j, x are copies of the hyperedges with the same names. Leaves
1,2,...,14 are copies of the vertices of H. We have Z = {1}. We use 1% to denote the copy of 1
used to represent N(1) = G (see Fig. 2b); we have M (1) = H[{1}].

We conjecture that the complexity of constructing the modular decomposition of a hypergraph is
linear, by a suitable adaptation of the algorithm for graphs [12].

Mohring and Radermacher [16] review modular decompositions for several types of structures:
graphs, set systems, and Boolean functions. Their set systems are hypergraphs such that no two
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hyperedges have the same set of vertices, and the notion of modular decomposition they consider
coincides with ours on these hypergraphs.

Bonizzoni and Della Vedova consider in [1] a different notion of modular decomposition for hyper-
graphs. (Their hypergraphs are actually set systems as in [16].) It is based on a notion of substitution
such that, if K is a hypergraph substituted for a vertex x in a hypergraph H, then x is replaced by K
in a natural way, and a hyperedge « of the form o’ U {x} of H with o’ nonempty is replaced by all the
hyperedges of the form &’ U 8, where 8 is a nonempty subset of V. The corresponding notion of mod-
ular decomposition generalizes that for graphs (if we consider graphs as hypergraphs with hyperedges
of cardinality 2).

3. CONVEX HYPERGRAPHS

An ordered hypergraph (H, <), i.e., a hypergraph H given with a linear order < on Vy, is convex
if H(a) is an interval for each a € Ey. We say that a hypergraph H is convex if (H, <) is convex for
some linear order <. We say that such an order witnesses the convexity of H. The hypergraph of Fig. 2a
is convex.

The undirected graphs of the directed graphs Bip(H ) for some convex hypergraph H are characterized
by forbidden induced subgraphs by Tucker [18]. We will not use such characterization. The complexity
of recognizing them is linear (Booth and Lueker [2]).

The notion of convexity is compatible with substitutions, modules, and modular decompositions. For
example, if H and K are convex hypergraphs, then sois H[K /x]. If (H, <) is convex, and X is a strong
module of H, then X is an interval for <. If H is convex, all its components corresponding to the nodes
of its modular decomposition are convex. The verifications are easy, and we will not need these facts in
the remainder of the paper.

If <is alinear order on Vy, we denote by <~ ! the opposite linear order. If (H, <) is convex, then so
is (H, <™.

ProposiTiON 3.1.  If (H, <) is convex and H is prime, there are only two orders witnessing the
convexity of H, namely < and <1

The proof technique for this proposition will be refined later in order to prove that the two linear
orderings are definable by monadic second-order formulas.

This result is also interesting because of its similarity with the one saying that a prime undirected
graph has at most one transitive orientation (i.e., an orientation such thatif x — y and y — z are directed
edges, then there is also a directed edge x — z). See Kelly [14] for a detailed presentation of this result,
actually due to Gallai.

For proving the proposition, we need some notation. We recall that for sets o, § we write o L § if
and only if they overlap, i.e.,ifandonlyifa« — B # @B, B —a B, anda N B # D.

Let V be linearly ordered by <.If o, B C V, we write @ < Bifandonlyifa N =@ and x < y for
every x € o,y € B. We write x|y|z if and only if either x <y <z or z <y < x. This ternary relation
called the betweenness relation of <, should be read as follows: y is between z and x. With its extension
to pairwise disjoint sets we obtain the following obvious lemma.

Lemma 3.2, If o, B are intervals in (V, <) where < is a linear order, and o L B, then the intervals

o—B,8—a,anda N Bsatisfy (« — B)|laNB|(B—a).

We will prove in particular that if H is prime, < witnesses its convexity, and m is the least element of
Vi, then this order can be defined in a unique way from m and the memberships of the vertices in the
hyperedges. The above lemma is a first step in the proof. It proves in particular that if m is in @ — §, then
m<x <y<zforeveryxina — 3, every yina N B, every z in B — «, where « and § are overlapping
hyperedges. This gives a first approximation of < that can be refined into a complete characterization.

A hyperpath in a hypergraph H is a nonempty sequence of hyperedges (a;, as, .. ., a,) such that, if
n>72:

H(a;) L H(aiy1) fori=1,...,n—1,
H(a)NH@)=@ forl<i<i+2<j<n.
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Lemma 3.3, If H is a connected hypergraph (not necessarly convex) and if x, y are vertices not in
a same hyperedge, there exists a hyperpath (ay, ..., a,)in H withx € H(a;y), ...,y € H(ay,).

Proof. This follows from Lemma 1.2 of [9], but a direct proof is actually easy. H

Proof of Proposition 3.1. Let (H, <) be convex with min and max as least and greatest elements.
They are not in a same hyperedge a, because otherwise, H(a) would contain all vertices and H would
not be prime.

By Lemma 3.3, there exists a hyperpath (ay, ..., a,) such that min € H(a;), max € H(a,). We have
n > 2. Assume (H, <’) is convex where <’ is another linear order. Consider the following sets:

H(a\) — H(a2), H(a,) — H(an-1),
H(ai)ﬁH(ai+1) fOI'i:l,...,l’l—l
H([l[) — (H(ai_l) U H(LZH_])) fori = 2, oo, n— 1.

Some of these sets may be empty; see the example of Fig. 4.

They form a partition of Vj in intervals relative to <. Let B be the set of these intervals that are
nonempty. It is linearly ordered under <. It follows from Lemma 3.2 that B is also linearly ordered
under <" with the same betweenness relation, since this relation is definable in terms of memberships
of vertices in the sets H(a).

Figure 4 shows an example, with four hyperedges ay, . . . , a4 represented as intervals. For readability,
we denote by a; the set H (a;). (We will do the same in Figs. 5 and 6.) We have H (a3) — (H(ap)UH (as)) =
@ in the case shown in Fig. 4.

We continue the proof. Without loss of generality we can assume that H(a;) — H(ap) <’ H(a,) —
H(a,_1). If this is not the case, we replace <’ by the opposite order. Hence < and <’ coincide on B
since they are both characterized by the same membership relations and H(a;) — H(a,) is smaller than
H(a,) — H(a,_,) for the both of them.

It remains to prove that < and <’ coincide on each set in B. This is trivial if each set of B is a
singleton. Let b € B have cardinality > 2. Since H is prime, b is not a module; hence H(a) L b for
some a € Ey. Letus choose one such a and consider the set B’ of sets cN H(a), c — H(a) forall ¢ € B.
Since H(a) is not a subset of any ¢ € B (because the sets in B are pairwise disjoint and H(a) L b), the
set B’ is a set of <-intervals which forms a partition of V. The <-interval b of B is replaced in B’ by
two <-intervals b' and b” (with b = b’ U b”, b’ N b" = @); at most one other set of B is divided into
two sets.

The set B’ is again linearly ordered by <, and also, in the same way, by <’ since the relative orders
of b’ and b” under < and <’ are defined by membership relations (by Lemma 3.2) in the same ways.
Letting b’ = bN H(a),b” = b — H(a), let ¢ be an interval of B — {b} such that H(a)Nc¢ # @.1fb < ¢
we have b < b’ < H(a) Nc.If ¢ < b wehave H(a) N¢c < b’ < b”. The same holds with <’ instead
of <. Hence the ordering of B’ is the same with respect to < and <'.

By repeating this step one reaches a partition B* of V in <-intervals which are all singletons. The
orders < and <’ coincide on the set B* (by induction) and hence on V. This completes the proof of
Propoposition 3.1. H

We will now refine this argument and make it into an MS definition of the two orderings of
Proposition 3.1.
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The MS formulas used in the remainder of this section are intended for the structures | H |, representing
hypergraphs H and will use quantifications on hyperedges and sets of hyperedges.

ProprosITION 3.4.  There exist MS formulas p(m) and w(m, x, y) such that, for every prime hyper-
graph H:

(1) [|Hlz E w(m) if and only if (H, <) is convex for some linear order < with least element m;

(2) if<isalinearorder suchthat (H, <) is convex, if its least element is m, for every two vertices
X, y, then |H|y = w(m, x,y) ifand only if x < y.

Again, we need some definitions. A chain is a sequence (ay, as, ..., a,) of hyperedges such that
H(a;) L H(a;1+1) foreachi = 1,...,n — 1. (A hyperpath is thus a chain.)

Let m,x,y be pairwise distinct elements of Vy. An (m, x, y)-separating chain is a chain
(a1, ay, ..., ay) such that:

(i) m € H(a) where a is the first element,
(i) {x, y} L H(b) where b is the last element,
(iii) no subsequence a;,, a;,, . .., a; Withi; < iy < --- < iy is a chain having properties (i) and
(ii).
It is clear that, from a chain statisfying properties (i) and (ii), one can extract an (m, x, y)-separating
chain.

LemMma 3.5. Let H be a hypergraph. Let (ay, ..., a,) be an (m, x, y)-separating chain with n > 2.

(1) Wedo not have H(a;) L H(a;) foranyi <i+2 < j.
(2) Wedo not have H(a;) € H(a;) foranyi < j.

Proof. (1) If we have H(a;) L H(a;) for somei < i + 2 < j then we can delete a; 1, ..., a;_
which contradicts the minimality condition of the definition of separating chains (condition (iii)).

(2) Assume on the contrary that we have H(a;) € H(a;) for some i < j. Let (i, j) be the
lexicographically first pair with H(a;) € H(a;),i < j.

Ifi = 1thenm € H(a;)and we can delete ay, . .., a;_; from the chain, contradicting the minimality
condition. Hence i > 1. Since H(a;—1) L H(a;), and H(a;—1) — H(a;) # @ by the minimality of i we
obtain H(a;) L H(a;—) contradicting (1). Hence no such pair (i, j) can exist. W

Lemma 3.6. Let H be a hypergraph, and let (ay, ..., a,) be an (m, x, y)-separating chain. If
H(aj) € H(a;) fori <i+2 < jthen H(ay) € H(a;) forallk,i +2 <k < n.

Proof. Letusassume H(a;) € H(a;)andi <i+2 < j, where j is minimal with these properties.
Since H(a;) L H(a;_1),and H(a;_;)—H(a;) # @ by the minimality of j, we obtain H(a;) L H(a;_1).
Hence j =i + 2 by Lemma 3.5.1 and so H(a;+2) € H(a;). Assuming the conclusion is false, let k be
the smallest integer such that k > i 4+ 2 and H (ay) is not included in H(a;). Since H(ay—1) € H(a;)
and H(ay) L H(ax_1) we have H(a;) L H(ay) but this contradicts Lemma 3.5.1. H

An index i + 1 such that H(a;42) € H(a;) is called a furn. (In the example of Fig. 5, the indices 3,
7, and 10 are turns.)

Lemma 3.7. Let (H, <) be convex and m = ming be the least element of Vy. Let (ay, ..., a,) be
an (m, x, y)-separating chain. Let iy, ..., i, be the turns with i| < i, < --- < iy (we may have k = 0
and if k > 1 we have iy > 1 and i} < n).

(1) Each subsequence (ay, ..., a;,), (@i, ..., i) .oy @iy --vyr@i,)s iy - - ., Qy) IS a hyper-
path.

(2) Foreach j we have

H(a;, +1)U---UH(a,-1) U H(a,) € H(a;, — 1).
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(3) Assume thaty € H(a,),x ¢ H(a,). If x ¢ H(a;) U ---U H(ay,), thenk = 0and y < x;
otherwise:
(3.1) eitherx € H(a,—1)andy < x ifk is odd, and x < y ifk is even,
(3.2) orx € H(aj,—1), and x < y ifk is odd, and y < x if k is even.

Proof. (1) By Lemmas 3.5 and 3.6, if H(a;) N H(a;) # @ fori + 1 < j then H(a;) S H(a;)
and there is a turn between i and j. Hence if a subsequence (a;, @;41, ..., a;) has no turn we have
H(a,)NH(ay) =@fori < p < p+1 < g < jand this sequence is a hyperpath.

(2) Immediate consequence of Lemma 3.6.
(3) Observe that H(a;) U ---U H(a,) = H(a;) U - -- U H(a;,) by Lemma 3.6.

Firstcase: x ¢ H(a;)U---UH(a,). Thenk = Obecause otherwise, (ai, .. ., a,) could be shortened
into (ay, ..., a;) for some j <i.

Since H(a;)U---U H(a,) is an interval that contains m = ming and y, and that does not contain x,
we have y < x. See Fig. 6a.

Second case: x € H(a;)U---U H(a,—) and y € H(a,). Let j be the largest index such that

x € H(a;), j < n.Wemusthave y € H(a;); otherwise (ay, as, . .., a;)is ashorter (m, x, y)-separating
chain.

Note that x ¢ H(a,) for any ¢t > j and that y ¢ H(a,) for any ¢ with j + 1 < ¢ < n (otherwise the
(m, x, y)-chain could be shortened into (ay, ..., a;)).

Subcase 1: y € H(a;41). Hence y € H(a;) N H(ajy1) andn = j + 1. We have x € H(a,_1),
and this corresponds to Subcase (3.1) of the statement.
We may have k = 0 or iy < j with k even and, in both cases,

H(aj) — H(ajy1) < H(aj) N H(aj11);

hence x < y. See Fig. 6b.
Otherwise i < j with k odd, then H(a;) N H(a;4+1) < H(a;) — H(aj+1), and hence y < x. See
Fig. 6¢.

Subcase 2: y ¢ H(ajy1). This means that n > j 4+ 2 and H(a,) N H(a;) # @. Hence by
Lemma 3.6, we have H(a;12) C H(a,);ie., j + 1isaturnsayi,.

It follows that i), is the last turn, i.e., p = k and j = iy — 1. Otherwise, the chain could be shortened
into (ay, ..., a;,—1) because H(a; ) overlaps {x, y}: iy —1 > j implies that x ¢ H(a;,—) and the fact
that i, is a turn implies that H(a,) € H(a;,—1) and so y € H(a;,—1). We are in Subcase (3.2) of the
statement. Now there are two cases.
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If k is odd then x < z for all z € H(a,), t > j; hence x < y. (See Figs. 6d and 5). If k is even then
z < x for all such z and y < x. See Fig. 6e. MW

The last lemma shows that, if we know an (m, x, y)-separating chain, we can compare x and y. The
next lemma proves the existence of such separating chains in prime convex hypergraphs for any x and y.

Leta € Ep, where H is any hypergraph and H(a) has at least two vertices. Let E(a) be the set of
hyperedges b such that there is a chain (a1, a2, a3, . . ., a,) witha; =a,a, =b.Let W(a) = | J{H()/b €
E(a)}. With this notation we have:

Lemma 3.8.  The set W(a) is a module of H.

Proof. LetW = W(a).Letc € Ey suchthat H(c) L W.Thereexistx € W—H(c),y € H(c)—W,
and z € W N H(c). There exists a chain (by, ..., b,,) of elements of E(a) such that x € H(b;) and
z € H(b,,) (because x,z € W).

There exists a smallest i such that H(b;) N H(c) # @. We have y € H(c) — H(b;). If i = 1
then x € H(b)) — H(c). If i > 1 then H(b;) — H(c) # @ because if H(b;) € H(c) we have
H(b;_1) N H(c) # @ and i is not minimal. Hence H(c) L H(b) for some b € E(a). Hence ¢ € E(a)
and H(c) C W, a contradiction. Hence W(a) is a module. M

Proof of Proposition 3.4. Let H be prime, let < witness the convexity of H, and let m be the least
element of V.

CLamM. Forevery x,y withx # y, x # m, and y # m, there exists an (m, x, y)-separating chain.

Proof of claim. Since H is prime, there exists a € Ey such that H(a) L {x, y}. We let W(a) be
as in Lemma 3.8. Hence W (a) is a module with at least two vertices (because H is prime and hence
its hyperedges have rank at least 2). Hence W(a) = Vg and m € W(a). Hence there exists a chain
ai,...,a, suchthata, = a and m € H(a;). By removing some elements if necessary, we make it into
an (m, x, y)-separating chain. This concludes the proof of the claim. W

One can write an MS,-formula with free variables m, x, y expressing the following:

(1) m, x, y are pairwise distinct vertices,
(2) there exists a subset A of Ey such that

(*) thereisa € A withm € H(a), thereis b € A with {x, y} L H(b), and (a, b) belongs to
the restriction to A of the reflexive and transitive closure of the relation L,

(**) no proper subset of A satisfies (*).

It follows then that the elements of A as specified by (2) form an (m, x, y)-separating chain.

An MS formula p(A, m, x, y, u, v) can express that u is before v on this chain. Another formula
p0'(A, B, C,m, x, y) can express that B U C is the set of hyperedges the indices of which are turns of
this chain, that B is the set of those with odd indices, and C is the set of those with even indices.

An MS formula ¢(m, x, y) can be written that uses p and p’ as subformulas and expresses, under
the assumption that H is prime and m is the least element of Vi for a linear order < such that (H, <)
is convex, that there exists a separating chain for (m, x, y) with turns of such ranks that we can ensure
that x < y by means of the conditions of Lemma 3.7.3.

We let p(m) be the formula that holds if and only if

“the relation R defined by x R y
if and only if
X=morx=yorx #y#m,x #m,ando(m, x, y)”
is a linear order on Vi for which (H, R) is convex.

We take for w(m, x, y) the formula u(m) A(x =m v x =y Vv e(mn, x,y)).
We now verify that, assuming H prime:

(1) [|H|z E u(m) ifand only if (H, <) is convex for some linear order < with least element m;
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(2) if<isalinearorder suchthat (H, <) is convex, if its least element is m, for every two vertices
x,y, then |H|y = w(m, x,y) ifand only if x < y.

We first consider (1). The “only if” direction is clear from the definition of . Conversely, if (H, <) is
convex with least element m, then for any two elements x and y (which are distinct and distinct from m)
either ¢(m, x, y) or ¢(m, y, x) holds, and we have respectively x < y or y < x. Hence the relation R
specified as in the definition of formula w is the linear order < and p(m) holds.

We now check (2). If (H, <) is convex with least element m, then from the observations made for
the proof of (1), and the definitions, we get that |H|, = w(m, x, y) if and only if x < y.

If conversely w(m, x, y) holds, then because of the validity of ((m), the condition ¢(m, x, y) defines
a linear order R (see the definition of p) for which H is convex with least element ;. W

We thus have the following result:

MAIN THEOREM 3.9. There exists MS,-formulas 6(m) and w(m, x,y) satisfying the following
conditions, for every hypergraph H:

(1) Foreveryme Vy,|H|, =0(m)ifand onlyif H is prime and (H, <) is convex for some linear
order < with least element m

(2) H is prime and convex if and only if |H |, = 3m.0(m)
(3) Foreverym € Vg, such that |H|, = 6(m), for every x,y € Dy, we have

|H|, Ewim,x,y) ifandonlyif x <y,

where < is the unique linear order with least element m such that (H, <) is convex.

Proof. 'We let 6(m) express that the considered hypergraph is prime (which needs no reference to
any order on the vertices) and that p(m) holds.
Assertions (1)—(3) hold by Proposition 3.4. H

This proof actually gives another proof of Proposition 3.1.

4. DECIDABLE MONADIC THEORIES OF SETS OF BIPARTITE GRAPHS

We recall that MS, refers to MS logic over structures representing graphs in such a way that quantified
variables denote edges, vertices, and sets thereof, whereas MS; refers to MS logic where quantified
variables can only denote vertices and sets of vertices.

We say that a set of finite graphs has a decidable MS-theory (resp. MS;-theory) if there exists an
algorithm that decides whether a given MS; (resp. MS,) closed formula is true for some graph in this
set.

Seese has proved [17, Theorem 8] that a set of graphs L having a decidable MS,-theory has bounded
tree-width, and he has conjectured that a set having a decidable MS; theory is of the form 7(B) where
B is the set of finite binary trees and t is a (1, 1)-definable MS transduction (see the Appendix for
definitions). Intuitively, this means that each graph in L can be defined “inside” some tree from B, by
MS formulas evaluated in this tree. By Theorem 5.6.8 of [6], a set of graphs is of the form t(B) as
above if and only if it has bounded clique-width.

This conjecture has been proved for specific classes of graphs: for planar graphs [17, Theorem 7],
for uniformly k-sparse graphs, i.e., graphs such that every subgraph has a number of edges at most k
times the number of vertices (this is the main theorem of [9] and concerns the class of planar graphs)
for chordal graphs such that each vertex belongs to at most kK maximal cliques [4, Theorem 4.8]. None
of the last two cases subsumes the other.

We review the notion of clique-width studied in detail in [11].

A k-graph is a simple graph given with a coloring of its vertices by colors among 1, ..., k. (We do
not require that neighbor vertices have different colors, we only require that every vertex has one and
only one color.) We use the following operations on k-graphs:
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(1) the disjoint union of two k-graphs, denoted by @ (if the two argument graphs are not disjoint,
we replace one of them by a disjoint copy),

(2) the unary operation p;_, ; that replaces every color label i by j, and

(3) the unary operation «o; ; that adds to a graph new directed edges from any vertex with color
i to any vertex with color j (since we consider simple graphs, a new edge from x to y is added only if
there is not already one).
If we want to construct undirected graphs, we use instead of «; ;:

(3') the unary operation #; ; that adds to a graph new undirected edges between any vertex with
color i and any vertex with color j (a new edge is added only if there is not already one).

The clique-width of a k-graph is the minimum number of colors used by an algebraic expression
defining this graph and built with these operations from the elementary graph consisting of one vertex
colored by 1. A graph is considered identical to the 1-graph obtained by labeling all its vertices by 1.

We denote by cwd(G) the clique-width of a graph G. Trees have cwd at most 3, and the cographs
(see for instance [5]) are the graphs of ewd with at most 2. The set of all graphs having cwd at most
any fixed k has a decidable MS,-theory. The conjecture by Seese is thus a kind of converse.

Here, we will consider this conjecture for the class B of directed bipartite graphs of the form Bip(H)
for some hypergraph. These graphs are the finite directed simple graphs G such that Vi is partitioned
into two sets V and W (corresponding respectively to the vertices and to the hyperedges of the considered
hypergraph) with V nonempty, every edge is directed from a vertex in V to one in W, and every vertex
in W is the end of at least one edge. The sets V and W are uniquely defined for each G in B.

From the logical point of view we will consider that |H |, coincides with |Bip(H)|;: the relations
incy of |[H|, and edg; of |G|; where G = Bip(H) are the same except for their names.

The substitution H = G[K /x] where H, G, and K are bipartite graphs is defined by:

H = Bip(Bip~'(G)[Bip ™' (K)/x]).

Hence it is defined only if x is a vertex of G that corresponds to a vertex of Bip~'(G) (and not to a
hyperedge).

The notions of a prime bipartite graph, of a convex bipartite graph, or of a module or a component
in a bipartite graph follow immediately via Bip from the corresponding notions for hypergraphs. In
particular, we let PPrime(G) = Bip(PPrime(Bip~'(G)) where G is a graph in B. We will consider in
some detail the convex bipartite graphs.

A useful tool will be the representation of a convex hypergraph (H, <) by a labeled directed graph
D = DG(H, <) defined as follows. We let:

(1) Vp=VgUEH,

(2) pp < Vp be the unary relation such that, for x € Vp, pp(x) holds if and only if x € Vy,

(3) edgp(x, y)hold if and only if either x, y € V and y is the successor of x with respect to <,
ory € Ey and x is the <-smallest element of H(y), or y € Ey and x is the <-largest element of H(y).

It follows that D is a directed graph of indegree at most 2. We consider pp as a labeling relation.
Hence, D is isomorphic to a 2-graph (where 1 (resp. 2) labels the vertices in pp (resp. not in pp).
We let |D|; = (Vp, pp, edgp). (The labeling relation pp makes it possible to distinguish the edges
representing the successor relation of < from the others. In many cases this relation can be reconstructed
from the degrees of vertices but not always. Consider for instance the graph x <— y — z: each of x or
z can be considered as a hyperedge of rank 1.)

The structure |H|, = (Vg U Ey, incy) can be reconstructed from |DG(H, <)|; as follows:

4) Vg UER = Vp (with D =DG(H, <)),

(5) incy(x,y) < pp (x) A—=pp (v) holds, and either edg,(x, y) holds or there exist #, v such
that

pp(u) A pp(v) Aedgp(u, y) A edgp(v, y)

holds and x is on a path in D from u to v all vertices of which satisfy pp.
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FIG.7. (a) A convex hypergraph H. (b) The graph DG(H, <).

An example can be seen in Fig. 7.

The transformations of structures of (|H|,, <) into |DG(H, <)|; and of |DG(H, <)|; into |H|, (for
every convex hypergraph (H, <)) are MS transductions, because the definitions of the relations of one
structure in terms of the other (see clauses (1)—(3) and (4)—(5)) are expressible in MS logic.

ProprosITION 4.1.  If a set of convex prime bipartite graphs has a decidable MS theory, then it has
bounded clique-width.

Proof. Let L be aset of convex prime bipartite graphs; L is a subset of B. Let L’ be the corresponding
set of convex prime hypergraphs. Consider the following transformation of structures

|H|2 = (|H |2, <) > [DG(H, )1,

where H is in L’, and for each H, < is one of the two linear orders witnessing that H is convex (by
Proposition 3.1).

Since < is MS definable in |H |, by Theorem 3.9, the first transformation is an MS transduction. It
uses as parameter a set M intended to be {m} for m the least element of the order < to describe; the
formula p of Proposition 3.4 verifies the correctness of the choice of a parameter.

The second transformation is also an MS transduction, hence so is their composition 8 by
Theorem A.2.1 of the Appendix.

It follows from Theorem A.2.2 that the set of structures |DG(H, <)|; for H in L’ has a decidable
MS theory since it is the image under an MS transduction (namely 8) of a set having a decidable MS
theory (the set of graphs DG(H, <) for H in L’ and < witnessing its convexity).

The 2-graphs DG(H, <) represented by these structures have indegree at most 2; hence it follows
from Lemma 3.3 and Theorem 4.1 of [9] (but a direct proof is easy) that they have a decidable MS;
theory (because every MS, formula can be transformed into an equivalent MS; formula).

From Theorem 8 of [17], or Theorem 4.1.3 of [4], it follows that they have bounded tree-width.
They have thus bounded clique-width by Theorem 5.5 of [11]. Now the transformation of |IDG(H, <)|;
into |H|, = |Bip(H)|; is an MS transduction. It follows from Corollary 5.6.9 of [6] (saying that the
image of a set of graphs of bounded clique-width under a (1,1)-definable MS transduction has bounded
clique-width) that the set Bip(H) for H in L, i.e., the set L, has bounded clique-width. M

The following fact shows that this proposition is not trivial.
Fact 4.2. The set of all prime convex bipartite graphs does not have a decidable MS, theory.

Proof. Let L be the set of all prime convex bipartite graphs and let M be its image under 8. If L
had a decidable MS; theory, then M would have bounded tree-width, by the proof of Proposition 4.1.

However, consider a complete graph K with a linearly ordered set of vertices {vy, vs, ..., v,}. Let E
be the set of edges of K. One has in M the incidence graph of K, namely, a graph H with set of vertices
V U E and an edge from x to y if and only if y is in E and x is one of the vertices of y. The graph K is
a minor of this graph; hence H has tree-width at least the tree-width of K which is n — 1. Hence, the
set M has unbounded tree-width, a contradiction. M

Lemma 4.3, There exists a (2, 2)-definable MS transduction associating with every hypergraph the
set of its prime subhypergraphs. There exists a (1, 1)-definable MS transduction doing the same for
bipartite graphs.
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Proof.  For the first assertion, a transduction 7, on hypergraphs can be constructed so as to work as
follows. Let H be a hypergraph. The transduction 7, takes as its parameter two sets X and Y subject to
the following monadic second-order conditions

1 X< Vy
(2) Y C Enx
(3) the subhypergraph of H with X as a set of vertices and Y as a set of hyperedges is prime.

Condition (3) is actually first order, by straightforward translation from the definitions. As output,
7, is defined to produce the structure (X U Y, R), where R is the restriction of incy to X U Y. We can
obtain in this way all prime subhypergraphs of H. A corresponding transduction for bipartite graphs
(defined via the bijection Bip) is denoted by ;. M

ProPOSITION 4.4.  Let L be a set of convex bipartite graphs having a decidable MS theory. Then

(1) the set of subgraphs of the graphs in L that are of the form Bip(H ) for some prime hypergraph
H has a decidable MS; theory and has bounded clique-width.

(2) L has bounded clique-width.
Proof. Let L be as in the statement.

(1) It follows that 7;(L) (where t; is as in Lemma 4.3) is the set of its prime subgraphs and also
has a decidable MS; theory (by Theorem A.2.2). Since its elements are convex (because convexity is
preserved by taking subhypergraphs), they have bounded clique-width by Proposition 4.1. Let m be this
bound. Hence, the set PPrime(L) defined as the union of the sets PPrime(G) for G in L has bounded
clique-width.

(2) It follows from Theorem 2.8 and Definition 2.9 that every bipartite graph G can be con-
structed in terms of disjoint unions, of additions of vertices corresponding to “full hyperedges,” and of
substitutions of bipartite graphs for vertices in the bipartite graphs belonging to PPrime(G).

We now observe that these three types of operations on graphs do not increase clique-width. For
defining bipartite graphs, we will consider expressions that produce labeled graphs such that the vertices
corresponding to hyperedges in the transformation Bip have a special label, say §, not used to label the
others. We let ewd'(G) be the least number of labels apart from § used in the construction of such a
special expression defining G. A routine proof yields:

ewd(G) < ewd'(G) + 1 < 2 ewd(G). (1)

We have easily:
ewd (G @ G') = Max{ewd'(G), ewd'(G)} 2)
cwd' (A * G) = cwd'(G). (3)

Now if G = H[K /x] (where this substitution corresponds to hypergraph substitution via Bip, see
the beginning of this section) we have:

cwd' (G[H /x]) = Max{cewd'(G), cwd'(H)}. 4)

For proving the last assertion, it is enough to substitute for the constant denoting x in an expression
denoting G the expression p*(f) where f is an expression that defines H and p* is a sequence of
operations of the form p,_,; that rename into 1 all the labels of H which are not the special label §.
(We recall that every vertex is defined in an expression as a singleton subgraph with label 1. This label
is changed in the expression by the operations of the form p;_,; or p;_.s.)

We now complete the main proof. The prime subgraphs of the graphs in L have ewd bounded by m
and hence ewd’ bounded by 2m — 1 (by (1)). The components of the graphs in L have cwd’ bounded



CONVEX HYPERGRAPHS 409

by 2m — 1. This follows from their inductive characterizations obtained in Theorem 2.8 and the above
properties (2—4). Hence the graphs in L have ewd bounded by 2m, by (1) again. H

The class of convex bipartite graphs for which Seese’s conjecture holds is incomparable with the
class of chordal graphs, and with the class of uniformly k-sparse graphs, for any k. Hence, we have
obtained a new case of validity of this conjecture, incomparable with the previously known ones.

Remark. The proof of Proposition 4.4 applies to slightly more than the convex bipartite graphs.
Let £, be the family of bipartite graphs (£, € B), the prime subgraphs of which are either convex or
uniformly k-sparse. Then a subset L of £; having MS; theory has bounded clique-width. This is so
because by the main theorem of [9], if a set of uniformly k-sparse graphs has a decidable MS; theory,
then it also has a decidable MS, theory and hence bounded tree-width and also bounded clique-width.

Uniformly k-sparse bipartite graphs form a somewhat natural family. A bipartite graph is uniformly
k-sparse if and only if the corresponding hypergraph is m-rank-degree-bounded, for some m. We say
that a hypergraph H is m-rank-degree-bounded if Ey = A U B, the hypergraph (Vy, A) has rank at
most m (each hyperedge has at most m vertices), and the hypergraph (Vy, B) has degree at most m
(each vertex belongs to at most m hyperedges).

Facr4.5. (1) If H is k-rank-degree-bounded then Bip(H) is uniformly 2k-sparse.
(2) If Bip(H) is uniformly k-sparse then H is k-rank-degree-bounded.

The proof is easy. (For (2), we use the fact that a graph is uniformly k-sparse if and only if it has an
orientation of indegree at most k. A proof of this well-known lemma is given in [9, Lemma 3.1]). This
fact gives a concrete understanding of uniform sparseness for bipartite graphs.

OPEN PROBLEM 4.6. It remains open to extend these results to larger classes of bipartite graphs.

A natural candidate is the class of bipartite graphs we obtain by replacing intervals relative to a linear
order on vertices by paths of a tree on the set of vertices. The corresponding hypergraphs have been
considered in [13].

APPENDIX: A REVIEW OF DEFINITIONS CONCERNING
MONADIC SECOND-ORDER LOGIC

Let R be a finite ranked set of symbols where each element r in R has a rank p(r) in N,. A symbol
r in R is a p(r)-ary relation symbol. An R-(relational) structure is a tuple S = (Dyg, (rs),cgr) Where
Dy is a finite set, called the domain of S, and rg is a subset of ng for each r in R. We will denote by
S(R) the class of finite R-structures.

The monadic second-order formulas (MS formulas for short), intended to describe properties of R-
structures S (for fixed R), are written with variables of two types, namely lower case letters x, x’, y, ...
denoting elements of Dg and upper case letters X, Y, Y, .. . denoting subsets of Dg. The atomic formulas
are of the forms x = y, x € X, r(xy, ..., x,) (Where r is in R and n = p(r)), and formulas are formed
with propositional connectives and quantifications over the two kinds of variables. For every finite set W
of object and set variables, we denote by L(R, W) the set of all formulas that are written with relational
symbols from R and have their free variables in W. If S is an R-structure, if ¢ € L(R, W), and y is
a W-assignment in § (i.e., y(X) is a subset of Dy for a set variable X, and y(x) € Dg for an object
variable x; we write this y : W — S to be short), we write (S, ) = ¢ if and only if ¢ holds in S with
the values of the free variables of ¢ being defined by y. We write S = ¢ in the case where ¢ has no
free variable.

Graphs and hypergraphs can be represented in several ways by relational structures.

For a directed graph G, we let |G|, = (Vg, edg;) and |G|, = (Dg, incg) where Dg := Vg U Eg,
edg is the set of pairs (x, y) such that some edge links x to y, and incg is the set of triples (e, x, y)
such that the edge e links x to y. If G is undirected, the definitions are similar with “x and y” instead
of “x to y.” Thus edg¢ is symmetric.

For a hypergraph H, we use the structure | H|, with the binary relation ine, presented in Section 2
before Theorem 2.10.
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An MS; formula (MS, formula) is an MS formula written with the relation symbol edg (the relation
symbol inc). It is intended to express a property of a structure of the form |G|, (|G|;), where G is a
graph (a graph or a hypergraph).

We will use transformations of relational structures, called MS (definable) transductions of relational
structures. (See [3, 6]).

Let R and Q be two finite ranked sets of relation symbols. Let W be a finite set of set variables, called
here the set of parameters. A (Q, R)-definition scheme is a tuple of formulas of the form

A = ((ﬂ’ ‘(//19 LN} 1//1(7 (Gw)weQ*k)s
where

k>0,0xk:={(q, /g€ Q jell,.... k)" "},

o€ LR, W),
Vi€ LR, WU {x1)) fori=1,... k
0w € LR, WU {x1,...,xp}), forw=1(q,))e Qxk.

Let S € S(R), let y be a W-assignment in S. A Q-structure 7 with domain Dy € Dy x {1, ..., k}
is defined by A in (S, y) if:

» S, ) Ee
(i) Dy ={(d,i)/d € Ds,i € {1,...,k},(S,y,d) = ¥;}
(iii)) for each g in Q:

gr = {(d, i), .... (i) € DL [(S, v, dy,....d) E Oq.p),

where j = (i1,...,i;) and t = p(q).

By (S, y,di,...,d) =0, j), wemean (S, y') = 0, j), where y' is the assignment extending y, such
that y'(x;) = d; foralli = 1, ..., t and similarly for (S, y, d) = v;.) Since T is associated in a unique
way with S, y, and A whenever it is defined, i.e., whenever (S, y) = ¢, we can use the functional
notation def, (S, y) for T'.

The transduction defined by A is the relation defp:= C S(R) x S(Q).

A relation f € S(R) x S(Q) is an MS transduction if and only if it is equal to

{(S,T)/T = def(S, y) for some W-assignment y in S}

for some (Q, R)-definition scheme A.

These definitions apply to graphs and hypergraphs via their representation by relational structures
as explained above. We say that a binary relation R on graphs or hypergraphs is an (i, j)-definable
MS transduction where i and j belong to {1, 2} if and only if {(|H|;, |H'|;)/(H, H') € R} is an MS
transduction.

Theorem A.1 says that if T = defa (S, 1) then the monadic second-order properties of T can be
expressed as monadic second-order properties of (S, w).

Let A = (@, ¥1, ..., @k, (Oy)weosk) be a (Q, R)-definition scheme, written with a set of parameters
W.Let V be a set of set variables disjoint from W. For every variable X in V, foreveryi =1, ..., k, we
let X; be anew variable. Welet V':={X;/X € V, i =1, ..., k}. Forevery mapping n : V' — P(Dy),
weletn, : V — P(Dg x {1, ..., k}) be defined by ni(X) = n(X;) x {1} U--- U n(Xy) x {k}. (Note
that every mapping from V to P(Ds x {1, ..., k}) is of this form.) With these notations we can state the

BAckWARDS TRANSLATION THEOREM A.1.  Forevery formula B in L(Q, V), one can construct a formula
B in L(R,V'UW) such that, for every S in S(R), for every assignment u:W — S, for every
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assignment : V' — S, we have:

def A (S, w) is defined (if it is, we denote it by T),
Nk is a V-assignment in T and (T, ni) = B ifandonly if (S,nU ) E= B'.

The following is a consequence.

THEOREM A.2. (1) The composition of two MS transductions is an MS transduction.

(2) Ifaclass L of relational structures has a decidable MS theory and if T is an MS transduction,

then t(L) has also a decidable MS theory.

[ NNV I SO

10.

11.
12.

13.
14.
15.

16.
17.

18.
19.

See [3, 6] for the proof.
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