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Abstract

We generalize the word problem for groups, the formal language of all words in the
generators that represent the identity, to inverse monoids. In particular, we introduce
the idempotent problem, the formal language of all words representing idempotents, and
investigate how the properties of an inverse monoid aer related to the formal language
properties of its idempotent problem. In particular, we show that if an inverse monoid
is either E-unitary or has a finite set of idempotents, then its idempotent problem is
regular if and only if the inverse monoid is finite. We also give examples of inverse
monoids with context-free idempotent problems, including all Bruck-Reilly extensions
of finite groups.

1 Introduction

Significant structural results on finitely generated groups have emerged from the study of
the word problem, interpreted as the formal language of all words in the generators that
represent the identity element of the group. The first such result is the theorem of Anisimov
[1] classifying groups with a regular word problem: a finitely generated group has a regular
word problem if and only if it is finite. Moving up the Chomsky hierarchy to the class of
context-free languages leads us to the Muller-Schupp Theorem [12] (supplemented by a deep
result of Dunwoody [3] on the accessibility of finitely presented groups): a finitely generated
group has a context-free word problem if and only if it has a free subgroup of finite index.
We mention two more recent contributions amongst a number of interesting results in this
area. Holt, Rees, Rover, and Thomas [6] study the class of coCF—groups, for which the
complement of the word problem is a context-free language. They establish various closure
properties of this class, and show that for a coCF-group, the word problem is decidable
in cubic time. Elder, Kambites, and Ostheimer [4] study groups whose word problems are
accepted by counter automata and show that a group has word problem accepted by a blind
n—counter automaton if and only if it is virtually free abelian of rank n. This result can be
seen as an abelian analogue of the Muller-Schupp theorem.

*The second author acknowledges the support of a PhD studentship from the Maxwell Institute for the
Mathematical Sciences, held whilst some of this work was carried out.



Steps have been taken to generalise some of these interactions between formal language
theory and group theory to corresponding interactions with semigroup theory. Kambites
[8] associates to each finitely generated semigroup or monoid a formal language called the
loop problem. For a monoid M generated by X this is the language of closed paths at
1 € M in the automaton obtained from the Cayley graph Cay(M, X) by adding, for each
edge labelled x, an inverse edge labelled by a formal inverse Z. The loop problem of a
semigroup S is defined to be the loop problem of the monoid S! obtained by adjoining
an identity to S. Kambites’ detailed study includes an analogue of Anisimov’s Theorem
— a monoid (or semigroup) has a regular loop problem if and only if it is finite — and
subtle results on the loop problems of completely simple semigroups and right cancellative
monoids.

For inverse semigroups and inverse monoids, there is a natural alternative approach. The
chosen analogue for the word problem is the language of all words that represent idem-
potents. We call this language the idempotent problem. In this paper we choose to work
primarily with inverse monoids, but most of our results have natural parallels for inverse
semigroups, since the definition of the idempotent problem affords no special status to an
identity element. We first look for an analogue to Anisimov’s Theorem. A finite inverse
monoid will certainly have a regular idempotent problem, and we show that an inverse
monoid M with regular idempotent problem will have finite maximum group image. Our
main results show that E—unitary (or more generally, strongly E-reflexive) inverse monoids
with regular idempotent problem are finite.

We may, of course, choose to afford special status to some idempotent e € E(M). The
idempotent problem at e is the language of all words that represent e. If this language is
regular, then Green’s R—class R. containing e is finite. We show that if the set E(M) is
finite, then for all e € E(M), the idempotent problem at e is regular; it then follows that
M is finite.

For inverse semigroups and monoids, the Schiitzenberger graphs introduced by Stephen [14]
are a powerful tool for studying presentation-theoretic questions such as the word problem
in its original guise as a decision problem: given two words on the generators, is there an
algorithm to decide if they represent the same element? For an idempotent e of an inverse
monoid M, the Schiitzenberger graph of e is an inverse automaton that accepts the language
of all words that represent elements lying above e in the natural partial order on M. We
show that this language is regular if and only if Green’s R—class R, containing e is finite.
We conclude the paper by looking at some examples of inverse monoids whose idempotent
problems are context-free. The bicyclic monoid has a context-free idempotent problem,
as do the polycyclic monoids. Our main results in this direction are that a Bruck-Reilly
extension of a finite group and a graph inverse monoid of a finite graph both have context-
free idempotent problems.

2 Languages and automata

An alphabet X is a set of symbols which we call letters. A word over X is a finite string of
letters from X. We refer to the string with no symbols as the empty word and denote it by
€. The set of all nonempty, finite words is denoted X and by including the empty word,
we obtain X* = X U{e}. Under the operation of concatenation, X is the free semigroup
over X and X* is the free monoid over X. A language L over X is a subset of X*.



An automaton A = (Q, X, 0,50, T) consists of a set Q) of states, an input alphabet X, a
transition function 0 : @ x X — @ (0 may only be partially defined on its domain), an
initial state Sop € @, and a collection of accept states T C (). We refer to an element
(Si,z) — S; of § as a transition. We say that A recognises a word w € X* if there is
a sequence of transitions (Sp,wi) — S1, (S1,w2) — S2, ..., (Sp—1,wy) — S, such that
w = wyws...w, and S, € T. The language associated to an automaton A is the set of all
words accepted by A. An automaton is coaccessible if from any state there is a sequence
of transitions that lead to an accept state. It is finite if it has a finite number of states and
X is finite. A language is regular if and only if it is accepted by a finite automaton.

It is often useful to convey the information about an automaton A using a directed graph
with edges labelled by elements of X. With this interpretation, states correspond to vertices,
transitions to labelled edges, and an accepted word w to a path labelled by w from Sy to
an accept state.

A pushdown automaton A = (Q,X,Y,4,S0,20,T) consists of a set @) of states, an input
alphabet X, a stack alphabet Y, a transition function § : Q@ x (X U{e}) x (YU{e}) - @ x Y™
(again, § may only be partially defined), an initial state Sy € Q, an initial stack symbol
zp € Y, and a collection of accept states T' C ). The stack is a data structure which stores
a string of symbols from Y'; it is last in first out, meaning that only the topmost symbol
on the stack can be read at any time. We will use the notation @), to mean popping the
symbol a from the stack; the notation P, stands for pushing the symbol a onto the stack.
Before processing a word, the initial symbol zq is pushed onto the stack. When giving the
transition function §, rather than stating a transition as (S;, z,y) — (S;, a), we will use the
form: S; — S; and (z, QuP,). This gives the information that the automaton is in state
S;, reads input letter x, and pops the letter y from the stack; then the automaton moves
to state S; and pushes the symbols a1, ..., a, onto the stack (where a = a; ...a, and each
a; € Y). When no symbol is pushed onto the stack in a transition, we will usually write
(z, Qy) instead of (z, Q,P.). We say that A recognises a word w € X* if A can process a
sequence of transitions:

So — S1 and (wy, onpal)
S1 — Sz and (w2, Qp, Py,)

Sp—1 — Sy, and (wm QZO)

such that w = wyws...wy, and S, € T. A language is context-free if and only if it is
accepted by a some pushdown automaton. We refer the reader to [7] for more information
about languages and automata. Additionally, some of our notation is borrowed from [5],
which contains a graph-based description of automata accepting context-free languages.

3 Inverse monoids

We shall consider certain languages over an alphabet that is given as a set of generators for
a group or an inverse monoid. Let X be a non-empty set, and let X! be a disjoint set of
formal inverses for X. We set A = X U X 1.

Let S be an inverse monoid. We say that a map « : A* — S is a choice of generators for
S if the set X« generates S as an inverse monoid. Similarly, if G is a group, a choice of



generators for G is a map ag : A* — G such that Xag generates G as a group. We say
that a choice of generators is finite if the set X is finite. When it is clear which map is
intended, we will often write [w] instead of wa.

Let S be an inverse monoid, and let ¢ be its minimum group congruence. For s,t € S, we
have sot if and only if there exists an idempotent e € S such that es = et. The quotient
of S by its minimum group congruence is the mazimum group image of S, denoted S. We
denote by og the map from S to S which is induced by the minimum group congruence. If
a: A* — S is a choice of generators for S, then « induces a (group) choice of generators &
for S given by a = ao.

A choice of generators o : A* — S for an inverse monoid S determines two graphs of
particular interest. The Cayley graph Cay(S, X) has vertex set S and edge set S x A with
the edge (s, a) having initial vertex s and terminal vertex s[a]. Better adapted to the study
of inverse monoids is the Schiitzenberger graph Sch(S, X'), which is a subgraph of Cay (.S, X).
Recall that in an inverse monoid, Green’s R relation may be defined by sRt if and only
ss~t = tt=1. Then Sch(S, X) has vertex set S and edge set {(s,a) € S x A : sRs[a]}.
The vertex sets of the connected components of Sch(S,X) are the R—classes in S. If
w = ajag---am € AT, there is a path (ww™,ay), (s1,a2)  (Sm—1, am) from ww=! to w
in Sch(S, X). Stephen’s approach [14] to the study of inverse monoid presentations regards
each component of the Schiitzenberger graph as an automaton with input alphabet A:
the component containing s € S has start state ss~! and the single accept state s. This
component forms the Schiitzenberger automaton Sch(S, X, s) and accepts the language

{we A* : ss7w] = s}

Let E(S) be the set of idempotents of S. Recall that S is E-unitary if e,es € E(S) together
imply that s € E(S). We note the following result.

Lemma 3.1. Let S be an inverse monoid. Then the following conditions are equivalent:
(a) S is E-unitary;
(b) there is a morphism ¢ : S — G onto a group G such that E(S) = 1¢71;

(c) if og : S — S is the quotient map induced by the minimum group congruence on S,
then log' = E(S).

Following O’Carroll [13], an inverse monoid S is said to be strongly E-reflexive if, given
e € E(S) and s,t € S, then est € E(S) implies that ets € E(S). Every E—unitary inverse
monoid is strongly E-reflexive, and O’Carroll shows in [13] that S is strongly E-reflexive if
and only if S is isomorphic to a semilattice (with identity) of E—unitary inverse semigroups.

4 The idempotent problem and some variations

Consider a group G with choice of generators ag : A* — G. The word problem of G,
denoted W (G, X), is the language over A consisting of all words that represent the identity
of G:

W(G,X)={we A" : wag = 1g}.



Given an inverse monoid S and a choice of generators o : A* — S, we can define various
languages over A that are analogues to the word problem. The most obvious analogue is

the idempotent problem:
(S, X) ={we A" : [w]? = [w]}.

It is also natural to consider languages related to specific idempotents. If e € E(S), we
define

(S, X)={we A" : [w] =e},
and
WIS, X) ={we A : e[w] =€} .

We note that W/ is precisely the language accepted by the Schiitzenberger automaton
Sch(S, X, e).

If S is a group, then &, &, and W/ coincide and are equal to the word problem W (S, X).
As for the word problem, under mild hypotheses on the languages concerned, the type of
language obtained, for example whether it is regular or context-free, does not depend on
the choice of generators.

Proposition 4.1. Let C be a class of languages closed under inverse homomorphism. Let
S be an inverse monoid and let o : A* — S be a finite choice of generators for S. Further
let e € E(S). If one of the languages E(S, X), E.(S, X), or WQ(S,X) is in C, then so is the
corresponding language determined by any other finite choice of generators for S.

Proof. The proof is a standard argument, and we give it in detail for the language wl (S, X).
Let B=Y UY ! andlet 8: B* — S be a second choice of generators. There is an induced
homomorphism ¢ : A* — B* such that a = ¢5. Now

w e WI(S,X) <= e(wa) =e
< e(wef) =e
— wp € WI(S,Y).

Hence W!(S,Y) = W!(8,X)¢ . O

5 Regular idempotent problem

Our aim in this section is to understand the implications of regularity of the languages
&, &, and Wg introduced in section 4. We first make some elementary observations about

E.

Proposition 5.1.
(a) If S is a finite inverse semigroup then & is reqular;
(b) ECW(S,X);
(c) €= W(§,X) if and only if S is E—unitary;



(d) If € is a regular language then the maximum group image S of S is finite.

Proof. (a) Consider the Cayley graph Cay(S, X) as a finite automaton with start state
1 € S and accept states E(S).

(b) This is obvious. R

(c) Suppose that S is E—unitary and that w € W (S, X). Then in S we have [w]o = 1 and
so by Lemma 3.1, [w] € E(S) and hence w € £(S5, X).

(d) Suppose that £ is regular and suppose that A is a finite automaton that accepts £. By
taking the coaccessible part of A we may assume, without loss of generality, that for each
state S; of A there is a word u; € A* such that, on reading the word u; in A from the state
S;, we arrive at an accept state.

Let w € A*. Since A accepts the word ww™! € &, the prefix w may be read byAA. Suppose
we read w and arrive at the state S;. Then wu; € £ and hence ([w][u;])o = 1 € S. Therefore
[w]o = ([us]o) ™1, and since there are only finitely many distinct words u;, we conclude that
S is finite.[]

We pose the converse to part (a) of Proposition 5.1 as a question:
Question 5.2. If S is an inverse monoid such that £(S, X) is reqular, then is S finite?

The answer to this question is yes for E—unitary inverse monoids. Our argument for this
relies on the following lemma which may be of independent interest.

Lemma 5.3. Let S be a finitely generated E—unitary inverse monoid whose maximum group
image S is finite. Then S is finite.

Proof. Given a group G and a choice of generators a : A* — G, Margolis and Meakin [9]
construct the graph expansion M(G, X) from the Cayley graph Cay(G, X) as follows. The
elements of M(G, X) are pairs (P, g) where P is a finite connected subgraph of Cay(G, X)
containing the vertex 1 and where g € GG is also a vertex of P. Under the multiplication
(P,9)(Q,h) = (PUgQ,gh), the set M(G, X) becomes an E-unitary inverse monoid. Fur-
thermore Margolis and Meakin prove [9, Theorem 2.2] that M (G, X) is an initial object in
the category of E—unitary, X—generated inverse semigroups with maximum group image G.
Moreover, if G is finite, then clearly so is M(G, X).

Now consider the E—unitary inverse monoid S, generated as an inverse monoid by the finite
set X. Then S is an image of the graph expansion /\/l(§ , X') which is a finite inverse monoid,
and so S is finite. [J

Now part (a) of Proposition 5.1, and part (d) together with Lemma 5.3, combine to prove
our main result on the language &.

Theorem 5.4. If S is an E-unitary inverse monoid with a finite choice of generators
a: A" — S, then the idempotent problem E(S, X) is regular if and only if S is finite.

We are able to extend Theorem 5.4 to the class of strongly E-reflexive inverse monoids.

Theorem 5.5. If S is a strongly E-reflexive inverse monoid with a finite choice of gen-
erators a : A* — S, then the idempotent problem E(S,X) is regular if and only if S is
finite.



Proof. If S is finite, then £(.S, X) is regular by part (a) of Proposition 5.1.

Now suppose that S is strongly E-reflexive. Then by [13, Theorem 1] S is isomorphic to
a semilattice of E-unitary semigroups (J.c, Se over a semilattice with identity A. Thus S
comes equipped with structure maps 1, ; : S, — Sy for each pair e, f of elements of A with
e > f. These maps have the property that for all e € A, v, is the identity, for each triple
e, f, g of elements of A with e > f > g we have v rr 4 = Ve 4, and if 5,2 € § with s € S,
and t € Sy then st = (sYecf)(tthecs) € Ses. Since S is finitely generated, the semilattice A
is finite. We wish to show that S, is finite.

Let o : A* — S be the choice of generators. If z € X and [z] € S, then we write |z| = e.
Then for each e € A we let X, be the following subset of X:

Xe={r e X :|z| > e}

Let A. = X, U X_!. Then if x € A, the map = — T, . induces a choice of generators
Al — Se.

Now suppose that £(S, X) is regular. For each e € A we have £(S., X¢) = £(S, X) N A}
Clearly A? is a regular language and thus £(S., X.) is an intersection of regular languages
and so is regular. Since S, is EF—unitary, Theorem 5.4 implies that S, is finite. Therefore S
is a finite semilattice of finite inverse monoids and we conclude that S is finite. [

5.1 Regularity of the related languages

Considering the Schiitzenberger graph Sch(S, X) and its components as Schiitzenberger
automata following [14], the languages W/ are the natural objects of study.

Proposition 5.6. Let S be an inverse semigroup with finite choice of generators o : A* — S
and let e € E(S). Then WeT(S, X) is regular if and only if the R—class R. is finite.

Proof. If the R—class R, is finite, the Schiitzenberger automaton Sch(S, X,e) is a finite
automaton that accepts the language wil.

Conversely, suppose that wl is regular, and let A be a finite automaton whose language
is Wl. Arguing as in the proof of part (d) of Proposition 5.1, we may assume that A is
coaccessible, and for each state S; of A we choose a word u; € A* such that upon reading
u; from S; we reach a success state. Now let w € A* such that [w] € R.. Since [ww™!] = e,
the word w is a prefix of a word accepted by some computation in A, and we let S, be
the state reached by this computation after reading w. Then wu, is accepted by A and

therefore [wu,] > e in S. Since [w] € Re, we have [w][w]™! = e, which implies that
e[w] = [w][w] " [w] = [w]. Then

[w][uple[w] = [wuple[w] = e[w] = [w]
and

[uple[w][uple = [up|[wuple = [uple.

Therefore [w]™! = [uy]e. Since there are only finitely many elements [u,], there are only

finitely many values of [w] and so R, is finite. OJ

A variation on the proof just given, using an automaton accepting the language &, proves:



Proposition 5.7. If the language E. is regular then the R—class R is finite. Therefore,
we have
Ee reqgular = R, finite <= Wg regular.

The implication
E regular = W)/ regular

can be seen more directly, because it an example of a standard construction for regular
languages. We have

w E WJ <= there exists u € &, such that uw € &,.

It follows easily that if & is regular, then so is wl.

Theorems 5.4 and 5.5 give one sort of generalisation of the Anisimov Theorem to inverse
semigroups, using on a condition on the idempotents that is satisfied by any group. Another
direction for such a generalisation is to assume that the set of idempotents is finite.

Theorem 5.8. If S is an inverse monoid with a finite choice of generators o : A* — S and
with E(S) finite, then the idempotent problem E(S, X) is reqular if and only if S is finite.

Proof. 1f S is finite, then £(S, X) is regular by part (a) of Proposition 5.1.
Now suppose that E(S) is finite. For each e € E(S), let L. be Green’s L—class containing
e. We construct a finite automaton F, that recognises the language

={we A" : [w] € L.}

as follows. The state set of F is the set of idempotents E(S) with start state 1 € E(S). For
a € A the transition on reading a at state f is 6(f,a) = [a]~!f[a]. The unique accept state
is e € E(S). On reading a word w € A* from the start state, we reach the state [w]~![w]
and which is the state e if and only if [w] € L.

Recall that & = {w € A* : [w] = e}. Then & = F. NE(S, X) and so, if E(S) is finite and
E(S, X) isregular, & is an intersection of regular languages and so is regular. By Proposition

5.7 the R—class R, is finite, and so S is the union of finitely many finite R—classes and is
finite. [J

5.2 Examples

Example 5.9. Let G be a group and let S = G° be obtained by adjoining a zero to G. If
Y generates G as a group, we form the generating set X =Y U{z} with 2 ¢ Y and z — 0.
Then

E=W(G,Y)UA* zA*UA*2 1A%,

Clearly if W(G,Y') is regular, then £ is as well. Further, as W(G,Y) is the intersection of
& with the set of words that contain neither z nor 271, if £ is regular, then so is W(G,Y).
We conclude that £ is regular if and only if W(G,Y) is regular, if and only if G is finite.
Of course S is trivial, and so finiteness (or even triviality) of S does not imply regularity of
E. We note further that

& =Wl =w(G,Y),

Eo = A*zA* U A*z71 A", W = A%



Example 5.10. If S = FIM (X), the free inverse monoid on the set X, then S is E—unitary
and S is a free group: hence the idempotent problem coincides with the word problem of
the free group S and so is context-free (and not regular). However, the R—classes in S are
all finite, and so each language Wl is regular.

We shall explore further examples of inverse semigroups with context-free idempotent prob-
lems in the next section.

6 Examples of context-free idempotent problems

We are motivated by Muller and Schupp’s famous theorem [12], which characterises a finitely
generated group with context-free word problems as being a free-by—finite group. One of
their insights is that the structure of such a group is closely related to the structure of
the pushdown automaton recognising its word problem: for any word w in the generators,
the stack keeps tracks of which element of the free subgroup corresponds to [w] and the
graph part remembers which coset [w] is in. In this section, we wish to explore similar
structural relationships between inverse monoids and pushdown automata that recognise
their respective idempotent problems. The intent of these examples is to shed light on the
following question.

Question 6.1. Can one characterize the inverse semigroups whose idempotent problems
are context-free languages?

Example 6.2. We return to S = FIM (X). As mentioned in Example 5.10, S is E—unitary
and thus £(S, A) = W(5, A). The group S is a free group, and so £(S, A) is context-free.

We give the classic example of a pushdown automaton recognising £(.S, A), since we refer
to it in other examples. Let A(FIM (X)) consists of one state Sy (necessarily the initial as
well as the terminal state), use A = X U X! for the input alphabet, and A U {2} for the
stack. To process an input symbol z, we examine the stack: if the top stack symbol is not

™!, we push z onto the stack; if the top stack symbol is =1, we pop ! from the stack.

Example 6.3. Consider the bicyclic monoid B, which is presentedA as an inverse /{nonoid
by (z : xzz~!). Then B is E-unitary and therefore £(B, {z}) = W (B, {z}). Since B is the
free group on one generator, £(B, {z}) is a context-free language.

Example 6.4. For n > 1, the polycyclic monoid P, [11] is the inverse monoid with zero
presented by

(X1, iyt = 1,1:,-%-_1 =0(i #j)).
Let X,, = {x1,...,2,} and A = X,,UX, 1. The idempotent problem of P, is closely related
to the idempotent problem of the free inverse monoid FIM (X,,):

E(Py, Xn) = E(FIM(X,)) U | | A"zt A
i#]
Since context-free languages are closed under union, it follows that £(F,, X,,) is context-

free. We can construct a pushdown automaton A(P,) recognising £(P,, X,,) by adding a
state Z that accepts words representing zero to the automaton A(FIM (X,,)) from Example



6.2. The transitions are modified as follows: if A(F,) is in a state other than Z, the top
stack symbol is x;, and the next input symbol is azj_l with ¢ # j, then the automaton moves
to the Z. For all other cases, the transition is the same as for A(FIM (X,)). If A(P,) is in
the state Z, then the automaton finishes reading the letters of the input word, then pops
all symbols from the stack, and accepts the word.

Example 6.5. Margolis and Meakin [10] study the class 90t of inverse monoids given by
presentations of the form (X : e; = f; (i € I)) where e;, f; are idempotents in FIM(X).
Free monoids, free groups, and the bicyclic monoid are all examples of inverse monoids
in this class. Amongst the connections between the class 991 and formal language theory
established in [10], it is shown (using our current notation) that for a finitely presented
inverse monoid M in the class 9

e [10, Theorem 4.4] Each language W/ is context-free. (In fact it is proved that W is
deterministic context-free for any s € M.)

e [10, Corollary 4.6] The idempotent problem at 1 € M — our & - is deterministic
context-free.

6.1 Bruck-Reilly extensions of groups

Bruck-Reilly extensions of groups generalise the bicyclic monoid, and in this section we
shall show that all Bruck-Reilly extensions of finite groups have context-free idempotent
problems.

Let G be a group and 6 be an endomorphism of G. The Bruck-Reilly extension BR(G, 6)
of G with respect to 6 is the set N® x G x N? with the binary operation:

(mv a, n)(p, b, Q) = (m —n+s, (aes—n)(bes—p)’ q—p+ 5)7

where s = max(n, p). The idempotents of BR(G, ) are the elements of the form (n,1g,n)
where n € N°.

Let G be a finite group, and consider a Bruck-Reilly extension B = BR(G, ). Let X be a
finite set, A = X UX !, and suppose that ag : A* — G is a (group) choice of generators for
G. We introduce additional generators t and t~1, set A = AU {t,t71}, and then extend ag
to an inverse monoid choice of generators, ap : A* — B for B by setting aap = (0, [a]g, 0)
for a € A and tap = (0,1, 1).

Theorem 6.6. Let G be a finite group, 6 an endomorphism on G, and ag : A* — G a
finite choice of generators as described above. Let B be the Bruck-Reilly extension BR(G,0).
Then the idempotent problem E(B, X U {t}) is context-free.

Proof. We note the effects of right multiplication by [t]p = (0,1¢,1), [t 5 = (1,1¢,0)
and (0, g,0) with g € G on an arbitrary element (m,a,n) € B in Table 1. We further note
that, since the map 6 is in the finite semigroup of endomorphisms of GG, 6 has finite index
and period. We denote these by I and K respectively. Thus for all ¢ € G, I and K satisfy
the equation gf! = g6+«

We construct a pushdown automaton A(B) that recognizes £(B, X U{t}). The automaton
A(B) has state set {Siy,): g € G, n €{0,1,2,..., 1+ K —1}}; the state S, o) is both the
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Product Observation

(m,a,n)(0,1¢,1) = (m,a,n+1) Right multiplication by [t]p increases the
third entry by 1.

(m+1,a0,0) n=0 If the third entry of the left factor is zero,
right multiplication by [t7']p increases the

(m,a,n)(1,1¢,0)

first entry by 1.

(m,a,n—1) if n >0 | If the third entry of the left factor is positive,
right multiplication by [t™']p decreases the
third entry by 1.

(m,a,n)(0,g,0) = (m,a(gd™),n) In order to right multiply by (0, g,0) we need
to know the third entry of the left factor.

Table 1: The effects of right multiplication by specific elements in Bruck-Reilly Extensions.

Transitions with input symbol € or x

St = Stgmn) S(f,n) = Sg,n) where g = f([z]0")
(e, Qz) (z, QuP,) for a = zo,t,u,t™*,

Transitions with input symbol ¢

S£,0) = S, S(s.n) = S(gint1) where n 70, | Siprx-1) = Sirn
nAl+K—1

(t, QzoPsot) (t, QaPoPy,) fora=1t,u (t, QqPaw) for a=t,u

(t7 Qt*l)

Transitions with input symbol ¢+

S(£,00 = S(r0,0) S(g,n) = S(fm—1) wheren #0 | S 1) — S(p14Kx-1)
(t_la Qapatfl) Where a = Zo,t_l (t_ly Qt) (t_17 Qu)
(t™, Q) ifI+1<n

Table 2: Transitions for the automaton recognising £(B, X U{t}). In the table, n € {0,1,2,..., I +K —1}
unless otherwise specified, f,g € G, and z € X UX 1.

start and accept state. The input alphabet is A and the stack alphabet consists of ¢, u,t ",
and the initial symbol zp. The transition function is given in Table 2.

The pushdown automaton A(B) uses the stack to monitor how many more ¢s there are than
t~1s in a word, or vice versa. The stack will either be empty, contain only ¢t~'s, contain
only ts, or contain ts followed by wus. Both ¢t and u correspond to the input symbol ¢; the
stack symbol ¢! corresponds to the input symbol ¢t~

The graph part of the automaton has I + K — 1 copies of the vertex set GG, which we refer
to as Go, G1, ..., Gryk—1. The state S,y corresponds to the element f € G in the copy
G,. The edges within each G,, are generated using X U X! in a manner quite similar
to edges in a Cayley graph. Namely there is an edge from Sy ,) to Sy, if there is some
r € X UX ! such that f = g([r]gf"). In G, there are also edges related to the input
symbol t~1: here, there is an edge from S(fn) 10 S(gmy if g = f0. The input symbols ¢ and
t~! produce edges between corresponding elements in consecutive copies of the G,: upon
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reading the input ¢ we travel from G,, to G,41 (assuming n < I + K — 1); upon reading
the input ¢t~! we usually travel from G,, to G,,_1 (assuming n > 0). The exception occurs
when we are at a state in Gy, we read 27!, and u is on the top of the stack. We describe
this case in the end of the next paragraph.

If w € A* is such that [w]g = (m,a,n), where n < I + K — 1, upon computing w the
automaton A(B) is in the state S(,,). However we also need to be able to compute words
corresponding to elements with n > I + K — 1. To do so, we make use of the periodicity of
0. If we are at a state in Gryx_1, read input ¢, and see either ¢ or u on the stack, we move
to the corresponding state in Gy and add a u rather than a ¢ to the stack. Similarly, when
we are at a state in G, read input ¢!, and see a u on the stack, we move to Gryx_1. If
instead we see a t on the stack, we move to Gj_1. We accept a word w if after computing
it we are in the state S o) and the stack is empty. [J

6.2 Graph inverse monoids

Graph inverse monoids were introduced by Ash and Hall in [2]. The polycyclic monoids
are examples of graph inverse monoids, arising from bouquets of circles. In this section we
show that all graph inverse monoids have context-free idempotent problems.

Let I' be a finite directed graph with vertex set V(I') and edge set E(I"). If e € E(I"), then
t(e) stands for the initial vertex of e and 7(e) for the terminal vertex. A path p in T is
either a single vertex v of I' — the empty path at v, or is a sequence of consecutive edges
(e1,€2,...,e,) where 7(e;) = t(ej+1) for 1 < i < n—1. We extend the maps ¢ and 7 to
paths, so that «(p) and 7(p) are the initial and terminal vertices of a path p. The graph
inwverse monoid GIMr is the set

{(p,q) : p and q are paths in I" such that 7(p) = 7(q)} U {0,1}
of pairs of coterminal paths in I', together with 0 and 1, with the binary operation:

(pra,s) if there exists 9 such that gro = r
(p,q)(r,s) =< (p,sq2) if there exists g2 such that ¢ = rgo
0 otherwise.

We note that if (p,q)(r,s) # 0 then one of ¢,r is a prefix of the other, and in particular
that ¢(q) = ¢(r). Further, an element (p,q) has inverse (¢, p) and is idempotent if and only
if p=gq.

We obtain a choice of generators for GIM(I") from I' as follows. We set X = V(I')UE(I") and
map X — GIM(T) by v + (v,v) for all v € V(T') and e ~ (e, 7(e)). Setting A = X U X1
and extending the map X — GIM(I") in the obvious way to o : A* — GIM(I") gives a finite
choice of generators.

Theorem 6.7. Let T' be a finite, directed graph. Then the idempotent problem E(GIMp, X)
s context-free.

Proof. We outline the construction of a pushdown automaton A(GIMr) that accepts the
language £(GIMr, X). The state set of A(GIMr) is {So, Z}U{S, : v € V(I')}; its start state
is Sy and every state is an accept state. The input alphabet is A and the stack alphabet is
E()UE(T)~!, together with the initial stack symbol zg. The automaton is designed to act
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as follows. The start state Sy accepts the empty word and the state Z accepts all words w
with [w] = 0. The state S, accepts all words w such that [w] = (p,p) and ¢(p) = v. Having
read a word w with [w] = (p, q), the automaton A(GIMr) is at state ¢(q). The symbols on
the stack depend upon the values of p and q. If p = ¢ € V(I'), then the stack only contains
the initial stack symbol zy. If p € V(T') and ¢ is a non-empty path, then the stack contains
2o and above this ¢~!. If p is a non-empty path and ¢ € V(T'), then the stack contains zg
and p. Finally if both p and ¢ are both non-empty, then the stack contains zg and the freely
reduced form of the word pg~!. If the only symbol on the stack after processing w is the
symbol zg, then zg is popped from the stack and A(GIMr) accepts the word w.

The transitions that accomplish this are defined as follows. As in Example 6.4, the state Z
is a sink state: if A(GIMr) enters state Z, the automaton finishes reading any input and
pops all symbols from the stack. Suppose the automaton is in the start state Sp: upon
reading v*! with v € V(T'), the state changes to S, and we push z; on the stack; upon
reading e € E(T), the state changes to Sr(e) and we push zpe onto the stack; upon reading
e~1, the state changes to S.(e) and we push zpe~! onto the stack.

Suppose A(GIMr) is in state S, with v € V(I'). Upon reading v € V(I') U V(I')~!, if
v = utl, then the state and stack are unchanged; if v # u*!, then the state changes to Z.
Now suppose that A(GIMr) is in state S, and reads e € E(I"). If v # «(e), then the state
changes to Z. If v = «(e) and the stack contains zgp for a path p, then the state changes
to 7(e) and e is pushed onto the stack. If v = (e) and the stack contains zgpg~' with ¢
non-empty, then we check whether the top symbol of the stack is e~!. If it is not, the state
changes to Z. If it is, the state changes to 7(e) and we pop e~! from the stack. Similarly,
we consider when A(GIMr) is in state S, and reads e™! with e € E(T). If v # 7(e), the
state changes to Z. If v = 7(e) and the stack contains zopg~! with ¢ non-empty, then the
state changes to t(e) and e~! is pushed onto the stack. If v = 7(e) and the stack contains
zop, then the state changes to ¢(e). We check whether the top symbol of the stack is e: if
it is we pop it and if it is not, then we push e~! onto the stack. O
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