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Abstract. We address the problem of finding nice labellings for event
structures of degree 3. We develop a minimum theory by which we prove
that the labelling number of an event structure of degree 3 is bounded
by a linear function of the height. The main theorem we present in this
paper states that event structures of degree 3 whose causality order is
a tree have a nice labelling with 3 colors. Finally, we exemplify how to
use this theorem to construct upper bounds for the labelling number of
other event structures of degree 3.

1 Introduction

Event structures, introduced in [#], are nowadays a widely recognized model of
true concurrent computation and have found many uses since then. They are an
intermediate abstract model that make it possible to relate other more concrete
models such as Petri Nets or higher dimensional automata []. They provide for-
mal semantics of process calculi [BJ]. More recently, logicians became interested
in event structures with the aim of constructing models of proof systems that
are invariant under the equalities induced by the cut elimination procedure [HH].

Our interest for event structures stems from the fact that they combine dis-
tinct approaches to the modeling of concurrent computation. On one side, lan-
guage theorists have developed the theory of partially commutative monoids [H]
as the basic language to approach concurrency. On the other hand, the frame-
work of domain theory and, ultimately, order theoretic ideas have often been
proposed as the proper tools to handle concurrency, see for example [H]. In this
paper we pursue a combinatorial problem that lies at the intersection of these
two approaches. It is the problem of finding nice labellings for event structures
of fixed degree. To our knowledge, this problem has not been investigated any
longer since it was posed and partially solved in [H].

Let us recall that an event structure is made up of a set of local events F
which is ordered by a causality relation <. Moreover, a concurrency relation ™,
that may only relate causally independent events, is given. A global state of the
computation is modeled as a clique of the concurrency relation. Global states
may be organized into a poset, the coherent domain of an event structure, which
represents all the concurrent non-deterministic executions of a system. Roughly
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speaking, the nice labelling problem consists in representing the coherent domain
of an event structure as a poset of traces or, more precisely, pomsets. That is, such
a domain should be reconstructed using the standard ingredients of trace theory:
an alphabet X, a local independence relation I, and a prefix closed subset of the
free monoid L, see [EJE. By the general theory relating traces to ordered sets,
the problem always has a solution (X, I, L). We are asked to find a solution with
the cardinality of the alphabet X minimal. The problem is actually equivalent
to a graph coloring problem in that we can associate to an event structure a
graph, of which we are asked to compute the chromatic number. The degree of
an event structure is the maximal number of upper covers of some elements in
the associated domain. Under the graph theoretic translation of the problem,
the degree coincides with the clique number, and therefore it is a lower bound
for the cardinality of a solution. A main contribution in [H] was to prove that
event structures of degree 2 have a nice labelling with 2 letters, i.e. they have a
solution (X, I, L) with card(X) = 2. On the other hand, it was proved there that
event structures of higher degrees may require more letters than the degree.

The labelling problem may be thought to be a generalization of the problem
of covering a poset by disjoint chains. Dilworth’s Theorem [E] states that the
minimal cardinality of such a cover equals the maximal cardinality of an an-
tichain. This theorem and the results of [H] constitute the few knowledge on the
problem presently available to us. For example, we cannot state that there is
some fixed k& > n for which every event structure of degree n has a nice labelling
with at most k letters. In light of standard graph theoretic results [i], the above
statement should not be taken for granted.

We present here our first results on the nice labelling problem for event
structures of degree 3. We develop a minimum theory that shows that the graph
of a degree 3 event structure, when restricted to an antichain, is almost acyclic
and can be colored with 3 letters. This observation allows to construct an upper
bound to the labelling number of such event structure as a linear function of its
height. We prove then our main theorem stating that event structures of degree
3, whose causality order is a tree, have a nice labelling with 3 letters. Let us
just say that such an event structure may represent a concurrent system where
some processes are only allowed to fork or to take local nondeterministic choices.
Finally, we exemplify how to use this theorem to construct upper bounds for the
labelling number of other event structures of degree 3. In some simple cases, we
obtain constant upper bounds to the labelling number, i.e. upper bounds that
are functions of no parameter.

While these results do not answer the general problem, that of computing the
labelling number of degree 3 event structures, we are aware that graph coloring
problems may be difficult to answer. Thus we decided to present these results and
share the knowledge so far acquired and also to encourage other researchers to
pursue the problem. Let us mention why we believe that this and other problems
in the combinatorics of concurrency deserve to be deeply investigated. The theory
of event structures is now being applied within verification. A model checker,
POEM, presently developed in Marseilles, makes explicit use of trace theory and
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of the theory of partial orders to represent the state space of a concurrent system
[E3]. The combinatorics of posets is there exploited to achieve an the efficient
exploration of the global states of concurrent systems [B. Thus, having a solid
theoretical understanding of such combinatorics is, for us, a prerequisite and a
complement for designing efficient algorithms for these kind of tools.

The paper is structured as follows. After recalling the order theoretic concepts
we shall use, we introduce event structures and the nice labelling problem in
section ll In section B we develop the first properties of event structures of
degree 3. As a result, we devise an upper bound for the labelling number of such
event structures as a linear function of the height. In section Bl we present our
main result stating that event structures whose underlying order is a tree may
be labeled with 3 colors. In section Bl we develop a general approach to construct
upper bounds to the labelling number of event structures of degree 3. Using
this approach and the results of the previous section, we compute a constant
upper bound for a class of degree 3 event structures that have some simplifying
properties and which are consequently called simple.

Order Theoretic Preliminaries. We shall introduce event structures in the
next section. For the moment being let us anticipate that part of an event struc-
ture is a set F of events which is partially ordered by a causality relation <. In
this paper we shall heavily make use of order theoretic concepts. We introduce
them here together with the notation that shall be used. All these concepts will
apply to the poset (E, <) of an event structure.

A finite poset is a pair (P, <) where P is a finite set and < is a reflexive,
transitive and antisymmetric relation on P. A subset X C P is a lower set if
y<z € X impliesye X.If Y C P, then we denote by Y the least lower set
containing Y. The explicit formula for | Y is

WY={zeP|yeYst.e<y}.

Two elements z,y € P are comparable if and only if either # <y or y < z. We
write © ~ y to mean that z,y are comparable. A chain is sequence xzg, ..., z,
of elements of P such that ¢ < z; < ... < x,. The integer n 1s the length
of the chain. The height of an element « € P, noted h(z), is the length of the
longest chain in | { # }. The height of P is max{h(z)|z € P}. An antichain is
a subset X C P such that « # y for each pair x,y € X. The width of (P, <),
noted w(P, <), is the integer max{ card(A) | A is an antichain }. If the interval
{z € Ple <z <y} is the two elements set {x,y}, then we say that z is a
lower cover of y or that y is an upper cover of . We denote this relation by
z < y. The Hasse diagram of (P, <) is the directed graph (P, <). For ¢ € P,
the degree of z, noted deg(z), is the number of upper covers of x. That is, the
degree of # is the outdegree of z in the Hasse diagram. The degree of (P, <),
noted deg(P, <), is the integer max{deg(z)|x € P }. We shall denote by f(x)
the number of lower covers of z (i.e. the indegree of  in the Hasse diagram).
The poset (P, <) is graded if # < y implies h(y) = h(y) + 1.
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2 Event Structures and the Nice Labelling Problem

Event structures are a basic model of concurrency introduced in [M]. The defini-
tion we present here is from [H].

Definition 1. An event structure is a triple € = (F,<,C) such that

— (E,<) is a poset, such that for each x € E the lower set [ {x } is finite,
— C s a collection of subsets of E such that:

1. {2} €C foreach xz € F,

2. X CY €C mmplies X €C,

3. X € C umplies | X €C.

The order < of an event structure & is known as the causality relation between
events. The collection C is known as the set of configurations of £. A configuration
X € C of causally unrelated events — that is, an antichain w.r.t. < —1is a sort of
snapshot of the global state of some distributed computation. A snapshot X may
be transformed into a description of the computation that takes into account its
history. This is done by adding to X the events that causally have determined
events in X . That is, the history aware description is the lower set | X generated
by X.

Two elements z,y € F are said to be concurrent if © % y and there exists
X € C such that z,y € X. Two concurrent elements will be thereby noted by
xy. It 1s useful to introduce a weakened version of the concurrency relation
where we allow elements to be comparable: =y if and only if 2™y or z ~ y.
Equivalently, z=~y if and only if there exists X € C such that 2,y € X. In
many concrete models the set of configurations is completely determined by the
concurrency relation.

Definition 2. An event structure £ is coherent if C is the set of cliques of the
weak concurrency relation: X € C if and only if ey for every pair of elements
z,ye X.

Coherent event structures are also known as event structures with binary conflict.
To understand the naming let us explicitely introduce the conflict relation and
two other derived relations:

— Conflict: z—y if and only if 2 # y and 27 y.

— Minimal conflict: x =y if and only (i) z—y, (ii) 2’ < z implies z’~y, and
(iil) ¥ < y implies x>y’

— Orthogonality: x =y if and only if t =y or 27™y.

A coherent event structure is completely described by a triple (E, <, ™) where
the latter is a symmetric relation subject to the following condition: z ™y and
z < x implies 27y or z < y. Similarly, a coherent event structure is completely
determined by the order and the conflict relation. In this paper we shall deal
with coherent event structures only and, from now on, event structure will be a
synonym for coherent event structure.
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We shall focus mainly on the orthogonality relation. Let us observe that
two orthogonal elements are called independent in [H]. We prefer however not
to use this naming: we shall frequently make use of standard graph theoretic
language and argue about cliques, not on their dual, independent sets. The
orthogonality relation clearly is symmetric and moreover it inherits from the
concurrency relation the following property: if =y and z < z, then z>=y or
z<y.

Definition 3. A nice labelling of an event structure £ is a pair (A, X)), where
X is a finite alphabet and X : E — X is such that A\(z) # A(y) whenever x =y.

That is, if we let G(€) — the graph of £ — be the pair (F, =), a labelling of £
is a coloring of the graph G(&). For a graph G, let v(G) denote its chromatic
number. Let us say then that the labelling number of £ is y(G(£)). The nice
labelling problem for a class K of event structures amounts to computing the
number

Y(K) = max{~y(G(£)) [£ €KX}

To understand the origins of this problem, let us recall the definition of the
domain of an event structure.

Definition 4. The domain D(E) of an event structure £ = (E,<,C) is the
collection of lower sets in C, ordered by subset inclusion.

Following a standard axiomatization in theoretical computer science [@ D(&)
is a stable domain which is coherent if £ is coherent. Stable means that D(&)
is essentially a distributive lattice. As a matter of fact, if £ is finite, then a
possible alternative axiomatization of the poset D(£) is as follows. It is easily
seen that the collection D(&) is closed under binary intersections, hence it is a
finite meet semilattice without a top element, a chopped lattice in the sense of
[, Chapter 4]. Also the chopped lattice is distributive, meaning that whenever
XY, Z eD(€) and XUY € D(E), then ZN(XUY)=(ZNnX)U(ZNY). It can
be shown that every distributive chopped lattice is isomorphic to the domain of
a finite — not necessarily coherent — event structure.

Lemma 5. A set {®1,...,2,} is a clique in the graph G(&) iff there exists
I € D(E) such that TU{x;}, i =1,... n, are distinct upper covers of I in the
domain D(E).

The Lemma shows that a nice labelling A : E — X allows to label the edges
of the Hasse diagram of D(&) so that: (i) outgoing edges from the same source
vertex have distinct labels, (ii) perspective edges —i.e. edges Iy < I; and Jy < J;
such that Iy = I1 N Jy and J; = I1 U Jy — have the same label. These conditions
are necessary and sufficient to show that D(&) is order isomorphic to a consistent
(but not complete) set of P-traces (or pomsets) on the alphabet X' in the sense
of [i].

The degree of an event structure £ is the degree of the domain D(€), that is,
the maximum number of upper covers of a lower set I within the poset D(£).
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Lemma [l shows that the degree of £ is equal to the size of a maximal clique in
G(€), i.e. to the clique number of G(€). Henceforth, the degree of £ is a lower
bound to ¥(G(€)). The following Theorems state the few results on the nice
labelling problem that are available in the literature.

Theorem 6 (see [[&]). Let NC,, be the class of event structures of degree at
most n with empty conflict relation. Then v(NC,) = n.

Theorem 7 (see [H]). Let K, be the class of event structures of degree at most
n. Then v(Kpn) =n if n <2 and v(K,)) > n+ 1 otherwise.

The last theorem has been our starting point for investigating the nice labelling
problem for event structures of degree 3.

3 Cycles and Antichains

From now own, in this and the following sections, £ = (¥, <,C) will denote a
coherent event structure of degree at most 3. We begin our investigation of the
nice labelling problem by studying the restriction to an antichain of the graph
G(&). The main tool we shall use is the following Lemma. It is a straightforward
generalization of [H, Lemma 2.2] to degree 3. In ] we proposed generalizations
of this Lemma to higher degrees, pointing out their strong geometrical flavor.

Lemma 8. Let { xg,x1, 22}, {#1,xa, 23 } be two size 3 cliques in the graph G(&)
sharing the same face { x1,x2}. Then xy, a3 are comparable.

Proof. Let us suppose that zg,x3 are not comparable. It is not possible that
2o = x3, since then we have a size 4 clique in the graph G(£). Thus xp— 3 and we
can find #(, < g and 2§ < x3 such that x{=uw%. We claim that { {, z1, 22, 25 }
is a size 4 clique in G(&), thus reaching a contradiction.

If 2 7~ 21, then z{, < z1, but this, together with 2, = x3, contradicts xj =w%.
Similalry, #f =z, 25 =1, = xs. a

We are going to improve on the previous Lemma. To this goal, let us say
that a sequence zgzyi...xp_1%, is a straight cycle if x, = xg, v;=~x;41 for
i=0,...,n—1 a; # «; whenever i,j € {0,...,n—1} and i # j. As usual, the
integer n is the length of the cycle. Observe that a straight cycle is simple, 1.e.,
a part from the endpoints of the cycle, it does not visit twice the same vertex .
The height of a straight cycle C'= zqz1 ... 2, is the integer

h+(C):' > h(w)+1.

The definition of i implies that if C’ is a subcycle of €' induced by a chord,
then ht(C") < K (C').

Proposition 9. The graph G(€) does not contain a straight cycle of length
strictly greater than 3.
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Proof. Let SCs4 be the collection of straight cycles in G(&) whose length is at
least 4. We shall show that if C' € SC>4, then there exists C’ € SC»4 such that
K (C") < B (C).

Let C be the straight cycle zg=~u1=~z9...2n_1=~x, = xg where n > 4.
Let us suppose that this cycle has a chord. It follows, by Lemma B, that n > 4.
Hence the chord divides the cycle into two straight cycles, one of which has still
length at least 4 and whose height is less than the height of C| since it contains
a smaller number of vertices.

Otherwise C' has no chord and zo7# x2. This means that either there ex-
ists 2y < xg such that zy7 @, or there exists #, < @9 such that zo7x). By
symmetry, we can assume the first case holds. As in the proof of Lemma H
{ &y, x1, x2, 23 } form an antichain, and zfz 2223 is a path. Let C” be the set
{aha1, ... xn_12) }. If C' is an antichain, then C” is a straight cycle such that
It (C’) < i (C). Otherwise the set {j € {4,...,n—1}|z; > z{ } is not empty.
Let ¢ be the minimum in this set, and observe that z;_; ==; and z{ < z; but

) . . -, R ;O .
zh £ ®;_1 implies z;_1 =z(. Thus C' = z{zixozs ... x;_12) 1s a straight cycle

of lenght at least 4 such that h(C') < K (C). O

Corollary 10. Any subgraph of G(&) induced by an antichain can be colored
with 3 colors.

Proof. Since the only cycles have length at most 3, such an induced graph is
chordal and its clique number is 3. It is well known that the chromatic number
of chordal graphs equals their clique number [E]. a

In the rest of this section we exploit the previous observations to construct
upper bounds for the labelling number of £. We remark that these upper bounds
might appear either too abstract, or too trivial. On the other hand, we believe
that they well illustrate the kind of problems that arise when trying to build
complex event structures that might have labelling number greater than 4.

A stratifying function for £ i1s a function h : F — N such that, for each
n > 0, the set {x € E|h(x) = n} is an antichain. The height function is a
stratifying function. Also ¢(#) = card{y € F|y < # } is a stratifying function.
With respect to a stratifying function h the h-skewness of £ is defined by

skewp (&) = max{ |h(x) — h(y)| |z =y }.
More generally, the skewness of £ is defined by

skew (£) = min{ skew, (&) | h is a stratifying function }.
Proposition 11. Ifskew (&) < n then v(G(€)) < 3n.

Proof. Let h be a stratifying function such that |h(x)—h(y)| < n whenever z =y.
For each k£ > 0, let Ay : {z € E|h(z) =k} — {a,b,c} be a coloring of the
graph induced by {# € F'|h(x) = k }. Define A\: B — {a,b,c} x{0,...,n—1}

as follows:

A(x) = (An(e) (), h(x) modn).
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Let us suppose that =y and h(z) > h(y), so that 0 < h(x) — h(y) < n. If
h(x) = h(y), then by construction M) (%) = Apgy)(x) # An(y)(y). Otherwise
h(z) > h(y) and 0 < h(z) — h(y) < n implies h(z) modn # h(y) mod n. In both
cases we obtain A(x) # A(y). O

An immediate consequence of Proposition Bl is the following upper bound
for the labelling number of &:

7(G(E)) <3h(E)+1).

To appreciate the upper bound, consider that another approximation to the
labelling number of & is provided by Dilworth’s Theorem [, stating that
¥(G(€)) < w(€). To compare the two bounds, consider that there exist event
structures of degree 3 whose width is an exponential function of the height.

4 An Optimal Nice Labelling for Trees and Forests

We prove in this section the main contribution of this paper. Assuming that
(E,<) is a tree or a forest, then we define a labelling with 3 colors, and prove
it 1s a nice labelling. Since clearly we can construct a tree which needs at least
three colors, such a labelling is optimal. Before defining the labelling, we shall
develop a small amount of observations.

Definition 12. We say that two distinct events are twins if they have the same
set of lower covers.

Clearly if ¢,y are twins, then z < z if and only if z < y. More importantly,
if z,y are twins, then the relation z ==y holds. As a matter of fact, if z’ < =
then ' < y, hence ’=y. Similarly, if ' < y then y'=z. It follows that a set of
events having the same lower covers form a clique in G(&), hence it has at most
the degree of an event structure, 3 in the present case. To introduce the next
Lemmas, if 2 € Y C E| define

O ={z|z=wzand y £ z, forally ey }.

IfY = {2y}, then we shall abuse of notation and write O%¥Y, O%7 as synonyms
of OY. Thus » € O%¥ if and only if 2=z and y £ z.

Lemma 13. If z,y, z are parwise distinct twins, then O;{,x’y’z} ={.

Proof. Let us suppose that w € Oix’y’z}. If w=y, then w ~ z by Lemma Bl
Since z £ w, then w < z. However this implies w < z, contradicting w==z.
Hence wy and we can find v’ < w, ¥y < y such that w'=y’. It cannot be
the case that y' < y, otherwise ¢ < # and the pair (w’,y), properly covered
by the pair (w,z), cannot be a minimal conflict. Thus w’ < w, and y’' equals
to y. We claim that w’ € O1*¥#} As a matter of fact, w’ cannot be above any
of the elements in {z,y, z }, otherwise w would have the same property. From
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w=z and w’ < w, we deduce that w' ==z or w’ < z. If the latter, then w’ < =,
so that w' < y, contradicting w’=y. Therefore w' =& and {w’,z,y}, {z,y, 2}
are two 3-cliques sharing the same face {z,y}. As before, w’ ~ z, leading to a
contradiction. a

Lemma 14. Ifz,y are twins, then OpY, 0¥ are comparable w.r.t. set inclusion
and OY N OyY is a linear order.

Proof. We observe first that if z € O7Y and w € OyY then z ~ w. As a
consequence Og¥ N Oy Y 1s linearly ordered.

Let us suppose that there exists z € O¥ and w € Oy¥ such that z % w.
Observe then that {z,2,y,w} is an antichain: y £ z, and z < y implies z < z,
which is not the case due to z=x. Thus z % y and similarly w % z.

Since there cannot be a length 4 straight cycle, we deduce z 7~ w. Let 2/ < z
and w' < w be such that z’ =w'. We claim first that z'=z. Otherwise, 2z’ < z
and z/ < z, since z/ = x implies # < z. The relation 2z’ < « in turn implies
2" <y, which contradicts z’ =w’. Also it cannot be the case that y < 2/, since
otherwise y < z. Thus, we have argued that z' € OZY. Similarly v’ € OyY.
As before {7/, z,y,w’} is an antichain, hence 2’ z,y, w’ also form a length 4
straight cycle, a contradiction.

Observe now that w < z € O2Y and w £ z impliesw € OJY. Fromw < z==z
deduce w==z or w < z. Since w £ z, then w=wx. Also, if y < w then y < z,
which is not the case.

Let z € O%Y\ OyY, pick any w € O;Y and recall that z,w are comparable.
We cannot have z < w since z £ y implies then z € O;Y. Hence w < 2z € OY
and w £ z imply w € OFY by the previous observation. a

The following Lemma will prove to be the key observation in defining later
a nice labelling.

Lemma 15. Let (z,y) (z,w) be two pairs of pairwise distinct twins such that
z€0YNOyY and w £ x. Then OF% D O*.

Proof. Tf O¥* 5 O%#, then OY>* C O%>* by Lemmal Since w £ x and w # y,
then w £ y. We have shown that z,y € OY>?, hence z,y € O;)>%. 1t follows that
{a,y,z,w} is a size 4 clique, a contradiction. O

We come now to discuss some subsets of £ for which we shall prove that
there exists a nice labelling with 3 letters. The intuitive reason for that is the
presence of many twins.

Definition 16. A subset T'C E is a tree if and only if

— each x € T has exactly one lower cover m(x) € E,
— T s convex: x,z €T and v < y < z implies y € T,
— if w,y are minimal in T, then w(z) = n(y).
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If T is a tree and # € T, the height of # in 7', noted hr(z), is the cardinality of
the set {y € T'|y < « }. A linear ordering < on T is said to be compatible with
the height if it satisfies

hr(z) < hp(y) implies 2 <y . (HEIGHT)

It is not difficult to see that such a linear ordering always exists. With respect
to such linear ordering, define

Qr)={yeT|y=zandy<ax}, zeT.
We shall represent O)(x) as the disjoint union of ¢(x) and I (x) where
Gx)={yeQ(z)|z <z implies 2 <y}, L(x) = Q(x) \ G(x) .
With respect these sets G(x), L(x), x € T', we develop a series of observations.

Lemma 17. Ify € C(x) then x,y are twins. Consequently there can be at most
two elements in G(x).

Proof. If y € C(x), then y <« and hp(y) < hy(x). Since y is above any lower
cover of #, and distinct from such a lower cover, then hy(z) < hp(y). It follows
that hp(2) = hr(y), hence if z is a lower cover of #, then it is also a lower cover
of y. Since z, y have exactly one lower cover, it follows that z,y are twins. O

Lemma 18. If x,y are twins, then L (x) C OJY. If 2 € L(x) and 2/ € O} is
such that 2" < z, then 2’ € L (x). That is, L (x) is a lower set of O3Y.

Proof. Let z € I (x), so that z=u and z=m(x). The relation y < z implies
that m(2) = m(y) < y < z, and hence contradicts z>=m(x). Hence y £ z and
z € O%Y. Let us suppose that z/ < z and 2z’ =x. Then h(z’) < h(z) and 2z’ < z,
so that 2" € C(x). Since 2’ >« then either 2’ == (x), or 7(x) < z’. However, the
latter property implies m(x) < z, which is not the case. Therefore 2’ =m(z) and
2 e L(x). O
Lemma 19. If x,y,z are pairwise distinct twins, then L(x) = 0§ and z is the

minimal element of O7Y N OyY. In particular Q(z) = G(x) C{y,z }.

Proof. By the previous observation L (x) C O7Y and, similarly, I(z) C O37.

Hence L (z) C O3Y NO5* = 03Y* =, by Lemma B Since 2=z and y=2z

then z € O7Y NOGY. If 2/ < z then 2/ <z and 2’ < y hence 2/ ¢ O7Y U OFY.
Finally, the relation G(z) C {y, z } follows from Lemma &3 O

The previous observations motivate us to introduce the next Definition.

Definition 20. Let us say that x,y € T are a proper pair of twins if they are
distinct and { z|w(z) = n(x) } = {x,y}. We say that a linear order <t on T is
compatible with proper pair of twins if it satisfies (EElam=l) and moreover

07Y D Oy implies x 1y, (TWINS)

for each proper pair of twins x,y.
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Again is not difficult to see that such a linear order always exists and in the

following we shall assume that < satisfies both (Eii=s=0) and (EIE=NS).

We are ready to define a partial labelling of the event structure & whose
domain is 7. W.r.t. < let us say that z € T is principal if G(z) = 0. Let
Y = {ag,ai,as } be a three elements totally ordered alphabet. The labelling
AT — X is defined by induction on < as follows:

1. If # € T is principal and hy(z) = 0, then we let A(z) = aq.
2. If # € T is principal and hp(z) > 1, let w(x) be its unique lower cover. Since

n(x) € T and 7(x) <z, A(n(z)) 's defined and we let A(z) = A(n(x)).

3. If « is not principal and L(x) = 0, then, by Lemma B8 we let A(z) be the
least symbol not in A(G( ))
4. If z is not principal and L,(x) # 0 then:

— by Lemma B C(x) = {y} is a singleton and z,y is a proper pair of
twins,

— by Lemma B L (x) is a lower set of O2Y. By the condition (ESEISS),
OzY C 0y, so that Op¥ is a linear order. Let therefore zy be the
common least element of I () and OF".

We let A(x) be the unique symbol not in A({ y, zo }).

Proposition 21. For each z,y € T, if x =y then A(z) # A(y).

Proof. It suffices to prove that A(y) # A(x) if y € Q(x). The statement is proved
by induction on <. Let us suppose the statement is true for all z < x.

(i) If hp(x) = 0 then « is minimal in 7', so that Q(x) = (). If moreover
is principal then Q(z) = G(z) = 0, so that the statement holds trivially.

(ii) If « is principal and hp(z) > 1, then its unique lower cover m(z) belongs
to T Observe that Q(z) = I(z) = {y € T'|y <z and y=mn(z) }, so that if
y € Q(x), then y=m(x). Since y < 2 and n(x) < , and either y € Q(n(x))
or m(xz) € Q(y), it follows that A(x) = A(m(x)) # A(y) from the inductive
hypothesis.

(iii) If & is not principal and L (z) = @, then Q(z) = () and, by construc-
tion, A(y) # A(z) whenever y € Q(x).

(iv) If  is not principal and L (x) # 0, then let G () = {y} and let zy be
the common least element of I (x) and OFY. Since by construction A(x) # A(y),
to prove that the statement holds for z, it is enough to pick z € I (x) and argue
that A(z) # A(x). We claim that each element z € I, (x)\{ zo } is principal. If the
claim holds, then A(z) = A(w (%)), so that A(z) = A(zo) is inductively deduced.

Suppose therefore that there exists » € I (x) which is not principal and
let w € G(z). Observe that x,y form a proper pair of twins, since otherwise
L(x) =0 by Lemma B Similarly w, z form a proper pair of twins: otherwise,
if z,w, u are pairwise distinct twins, then either w <  or u < # by Lemma &
However this is not possible, since for example zg < 7(x) < v < # contradicts
zZo—~X.

Since y < z, condition (ESEESS) implies O7Y C O7¥, and hence z € O7Y N

OyY. Ifwe C(z), then we cannot have w < x or w = y, since again we would
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deduce zp < . Thus Lemma B implies O¥% D O%>*. On the other hand, w < z
and condition (EIESS) implies O¥* C O%*.

Thus, we have reached a contradiction by assuming G;(z) # 0. It follows that
z is principal. a

The obvious corollary of Proposition Bl is that if £ is already a sort of tree,
then it has a nice labelling with 3 letters. We state this fact as the following
Theorem, after we having made precise the meaning of the phrase “£ is a sort
of tree.”

Definition 22. Let us say that £ is a forest if every element has at most one
lower cover. Let F3 be the class of event structures of degree 3 that are forests.

Theorem 23. The labelling number of the class Fs s 3.

As a matter of fact, let £ be a forest, and consider the event structure £; obtained
from £ by adding a new bottom element L. Remark that the graph G(£) is
the same graph as G(&) apart from the fact that an isolated vertex L has been
added. The set of events E is a tree within £ , hence the graph induced by F
in G(€1) can be colored with three colors. But this graph is exactly G(&).

5 More Upper Bounds

The results presented in the previous section exemplify a remarkable property of
event structures of degree 3: many types of subsets of events induce a subgraph
of G(&) that can be colored with 3 colors. These include antichains by Corollary
A trees by Proposition B, and lower sets in C, that is configurations of £. As a
matter fact, if X € C, then w(X) < 3, so that such a subset can be labeled with
3 letters by Dilworth’s Theorem. Also, recall that the star of an event z € F is
the subgraph of G(£) induced by the subset {# }U{y € E|y==x}. A star can
also be labeled with 3 letters. To understand the reason, let A, be the event
structure ({y|y=w}, <z, "), where <, and 7, are the restrictions of the
causality and concurrency relations to the set of events of N.

Lemma 24. The degree of N is strictly less than deg(£).

Proof. The lemma follows since if y=,z in A, then y=2z in £. As a matter
of fact, let us suppose that y=,z in N, and ¢ < y. I y € N, then y=z. If
Y &€ N, then v < z. It follows then from z == and y’ < z that ¥/ =z. Similarly,
if 2’ < z then 2/ ==z. a

Hence, if deg(€) = 3, then deg(AN;) < 2, and it can be labeled with 2 letters, by
[E). Tt follows that star of « can be labeled with 3 letters.

It might be asked whether this property can be exploited to construct nice
labellings. The positive answer comes from a standard technique in graph theory
[E9]. Consider a partition P = {[z] | z € E'} of the set of events such that each
equivalence class [z] has a labelling with 3 letters. Define the quotient graph
G(P, &) as follows: its vertexes are the equivalence classes of P and [z] =][y] if
and only if there exists o' € [2], ¥’ € [y] such that 2’ =y'.
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Proposition 25. If the graph G(P, &) is n-coloriable, then & has a labelling with
3n colors.

Proof. For each equivalence class [x] choose a labelling Aryy of [2] with an al-
phabet with 3 letters. Let Ag a coloring of the graph G(P, &) and define A(z) =
(Ae1(), Ao([2])). Then A is a labelling of £: if £ =y and [x] = [y], then Ap(x) =
i[y(][(x]‘; # A)(y) and otherwise, if [x] # [y], then [z]=[y] so that Ao([x]) #

olly])- o

The reader should remark that Proposition I generalizes Proposition Bl The
Proposition also suggests that a finite upper bound for the labelling number of
event structures of degree 3 might indeed exist.

We conclude the paper by exempli-
fying how to use the Labelling Theo-
rem on trees and the previous Lemma
to construct a finite upper bound for
the labelling number of event structures
that we call simple due to their addi-
tional simplifying properties. Consider
the event structure on the right and
name it S. In this picture we have used 1 2

dotted lines for the edges of the Hasse
diagram of (F, <), simple lines for maximal concurrent pairs, and double lines

for minimal conflicts. Concurrent pairs ™y that are not maximal, i.e. for which
there exists x’, 4" such that ' =1’ and either x < z’ or y < ¥, are not drawn.
We leave the reader to verify that a nice labelling of § needs at least 4 letters.
On the other hand, it shouldn’t be difficult to see that a nice labelling with 4
letters exists. To obtain it, take apart events with at most 1 lower cover from the
others, as suggested in the picture. Use then the results of the previous section
to label with three letters the elements with at most one lower cover, and label
the only element with two lower covers with a forth letter.

A formalization of this intuitive method leads to the following Definition and
Proposition.

Definition 26. We say that an event structure is simple if

1. it is graded, i.e. h(x) = h(y) — 1 whenever x < y,
2. every size 3 clique of G(&) contains a minimal conflict.

The event structure & 1s simple and proves that even simple event structures
cannot be labeled with just 3 letters.

Proposition 27. FEvery simple event structure of degree 3 has a nice labelling
with 12 letters.

Proof. Recall that f(z) is the number of lower covers of # and let E, = {z €
E | f(z) = n}. Observe that a simple £ is such that F3 = §: if z € E3, then its
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three lower covers form a clique of concurrent events. Also, by considering the
lifted event structure £, , introduced at the end of section ll, we can assume that
card(Fy) = 1, i.e. £ has just one minimal element which necessarily is isolated
in the graph G(&).

Let <1 be a linear ordering of E compatible with the height. W.r.t. this linear
ordering we shall use a notation analogous to the one of the previous section: we
let

OQx)={y€eFly<dzand y=z}, Clx)={yeE|y <yimpliesy <z}.

Claim. The subgraph of G(£) induced by Fsy can be colored with 3-colors.

We claim first that if z € Ey then Q(x) C C(x). Let y € Q(x) and let 21,25 be
the two lower covers of x. From z; < z=y it follows x; < y or ;" y. If #; "y
for ¢ = 1,2, then y, 1, x5 1s a clique of concurrent events. Therefore, at least
one lower cover of  is below y, let us say #; < y. It follows that h(y) > h(z),
and since y <1 # implies h(y) < h(z), then #, y have the same height. We deduce
that z; < y. If ¥ has a second lower cover y which is distinct from z;, then
Y, x1, xo is a clique of concurrent events. Hence, if such 4/ exists, then ¢’ = x5.
Second, we remark that if y,z € C(z) and # € E5 then y=z: if ¥ < y then
y' < a so that = z implies ¥ @z, and symmetrically. It follows that for € Es,
C'(z) may have at most 2 elements. In particular, the restriction of < to Fs is a
2-elimination ordering. O Claim

For x € Fy let p(z) = max{z € E |z <2,z ¢ F1} and [x] = {y € F; |
p(y) = p(x) }. Let P be the partition { Eg } U{[z] | # € E1 }U{ F3 }. Since each
[2], € E1, is a tree, the partition P is such that each equivalence class induces

a 3-colorable subgraph of G(&).

Claim. The graph G(P, £) is 4-colorable.

Since Fy is isolated in G(P, £), is it enough to prove that the subgraph of G(P, &)
induced by the trees {[x] | # € E } is 3-colorable. Transport the linear ordering
< to a linear ordering on the set of trees: [y] < [] if and only if p(y) < p(z).
Define Q([x]) as usual, we claim that O,([x]) may contain at most two trees.

We define a function f : Q([z]) — C(p(x)) as follows. If [y] =[x] and [y] <[]
then we can pick ¢ € [y] and ' € [#] such that ¢ ==a'. We notice also that
y =p(x): from p(x) < &' =y, we deduce p(x)=y or p(z) < y'. The latter,
however, implies p(x) < p(y), by the definition of p, and this relation contradicts
p(y) <t p(x). Thus we let

F([y)) = min{z [ p(y) <z <y and = £ p(e) }.

By definition, f([y]) = p(x) and every lower cover of f([y]) is a lower cover of
z. This clearly holds if f([y]) # p(y), and if f([y]) = p(y) then it holds since
p(y) < p(x) implies f([y]) € Q(x) C C(x) by the previous Claim. Thus the set

J(Q,(x)) has cardinality at most 2 and, moreover, we claim that f is injective. Let

us suppose that f([y]) = f([z]). If f([y]) = p(y), then f([z]) = p(z) as well and
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[y] = [z]. Otherwise f([y]) = f([2]) impliees p(y) = p(F([s])) = p(F([=])) = ()

and [y] = [2]. O Claim

Thus, by applying Proposition Bl we deduce that G(€) has a labelling with
12 letters. a
References

1. Nielsen, M., Plotkin, G.D., Winskel, G.: Petri nets, event structures and domains,
part I. Theor. Comput. Sci. 13 (1981) 85-108

2. Winskel, G., Nielsen, M.: Models for concurrency. In: Handbook of Logic and
the Foundations of Computer Science. Volume 4. Oxford University Press (1995)
1-148

3. Winskel, G.: Event structure semantics for CCS and related languages. In Nielsen,
M., Schmidt, E.M., eds.: ICALP. Volume 140 of Lecture Notes in Computer Sci-
ence., Springer (1982) 561-576

4. Varacca, D., Yoshida, N.: Typed event structures and the pe¢calculus: Extended
abstract. Electr. Notes Theor. Comput. Sci. 158 (2006) 373-397

5. Faggian, C., Maurel, F.: Ludics nets, a game model of concurrent interaction. In:
LICS, IEEE Computer Society (2005) 376-385

6. Mellies, P.A.: Asynchronous games 2: The true concurrency of innocence. In Gard-
ner, P., Yoshida, N., eds.:. CONCUR. Volume 3170 of Lecture Notes in Computer
Science., Springer (2004) 448-465

7. Diekert, V., Rozenberg, G., eds.: The book of traces. World Scientific Publishing
Co. Inc., River Edge, NJ (1995)

8. Pratt, V.: Modeling concurrency with partial orders. Internat. J. Parallel Pro-
gramming 15(1) (1986) 33-71

9. Assous, M.R., Bouchitté, V., Charretton, C., Rozoy, B.: Finite labelling problem
in event structures. Theor. Comput. Sci. 123(1) (1994) 9-19

10. Arnold, A.: An extension of the notions of traces and of asynchronous automata.
ITA 25 (1991) 355-396

11. Hoogers, P.W., Kleijn, H.C.M., Thiagarajan, P.S.: An event structure semantics
for general Petri nets. Theoret. Comput. Sci. 153(1-2) (1996) 129-170

12. Dilworth, R.P.: A decomposition theorem for partially ordered sets. Ann. of Math.
(2) 51 (1950) 161-166

13. Mycielski, J.: Sur le coloriage des graphs. Colloq. Math. 3 (1955) 161-162

14. Niebert, P., Qu, H.: The implementation of mazurkiewicz traces in poem. In Graf,
S., Zhang, W., eds.: ATVA. Volume 4218 of Lecture Notes in Computer Science.,
Springer (2006) 508-522

15. Niebert, P., Huhn, M., Zennou, S., Lugiez, D.: Local first search - a new paradigm
for partial order reductions. In Larsen, K.G., Nielsen, M., eds.: CONCUR. Volume
2154 of Lecture Notes in Computer Science., Springer (2001) 396-410

16. Gréatzer, G.: The congruences of a finite lattice. Birkhauser Boston Inc., Boston,
MA (2006) A proof-by-picture approach.

17. Santocanale, L.: Topological properties of event structures. GETCOO06 (August
2006)

18. Fulkerson, D.R., Gross, O.A.: Incidence matrices and interval graphs. Pacific J.
Math. 15 (1965) 835-855

19. Zykov, A.A.: On some properties of linear complexes. Mat. Sbornik N.S. 24(66)
(1949) 163-188



	A Nice Labelling for Tree-Like  Event Structures of Degree 3


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


