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Abstract. This paper investigates the power of local computations on graphs, by
considering a classical problem in distributed algorithms, the recognition problem.
Formally, we want to compute some topological information on a network of pro-
cesses, possibly using additional knowledge about the structure of the underlying
graph. We propose the notion of recognition with structural knowledge by means
of local computations. Then we characterize the graph classes that are recognizable
with or without structural knowledge. The characterizations use graph coverings
and a distributed enumeration algorithm proposed by A. Mazurkiewicz. Several
applications are presented, in particular concerning minor-closed classes of graphs.

1. Introduction

The Framework. Local computations on graphs which are described by graph rewriting
systems [LMS2] are a formal model for distributed computing. Rewriting systems pro-
vide a general tool for describing and analysing distributed algorithms and for proving
properties, like correctness or termination. In this paper we consider local computations
having some additional knowledge of the network.

We consider networks of processors with arbitrary topology. A network is repre-
sented as a connected, undirected labelled graph where vertices denote processors and
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edges denote direct communication links. Labels are attached to vertices and edges; they
represent the current processor knowledge. Examples are node identities, a distinguished
vertex, the number of vertices, the graph diameter or its topology. Edge labels can be
weights, the encoding of a spanning tree, etc. Labels are modified locally, that is, on the
subgraph consisting of a node and its neighbours, according to certain rules depending
on the subgraph only (local computations). The relabelling is performed until no more
transformation is possible, i.e., until a normal form is obtained. Note that this acceptance
condition is global, in the sense that it does not ensure that termination can be detected
locally, by each node. We discuss this issue below.

We focus on a classical problem for distributed algorithms, the recognition problem.
We consider graphs which are uniformly labelled by some additional initial label (which
can encode some structural knowledge on the graph) and the presence or the absence
of certain final labels determine whether the graph is accepted or not. The recognition
problem asks for graph properties like acyclicity, planarity, etc.

Previous Results. Several basic properties, like regularity or acyclicity, can be recog-
nized by local computations without any additional structural knowledge. On the other
hand, it is known that we cannot decide by local computations whether a graph is planar,
provided the given graph is uniformly labelled without any structural knowledge [LMZ],
[CM]. However, the presence of a distinguished vertex allows us to gather information.
More precisely, a distinguished vertex allows us to detect a given minor in a graph [B].
In particular, it allows us to determine whether a graph is planar. A natural question is
whether some additional structural information encoded in the initial (uniform) labelling
of a graph can help for checking properties like, e.g., planarity.

The classical proof techniques showing the non-existence of solutions given by
local computations are based on coverings [A], [FLM], which are known from algebraic
topology [M1]. Coverings have also been used in network simulation [BL]. A graph G
is a covering of another graph H if there is a surjective morphism from G to H which
is locally bijective. The general technique for local computations works as follows. If G
and H are two graphs and G covers H, then every local computation on H induces a local
computation on G. As a consequence, every graph class which is recognizable by local
computations (without additional knowledge) must be closed under coverings. Using
this fact it has been proved that the class of planar graphs is not recognizable by local
computations [LMZ]. More generally, it has been shown that up to a few exceptions, no
minor-closed class of graphs (i.e., characterized by a finite set of forbidden minors by the
Graph Minor Theorem) is closed under coverings, implying that it is not recognizable
by local computations [CM]. In particular, one cannot decide by local computations
whether a given graph is included as a minor in an arbitrary graph.

Main Results. The first main result of this paper (Theorem 22) shows that the well-
known necessary condition for recognizability without structural knowledge given by
Angluin [A] is also a sufficient condition. Thus we obtain that a class of labelled graphs
is recognizable if and only if it is a recursive set closed under the covering relation and
its inverse.

A graph G is called covering-minimal if every graph covered by G is isomorphic to
G. Covering-minimal graphs play an important role for local computations. For instance,
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there exists an election algorithm for covering-minimal graphs [M3], assuming that the
size of the graph is known. Moreover, it is easy to see that the property of being covering-
minimal is not recognizable without some structural knowledge of the graph. Using [M3]
we note that this property is recognizable if we have the size of the graph as additional
knowledge. Having an odd number of vertices or having exactly one vertex with a certain
label are other examples of properties which are not recognizable without structural
knowledge, but become recognizable if the size is known. Thus, local computations
assuming the knowledge of the size of the graph are strictly more powerful than without
any structural knowledge.

For recognizing graph properties assuming some structural knowledge we cannot
apply the covering argument directly. In this paper we introduce a new construction. For
a given function ¢, which encodes the structural knowledge, we define a binary relation
between two graphs G and G’ by requiring that «(G) = ¢(G’) and that G and G’ both
cover some graph H. Let ~* denote the reflexive and transitive closure of this relation.
We show that any recognizable graph class must be closed under this relation, and that the
converse also holds. The characterization (Theorem 48) of recognizability with structural
knowledge is the following: a class F is recognizable with some structural knowledge
¢ if and only if it is recursive and closed under ~‘. We give several applications of this
theorem. In particular, we obtain directly that recognizable classes are closed under
union, intersection, and complement. Another important consequence is that minor-
closed classes of graphs are in general not recognizable, even with knowledge of the size
(the exceptions are some simple classes, like trees).

The proofs of our results use Mazurkiewicz’ distributed enumeration algorithm
[M3]. A distributed enumeration algorithm on a graph G is an algorithm that labels the
vertices in such a way that the labelling is a bijection from V(G) to {1, 2, ..., |[V(G)|}.
In [M3] Mazurkiewicz proposes a distributed enumeration algorithm for non-ambiguous
graphs (i.e., graphs where any locally bijective labelling is a bijection). In this paper we
prove that non-ambiguous graphs are precisely the covering-minimal graphs. We also
show that Mazurkiewicz’ algorithm allows us to compute, at each vertex of the given
graph G, another graph H that is covered by G. We extend this algorithm to labelled
graphs, where the labels are taken in a totally ordered set.

The recognition notion that we have defined here is a deterministic one. That is, a
graph is recognized if every run is accepting. At the end of the paper we discuss the issue
of nondeterminism for recognizability. There, a graph is recognized if at least one run is
accepting.

Related Work. Some of the models related to our model have been considered by
Rosenstiehl et al. [RFH], Angluin [A], Yamashita and Kameda [YK1]-[YK3], Boldi and
Vigna [BV], and Naor and Stockmeyer [NS]. In [RFH] computations are synchronous
and vertices represent (identical) deterministic finite automata. The basic computation
step is to compute the next state of each processor according to its state and the states
of its neighbours. In [A] an asynchronous model is considered. A basic computation
step means that two adjacent vertices exchange their labels and then compute new ones.
In [YK2] an asynchronous model is studied and a basic computation step means that
a processor either changes its state and sends a message, or it receives a message. In
[BV] networks are directed graphs with coloured edges. Each processor changes its state
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depending on its previous state and on the states of its in-neighbours. The activation of
processors may be synchronous or asynchronous. In [NS] the aim is a study of distributed
computations that can be done in a network within a time independent of the size of the
network.

Further Research and Contents. 1In this paper we do not consider the issue of recog-
nizing graph properties with termination detection. This means that our computations
are performed until a normal form is reached, but it is not required that in the normal
form each vertex is labelled by a terminal state (implicit termination). With implicit
termination, when a normal form is reached some vertices may not be aware of this
fact. Termination is explicit if in a normal form every vertex can detect the termination
(for a formal definition see [T]). Thus the problem of characterizing recognizable graph
classes with explicit termination remains open. Some partial results have been obtained
recently in [MT], [GM3], [GM2], and [G]. Nevertheless, the negative results obtained
in this paper hold in the most general setting and thus remain true, assuming explicit
termination.

The paper is organized as follows. Section 2 reviews the basic definitions of labelled
graphs, coverings, and ambiguous graphs. We prove that non-ambiguous graphs, as
introduced by Mazurkiewicz, are exactly the covering-minimal graphs. In Section 3
we recall the definition of local computations as well as the relation between such
computations and coverings. Section 4 introduces labelled graph recognizers and Section
5 presents a characterization of recognizable classes of labelled graphs without structural
knowledge. We then describe Mazurkiewicz’ distributed enumeration algorithm and give
a complete correctness proof in order to make the paper self-contained. Section 6 gives
a necessary condition of recognizability for classes of labelled graphs with structural
knowledge. In Section 7 we illustrate this condition by showing that in general minor-
closed classes of graphs are not recognizable, even knowing the size of graphs. In Section
8 we show that the condition of Section 6 is sufficient. Section 9 investigates particular
cases of structural knowledge. Section 10 (Conclusion) presents some elements on the
nondeterministic case and more details on related works.

This paper is an improved version of the extended abstracts [GMM] (necessary
condition and applications: Sections 6 and 7) and [GM1] (sufficient condition and ap-
plications: Sections 8 and 9).

2. Basic Notions and Notations

2.1. Graphs

The notations used here are essentially standard [R2]. We only consider finite, undirected,
connected graphs without multiple edges and self-loops. If G is a graph, then V(G)
denotes the set of vertices and E(G) denotes the set of edges. Two vertices u and v are
said to be adjacent if {u, v} belongs to E(G). The distance between two vertices u, v is
denoted d(u, v). The set of neighbours of v in G, denoted N (v), is the set of all vertices
of G adjacent to v. For a vertex v, we denote by B¢ (v) the ball of radius 1 with centre
v, that is, the graph with vertices Ng(v) U {v} and edges {{u, v} € E(G) | u € V(G)}.
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A homomorphism between G and H is a mapping y: V(G) — V(H) such that if
{u, v} is an edge of G, then {y (u), y (v)} is an edge of H. Since we deal only with graphs
without self-loops, we have y (1) # y (v) whenever {u, v} is an edge of G. Note also that
¥y (Ngu)) S Ny (y(u)). For an edge {u, v} of G we define y ({u, v}) = {y (), y (v)};
this extends y to a mapping V(G) U E(G) — V(H) U E(H). We say that y is an
isomorphism if y is bijective and ! is a homomorphism, too. We write G ~ G’
whenever G and G’ are isomorphic. A class of graphs is any set of graphs containing
all graphs isomorphic to some of its elements. The class of all graphs is denoted by G.
Given a graph G, a graph H whose vertices and edges are all in G is a subgraph of G.
An occurrence of G in G’ is an isomorphism y between G and a subgraph H of G'.

For any set S, card(S) (or |S|) denotes the cardinality of S. For any integer ¢, we
denote by [1, g] the set {1,2, ..., q}.

2.2. Labelled Graphs

Throughout the paper we consider graphs where vertices and edges are labelled with
labels from a recursive alphabet L. A graph labelled over L is denoted by (G, A), where
G isagraphand A: V(G) U E(G) — L is the labelling function. The graph G is called
the underlying graph and the mapping A is a labelling of G. For a labelled graph (G, 1),
lab((G, 1)) is the set of labels that occur in (G, 1), i.e.,

lab((G, 1)) = {A(x) | x € V(G) U E(G))}.

The class of labelled graphs over some fixed alphabet L is denoted by G, . Note that
since L is recursive, Gy is also recursive.

Let (G, A) and (G’, A') be two labelled graphs. Then (G, A) is a subgraph of (G', A'),
denoted by (G, 1) C (G', \'), if G is a subgraph of G’ and X is the restriction of the
labelling A’ to V(G) U E(G).

A mapping y: V(G) — V(G’) is a homomorphism from (G, 1) to (G', A") if y
is a graph homomorphism from G to G’ which preserves the labelling, i.e., such that
A (y(x)) = A(x) holds for every x € V(G) U E(G).

An occurrence of (G, ) in (G’, ) is an isomorphism y between (G, 1) and a
subgraph (H, ) of (G’, 1'). It is denoted by y: (G, 1) — (G’, }).

Labelled graphs are designated by bold letters like G, H, .... If G is a labelled
graph, then G denotes the underlying graph.

2.3. Coverings

We say that a graph G is a covering of a graph H via y (and we write G — H) if y
is a surjective homomorphism from G onto H such that for every vertex v of V(G) the
restriction of y to Bg(v) is a bijection onto By (y (v)). The covering is proper if G and
H are not isomorphic.

The notion of covering extends to labelled graphs in an obvious way. The labelled
graph (H, 1) is covered by (G, 1) via y, if y is ahomomorphism from (G, A) to (H, 1)
whose restriction to Bg (v) is an isomorphism from (B¢ (v), A) to (Bg (y (v)), ).

A graph G is called covering-minimal if every covering from G to some H is
a bijection. Note that a graph covering is exactly a covering in the classical sense of
algebraic topology, see [M1]. We have the following basic property of coverings [R1]:
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Lemma 1. Suppose that G is a covering of H via y. Let T be a subgraph of H. If T
is a tree, then y ' (T) is a set of disjoint trees, each isomorphic to T.

By considering simple paths between any two vertices, the previous lemma implies:

Lemma 2. For every covering y from G to H there exists an integer q such that
Card(y’l(v)) =gq,forallv e V(H).

The integer g in the previous lemma is called the number of sheets of the covering.
We also refer to y as a g-sheeted covering.

In [R1] it is shown that all coverings of H can be obtained from a given spanning
tree of H:

Theorem 3 [R1]. Let H be a graph and let T be a spanning tree of H. A graph
G is a covering of H if and only if there exist a non-negative integer q and a set
Y={owy !l x,ye V(H), {x,y} € ECH)\E(T)} of permutations' on [1, q] such that
G is isomorphic to the graph Hr 5. defined by

V(Hrz) ={(x,i) | x e V(H) |i €[l ql}
E(Hrz) = {{(x,i), (v, D)} | {x, y} € E(T), i € [1,q]}
U, 1), (v, 0@} | {x, y} € ECH\E(T), i €[1,q]}.

Lemmad4. Let G be acovering of H via y and let vy, vy € V(G) be such that v| # v;.
Ify(vl) = )/(vz) then BG(UI) n BG(Uz) = 0.

Example 5. A simple example of a two-sheeted covering is given in Figure 1. The
image of each vertex of G is given by the corresponding Roman letter. Furthermore,
we note that the image of each vertex is also given by its position on the H pattern
(the spanning tree of H suggested in the figure). All examples of coverings below are
implicitly described by this geometric scheme, that is based on Theorem 3.

2.4. Ambiguous Graphs and Coverings

In this part we give the definition of ambiguous graphs introduced by Mazurkiewicz in
[M3] and we show that the non-ambiguous graphs are precisely the covering-minimal
graphs.

A labelling is said to be locally bijective if vertices with the same label are not in
the same ball and have isomorphic labelled neighbourhoods. Formally, we have:

Definition 6 [M3]. Let L be a set of labels and let (G, 1) be a labelled graph. The
labelling A is locally bijective if it verifies the following two conditions:

(1) For each v € V and for all v, v” € Bg(v) we have A(v') = A(v”) if and only

if v =",

1w : _ 1
With the convention that oy y) = 0, ).
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a

d ¢

Fig. 1. The morphism y is a covering from G to H.

(2) For all v/, v” € V such that A(v') = A(v"), the labelled balls (Bg(v'), A) and
(Bg(v"), 1) are isomorphic.

A graph G is ambiguous if there exists a non-bijective labelling of G which is locally
bijective.

The labelling of the graph G in Figure 1 proves that G is ambiguous.
Locally bijective labellings and coverings are closely related through quotient
graphs.

Definition 7. Let A be a labelling of the graph G. We define the quotient graph G/
by letting

- V(G/*) = A(V(G)) and
- EG/)) = {{a, &'} | v, v € V(G) such that {v,v'} € E(G),a = A(v),a’ =
A(0)).

Lemma 8. Ler G be a graph:

(1) If A is a locally bijective labelling of G, then the quotient mapping G —> G /X
is a covering.
(2) Every covering y: G —> H defines a locally bijective labelling of G.

Proof. (1) Using condition (1) of Definition 6 we note that G/X has no self-loop.
Moreover, conditions (1) and (2) imply that A is a bijection from Bg(v) to Bg; (A(v)),
for each v € V(G). Hence B (v) and Bg/; (A(v)) are isomorphic.

(2) We consider V (H) as a set of labels and we label a vertex v € V(G) by y (v).
It is straightforward to verify that this labelling is locally bijective. O
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Using the previous lemma we obtain:

Corollary 9. A graph is non-ambiguous if and only if it is covering-minimal.

3. Local Computations

In this section we recall the definition of local computations and their relation with
coverings [LMZ]. They model networks of processors of arbitrary topology. The network
is represented as a connected, undirected graph where vertices denote processors and
edges denote direct communication links. Labels (or states) are attached to vertices and
edges.

Graph relabelling systems and more generally local computations satisfy the fol-
lowing constraints, that arise naturally when describing distributed computations with
decentralized control:

(C1) They do not change the underlying graph but only the labelling of its compo-
nents (edges and/or vertices), the final labelling being the result of the compu-
tation.

(C2) They are local, that is, each relabelling step changes only a connected subgraph
of a fixed size in the underlying graph.

(C3) They are locally generated, that is, the applicability of a relabelling rule only
depends on the local context of the relabelled subgraph.

The relabelling is performed until no more transformation is possible, i.e., until a normal
form is obtained.

3.1.  Local Computations

Local computations as considered here can be described in the following general frame-
work. Let G, be the class of L-labelled graphs and let R C G; x G, be a binary relation
on G;. Then R is called a graph rewriting relation. We assume that R is closed under
isomorphism, i.e., if GRG' and H >~ G, then HRH' for some labelled graph H' >~ G’.
In the remainder of the paper R* stands for the reflexive-transitive closure of . The
labelled graph G is R-irreducible (or just irreducible if R is fixed) if there is no G’ such
that GRG’. For G € G, Irredr (G) denotes the set of R-irreducible graphs obtained
from G using R, i.e., Irredz (G) = {H | G R*H and H is R-irreducible}.

Definition 10. Let R C G, x G be a graph rewriting relation.

(1) R is arelabelling relation if whenever two labelled graphs are in relation, then
the underlying graphs are equal (we say equal, not just isomorphic), i.e.,

GRH implies that G = H.

(2) R is local if it can only modify balls of radius 1, i.e., (G, A)R(G, A") implies
that there exists a vertex v € V(G) such that

Alx) = A (x) forevery x ¢ V(Bg(v)) U E(Bg(v)).
The labelled ball (Bg(v), 1) is a support of the relabelling relation.
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The next definition states that a local relabelling relation R is locally generated if
the applicability of any relabelling depends only on the balls of radius 1.

Definition 11. Let R be a relabelling relation. Then R is locally generated if it is local
and the following is satisfied: For all labelled graphs (G, 1), (G, A"), (H, n), (H, ') and
all vertices v € V(G), w € V(H) such that the balls B (v) and By (w) are isomorphic
via ¢: V(Bg(v)) — V(By(w)) and ¢(v) = w, the following three conditions,

(1) A(x) = n(p(x)) and 1" (x) = n'(¢(x)) for all x € V(Bg(v)) U E(Bg (),
(2) A(x) =M (x), forall x ¢ V(Bg(v)) U E(Bg(v)),
(3) n(x) =n'(x), forall x ¢ V(By(w)) U E(Bu (w)),

imply that (G, A)R(G, A') if and only if (H, n)R(H, ).

We only consider recursive relabelling relations such that the set of irreducible
graphs is recursive. The purpose of all assumptions about recursiveness done throughout
the paper is to have “reasonable” objects with respect to the computational power. By
definition, local computations on graphs are computations on graphs corresponding to
locally generated relabelling relations.

A sequence (G;)o<;<p is called an R-relabelling sequence (or a relabelling sequence,
when R is clear from the context) if G;RG;; for every 0 < i < n (with n being the
length of the sequence). A relabelling sequence of length 1 is a relabelling step. The
relation R is called noetherian on a graph G if there is no infinite relabelling sequence
GoRG R ---, with Gy = G. The relation R is noetherian on a set of graphs if it is
noetherian on each graph of the set. Finally, the relation R is called noetherian if it is
noetherian on each graph.

3.2.  Graph Relabelling Systems

We now present graph relabelling systems as used for modelling distributed algorithms,
by describing the exact form of the relabelling steps. Each step modifies a star-graph, i.e.,
a graph with a distinguished centre vertex connected to all other vertices (and having no
other edge besides these edges). As any ball of radius 1 is isomorphic to a star-graph, the
support (or precondition) of any relabelling rule is supposed to be a labelled star-graph.

Graph Relabelling Rules. A graph relabelling ruleisatripler = (B,, A,, A..), where B,
is a star-graph and A,, A, are two labellings of B,. We refer to (B,, A) as the precondition
of rule r, whereas (B,, 1) is referred to as the relabelling through r.

Letr = (B, A,, A,.) be a relabelling rule, let H be an (unlabelled) graph, and let n,
1’ be two labellings of H. We say that (H, ) is obtained from (H, n) by applying rule
r to the occurrence ¢ of B, in H (and we write (H, n) =, (H, 1')) if the following
conditions are satisfied, with vy denoting the centre of B,:

1. ¢ induces both an isomorphism from (B;, A,) to B(x ) (¢(vp)) and from (B,, A,.)
to Bg, ) (@ (vo)).
2. n'(x) = n(x) forall x € (V(H)\V(Bu(p(v)))) U (E(H)\E (B (p(v0)))-

In this case we also say that ¢ is an occurrence of rule r in (H, n) and the image of B,
under ¢ is called the image of » under ¢.
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The relabelling relation =, induced by rule r is defined by letting (H, n) =,
(H, n') if there exists an occurrence ¢ of r in (H, ) with (H, n) =, (H, 7).

Letr = (B, A, A.)ands = (By, Ay, A}) be two (not necessarily distinct) relabelling
rules and let

or: (B, Ar) = (H, 1), @i (Bs, Ay) = (H, n)

be two occurrences of r and s respectively in (H, 1). We say that these two occurrences
overlap if

(i) the images of B, by ¢, and B, by ¢, have a common vertex, and
(ii) either r # s or (r = s and ¢, # @;).

Graph Relabelling Systems. A graph relabelling system is a recursive set R of graph
relabelling rules, such that the set of labelled star-graphs that are preconditions of a rule
in R is also recursive.

The relabelling relation = is defined by (G, 1) = (G, A) if there is a rule
r € R such that (G, A) =, (G, \)).

Examples of graph relabelling systems are presented in [LMS2] and [LMZ].

Clearly, graph relabelling systems represent locally generated relabelling relations.
Conversely, any locally generated relabelling relation can be represented by a graph
relabelling system.

Proposition 12. Let R be a relabelling relation. Then R is both locally generated and
a recursive relation such that the set of irreducible graphs is recursive if and only if there
exists a graph relabelling system R such that R equals =—>g.

Proof. Given a locally generated relabelling relation R, we have to find a graph rela-
belling system R that generates k.
We define

R ={(B,A,X) | Bisastar-graph, (B, 1) R (B, \)}.

First, R is obviously recursive since R is. The set of preconditions of R is also
recursive, since one can check whether a precondition does not belong to the set of
‘R-irreducible graphs. It is then straightforward to verify that R generates exactly R
from Definition 11. |

In the following we do not discriminate between a locally generated relabelling
relation and a graph relabelling system that generates it.

Generic Rules. We explain here the convention under which we describe graph re-
labelling systems later. If the number of rules is finite, then we describe all rules by
their preconditions and relabellings. We also describe a family of rules by a generic rule
(“meta-rule”). In this case we consider a generic star-graph of generic centre vy and of
a generic set of vertices B(vg). Within these conventions, we refer to a vertex v of the
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star-graph by writing v € B(vp). If A(v) is the label of v in the precondition, then A’ (v)
will be its label in the relabelling. In the description we omit labels that are not modified
by the rule. This means that if A(v) is a label such that A’(v) is not explicitly described
in the rule for a given v, then A’(v) = A(v). In all the examples of graph relabelling
systems that we consider in this paper the edge labels are never changed.

With these conventions, the only point we have to care about is to verify that the set
of graph relabelling rules and the set of preconditions described by the generic rule are
recursive.

Example. Our first example is a (d + 1)-coloring of regular graphs of degree d. This
example allows us to use the above-described conventions.

Example 13. We consider the graph relabelling system COLO,. The value of the label
of a vertex v is denoted by c(v). The “colours” used here are integers from [1, d + 1], all
vertices are initially labelled by 0. The following generic rule means that if v is labelled
by 0, then vy is relabelled by the smallest value that does not occur as label of one of its
neighbours. The edge labels are not used in this example.

CoLoy: (d + 1)-Coloring
Precondition:
e c(vg) = 0.
Relabelling:
e ¢'(vg) :=min([1,d + 1\{c(v) | v € B(vp), c(v) # 0}).

The figures below show an execution of COLO3.
The initial labelling is the following:

Two non-overlapping occurrences where a rule can be applied are:
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A corresponding relabelling sequence is:

0 0 1 0
0 0 0 0
—
CoLog
0 0 0 0
0 0 0 0
1 0
0 0
=
CoLos
0 1
0 0

1 0 1 0 1 0
0 0 0 0 3 0
ES B =
CoLo; CoLO; CoLO3
2 1 2 1 2 1
0 0 3 0 3 0
1 2 1 2 1 2
3 0 3 4 3 4
— EN e
CoLO3 CoLOs CoLos
2 1 2 1 2 1
3 0 3 0 3 4

One can note that the correctness of the algorithm follows from the fact that the set
upon which the minimum is taken is never empty.

3.3. Distributed Computations of Local Computations

The notion of the relabelling sequence defined above obviously corresponds to a notion of
sequential computation. Clearly, a locally generated relabelling relation allows parallel
relabellings too, since non-overlapping balls may be relabelled independently. Thus we
can define a distributed way of computing by saying that two consecutive relabelling steps
with disjoint supports may be applied in any order (or concurrently). More generally, any
two relabelling sequences such that one can be obtained from the other by exchanging
successive concurrent steps, lead to the same result.
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Hence, our notion of a relabelling sequence associated to a locally generated rela-
belling relation may be regarded as a serialization [M2] of a distributed computation.
This model is asynchronous, in the sense that several relabelling steps may be done at the
same time but we do not require that all of them have to be performed. In what follows
we essentially handle sequential relabelling sequences, but the reader should keep in
mind that such sequences may be done in parallel.

3.4. Local Computations and Coverings

We now present the fundamental lemma connecting coverings and locally generated
relabelling relations [A]. It states that whenever G is a covering of H, every relabelling
step in H can be lifted to a relabelling sequence in G, which is compatible with the
covering relation.

Lemma 14 (Lifting Lemma). Let R be a locally generated relabelling relation and let
G be a covering of Hvia y. If H R* H, then there exists G’ such that G R* G’ and G’
is a covering of H via y.

Proof. 1t suffices to show the claim for the case HRH'. Suppose that the relabelling
step changes labels in By (v), for some vertex v € V (H). We may apply this relabelling
step to each of the disjoint labelled balls of y ~' (B (v)), since they are isomorphic to
By (v). This yields G’ which satisfies the claim. O

This is depicted in the following commutative diagram:

G — G
R*

coveringl lcovering

H— H
R*

4. Labelled Graph Recognizers

Let F be some class of labelled graphs. We say that F is recognizable if there exists
some locally generated relabelling relation such that starting from any labelled graph G
some final labelling can be reached, allowing us to decide whether G belongs to F or
not. We require that this decision depends only upon the set of final labels. We give the
formal definition of this notion below, we explain how it may be applied to (unlabelled)
graphs, and we present an example.

Definition 15. A nondeterministic labelled graph recognizer is a pair (R, K) where
‘R is a noetherian, locally generated relabelling relation and there exists a recursive set
K of finite subsets of L such that

K={GeG.|lab(G) € K}.

The set K is called the final condition.
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Definition 16. Let (R, K) be a nondeterministic labelled graph recognizer. A labelled
graph G is recognized by (R, K) if Irredz (G) N IC # 0.

In the following sections we focus on deterministic recognizers (recognizers, for
short). Section 10.1 considers the extension to nondeterministic recognizers.

Definition 17. A labelled graph recognizer (R, K) satisfies, in addition to Defini-
tion 15, the following condition: for each G € G, we have either Irredz (G) N KC = @ or
Il’l‘CdR (G) - K.

We have directly from the definitions:

Proposition 18. Let (R, K) be a labelled graph recognizer. A labelled graph G is
recognized by (R, K) if and only if Irredg (G) C K.

Definition 19. A class F of labelled graphs is recognizable if there exists a labelled
graph recognizer (R, K) such that the set of recognized labelled graphs is F.

4.1.  Unlabelled Graphs

The notions above apply to unlabelled graphs as follows. A recognizer for unlabelled
graphs is defined by a triple (R, IC, [y) where (R, K) is a labelled graph recognizer and
lp is an initial label. An unlabelled graph G is recognized by (R, KC, [y) if the labelled
graph (G, A;,) is recognized by (R, K), where A, is the labelling associating /y with
all vertices and edges. Here [y can be any label and has no specific meaning.

A simple example of an unlabelled graph recognizer is given below.

Example 20 (Tree Recognition). The following graph relabelling system recognizes
all trees. The set of labels is L = { N, PRUNED, TREE}. The initial label is [y = N. The set
IC is the set of labelled graphs having at least one vertex (this means the same as “exactly
one vertex” because the graphs are connected) with the label TREE and the others having
the label PRUNED, i.e., K is specified by K = {{TREE}, {PRUNED, TREE}}.

RECOG_TREE!: Pruning rule
Precondition:
L] )\(U()) = N.
e There exists a unique v € B(vg) with v # vy, A(v) = N.
Relabelling:
e A'(vp) := PRUNED.

RECOG_TREE2: Recognition rule
Precondition:
L] )\.(U()) = N.
e For all v € B(vy), v # vo: A(v) # N.
Relabelling:
o A/(vp) := TREE.
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We call any vertex labelled N having exactly one neighbour with the label N a
pendant vertex. There are two meta-rules: RECOG_TREEI and RECOG_TREE2. Meta-rule
RECOG_TREEI consists in cutting a pendant vertex by giving it the label PRUNED. The
label N of a vertex v becomes TREE by meta-rule RECOG_TREE? if the vertex v has no
neighbour labelled N. A complete proof of this system may be found in [LMS2].

5. Characterizing Recognizable Classes of Labelled Graphs without
Structural Knowledge

5.1.  The Necessary Condition

Let < be the reflexive-symmetric-transitive closure of the covering relation — . It is
well known from Angluin’s work [A] that recognizable graph classes must be closed
under coverings (this follows directly from Lemma 14). A class F that is closed under

& is said to be closed under the covering relation. We have from Lemma 14:

Lemma 21. Let (R, K) be a labelled graph recognizer. Assume that G, H are labelled
graphs and G is a covering of H. Then H is recognized by (R, K) if and only if G is
recognized by (R, K).

Proof. Consider amaximal relabelling sequence starting with H. The relabelling system
‘R is noetherian, hence the sequence is finite. Moreover, by Lemma 14 the relabelling
sequence on H can be lifted to G. Since R is locally generated, the lifting of the final
form of Hon the relabelling sequence is also irreducible. By this way we obtain two
irreducible graphs G’ and H' such that G R* G/, H R* H’, and G’ is a covering of H'.

Suppose first that His recognized by (R, K). By definition, the irreducible graph H’
belongs to K. Since G’ has the same set of labels as H', it also belongs to K. Hence, G
is recognized, too.

Suppose now that G is recognized. By definition, any maximal relabelling sequence
on G yields an irreducible graph that belongs to K. Hence, G’ € K and H' € K, too.
Hence H is recognized, too. O

5.2. Angluin’s Condition Suffices for Recognizability

The aim of this section is to prove the converse of Angluin’s result, obtaining a charac-
terization for recognizability:

Theorem 22. Let F be a class of labelled graphs. The following statements are equiv-
alent:

(1) Fis recognizable.
(2) F is recursive and closed under S,

The proof of the implication (1) = (2) is simple. The closure follows from Lemma 21.
Let F be recognized by the labelled graph recognizer (R, K), and let G be a labelled
graph. Since R is recursive and the set of irreducible labelled graphs is recursive, an
element H of Irredz (G) can be computed as follows: test whether G is irreducible; if
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not, then (recursively) enumerate R to find a pair G'R G’ and continue with G’. Then
test whether lab(H) is in K, the recursive set of finite subsets of L that specifies /.

To prove the converse, we describe a labelled graph recognizer that recognizes a
given &-closed recursive class of graphs. Our result uses an enumeration algorithm given
by Mazurkiewicz in [M3]. It is worth noting that despite its simplicity, this algorithm
provides all the information that a distributed algorithm can be required to compute [G].

This proof is addressed in the following way. First we present Mazurkiewicz’ enu-
meration algorithm. Then we characterize the final labellings obtained with this algo-
rithm.

We prove that Mazurkiewicz’ algorithm applied to any graph G makes it possible
to compute a graph H such that G is a covering of H. Since F is closed under S, we
have G € F ifand only if H € F.

5.3.  Mazurkiewicz’ Enumeration Algorithm

A distributed enumeration algorithm on a graph G is a distributed algorithm such that
the result of any computation is a labelling of the vertices that is a bijection from V (G)
to{1,2,...,|V(G)|}. In particular, an enumeration of the vertices where vertices know
whether the algorithm has terminated solves the election problem. In [M3] Mazurkiewicz
presents a distributed enumeration algorithm for covering-minimal (non-ambiguous)
graphs.

The computation model in [M3] consists exactly in relabelling balls of radius 1 and
the initial graph is unlabelled.

Mazurkiewicz’ algorithm is denoted by M. By abuse of language we still speak
of an enumeration algorithm, even when it is applied to ambiguous graphs (for which
no enumeration algorithm exists [M3]). The final labellings that are incorrect from the
enumeration point of view have interesting properties in the context of recognition.
Namely, they determine a graph that is covered by the input graph.

In the following we describe Mazurkiewicz’ algorithm including its extension to
labelled graphs.

Enumeration Algorithm. We first give a general description of the algorithm M applied
to a graph G. Let G = (G, 1) and consider a vertex vy of G, and the set {vy, ..., vy} of
neighbours of vy. The label of the vertex vy used by M is the pair (A(vg), c(vy)) where
c(vp) is a triple (n(vo), N (vo), M(vy)) representing the following information obtained
during the computation (formal definitions are given below):

— n(vp) € Nis the number of the vertex vy computed by the algorithm.
— N(vy) € N is the local view of vy, and it is either empty or a family of triples
defined by

{(n(vi), A(vi), A({vo, v}l <@ < dj.

— M(vy) € L x N x N is the mailbox of vy and contains the whole information
received by vy at any step of the computation.

Each vertex v attempts to get its own number n(v), which will be an integer between
1 and |V (G)|. A vertex chooses a number and broadcasts it together with its label and



Characterizations of Classes of Graphs Recognizable by Local Computations 265

its labelled neighbourhood all over the network. If a vertex u discovers the existence
of another vertex v with the same number, then it compares its label and its local view,
i.e., its number-labelled ball, with the local view of its rival v. If the label of v or the
local view of v is “stronger”, then u chooses another number. Each new number, with its
local view, is broadcast again over the network. At the end of the computation it is not
guaranteed that every vertex has a unique number, unless the graph is covering-minimal.
However, all vertices with the same number will have the same label and the same local
view.

The crucial property of the algorithm is based on a total order on local views such
that the local view of any vertex cannot decrease during the computation. We assume for
the rest of this paper that the set of labels L is totally ordered by <. Consider a vertex
vo with neighbourhood {vy, ..., vs} and assume that

- n() = nv) = - = n(v),

— if n(v;) = n(viy1), then A(v;) > A(viq1),

— if n(v;) = n(viy1) and A(v;) = A(viy1), then A({vo, v;}) > A({vo, viy1}).
Then the local view N (v) is the d-tuple

((n(v1), A1), A({vo, v1}), ..., 1 (va), A(va), A({vo, va}))).

Let N. be the set of all such ordered tuples. We define a total order < on N. by
comparing the numbers, then the vertex labels, and finally the edge labels. Formally, for
two elements

((nl9llsel)7""(ndvldved)) and ((nllvli3e/1)v"'s(nilhl:]/’ e(/]/))
of N.. we define
((n/19 li, ei)? R} (nil/s I:I/’ e:]’)) < ((l’l], llv el)’ U] (nds lds ed))

if one of the following conditions holds:

I. ny=n},...,ni—y =n;_, and n} < n; for some i.

2.d <dandny =nl,....,ng =n),.

3.d=d' ny=nl,...,ng=njandly =1,..., iy =1_,andl] <; [; for some
i.

4.d =d andn =nl,...,ng = njyandly, =10},...,l; = I and e =
el,...,ei.1 =e,_,and ¢; <, ¢; for some i.

If N(u) < N (v), then we say that the local view N (v) of v is stronger than the one
of u. The order < is a total order on N' = N. U {@}, with, by definition, # < N for
every N € V..

We now describe the algorithm through a graph relabelling system. The initial
labelling of the vertex vg is (A(v), (0, @, 0)).

The rules are described below for a given ball B(vy) with centre vy. The vertices v
of B(vy) have labels (A(v), (n(v), N(v), M (v))). The labels obtained after applying a
rule are (A(v), (n’'(v), N'(v), M'(v))). We recall that we omit labels that are unchanged.
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M-1: Diffusion rule
Precondition:
e There exists v € B(vg) such that M (v) # M (vy).

Relabelling:

e Forall v € B(vg), M'(v) :=J M(w).

weB(vy)
M-2: Renaming rule
Precondition:
e For all v € B(vy), M (v) = M (vy).
o (n(vg) =0) or
(n(vg) > 0 and there exists (I, n(vg), N) € M (vp) such that (A(vg) < [)
or ((A(vo) = 1) and (N (vg) < N))).
Relabelling:
on'(vg) :=1+max{n e N| (I,n, N) € M(vy) for some I, N}.
e For every v € B(vg), N'(v) is obtained from N (v) by replacing the value of
n(vo) by n’(vo).
e For every v € B(vy), the mailbox contents M (v) changes to M’'(v) :=
M(v) U {(A(w), n’(w), N'(w)) | w € B(vy)}.

5.4. Properties of Mazurkiewicz’ Algorithm

We present a complete proof of Mazurkiewicz’ algorithm in our framework following
the ideas developed in [M3].

Let G be a labelled graph. If v is a vertex of G, then the label of v after a run p of
Mazurkiewicz’ algorithm is denoted (A(v), ¢, (v)) with ¢, (v) = (n,(v), N,(v), M,(v))
and (A, c,) denotes the final labelling.

Theorem 23 [M3]. Anyrun p of Mazurkiewicz’ enumeration algorithm on a connected
labelled graph G = (G, 1) terminates and yields a final labelling (A, c,) verifying the
following conditions for all vertices v, v' of G:

(1) Let m be the maximal number in the final labelling, m = max,cy () n,(v). Then
forevery 1 < p < m there is some v € V(G) withn,(v) = p.

2) M,(v) = M,(v").

(3) (A (), n,(v), N,(v)) € M, (V).

(4) Let (I,n,N) € M,(v"). Then A(v) =1, n,(v) = n, and N,(v) = N for some
vertex v if and only if there is no triple (I',n, N') € M,(v") withl < I’ or
(I=10and N < N').

(5) ny(v) = n, ') implies (A(v) = A(V") and N(v) = N(V')).

(6) n, induces a locally bijective labelling of G.

The proof below follows the lines of [M3]. It needs the following lemmas. We say
that a number m is known by v if (I, m, N) € M(v) for some [ and some N. In the
following i is an integer denoting a computation step. Let (A (v), (n; (v), N;(v), M;(v)))
be the label of vertex v after the ith step of the computation.

|
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Lemma 24. Foreachv,i:

- ni(v) <nig(v).
— N;i(v) X Nit1(v).
- M;(v) S M1 (v).

Proof. The property is obviously true for the vertices that are not involved in the rule
applied at step i. For the other vertices we note that the renaming rule applied to vy
increments n;(vg), adds elements to some mailboxes, and makes some N (i) stronger.
Moreover, the diffusion rule only adds elements to mailboxes.

The fact that N; (v) < N;;1(v) comes from the definition of <. In other words, this
order ensures that the past local views of a vertex are always weaker than its present one.

Furthermore, one of the inequalities is strict for at least one vertex, namely the one
for which the previous rule was applied. |

Lemma 25. For every v € V(G) and (I,m, N) € M;(v) there exists a vertex w €
V(G) such that n;(w) = m.

Proof. Assume that the number m is known by vandlet U = {u € V(G) | 3] <
i,nj(u) = m}. Obviously U is not empty. Let w € U and let j < i such that

L. nj(w) =m,
2. forany u € U and for any k < i verifying n;(u) = m we have Ny (u) < N;(w).

Clearly, the renaming rule cannot be applied to w, hence n; (w) = m. |

Next, we claim that whenever a number is known, all positive smaller numbers are
assigned to some vertex.

Lemma 26. For every vertex v € V(G) such that n;(v) # 0 and for every m €
[1, n; (v)], there exists some vertex w € V(G) such that n;(w) = m.

Proof. We show this claim by induction on i. At the initial step (i = 0) the assertion
is true. Suppose that it holds for i > 0. If the diffusion rule is used, the assertion is true
for i + 1. If the renaming rule is applied to vy, then we just have to verify it for vy, and
more precisely for all numbers m in the interval {n; (vg), n; (vo) + 1, ..., n;11(vg)}. The
property holds obviously for n; | (vy) and, being known by vy at step i 4 1, the property
for n; (vp) is a consequence of Lemma 25.

Ifthe interval {n; (vg)+1, . .., nj4+1(vg) — 1} is empty, then the condition is obviously
satisfied. Otherwise by definition of the renaming rule, n;(vo) — 1 is known by vy at step
i and thus Lemma 25 implies that there exists w # vg such that n; (w) = n; 1 (vg) — 1.
For every m € {n;(vo) + 1, ..., n;4+1(vo) — 1}, we have, by the induction hypothesis on
w that there exists a vertex x € V(G) such that n; (x) = m. For every such x, because vy
is the only vertex changing its name from step i to i + 1, n;(x) = n;4(x), which proves
the assertion for step i + 1. O
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We now show Theorem 23:

Proof. Asbefore, we denote by (A(v), (n;(v), N;(v), M;(v))) the label of vertex v after
the ith step of the computation.

As there are no more than |V (G)| different numbers assigned it follows from Lem-
mas 24 and 26 that the algorithm terminates.

Properties 1-6 of the final labelling are easily derived from the above part of the
proof:

By Lemma 26 applied to the final labelling.

Otherwise, the diffusion rule could be applied.

A direct corollary of the previous property.

We have obtained a final labelling, thus it is a direct consequence of the diffusion
rule and of the precondition of the renaming rule.

A direct consequence of the previous point.

The first part of Definition 6 is a consequence of the rewriting mechanism: when
a vertex v is numbered, its number is put in mailboxes of adjacent vertices. Thus
vertices at distance 2 of v cannot have the same number as v. The second part
of Definition 6 is a consequence of the precondition of the renaming rule: the
renaming rule could have been applied to vertices having the same number and
non-isomorphic local views.

bl

SN

This ends the proof of the theorem. O

Remark 27. By conditions (1) and (6) of Theorem 23, and similarly to [M3], the algo-
rithm computes, for non-ambiguous graphs (and thus for minimal graphs by Corollary
9), a one-to-one correspondence n,, between the set of vertices of G and the set of integers
{1,.... V(G-

5.5. Mazurkiewicz’ Algorithm and Network Cartography

In this section we prove that even by applying Mazurkiewicz’ algorithm to a graph G that
is not covering-minimal, we can get some relevant information. In this case we prove
that we can interpret the mailbox of the final labelling as a graph H that each vertex can
compute and such that G is a covering of H.

For a mailbox M, we define the graph of the “strongest” vertices as follows. First,
forle L,neN,N ¢ N, M C L xNx N, we define the predicate Strong(l, n, N, M)
that is true if (I, n, N) € M and there is no (', n, N') € M verifying

!’>;1 or (I=0and N < N').
The graph H), of strongest vertices of M is then defined by
V(Hy) = {n| 3N, : Strong(l,n, N, M)},
E(Hy) = {{n,n"} | AN, : Strong(l, n, N, M), and
A N=(C..,@0, 010", .. )}

We also define a labelling on this graph by Ay, (n) = [, with Strong(n, [, N, M) for some

N, and Ay ({n, n'}) = 1", with Strong(n, [, N, M) and N = (..., (', ', 1"),...).
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The uniqueness of this definition comes from the definition of Strong and from
Theorem 23(5).

Let o be arun of M. Then (H, M,w)» MM,u)) does not depend on u by Theorem 23(2).
We then define p(G) = (Hpy,w), Ay, w)), for any vertex u. By Theorem 23(4), we
have:

Proposition 28. For a given execution p of Mazurkiewicz’ algorithm,

V(p(G) = {n,(v) |veV(G)} and
E(p(G) = {{n,(v), n,(w)} | {v, w} € E(G)}.

The proposition states that p(G) is the quotient graph of G by n,,, see Section 2.4.

Remark 29. Before we emphasize the role of p(G), note that p(G) can be locally
computed by every vertex, and that the graph depends only on the label M.

The next proposition states that we can see a run of M as computing a graph covered
by G. Conversely, as a “translation” from Theorem 5 of [M3], every graph covered by
G can be obtained by a run of the algorithm.

Proposition 30. Let G be a labelled graph.

(1) Forall runs p of M, G is a covering of p(G).
(2) (fairness) For all H such that G is a covering of H, there exists a run p such
that H >~ p(G).

Proof. (1) Since n,, is locally bijective (Theorem 23(6)), we obtain from Lemma 8 that
G is a covering of p(G).

(2) We exhibit a run of M having the required property. Suppose that we have an
enumeration of the vertices of H. Let u be the labelling of G obtained by lifting the
enumeration. There is an execution of Mazurkiewicz’ algorithm such that each vertex v
of G gets w(v) as a final n,-labelling.

This is done in the following way. First we apply the renaming rule to all vertices in
w~'(1). This is possible because there is no overlapping of balls, since G is a covering of
H. Then we apply the diffusion rule as long as we can. After that, we apply the renaming
rule to 1! (2). Because of the diffusion, the number 1 is known by all the vertices, so
the vertices of ;' (2) get labelled by 2, and so on, until each vertex v gets labelled by

u(v). O

From Proposition 30(1), we can see a run of M as computing a covering. Further-
more, if the underlying graph is covering-minimal, then o (G) is an isomorphic copy of
G. This copy can be computed from their mailbox by any vertex, providing a “map”—
with numbers of identification—of the underlying network. Thus, on minimal networks,
the algorithm of Mazurkiewicz can actually be seen as a cartography algorithm.
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5.6.  Proof of Theorem 22

In this subsection we complete the proof of Theorem 22 by describing a labelled graph
recognizer for recognizing a given recursive, S-closed class of labelled graphs F.

In order to recognize the given graph G we use graph p(G) computed by M. We
have:

Proposition 31. Let F be a S-closed class of labelled graphs and let G be a labelled
graph. Then for any run p of M,

GeF ifand only if p(G) € F.
Proof. From Proposition 30(1), we get that G S p(G) for any run p. |

Thus, in order to complete the labelled graph recognizer, we add a label r € {?, TRUE,
FALSE}, that will contain the result of the computation given by the following testing
rule:

TEST:
Precondition:
or(vg) =7
Relabelling:
e Compute (Hwmiyy)» AM(yy))-
e Set r(vg) to the result of the test “(Hy vy, Avy)) € F?

The labelled graph recognizer will be the following:

— labels: (A, n, N, M, r);
— rules:
e an initial relabelling rule that converts, for every vertex v, the A(v) label to
(A(v),0,0,d,7) on all vertices v;
e the M rulesrunon (A, (n, N, M)), setting r (vp) to ? each time a rule is applied
to vgp;
e the TEST rule;
— final condition: label r is TRUE on all vertices.

The set of rules expressed by the generic rule TEST defines a valid graph relabelling
system because F is recursive.

6. A Necessary Condition for Recognizability with Structural Knowledge

We are interested in recognizing labelled graphs which have a certain structural knowl-
edge encoded in the initial labelling. Let G = (G, A) be a labelled graph and let o be
a label. Then A, is the uniform labelling on G with label «, that is, every vertex v
is labelled by the pair (o, A(v)), the labels of the edges are not changed. The labelled
graph G has some structural information encoded by its labels (a distinguished vertex,
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identities) and « can encode some structural properties of the graph, like the size or a
bound of the diameter of the graph.
Recognition with structural knowledge is defined as follows:

Definition 32. A nondeterministic labelled graph recognizer with structural knowl-
edge « is a triple (R, KC, 1) where R is a locally generated relabelling relation that is
noetherian on the set {(G, A,q)) | G € G}, K is the final condition (i.e., there exists a
recursive set K of finite subsets of L such that = {G € G; | lab(G) € K}),and tis a
computable function which associates with each labelled graph G a label ((G) € L.

A labelled graph G is recognized by (R, IC, ) if Irredz (G, Ayq))) N K # 0.
As previously stated, we first focus on deterministic recognizers.

Definition 33. A labelled graph recognizer with structural knowledge  satisfies, in
addition to Definition 32 for each G € G, either Irredg (G, A,g)) N K = @ or
Irredz (G, A) € K.

For such arecognizer, alabelled graph G is recognized if and only if Irred ¢ (G) < K.
A class F of labelled graphs is recognizable with structural knowledge ¢ (or, informally,
recognizable knowing ¢) if there exists a labelled graph recognizer with structural knowl-
edge (R, IC, 1) such that the set of labelled graphs that are recognized by (R, IC, t)
is F.

6.1. Examples of Structural Knowledge

Some examples of structural knowledge are given below:

— An upper bound b on the size of the graph: this is a function b such that b(G) >
|V (G)| for all G. We say that a class F is upper bound recognizable if there exists
(R, K) such that F is recognized by (R, K, b) for all upper bounds b.

— Atight upper bound: this is an upper bound b such that for all graphs G, |V (G)| <
b(G) < 2|V(G)|.

— The size, i.e., the number of vertices |V (G)|. In this case a class of graphs is said
to be size-recognizable.

— The diameter A(G) of the graph.

— The topology of the graph (e.g., the adjacency matrix is given).

If no structural knowledge at all is available, like in Section 5, then we use the particular
label .

Remark 34. Knowledge of the topology obviously enables the recognition of any
recursive graph class but it does not solve all the problems. In particular, it does not
enable us to solve the election problem in all cases [GM2]. For the cartography problem,
it remains to compute the correspondence between vertices of the concrete graph and
vertices of the abstract graph given by the structural knowledge.
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H

Fig. 2. The new covering technique.

6.2. A Generalized Covering Technique

We start with the following proposition stating how recognizability with structural knowl-
edge can be carried over by coverings (see Figure 2). This is similar to the lifting technique
used in Lemmas 14 and 21.

Proposition 35. Let (R, K, 1) be a labelled graph recognizer with structural knowl-
edge 1. Let G, G' be graphs such that «(G) = ((G’) and there exists H such that both
G and G’ are coverings of H. Then G is recognized by (R, KC, 1) if and only if G’ is
recognized by (R, IKC, 1).

Proof.  Suppose that G is recognized by (R, I, t). Then Irred (G, A,)) € K.

As G is a covering of H, (G, A,q)) is a covering of (H, A,)); let y the corre-
sponding morphism. For the same reason (G’, A,/)) is a covering of (H, A,)); let y’
the corresponding morphism.

If we apply a relabelling step on B(g, A,y (V), then we apply the same relabelling

step on B(H’AmG))(V (v)) and on each B(G,A‘(GQ(U’) and B(G,’AI(G,))(w’) where v’ belongs

to y~'(y(v)) (v # v) and w’ belongs to '~ (y (v)).

Since R is noetherian on (G, A g)), by applying this strategy an irreducible graph is
obtained from (G, A,G)). The corresponding graph obtained from (G’, A,g) must be
irreducible too, for reasons of symmetry; moreover, it has the same set of labels. Hence
Irredr (G', A,y) N K # . Thus, by definition, G’ is recognized by (R, IC, ¢). O

Remark 36. The value of :(H) above has no importance, and actually we cannot say
that H is recognized by (R, IC, ¢), for ¢ (H) is not necessarily equal to ¢(G) (for example,
if ¢ denotes the size).

The previous result can be generalized as follows. We define a relation o* by letting
Go'G'if

- UG) = uG),

— there exists a graph H such that G and G’ are both coverings of H.

Let ~* denote the reflexive, transitive closure of ¢*‘. A class of graphs F is said to be
closed under ~* if for any graphs G and G’ such that G ~* G’, G belongs to F if and
only if G’ belongs to F. With Proposition 35 and the definition of ~*, we can state:

|
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Proposition 37. Let (R, IC, 1) be a labelled graph recognizer with structural knowl-
edge 1. Suppose that G ~* G’. Then G is recognized by (R, IKC, ) if and only if G’ is
recognized by (R, IC, 1).

Corollary 38 (A Necessary Condition for Recognizability). Let F be a class of graphs
which is recognizable with structural knowledge 1. Then F is closed under ~*.

Before showing the converse of the previous corollary in Section 8, we present, in
Sections 6.3 and 7, some applications.

6.3. Simple Applications or Easy Impossibility Proofs

We apply Proposition 35 to the case where : = Size represents the size of the unlabelled
graph, i.e., t(G) = |V (G)| for every labelled graph G.

Proposition 39. The following graph classes are not size-recognizable:

1. bipartite graphs,

2. graphs having a cut-edge,
3. graphs having a cut-vertex,
4. Hamiltonian graphs.

Proof.  We apply Proposition 35 to the graphs G ~51%2€ G’ (both are coverings of H).
Note that only one of the covering graphs is in the given class. Thus, no labelled graph
recognizer can recognize these classes.

A graph is bipartite if and only if it contains no odd cycles. Thus G’ is bipartite, but
G is not bipartite (Figure 3).

Graph G has no cut-edge and G’ has two cut-edges (Figure 4).

Graph G has two cut-vertices and G’ has no cut-vertex (Figure 5).

Graph G has the Hamilton property, but not G’ (Figure 6). |

7. Recognizing Graph Minors

In [CM], it has been shown that no minor-closed class of graphs is recognizable without
structural knowledge (with a few exceptions). In this section we prove that this is still
the case even knowing the size. The exceptions are simple classes like trees, rings, or
the entire class of graphs.

Let us recall some definitions related to minors. Contracting an edge between u and
v consists of identifying # and v, deleting the resulting loop, and replacing multiple
edges that may arise, by a simple edge. By deleting an edge we mean deleting the edge
and the isolated vertices created. A graph G is a minor of a graph H (and we write
G < H) if there is a sequence of contractions and deletions of edges of H which leads to
G. A class of graphs is called minor-closed if it contains all minors of its elements. By a
minor-closed class of connected graphs we mean a class of connected graphs containing
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H

Fig. 3. Bipartite graphs are not size-recognizable.

Fig. 4. Cut-edge is not size-recognizable.

>

H

Fig. 5. Cut-vertex is not size-recognizable.

Fig. 6. The Hamilton property is not size-recognizable.
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all connected minors of its elements. Minor-closed classes of connected graphs can
be characterized by finite sets of connected forbidden minors, which are also called
obstruction sets [RS], [F].

7.1.  The Covering Construction

The first step is to prove the following:

Theorem 40. Let K and H be two connected graphs and suppose that one of the
following conditions holds:

(1) K is planar and H has at least two cycles.
(2) H contains at least three cycles.

Then there exists an integer p such that for every q > p, there exists a connected
q-sheeted covering G of H that contains K as a minor.

Theorem 40 consists of two cases, the first one corresponds to Proposition 41 and
the second one to Proposition 42. These propositions are similar to [CM].

For positive integers n and 7, mod, (i) is the unique integer belonging to [0, n — 1]
such that i = kn + mod, (i), for some non-negative integer k.

Proposition 41. For every planar graph K and every connected graph H having at
least two cycles, there exists an integer p such that for every q > p, there exists a
connected q-sheeted covering Gy of H that contains K as a minor.

Proof. A torus is a graph of the form T (m, n) with a set of vertices
Vim,n)=[0,m —1] x [0,n — 1],
and edges of the form

{(x1, y1), (x2,y2)}  whereeither x; = x; and y, = mod, (y; + 1)

or y; =y and x; = mod,,(x; + 1).

Figure 7 represents the torus 7' (4, 5).

Since K is planar, there exist m and n such that K < T (m, n). This follows from
the fact that every planar graph is a minor of some sufficiently large square grid, and the
m x n grid is a subgraph of T (m, n). More precisely, a planar graph with p vertices can
be embedded into a 2p — 4 by p — 2 grid, see [DFPP] and [VL].

Since H has at least two cycles, there exist two edges e and ¢ in H such that
H\{e, ¢'} is connected. Let ¢ = {x, y} and ¢’ = {z, u}. We may have y = z but not
e = ¢'. Let H' be the graph obtained from H by deleting e and ¢’; let H” be the graph
obtained from H by deleting ¢’. See Figure 8.

For ¢ > mn we construct a connected graph G; such that K < G; and G; is a
g-sheeted covering of H. It consists of mn disjoint copies of H' linked in a torus-like
fashion and adding a “tail” of ¢ — mn disjoint copies of H”.



276 E. Godard, Y. Métivier, and A. Muscholl

Hik§

Fig.7. Torus T(4,5).

See Figure 9 for an example of this construction withm = 5, n = 4, and g = 23.
More precisely, for every (i, j) € V(m, n), we let H'(i, j) be an isomorphic copy of H’
such that

V(H' (i, i) NVH'G,j) =0 it () #0 ).

Forevery 0 </ < (¢ — p — 1) we let H”(l) be an isomorphic copy of H” such that
V(H'(i, ) NV H"D) =9,
VH'OD)NVH"I')=0 it 1#£1.

We denote by w(i, j) the copy in H'(i, j) of a vertex w of H’, and by w(l) the copy
in H”(I) of a vertex w of H”.
We let G consist of:

— The union of the graphs H'(i, j) and H” (I).
— The following edges:
Torus part:
o {x(@, j),y(i,mod,(j+ 1)} 1=i<m—-1,0=<j=n—1,
e {z(i, j),u(mod, (i + 1), )}, 0 =i =m—-1 0=<j=<n—-10@/)) #

(m—1,0).
eI
z
u e u z u e
Y Y y
H H "

Fig.8. H,H',and H".
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Sin:

Fig. 9. G/ seen with a magnifying glass.

Tail part:

o {z(m—1,0),u(0)},

e {z(),u(i+ 1}, 0<i<g—mn-2,
o {z(g—mn—1),u(0,0)}.

It is clear that by contracting simultaneously all edges of the subgraphs H'(i, j)
and H”(l) of G and then contracting all the edges of the “tail”, we get T (m, n). Hence
K < T(m,n) € G,. The mapping that replaces a vertex w(i, j) in H'(i, j) or a vertex
w(l) in H"(l) by w in H is a covering, thus G is a ¢g-sheeted covering of H. |

The other case of Theorem 40 is treated similarly.

Proposition 42. For every graph K and every connected graph H having at least
three cycles, there exists an integer p such that for every q > p there exists a connected
q-sheeted covering G| of H that contains K as a minor.

Proof. The proof is an easy extension of the previous one. Instead of embedding K as a
minor in a torus, we embed it as a minor in a sufficiently large “toroidal” parallelepiped
P (I, m, n) with the set of vertices V(I,m,n) = [0, — 1] x [0,m — 1] x [0, n — 1].
Wetake p = I+xm*n, and letg > p. We select three edges e = {x, y}, ¢ = {z, u},
and ¢’ = {v, w} such that the graph H’ obtained from H by deleting e, ¢/, and €’ is
connected. Let H” be obtained from H by deleting e. We construct K as the union of
disjoint copies H'(i, j, k) of H' for (i, j, k) € V (I, m, n) and of disjoint copies H" (I)
for0 <! < g — p — 1 augmented with edges ad hoc (similarly to the previous proof).
We obtain K < P(I/,m,n) < G and G| is a g-sheeted covering of H. O
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7.2.  Size-Recognizability

It is shown in [CM] that we cannot determine by local computations whether a graph
does not contain a given (fixed) graph as a minor. The idea of the proof was to choose
a graph H such that K is not a minor of H, and then to build a covering G, of H that
contains K as a minor.

For size-recognizability we cannot use this construction because G| and H have
different sizes. We introduce another construction (Figure 11) and we show that we
cannot decide by local computations whether a given graph is a minor of another graph,
even knowing the size of the latter. Thus, we show that, with a few simple exceptions
(trees, rings, and chains, . . . ), minor-closed classes of graphs are not size-recognizable.

Our main result here is:

Theorem 43. Let F be a minor-closed class of connected graphs that does not contain
all connected graphs. Let K be a connected graph that is not in F, with p vertices. If
one of the following holds,

(1) F contains all planar connected graphs,

(2) K is planar and there exists a connected graph H = (V, E) such that
— H has a covering G € F with at least 2p2 sheets, and
— H contains at least two cycles,

then F is not size-recognizable.

Proof. Suppose that F is size-recognizable.

(1) If F contains all planar connected graphs, then it contains the “three-leafed
clover” S3 and an infinite subclass of its planar coverings {S? | ¢ € N}. Here S? is the
g-sheeted covering of S3 defined by Figure 10. If we apply Proposition 42 with H = §3,
we get G, acovering of S5 such that K < G. If ¢ is the number of sheets of the covering

Fig. 10. S3 and its planar coverings S9.
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K< G, GeF

H

Fig. 11. Covering configuration for proof of Theorem 43.

G1, then we get G, ~512€ §9 Hence G, € F by Corollary 38. As F is minor-closed,
we get a contradiction with the fact that K ¢ F.

(2) The same covering configuration as above can now be applied, using Proposi-
tion 41 instead.

The covering configuration of the proof is given in Figure 11. O

Remark 44. The assumptions of the previous theorem are minimal in the following
sense: if we allow H in case (2) to have at most one cycle, then F can be size-recognizable.
Consider, e.g., the class of trees (Example 20) or the class of rings and chains (see
Section 9.1). They are recognizable even not knowing the size, by the way.

Note also that there has to be a lower bound on the number of sheets of G because
if it is not large enough, then the class F can be size-recognizable. The class of graphs
with at most n vertices (for a given n) is minor-closed and obviously size-recognizable.

8. Enumeration and Recognition

8.1.  Recognizing ~*-Closed Graph Classes

In this section we describe a distributed algorithm, more precisely, a labelled graph
recognizer with structural knowledge ¢, for recognizing a given recursive ~‘-closed
class of labelled graphs F. Throughout the section we suppose that F is recursive and
closed under ~* without further mentioning it.

We remark that, in order to recognize the given graph, we have two pieces of
information:

— The graph p(G) computed with Mazurkiewicz’ algorithm M.
— The structural knowledge ¢(G).

We define the following set. Let
F.={H, «(G)) | G € F and G is a covering of H}.

From the definition of F, and the closure of F under ~* we obtain the fundamental
lemma that links membership in F and the structural pieces of information.

Lemma 45. Let G be a graph. Then for any run p of Mazurkiewicz’ algorithm M,

GeF ifand only if (p(G), (G)) € F,.
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Another interesting consequence of the definition of F, and the closure under ~* is
that we can decide the right-hand side without knowing graph G.

Lemma 46. Forany (H, ),

(1) if there exists K € F such that K is a covering of Hand 1«(K) = «, then
H,a) € ;3

(2) if there exists K ¢ F suchthat K is a covering of Hand ((K) = «, then
H, a) & F..

We describe a semi-algorithm 7 that runs internally on all vertices. Its execution is
reset whenever the vertex is involved in the application of an M-rule. We fix a recursive
enumeration of the set of all labelled graphs.

Semi-Algorithm 1: 75

Data: graph H € G,
label ¢ € L
Result: label r /* TRUE or FALSE */
repeat
/* Enumerate all the labelled graphs: */
take the next K € G,

until ((K) = « and K is a covering of H
Output: the result of “K € F?” /* F is a recursive set */

In fact, 7 running internally means that it can be turned into a graph relabelling
system in which each rule just relabels the label of one vertex, independently of the
labels of its neighbours.

We make a fair merge of this semi-algorithm and Mazurkiewicz’ rules: we suppose
that the execution of the (internal) semi-algorithm 7 is interleaved with the execution
of the (external) Mazurkiewicz rules such that the repeat until does not loop infinitely.
These assumptions can be omitted provided we make some rather technical improve-
ments that are detailed later in Section 8.3.

We recall that a run of Mazurkiewicz’ algorithm on a labelled graph G uses, for
every vertex v, the tuple (A(v), c(v)) where c(v) = (n(v), N(v), M(v)). Furthermore,
H,; = (Hy, Ay) denotes the graph that we can reconstruct with information extracted
from a mailbox M.

The “fair” labelled graph recognizer (R, KC, t) with structural knowledge ¢ is the
following:

— labels: (¢, A, n, N, M, r);
— rules of Rx:
e an initial rule that converts the (t(G), 1) label to (¢(G), 1,0, @, @, ?) on all
vertices;
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e the (internal) 7 rules run on each vertex as a fair concurrent process on input
(Hys, ¢(G)) and output r;
e the M rules run on (A, (n, N, M)), resetting 7 and setting r to ? each time
they are applied;
— final condition /C: label r is TRUE on all vertices.

Finally we obtain:

Proposition 47. On input (G, A,G)) the recognizer (Rx, K, t) terminates and r (v) =
TRUE for every vertex v if and only if G € F.

Proof. As Tr runs in a fair way, M eventually terminates with Hy; = p(G) for some
run p. Then 7 will be processed on input (p(G), t(G)); the repeat until loop will
terminate because at least G verifies the two conditions. Thus, by Lemmas 45 and 46,
r(v) = TRUE if and only if G € F, for all v. O

8.2. A Necessary and Sufficient Condition for Recognizability

Due to the fair merge hypothesis, the recognizer of Proposition 47 is not a pure labelled
graph recognizer, but with a little advance upon the course of this paper, we generalize
Theorem 22 to recognizability with structural knowledge by summarizing Corollary 38
and Theorem 52:

Theorem 48. Let F be a class of labelled graphs and let 1 be a structural knowledge.
The following statements are equivalent:

(1) F is recognizable with structural knowledge t.
(2) F is recursive and closed under ~*.

An interesting corollary is the closure under boolean operations.

Corollary 49. The classes of graphs that are recognizable with structural knowledge
t are closed under union, intersection, and complement.

8.3. Improved Recognition Rules

We present some modifications of the previous recognizer R r.

Saving on Running Tx. First we will not run 7 when termination of M is obviously
not realized. We make the relative termination of M explicit. We add one more boolean
variable, denoted b(v), whose initial value is FALSE. When a vertex vy is relabelled by
Mazurkiewicz’ algorithm, b(vg) becomes FALSE. If no rule of Mazurkiewicz’ algorithm
can be applied to the vertex vy, then b(vy) becomes TRUE: all vertices of the ball centred
at vy can reconstruct the same graph Hy; = (Hy, Ayr). If b(v) is TRUE, then the vertex
runs the semi-algorithm 7z, setting the result to r(v).
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Proposition 50. [f b(v) = TRUE for each vertex of G, then Mazurkiewicz’ algorithm
has reached a terminal configuration. Conversely, when Mazurkiewicz’ algorithm has
reached a terminal configuration, then, after a number of steps bounded by the size of
G, the label b(v) is TRUE and remains TRUE for all vertices v of G.

Eliminating the Fairness Assumptionon Tz. The basic idea of the proof is serialization:
firstrun M on (G, A,g)),then 7z on (p(G), t(G)). The problem is that we cannot locally
determine the termination of M [MMW]. Furthermore, the termination of 7 is certain
only on the final input {p(G), t(G)), as 7+ will not terminate on an arbitrary input (e.g.,
if ¢ encodes the size and |V (H)| does not divide ¢, then there is no solution satisfying
the two constraints). Hence, it is not possible to run 7z entirely each time an M-rule is
applied. We cannot improve 7 because, for a general knowledge ¢, we cannot decide if
there is a graph satisfying the two constraints on a given input (H, o).

The first solution to these problems is to make some reasonable fairness assumptions
on the runs of 7z. The second solution is to introduce a “pseudo-synchronization” of
M and 7r executed step by step.

More formally, we add some rules and some labels to the enumeration algorithm M
in order to obtain a pseudo-synchronization with 7. We add a (counter) label co € N
to every vertex and the following pseudo-synchronization rule, which ensures that the
enumeration of vertices progresses in a uniform way throughout the graph:

M’-0: Pseudo-synchronization rule
Precondition:
e there exists a vertex v € B(vg) such that co(vy) < co(v) and co(vg) < co(v')
for all v' € B(vp).

Relabelling:
e co'(vg) := co(vy) + 1.

We modify the rules of M as follows. First we add the precondition co(vy) < c(v),
forallv € B(vp), torules M-1 and M-2 of M. Then we add to the relabelling performed
by the diffusion rule M-1:

co'(v) :==co(v) +1 forall v e B(vp).

Let M’ denote the above modification of the enumeration algorithm M. We have:
Proposition 51.  For every graph G, M’ has the same behaviour as M on G.

Next, we add a rule depending on the set F that we want to recognize. As 7r is a
semi-algorithm we have to perform it step by step. We fix an enumeration of the class
of labelled graphs G;. We add two more labels p € N and r € {TRUE, FALSE, ?}. The
label p will contain the actual step of 7 and the flag r its answer, as previously. Every
time the diffusion rule is applied the flag will be reset to ?. Applying one step of 7 can
yield TRUE, FALSE, or ?. Let pureZ# now be the following algorithm.
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Algorithm 2: pure7r

Data: graph H,

label o,

integer p

Result: label r /* ? or TRUE or FALSE */

K=gG, /* the pth graph in the enumeration of G; */
if ((K) # o or K is not a covering of H

‘ Output: ?

else

| Output: the result of “K € F” /* TRUE or FALSE */

We add p’(v) := 1 and r/(v) :=? in the relabelling part of the diffusion rule, for all
v € B(vp). The last rule needed for synchronizing M and pure 7 is then the following
one:

M’-3: Testing rule
Precondition:
e co(vg) < co(v) for all v € B(vg).
or(vg) =7
Relabelling:
o 7' (vo) := pureZx(Hp ), (G), p(vo)).
e p'(vo) := p(vo) + 1.
e co'(vg) := co(vg) + 1.

By Rz we denote the graph relabelling system consisting of rules M’-0, M’-3,
and the modified rules M’-1, M’-2, with priorities M’-0, M'-3 < M’-2, M’-2. Using
different priorities means that if a vertex vy satisfies the conditions of two rules, then the
rule with the higher priority will be applied. It is a way of simplifying the expression of
the preconditions.

At the end of a run, the final condition /C is that all flags r are TRUE.

Theorem 52. Forany structural knowledge 1, (Rz, IC, t) is a labelled graph recognizer
of F.

Proof. The proof is based on the fact that our system is close enough to a serial compo-
sition of M and pure 7£. To emphasize this, we use the following notation. Suppose that
w is a (possibly infinite) R ~ relabelling sequence, w = «y, ,311, e, /351 , 0, ﬂf, A ,832,
..., 0p, ..., where the o;’s and ,BJ’f’s are labelled graphs, o being the initial labelling,
«; are labellings obtained using rules M’-1 and M’-2, and ,3} are labellings obtained
by applying rule M’-0 or M’-3. For a labelled graph y, let 7 denote the projection on
the first four components of the labels. We extend the notation w to every relabelling
sequence w. Then we have:
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Lemma 53. If w is an R relabelling sequence, then w is a valid M relabelling
sequence.

We denote by iy the greatest index for «.

Proposition 54. There exists some constant k depending only on G, such that d; < «k,
forall 1 <i <inax.

Proof. For agiven i, let v; be the vertex where the rule leading from ﬁfii to «; is applied.
That is, the vertex v; satisfies all conditions for rules M’-1 or M’'-2 except perhaps the
part related to co. That means that if the conditions of rules M’-0 or M’'-3 are fulfilled
for v;, then so they are for rules M’-1 or M’-2. In other words, since rules M’-1 or
M/’-2 have higher priority than rules M’-0 or M’-3, the label of v; does not change in
Bi.... B,

Itis easy to verify that for every graph G in w and all adjacent vertices {u, v} € E(G),
we have |co(u) —co(v)| < 1. Hence, the co-label of a vertex v in G belongs to the interval
[co(v;) — A(G), co(v;) + A(G)], where co(v;) is the co-label of v; in «;, and A(G) is
the diameter of G. Since co-values increase at each application of rules M’-0 or M’'-3,
we finally obtain d; < k = |V(G) — 1|?24@+1, O

As an immediate corollary, we obtain that w is finite. Let p denote the maximal size
of an execution of M on (G, A,)). If |[w| > p(x + 1), then w is of the form wy B where
w = wy. As we cannot apply the pseudo-synchronization rule any more, co(v) = co(u)
holds for all vertices u and v (consider the vertex with the minimal co). This means that
the underlying M relabelling is finished, and that B corresponds to the computation of
pureZx on p(G) for a certain execution p of M. This computation is finite because
at least (G, A,q)) verifies the two constraints and decides whether (G, A,)) belongs
to F.

Therefore, (Rx, I, t) is a recognizer of F. O

Remark 55. In [G] a different version for the “pure” recognizer is proposed, based
upon the notion of quasi-covering and the “quasi-cartography” algorithm of [GM3].

8.4. Extension to k-Local Computations

The notions of coverings and graph relabelling systems can be easily extended to labelled
graphs or systems where the relabelling occurs in a ball of fixed radius £ € N. The
lifting lemma is straightforwardly extended to this case and the necessary condition
(Corollary 38) holds. The difficulty is to extend the Mazurkiewicz algorithm. In the
following we present the solution for (unlabelled) graphs for the sake of simplicity. The
proofs can be extended to labelled graphs as previously.

k-Coverings. Let v be a vertex of a graph G, and let k be a positive integer. We denote
by Bg(v, k) the (open) ball of radius k with centre v. Moreover, for any k < k' a k'-
covering is also a k-covering. Note that a 1-covering is exactly a covering in the classical
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sense [M1]. Hence, all k-coverings are coverings. Furthermore, the following lemma
links 1-coverings and k-coverings.

Lemma 56 [B]. Let k > 0 and consider two graphs G, G’ such that G covers G’ via
. Then w is a k-covering (resp. G is a k-covering of G') if and only if, for every cycle
C’ in G’ of length at most 2k + 1, the inverse image u='(C') is a disjoint union of cycles
isomorphic to C'.

As aconsequence of Theorem 3 we deduce that all k-coverings can be obtained from
a given spanning tree: we compute coverings and for each covering we test whether it is
a k-covering.

k-Local Relabelling Rules. The crucial property of the algorithm is based on a total
order on local views such that the local view of any vertex cannot decrease during the
computation. Let NV be the set of k-balls labelled by positive integers (up to isomorphism),
this is the set of local views. Let <« be any total order on the set of k-balls.

We denote by W((B, 1)) = ZUGV(B) A(v) the weight of the labelled ball (B, A). For
any ball B and any integer w we choose an arbitrary total order «? on the finite set of
labelled balls with underlying graph B and weight w.

We define a total order < on N by letting (B, A1) < (Ba, A») if one of the following
conditions is satisfied:

1. B; < B>.

2. By = B and W(By, A1) < W(Ba, 12).

3. Bl = Bz, W(Bl, )»1) = W(Bz, )»2), and (Bl, )»1) 45 (Bz, Az),where B = Bl =
Bz and w = W(Bl, )»1) = W(Bz, )»2).

Remark 57. Note that we make no particular assumption on the orderings < and <2,
except that they have to be computable.

We need a new rule, that we call the updating rule, and an additional flag f now.
The reason is that a neighbourhood of radius 1, as in the previous case, is just a set,
hence the local views of neighbours can be updated within the renaming rule. However,
that is no longer the case with neighbourhoods of radius k, as can be seen in the simple
example of Figure 12.

A vertex v is then labelled by a tuple of the form (n, N, M, f) representing the
following information during the computation:

— n, N, M represents the same information as previously.

Fig. 12. According to its 2-view, u cannot conclude about its real situation in the 2-view of v. For example,
u cannot update the 2-view of v after its first renaming.
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— f(v) € {UPTODATE, DATED} is a flag that will be set to DATED when the vertex
has to update its neighbourhood information.

The new rule that will be triggered by the flag f is

M,.-2bis: Updating rule
Precondition:
e f(vg) = DATED.

Relabelling:

e vy updates its local view by letting N'(vo) := (B(vo, k), A), where A is given
by A(v) = n(v).

e The new value f’(vg) of the flag is UPTODATE.

The diffusion and renaming rules are adapted in order to manage the flag f: add
“f(vg) = UPTODATE” to the preconditions of both rules and add “ f (vy) := DATED” to
the relabelling of the renaming rule.

Taking into account the new rule and the fact that, before any of its neighbour can
apply arule, to any relabelling of a vertex will correspond an updating of the local view, it
is possible to adapt the previous proofs and obtain a characterization of k-recognizability
of the same kind: k-recognizable recursive classes of graphs are ~/-closed recursive
classes of graphs, where ~ is the counterpart of ~* by using k-coverings instead of
coverings.

An interesting corollary for this extension is that it is possible to compare the
expressiveness of rules of different radii. It is a way to show that there exists a strict
radius hierarchy since, for any k # k', some equivalence classes are not equal. For
example, for k € N, the equivalence class for ~{ of the ring of size 2k contains all the
rings of size greater than 2k, but its equivalence class for ~;_, is a singleton.

9. Applications: Particular Cases of Structural Knowledge

The results of the previous section state that the ~“equivalence classes are the “atoms” of
recognizable classes of graphs. In this section we investigate the properties of equivalence
classes in some particularly interesting cases. We will see the influence of no knowledge,
of an upper bound on the diameter, of an upper bound on the size, and of a tight bound
on the size, of the diameter, of the size, and of the topology. These kinds of knowledge
present a strict hierarchy that we describe precisely.

9.1. No Structural Knowledge

(Unlabelled) Graphs. In [L], Leighton gives a decidable criterion for two graphs
admitting a common covering. He uses the so-called degree refinement of a graph G,
i.e., the partition of the vertices of G into the minimal number of blocks By, By, ..., B,
for which there are constants r; j,0 < i, j < t, such that every vertex v in B; is incident

2 That is why the Updating Rule is numbered 2bis.

|
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to 7; ; edges linking v to vertices in B;. The degree refinement of G is then the ¢t x t
matrix R = (7 ;). Two degree refinements R; and R, are considered to be the same if
the two matrices are conjugated.

Theorem 58 [L]. Given any two finite connected graphs G and H, G and H share a
common finite covering if and only if they have the same degree refinement.

. N * .
Concerning our relation ~°* = <>, we obtain:

Proposition 539. Let G and G’ be two connected graphs. Then G ~° G’ if and only if
G and G’ have the same degree refinement.

Remark 60. We do not have such a characterization for k-coverings with k > 1, and
general k-coverings seem to be a more difficult subject, see [DZ].

In particular, graph classes that are recognizable with no structural knowledge can
be seen as recursive sets of degree refinement.
Noting that the ~®-class of a tree is a singleton, we get

Corollary 61. Any recursive class of trees is e-recognizable.
Corollary 62. Letd € N. The class of d-regular graphs is e-recognizable.

As a consequence, the class of rings is recognizable.

Labelled Graphs. An interesting problem of distributed computations, the majority
problem (see [LMS1]), can be expressed in terms of the recognition of labelled graphs.
The problem can be stated as follows. On a given graph whose vertices are labelled by
label aor b, decide whether there are as many vertices labelled by aas by b, or more. A
positive answer is given in [LMS1] where a recognition system with 15 rules is given. We
can now see this result as a corollary of Theorem 22 since an easy computation, relying
upon the number of sheets (Lemma 2), shows that the ration |G|z /|G|y, is invariant by
~¢, where |G|, is the number of times the label « appears in G. An open question of
[LMS1] was to know if it was possible to decide if |G|g < m|G], for a given m. The
previous remark also gives a positive answer in this case.

These questions, included in the study of statistical problems (problems, like the
Majority Problem, whose answers depend upon the multiplicity of the labels that are
present on the network), are reviewed in detail in Chapter 8 of [G].

9.2.  Size Upper Bounds, Tight Upper Bounds, Size, and Diameter

We define an upper bound recognizable class to be a class that is recognizable by a
labelled graph recognizer whatever the chosen upper bound function, see Section 6.1.
It is then equivalent to say that an upper bound recognizable class is a class that is
closed under all ~? relations, where b is an upper bound function. So, if we define



288 E. Godard, Y. Métivier, and A. Muscholl
~Bound — |} " ~b where the union is taken over all upper bounds b on the size of G, we
have

Proposition 63. Let F be a class of graphs. Then F is upper bound recognizable if
and only if F is closed under ~B°"™,

Lemma 64. ~¢ = ~Bound

Proof. ~¢ D ~Bound i obvious. For the other inclusion, suppose we have a graph H
that is a covering of G and G’. Then for an upper bound function b such that 5(G) =
b(G') = max(|G|, |G'|), we have G ~* G'. O

As an immediate corollary of the previous section, we obtain:

Corollary 65. Let F be a class of graphs that is upper bound recognizable. Then F is
also recognizable with no structural knowledge.

Remark 66. Knowing a bound on the number of vertices is the same as having no
information in the recognition context. This quite surprising result is similar to one
obtained in Proposition 18 of [YK1]. This is quite different in the termination detection
context (see [MT] or [GM3]).

We recall from Section 6.1 that a tight upper bound is an upper bound b such that for
all graphs G, |V(G)| < b(G) < 2|V (G)|. We define a tight upper bound recognizable
class to be a class that is recognizable by a labelled graph recognizer whatever the
chosen tight upper bound function. It is then equivalent to say that a tight upper bound
recognizable class is a class that is closed under the ~? relation, for all tight upper bound
functions b. Then, since a strict covering has at least two sheets, the equivalence class
of any covering-minimal graph G is a singleton, thus:

Proposition 67. The class of covering-minimal graphs is recognizable knowing a tight
upper bound.

It is easy to see that if F is size-recognizable, then F is recognizable with a tight
upper bound, hence F is recognizable knowing a bound on the diameter, hence F is
e-recognizable. Figure 13 proves that diameter and size knowledge are incomparable.

We can also note using Lemma 1 that if G and H are both coverings of a graph K
and have the same number of vertices, then they have the same number of edges and thus
their cycle spaces have the same dimension. That is to say that knowing the number of
vertices is the same as knowing the number of edges.

For more applications when the size is known, please refer to Sections 6.3 and 7.

We summarize the results in Table 1 where YES and NO answer the question whether
the listed class is recognizable or not with the corresponding structural knowledge.

This table shows that even for simple structural knowledge, there is a strict hierarchy
of recognizable graph classes based on such knowledge.
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/

Fig. 13. Diameter and size knowledge are incomparable.

(S}

10. Conclusion

10.1.  Nondeterministically Recognizable Classes of Labelled Graphs

In this subsection we present some ideas on the nondeterministic case.

Given a nondeterministic labelled graph recognizer (R, C, ), a labelled graph G is
recognized with structural knowledge ¢ if there exists at least one relabelling sequence
which leads from (G, A,q)) to a labelled graph in K.

Table 1. Summary of results.

No information Tight
= size bound bound Number of
= diameter bound on the size vertices Topology
Trees YEs! - - -
Covering-minimal graphs No? YEs? - -
Graphs with even size - No* YES® -
Planar graphs - - No® YES

By Corollary 61.

The class of covering-minimal graphs is not closed under coverings. Let us consider rings. The
covering-minimal rings are the ones that have a prime number of vertices.

3By Proposition 67.

4If p is an odd integer, then consider the equivalence on the rings R» l,oTigh‘BO““dR3 p via R, and
apply Corollary 38.

STrivial.

By Theorem 43.
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Definition 68. A class F of labelled graphs is nondeterministically recognizable with
structural knowledge ¢ if there exists a nondeterministic labelled graph recognizer with
structural knowledge (R, K, ¢) such that the set of recognized labelled graphs is F.

The relation <— denotes the inverse covering relation. We denote by <—* the following
relation: H < G if G is a covering of H, and ((G) = ((H). We remark that, as the
composition of two coverings is a covering, the relation < is transitive. It is also
reflexive, since the identity is a covering. It is worth noting that <-* is not symmetric.

We say that a graph class Fis closed under <—* if whenever His in F, then any graph
G such that H <-* G is also in F.

‘We have not obtained a characterization, nevertheless using exactly the same tools as
previously, namely coverings and Mazurkiewicz’ enumeration algorithm, we can prove:

Proposition 69. Let F be a class of labelled graphs. If F is recursive and closed under
<!, then F is nondeterministically recognizable with structural knowledge t.

Proof. 'We assume that Fis arecursive set closed under <—*. It turns out that the following
nondeterministic labelled graph recognizer, very close to our first one, in Section 5.6,
recognizes F: As done in that section, we add a label » € {?, TRUE, FALSE} to the labels
used by the system M. This label will contain the result of the computation given by the
following new testing rule:

TEST2:
Precondition:
er(vg) =7
Relabelling:
e Compute H = (Hwm(yy), AM(vy))-
e Set r(vp) to the result of the test “H € F and «(H) = ((G)?”

The system is the following:

— labels: (A, n, N, M, r);
— rules:
e an initial relabelling rule that converts, for every vertex v, the A(v) label to
(A(v), 0,8, @, 7 on all vertices v;
e the M rules run on (A, (n, N, M)), setting r(v) to ? each time a rule is applied
to v;
e the TEST2 rule;
— final condition: label r is TRUE on all vertices.

As previously, the set of rules expressed by the generic rule TEST2 can be used in a graph
relabelling system because F is recursive.

This nondeterministic labelled graph recognizer is again noetherian and we prove
it recognizes exactly F.

Suppose that G is in F, then, by Proposition 30, there exists a run p of M such that
H = G. For this run, the rule TEST2 returns TRUE. Hence G is recognized.
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Suppose now that G is recognized. Then by definition, this means that there is a
run p such that p(G) € F and t(p(G)) = 1(G). Since G is a covering of p(G) and Fis
closed under <, it follows that G € F. O

Nondeterministic labelled graphs are strictly more powerful than deterministic ones,
since, contrary to deterministic ones, it turns out it is always possible to distinguish be-
tween two distinct graphs. That means that, given G and G/, there exists a nondetermin-
istic labelled graph recognizer such that either G is recognized and G’ is not recognized,
or G’ is recognized and G is not recognized. This follows obviously from the fact that if
G # G/, then it is not possible to obtain (G’ < G, and G <—*¢ G’).

10.2. General Comments

One motivation for defining recognizable classes of graphs through distributed compu-
tations was to try to find a notion of recognizability for graphs, with properties similar
to the ones enjoyed by simpler objects like words or trees. One difficulty in the quest
for a good notion of graph recognizability is that, contrary to words or trees, there is no
natural unique computation on a graph. Hence, we can try to solve this by a distributed
approach, starting and computing everywhere at the same time in a distributed way.
Since what is computed and recognized by the graph recognizers are the ~* classes, we
saw, in the case of recognition with no additional knowledge, that two graphs with the
same degree refinement are undistinguishable by local computations. Assuming global
knowledge ¢ does not help either, since recognizable classes are arbitrary (recursive)
unions of ~*‘-equivalence classes. That is, if we want each equivalence class to be a
singleton, then the recognizability notion becomes too powerful.

However, from the distributed point of view, this study brings a lot of insight about the
relation between what is computable and what is not computable in a network according
to the structural knowledge that is available to a distributed algorithm. One main difficulty
in the conception of distributed algorithm is that there is a priori no centralized behaviour,
hence distributed algorithms are often designed with the assumption that the network
meets some special specifications (a given topology, unique numbers available for each
node, sense of direction) or that some structural properties of the network are known
(the diameter or the size). These specifications can be difficult to maintain, especially
in a distributed way, and, from a reliability point of view, it is important to reduce them
as much as possible. This study can then be seen as a step towards understanding what
network specifications are really necessary in order to achieve a given distributed task.

10.3. Related Works and Open Problems

This paper investigates the recognition problem for labelled graphs by local compu-
tations. Angluin [A] and Yamashita and Kameda [YK1], [YK3] addressed the same
problem for different models. Note that in these models a recognition problem is solved
when vertices recognize this fact. The characterization of classes of labelled graphs rec-
ognized in this way by local computations remains open. In particular, we have studied
in which cases it is possible to detect global termination locally [GMT].

We consider labelled graphs, nevertheless we assume that vertex and edge labels
are not necessarily prepared by a distributed algorithm.
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We consider our model asynchronous: not in the sense that all vertices may rewrite
their labels in parallel but in the sense that the computations on disjoint balls may be
done in parallel.

We do not need some kind of fairness because we only consider noetherian compu-
tations, thus steps are executed until the whole computation is terminated.

Some similarities exist between this paper and [YK1] and [YK3], in particular the
following are some parallel concepts/results:

— mailbox of a vertex / view of a vertex,

— some computations of Mazurkiewicz’ algorithm / Lemma 4 [YK1],

— quotient graph / quotient graph,

— covering-minimal graph / minimal realization,

— some graphs having the same quotient are indistinguishable / Lemma 14, Theo-
rem 23 of [YK1],

— Corollary 62 / Theorem 18 of [YK1].
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