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Abstract

Congruences are a core topic of interest in semigroup theory: the homomorphic images of a semigroup
are described uniquely by its congruences (and the quotients they define) in much the same way that a
group’s homomorphic images are described by its normal subgroups. This fundamental indicator of a
semigroup’s structure, therefore, is one of the first things that should be considered when attempting to
describe a semigroup computationally. To be able to represent a congruence, and to compute interesting
information about it, tends to be computationally difficult with the methods that have so far been
described in theory and implemented in computer algebra systems such as GAP. In particular, methods
for use with semigroup congruences are very limited.

In this paper we present a new way of representing semigroup congruences on one class of semigroups
— the finite O-simple semigroups — and we present a wide range of functions which can be applied to
them to find interesting properties quickly. These methods are largely based on existing theory, but
improve on current implementations of congruences, for example the GAP system’s representation by a
set of generating pairs. We also present methods for converting each way between these two congruence
representations, and we present a method to find all the congruences of a given semigroup.

Finally we extend the theory to provide an algorithm which decides whether a semigroup is congruence-
free. Whereas the other methods apply only to finite 0-simple semigroups, this method applies to all
finite semigroups.
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Chapter 1

Introduction

1.1 Motivation

Congruences are a core topic of interest in semigroup theory: the homomorphic images of a semigroup
are described uniquely by its congruences in much the same way that a group’s homomorphic images
are described by its normal subgroups. This is known as the First Isomorphism Theorem: Theorem
1.5.2 in [1, p.23] for semigroups, and Theorem 2.9 in [2, p.16] for groups. Hence congruences are a
fundamental indicator of the structure of a semigroup, and are therefore one of the first things that
should be considered when attempting to describe a semigroup computationally. However, to be able to
represent a congruence, and to compute interesting information about it, tends to be computationally
difficult with the methods that have so far been described in theory and implemented in computer algebra
systems such as GAP.[4] Compared to the level of research which has gone into computational group
theory, computational semigroup theory is in some ways in its infancy, without the iterations of review
and improvement which group algorithms have enjoyed over many years. See for example [2], a large
collection of group algorithms to which no counterpart exists in semigroup theory. In particular, methods
for use with semigroup congruences are very limited.

In this paper we present a new way of representing semigroup congruences on one class of semigroups
— the finite O-simple semigroups — and we present a wide range of functions which can be applied to
them to find interesting properties quickly. These methods are largely based on existing theory, but
improve on current implementations of congruences, for example the GAP system’s representation by a
set of generating pairs. We also present methods for converting each way between these two congruence
representations, and we present a method to find all the congruences of a given semigroup.

Finally we extend the theory to provide an algorithm which decides whether a semigroup is congruence-
free. Whereas the other methods apply only to finite 0-simple semigroups, this method applies to all
finite semigroups.

1.2 Expected Readership

This text is aimed at readers who have some knowledge of semigroup theory, perhaps having taken a
university course at late undergraduate or postgraduate level such as [3]. However, this text is designed
to be as accessible as possible to readers with very little semigroup theory, stating as much background
theory inside the paper itself as possible, and not relying on external knowledge where it can be avoided.
A reference book such as [1] might be useful to such readers, and should be sufficient to understand all
of the material.

1.3 GAP Implementation

This theoretical description accompanies a significant body of code which uses the GAP programming
language [4] to implement the algorithms which follow. This code has been released under the GNU
General Public Licence as part of GAP’s Semigroups package [5] in the 2.0 release. The full code of the



Semigroups package is attached to this document digitally; the relevant segments written by the author
of this paper are in the gap directory, as follows:

e All code in reesmat-cong.gi
e All code in univcong.gi
e The IsCongruenceFreeSemigroup method in properties.gi

and the declarations in the three corresponding .gd files. The functions inside these files implement all
the methods described in Chapters 2-5.

1.4 Basic Definitions

First, we need some basic definitions to introduce some of the ideas which will be encountered later on.

Definition 1.1. A semigroup is a set S together with a binary operation % : S x .S — S such that

(xxy)xz = wzx*x(y*xz2)
for all x,y,z € S.

Definition 1.2. A congruence on a semigroup S is an equivalence relation p C S x S such that
(x,y) € p implies that (az,ay), (za,ya) € p,
for all z,y,a € S.

For any semigroup S, the relation S x S, which relates every element of S to every other element
of S, fulfills the criteria in Definition 1.2; we call this the universal congruence. We also have the
relation Ag = {(z,z) |z € S}, which relates each element only to itself; this also fulfills the criteria, so
we call it the trivial congruence. Hence every semigroup has at least two congruences.

Definition 1.3. Let S be a semigroup.
A left ideal is a non-empty subset I C S such that si € [ for all s € S and i € [.
A right ideal is a non-empty subset I C .S such that is € [ for all s € S and i € I.
An ideal is a non-empty subset I C S which is both a left ideal and a right ideal.

Definition 1.4. Let S be a semigroup. S is a semigroup consisting of the elements and multiplication
of S together with a zero element 0 such that

20=0x =0

for all z € S°.

Definition 1.5. A zero is an element 0 in a semigroup S such that
20=0z =0

forall x € S.

Definition 1.6. A semigroup with a zero is 0-simple if S and {0} are its only ideals. [3, p.51]

Definition 1.7. A semigroup with zero is completely 0-simple if it is O-simple and contains left and
right ideals which are 0-minimal; i.e. S has a left ideal L which contains no left ideals except L and {0},
and S has a right ideal R which contains no right ideals except R and {0}. [3, p.52]

Observe that a finite semigroup is completely 0-simple if and only if it is 0-simple. This paper mainly
considers only finite semigroups, so we will usually refer to finite 0-simple semigroups, knowing that
these must be completely 0-simple. To start with, we define a structure which can be used to describe
any finite 0-simple semigroup up to isomorphism:



Definition 1.8. A Rees 0-matrix semigroup M°[T; I, A; P] is the set
(I xT xA)u{o}
with multiplication given by

; (A _ (Z’ ap)\jb, M) if p)\j # 07
(10, A) - (3,6, 1) _{ 0 otherwise,

where
e T is a semigroup,

e [ and A are index sets,

P is a |A| x |I| matrix with entries (px;)aea,ier taken from T°,
e 0z =20 = 0 for all z in the semigroup.
[3, p.52]

Definition 1.9. A matrix P is regular if it has no row or column which consists entirely of zeros. That

is,

Viel:INeA:py #0,
VAeA:Jiel:py #0.
[1, p.70]

Theorem 1.10. (The Rees Theorem) Every completely 0-simple semigroup is isomorphic to a Rees
0-matriz semigroup MO[G; I, A; P], where G is a group and P is regular. Conversely, every such Rees
0-matriz semigroup is completely 0-simple.

Proof. Theorem 3.2.3 in [1, p.72-75]. O

Now we can describe any finite 0-simple semigroup as its isomorphic Rees 0-matrix semigroup. Hence
we can restrict our further investigations just to this type of semigroup. From now on, when we see a
Rees 0-matrix semigroup over GG, we will assume that G is a group. Hence “a finite 0-simple Rees 0-
matrix semigroup M°[G; I, A; P]” refers to a finite 0-simple Rees 0-matrix semigroup over a group, with
a regular matrix P.

1.5 Congruences and Linked Triples

Next we consider the congruences of a finite 0-simple semigroup.

Definition 1.11. For a finite 0-simple Rees 0-matrix semigroup M°[G; I, A; P], a linked triple is a
triple
(N,S,T)

consisting of a normal subgroup N < G, an equivalence relation S on I and an equivalence relation T
on A, such that the following are satisfied:

1. §Cey, whereer ={(4,j) € IXI|VA € A:pyy =0 < py; =0},
2. T Cep, whereep ={(\,p) e AXA|Viel:py =0 < pu =0},

3. For all ¢,j € I and A, u € A such that px;, prj, Pui, Pu; # 0 and either (i,7) € S or (A, pu) € T, we
have that qx.:; € IV, where

—1 —1
Apij = PXiP i PuiPyj -

1, p.86]



We can associate the linked triples of a finite 0-simple semigroup with its non-universal congruences,
using a function I' defined as follows.

Theorem 1.12. For a finite 0-simple Rees 0-matriz semigroup MC[G; I, A; P], there exists a mapping
T from the non-universal congruences p onto the linked triples (N,S,T).

Proof. This proof and these definitions are adapted from material in [1, p.83-85].

First we will define the mapping I', and then we will prove that the triples in its image are all linked.

Let S = M°[G;I,A; P] be a finite 0-simple Rees 0-matrix semigroup. Hence by the Rees Theorem
(1.10) G is a group and P is regular.

Let p be a congruence on S, and consider the zero element. If (x,0) € p, then (zy,0y) = (zy,0) € p
and (yz,y0) = (yx,0) € p for any y € S. Hence the congruence class 0/p is an ideal of S. Since S is
O-simple, 0/p must be equal to S or {0}. In the first case, p is the universal congruence S x S. The
second case covers all the non-universal congruences, and so for all these congruences 0 is related only
to itself.

Recall the relations e; and €, as in Definition 1.11: e relates the columns ¢ and j if and only if those
columns contain zero entries in the same rows. Similarly, €5 relates the rows A and p if and only if those
rows contain zero entries in the same columns.

Now let p be a non-universal congruence on S. We define a relation S, C I x I by the rule that
(1,7) € S, if and only if

* (Z,j) cer, and
o (i,p5A) p (G,p3; s A)

for all A € A such that py; # 0 (and hence by €1, py; # 0).

Since p and €5 are reflexive, symmetric and transitive, we can see that S, is also reflexive, symmetric
and transitive. Hence S, is an equivalence relation on I.

Similarly, we define a relation 7, C A x A by the rule that (A, ) € 7, if and only if

® (A ) € ep, and

i (ivp;ila A) p (i7p/__n17 /’[/)
for all 7 € I such that py; # 0 (and hence by €7, pu; # 0). And similarly, 7, is an equivalence relation on
A.

Finally, we want to find a normal subgroup N, < G to complete the triple. First we need to choose
a matrix entry in P which is not equal to 0. Since P is regular, the top row, which for this proof we will
call 15, contains a non-zero entry. Label as 1; the first (furthest left) column such that p;,1, # 0. Now

let
NP = {a €G | (1],&, 1/\) P (1171G71A)7

where 14 is the identity in the group G. For convenience we may abbreviate 1; and 15 to 1 when their
use is clear.
Now we are ready to define I' as the function

T:p— (Ny, S, Tp)-

which maps any non-universal congruence onto a triple with the entries defined above. We now need to
show that this is a linked triple as in Definition 1.11.

Since by reflexivity (1,1¢,1) p (1,1, 1), we have that 1¢ € N, so N, # @. We now wish to show
that N, is a subgroup of G.

Let a,b € N,, so that

(1,a,1) p (1,1¢,1) and (1,b,1) p (1,1¢,1).
Hence, since p is a congruence,

(1,a,1)(L,pi, 1)(1,0,1) p (1,16, ) (1, p1,1)(1, 16, 1),



which implies
(17 ab7 1) p (17 1G7 1)7

and so ab € N,.
Now let a € N,, so that

(1,@, 1)(1ap1_11a_17 1) p (17 1Ga 1)(1ap1_11a'_17 1)a
and so
(1,1¢,1) p (1,a7*,1).

Hence a=* € N,. Now we know that NN, is closed under multiplication and inverses, so N, < G as
required. Next we wish to show that IV, is normal.
Let a € Ny,g € G. So

(Lgilpl_lla 1)(170“’ 1)(15171_1197 1) P (Lgilpl_llv 1)(17 1Gv 1)(13101_1197 1)7

1

that is,
(Lgilaga 1) P (171G71)7

and so g 'ag € N,, and N, < G.

So for a non-universal congruence p, we have a triple (N,,S,,7,) consisting of a normal subgroup
N, < G, a column equivalence S, C I x I, and a row equivalence 7, € A x A. To prove that this triple
is linked in the sense of Definition 1.11, we just need to prove condition (3).

Let 4,7 € I and A\, u € A such that px;, pxj, Pui, Puj 7 0, and require that either (i, j) € S, (A, i) € 7.
Without loss of generality, suppose that (7,j) € S, (the case for (A, 1) € 7, is similar). Now by the
definition of S,

(i Ppi s 1) P (s Dy s 1),

and so
(1,16, A (i, pt s )Gy 1) p (1,16, NG oy, 1) Gy o 1),
which implies that
(LpMp;ilpujp;jlv 1) p (lvpkjp;jlpujp;jl’ 1),

that is,

(1, gapijr 1) p (1,1¢,1).
Hence gxui5 € N, and so (N,,S,,T,) is linked. O

We now know that I' is a function which maps non-universal congruences onto linked triples. In order
to use congruences and linked triples interchangeably, we need I' to be a bijection. We prove this in
Theorems 1.15 and 1.16 shortly, but first we need to establish a lemma.

Lemma 1.13. Let p be a congruence on a finite 0-simple Rees 0-matriz semigroup over a group.
(1,a,1) p (1,b,1) if and only if ab™' € N,

for all a,b € G. [1, p.85]

Proof. Let (1,a,1) p (1,b,1). Hence
(Loa, 1)(Lpi'b™ 1 1) p (1,6, 1)(1,p3'07 1, 1),

and so (1,ab=%,1) p (1,1g,1), and therefore ab~' € N,. Each of these implications applies in both
directions, so the converse is true. O

Lemma 1.14. If (i,a,A) p (j,b, u) then (i,j) € S, and (A, p) € T,.



Proof. This proof is adapted from Lemma 3.5.3 in [1, p.86].

By definition (as in Theorem 1.12), (i, j) € S, if and only if (¢, ) € er and (i,pgil,ﬁ) p (j7pgjl,§) for
every ¢ € A such that pg; # 0.

To show that (i, 5) € €1, choose £ € A such that p;; = 0. We have

0= (17 1G,€)(i,a7>\) 14 (171G7§)(j> baM)?

and since |0/p| = 1, we have (1,1, €)(j, b, u) = 0, which implies that pg; = 0. So pg; = 0 implies pg; = 0,
and by similar reasoning p¢; = 0 implies pg; = 0. Hence (4, j) € ;.

Now, to show the other part of the definition, we present the following chain of p-related pairs, where
x € I and § € A such that pg;, prs # 0:

(i,a,A) p (4, b, 1)
(1,16, )i, a, A) p (1,16,€) (4, b, 1)
(1,lg,€)(i,a,)\)(f£ P11, )P (1 1Ga )(jabhu)(xapllv]-)
1)p

(1, peiaparzpin, (1, pe;bppapin, 1)

Let this be written as (1,¢,1) p (1,d,1), and from Lemma 1.13 we have cd~! € N,. Since N, is normal,
we have ¢ 1(cd 1) le = c_ld € N,, and so again by Lemma 1.13,

(L1

) p (1,d71,1)
(z,1¢, 1)(1,¢ 1, 1)(1, pi1, €)

)

)

(1,
( (z, 1, )(L,d" 1 1)(L,pyy'+€)

(i,a,)\)(x, 1G=1)(17C_171)(1 P 75 (J b7:u)(m71G7 )(1 d-! 1)( 117 )
(1 pg, af (j,p;é,ﬁ)

and we have the result required. Hence (4, j) € S,. A similar argument gives the stated result for 7,. O

p
p
p
P

Theorem 1.15. The function I' is injective.

Proof. We want to prove that for two non-universal congruences p and o, I'(p) = I'(0) if and only if
p=o.
Clearly p = o implies that I'(p) = I'(0). Conversely, let p and o be non-universal congruences on S
with
I'(p) =T(0) = (N,S,T),

and let
(i,a,A) p (3,0, ).

By Theorem 1.14, (i,5) € S and (A, ) € T. Now choose k € I,v € A as follows: k is the first column
such that py, # 0 (and so p,r # 0), and v is the first row such that p,; # 0 (and so p,; # 0). We have

(1’ 1G7V)(i7a7)‘)(kv 1G7 1) P (]-7 ]-le/)(jv bv M)(kv ]-Gv 1)7

that is, (1, pyiapak, 1) p (1,p0jbpuk, 1). By Lemma 1.13, p,;apxi(pybpuc) " € N, and so we can go back
to

(me‘apAka 1) g (Lpujbpuka 1)
Now, since (i,5) € S we have the following;:
.1 .1
(i,p,i V) 0 (4,P,; V),
(i,p, v) (v 015 1) o (G, ) (s py ot 1),
(iﬂp;ilpfllv 1o (jyp;j'lpil? 1),
and by a similar argument, since (A, u) € T,

(1L, P> A) @ (1L, P P s 10)-



Now, using the three related pairs we have established, and using the fact that o is a congruence, we
have

(i7p;ilp1_11a 1)(lapuiafpkka 1)(13p;11pX1917 A) g (.j7p;j1p1_11a 1)(17pl/jbpuka 1)(1ap1_11p/:k17 /’L)a
which is to say that (i,a,\) o (j,b, ). Hence p = o, and T is injective. [1, p.87]

Theorem 1.16. The function I' is surjective.

Proof. This proof is adapted from Lemma 3.5.6 in [1, p.87-90].

We need to show that for each linked triple (N,S,T) there exists some congruence p such that
I'(p) = (N,S,7). Let (N,S,7) be a linked triple, and define a relation p such that two non-zero
elements (i, a, \) and (j,b, 1) are p-related if and only if

1. (4,j) € S;
2. (\p)eT;
3. pgiap,w(pgjbpw)_l € N for some x € I,£ € A such that pe;, pej, Paz, Pua 7 0;

and 0 is related only to itself.
We wish to establish that p is a non-universal congruence, and that I'(p) = (N, S, 7). But first we
establish a lemma to help us prove this.

Lemma 1.17. If condition 3 above holds for SOME x € I,£ € A such that pe;, pej, Dazs Pua 7# 0, then it
must hold for ALL x € I,§ € A such that peg;, pej, Pazs Pua 7 0.

Proof. This proof comes from Lemma 3.5.7 in [1, p.88].
Let x € I,£ € A be such that pe;, pej, Paz, Puaz # 0 and pgiap,\x(pgjbpw)_l € N.
Also let y € I,m € A be such that p,;, py;, Py, Puy 7 0. We wish to show that

PniGPry (pnjbpuy>_1 eN.

First, for any ¢,d € G such that c¢d € N, we know that dc € N (since dc = ¢~ *(ed)c). Hence, since
we have pg;apig (pgjbpw)_l € N, we also have

pmp;;bflpgjlpgia € N.
Note that since (A, u) € T, (N, S, T) is a linked triple, and pxa, Prys Pue, Puy 7 0, we have
Uruye = PayPpy PuzPrg € N,
and multiplying these two elements gives us
PaxyPpy b 'Pe; peia € N.
Again using the property cd — dc, we have
apryPpy b~ 'pe; pei € N.
Now since (j,i) € S, (N,S,T) is a linked triple, and pe¢;, pej, pyi, Pnj # 0, we have gepj; € N, and so
Pei denjibe = De; DejPpj Pni € N

The product of these two elements is ap Ayp;yllf1 p;jlpm- € N, which we reorder as before, and collect
the inverses, to give

PrniGPry (pnjbpuy>_1 eN.



Now we return to Theorem 1.16, and we wish to show that p is a congruence. We can see that p is
reflexive simply by applying i = j,a = b, \ = p to the definition. Also, p is symmetric, since S and T
are symmetric, and since cd~! € N implies that (cd~ 1) =dc™! € N.

To show that p is transitive, consider three elements (i, a, A), (j, b, u), (k, ¢, v) such that

(i,a,\) p (4, b,pp) and (5, b,p) p (k,c,v).

Clearly by the transitivity of S and 7, we have (i,k) € S and (\,v) € T. Choose = € I,£ € A such that
Péis Pék» Pazs vz 7 0. Since (i,7) € S and (A, p) € T, we also have p¢j,pur # 0. By Lemma 1.17, these
x and ¢ are sufficient that

Peiaprs (Pejbppz) ™t € N and  pejapuq(percpuz) ' € N,

and these multiply to give
pEiap/\x(pEkcpux)_l € Na
and therefore (i,a,\) p (k,c,v), so p is transitive.
To show that p is a left congruence, again consider three elements (i, a, A), (4, b, 1), (k, ¢,v) such that
(i,a,\) p (4,b, ). We need to prove that (k,c,v)(i,a,\) p (k,c,v)(J,b, p).
Since (¢,j) € S, py; and p,; are either both zero or both non-zero. If they are both zero, then

(k,c,v)(i,a,A) = (k. c,v) (5, b, ) =0,
and so the two products are certainly p-related. If they are both non-zero, then we need to show that

(k’ CPuia, )‘) 4 (ka prjb, ,LL)

Certainly we have that (k, k) € S and (A, u) € T. Hence we just need that

PekCPuiaPrz (PekCPybPus) t € N

for some x € I and £ € A with appropriate non-zero entries.
We have that (i,a,A) p (4,b, ) and therefore

Pe&iaPrg (pﬁjbp;m)il eN

for every x € I,£ € A such that pe;, pej, Paws Pua # 0. Since in this case p,i,p,; # 0, we set £ = v and
we immediately have

PriQPrx (pujbp,uz)71 S N

for any x € I with pyz, pus # 0. If we conjugate this formula by the element ¢~ pgkl, we get the formula
we wanted, and p is a left congruence. By a similar argument, p is a right congruence, and so we have
the result that p is a two-sided congruence.

Now that we know p is a non-universal congruence, we need only to show that I'(p) = (N, S, T), and
we will know that I' is surjective.

First we show that S = S,. If (i,j) € S, then (i,p;il,)\) p (j,p;\jl,A) for every A € A such that
pai 7# 0; hence (4,7) € S. Conversely, if (,7) € S then for all A € A such that py; # 0,

Gexij = PeiPx; (PrePra)(Px; ) 'pg; €N

for all z € I, € A such that pg;,pej, pre # 0. Hence (4,pxi; A) p (J,paj,A) and so by definition,
(1,7) € Sp. Hence S = S,. By a similar argument, 7 = 7.

Finally we wish to show that N = N,. By definition, a € N, if and only if (1,a,1) p (1,1¢,1). This
is the case if and only if (by Lemma 1.17)

peraprz(peilepiz) ' € N

for some z € I and £ € A such that pg1,p1, # 0. This is true if and only if a € N. Hence we have
N=N,. O



Now we have proved that the non-universal congruences of a finite 0-simple semigroup correspond
bijectively to its linked triples, and we have come across some results which allow us to determine certain
properties of the congruence using its linked triple. In Chapter 2, we will describe how this theory can be
used to represent congruences computationally, and the advantages this gives us in finding low-complexity
algorithms which can be used to describe the properties of these congruences.

While in this paper we are concentrating on finite 0-simple semigroups, it should be noted that a very
similar representation exists for finite simple semigroups (Rees matrix semigroups), and the functions
described operate in almost exactly the same way, except for the removal of complications related to the
zero element. In this system, the universal congruence can also be represented by a linked triple, namely
(G, I xI,AxA). [1, p.90-91]

Since the theory is so similar, we will not explain the finite simple case in any more detail, and
instead we will restrict our arguments to semigroups with zero, apart from a brief excursion to Rees
matrix semigroups in Theorem 5.4. However, a future implementation of this theory in GAP could be
useful, and would be a logical extension of this project.
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Chapter 2

Semigroup Congruences By Linked
Triple

Since the linked triples of a Rees O-matrix semigroup are in bijective correspondence with its non-universal
congruences, we can describe a congruence p computationally by its associated linked triple I'(p), rather
than by storing a set of pairs or a partition of the semigroup. Using this representation we can compute
some important properties of the congruence much faster than by these other representations.

In this section, we explain several of the algorithms for computing with these objects, as implemented
in GAP by the author of this paper, and where appropriate we provide pseudo-code or well-commented
GAP source code.

2.1 Describing Linked Triples Computationally

In order to store a semigroup congruence computationally by its linked triple, we need a function which
takes four arguments:

a finite 0-simple Rees O-matrix semigroup .5,
e a group N,

e a relation S, and

e a relation T,

and returns an object which can be used as a semigroup congruence, but which is stored internally as a
linked triple (N, S, T).

The function will also need to carry out checks to ensure that these arguments describe a valid linked
triple. If G is the underlying group in the Rees 0-matrix semigroup S = M°[G; I, A; P], then

e N must be a normal subgroup of G,
e S must be an equivalence relation on the columns I, and
e 7 must be an equivalence relation on the rows A.

The relations S and T, which we traditionally view as sets of pairs in I x I and A x A, can be stored
more concisely as partitions of the set I or A: lists of lists of integers describing the equivalence classes.
For example, if there are 6 columns, and if S is the equivalence relation with classes {1, 3}, {2,4,5} and
{6}, then it might be represented as the list of lists

[[17 3]7 [27 4, 5]» [GH )

to use square-bracket notation for a list.
This function checks that these conditions are satisfied, then calls the function ISLINKEDTRIPLE (see
Section 2.3) to check that (N, S, T) is linked in the sense of Definition 1.11, and then creates the object.
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2.2 Finding the Congruences of a Semigroup

Given a finite 0-simple Rees 0-matrix semigroup S over a group G, we wish for a function that returns a
list of all the congruences on S, including all non-universal congruences described by their linked triples,
and a special object for the universal congruence.

The basic operation of this function is not complicated: find all triples of the form (N,S,T) and if
they are linked, add them to a list. Then take the congruences I'"! ((N .S, T)) and add the universal
congruence. This algorithm is shown in the following pseudo-code:

procedure CONGRUENCESOFSEMIGROUP(S)
C.=g0
for all N < G do
for all S C ¢; do
for all 7 C 5 do
if ISLINKEDTRIPLE(S, N,S,T) then
Add (N,S8,7) to C
end if
end for
end for
end for
Replace each triple in C' with its congruence
Add UNIVERSALSEMIGROUPCONGRUENCE(S) to C
return C'
end procedure

This algorithm is simple in itself. However, there is also the complication of calculating the normal
subgroups N, as well as €; and €5 and their subsets.

To calculate all the normal subgroups N < G, the attached implementation uses the NormalSubgroups
method currently implemented in GAP [4], which uses the method described in [6].

The relation e; C I x I is defined as the equivalence relation on the columns of the semigroup which
relates columns with zero entries in exactly the same places. That is,

(i,§) €er ifandonly if {A€A|py=0}={NeA|py =0}.

To calculate this, we use the following algorithm:

procedure ¢;
er = {{1}1,{2},.... {n}} > where n = ||
forie {1...n} do
forje{i+1...n}do
if (YA€ A):pri,prj #0or pyi =py; =0 then
ADDRELATION(gy, 4, )
end if
end for
end for
return ¢y
end procedure

The row equivalence ¢, is calculated similarly. ADDRELATION takes an equivalence relation and two
elements a and b, and modifies the equivalence relation to combine the two classes containing a and b
(see Section 2.2.1). To calculate all the subsets S C ¢; and T C 4, we use another helper function
SUBPARTITIONS (see Section 2.2.2).
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2.2.1 Add a Relation

In order to create the “maximal” column and row relations €; and 5 we combine various classes itera-
tively using the function ADDRELATION. In this case the equivalence relation p is stored as a partition of
the integers {1...|I|}, and ADDRELATION(p, z,y) modifies the relation p so that the classes containing
x and y are combined. This algorithm is demonstrated in the following pseudo-code:

procedure ADDRELATION(p, , y)

Let X be the first list in p containing z > In fact, it is the only such list
Let Y be the first list in p containing y
if X #£Y then
X:=XUY > Combine the congruence classes of x and y
p=p\Y > Remove the redundant class whose elements are now in X
end if

end procedure

To find the complexity of this method, let n be the number of elements in the set. This algorithm
searches lists for the elements = and y, making no more than n comparisons for each. Then in comparing
the disjoint sets X and Y it needs to make precisely one comparison. Finally, combining the sets X and
Y cannot take more than n storage operations. Hence, ADDRELATION has linear order O(n).

2.2.2 Subpartitions

This function takes a partition of a set {1...n} and returns a list of all the partitions which refine that
partition. For example, given the partition

[[1,3], [2,4,5], [6]]

SUBPARTITIONS would return

[ [11,35,[2,4,5), 6],
11,3, 2,4, [5], 6],
11,3], 2,5, [4], 6],
11,31, [2], [4,5], 6],
11,3], 2], 4], [5], 6],
1],[2,4,5],[3], [6]],
12,4, [3], 5], 6],
1, [2,5, [3], 141, [6]],
1, 2], 3], 14,51, [6]],
(11, 2], 31, 14, 18, 6] |,

the list of all “subpartitions” of the argument. The algorithm for doing this is best demonstrated by the
following high-level GAP implementation:

subpartitions := function(part)
local 1;
# Replace each class with a list of all partitions of that class
1 := List(part, PartitionsSet);
# Produce all the combinations of partitions of classes
1 := Cartesian(1);
# Concatenate these lists to produce complete partitions of the set
1 := List(l, Concatenation);
# Finally sort each of these into the canonical order of its new classes
1 := List(l, SSortedList);
return 1;
end ;
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2.3 Is a Triple Linked?

By definition, a triple (N, S, T) is linked only if it fulfills the three conditions required in Definition 1.11.
The ISLINKEDTRIPLE function tests these conditions, and returns a boolean value for whether the triple
is linked. The three conditions can be tested together with the following algorithm:

Require: S = MY[G;I,A;P], N<G, SCer, T Cep.
procedure ISLINKEDTRIPLE(S, N, S, T)

> First, the column relation S
for all equivalence classes S, of S do
Let {i1,%2...4,} be the elements of S,
> Do all columns in S, have zero in the same rows?
for k =2 ton do
for A € A do
if pxi; = 0 xor py;, =0 then
return false
end if
end for
end for
> Is gauij € N for every i,j € Sq 7
fori,j € S, do
for all A, ;x € A such that py;,p.; # 0 do > and therefore py;,pu; # 0
if pxipy; PPy, & N then
return false
end if
end for
end for
end for

> Second, the row relation T
for all equivalence classes T, of T do
Let {A1,A2... A} be the elements of T,
> Do all rows in T, have zero in the same columns?
for Kk =2ton do
for i € I do
if pr,i = 0 xor py,; = 0 then
return false
end if
end for
end for
> Is gauiy € N for every A\, € Ty ?
for A\, € 7, do
for all ¢, j € I such that py;,py; # 0 do > and therefore pu;, puj 7 0
if paip,i puipy; & N then
return false
end if
end for
end for
end for
end procedure
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2.4 Equality

We need a function which compares two congruences p; and p, and reports whether they are equal. For
two congruences by linked triple, this is simple:

Let p; have the linked triple (N1, 81, 71) and pg have the linked triple (N3, Sa, T2). Now p; = pg if
and only if

e p; and po are congruences of the same semigroup S,

o N1 =Ny,
e S5 =385, and
«Ti=T

2.5 Pair Inclusion

We have been storing a congruence p by its linked triple. However, for this representation to be useful
we must also be able to view it as a set of pairs in S x S, and to this end we provide an inclusion function
which tests whether a pair (z,y) € S x S is in p — that is, whether x is p-related to y.

Since the linked triples of a finite 0-simple Rees 0-matrix semigroup over a group describe precisely
the non-universal congruences, the congruence p with linked triple (N, S,T) contains no pair including
zero apart from (0,0).

If 2,y # 0 then we can write = (i,a,\) and y = (4, b, u). To decide whether (z,y) € p, we need to
use all three parts of the linked triple, as in the conditions for p-congruence in Theorem 1.16. Firstly, it
is necessary that

(4,7) €S and (A\p)eT.

If either of these conditions is not satisfied, then (z,y) ¢ p. However, if these are both true, then it gives
us an important piece of information which is necessary for the next test: since S C ¢;, we know that
the columns 7 and j have zero entries in precisely the same rows; and since 7 C e, we know that the
rows A and p have zero entries in precisely the same columns.

Let k € I be any column of the matrix such that pxx # 0: hence p,r # 0 as well. Similarly let v € A
be any row such that p,; # 0: hence p,; # 0 as well. Recall that P has no rows or columns which are
all-zero, so these choices will always be possible. Now we require that the two elements

DPuvi-a-pxe and puj;-b-puk

must satisfy the condition
(pvi @ par) - (Puj b pur) ™" € N.
This is the same as deciding whether they are in the same coset of N with respect to G.

If all three of these tests return true (the three conditions in Theorem 1.16) this is sufficient to
determine that (z,y) € p. This algorithm is shown in the following pseudo-code:

Require: S = M[G; 1, A; P)
procedure IN((z,y), p)

if x =y then > First a special case for 0
return true

else if x =0 or y = 0 then
return false

end if

Let (N,S,T) be the linked triple of p

Let x = (i,a,\)

Let y = (4,b, 1)

if (i,5) ¢ Sor (A\,u) ¢ T then
return false
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end if
Let k be the first column in I such that pyx # 0 > and therefore pur # 0
Let v be the first row in A such that p,; # 0 > and therefore p,; # 0
if (pvi @ par) - (Pvj b pur) " € N then
return true
else
return false
end if
end procedure

Note that for this algorithm, k£ and v need not be the first column and row with the specified
condition, but could be any column and row with that condition. However, the first column and row are
reasonable canonical examples, and in Section 3 we will see other methods for which this choice must be
deterministic.

2.6 Elements of a Congruence Class

This function takes a congruence p and an element z € S and returns the elements of xz/p — that is, a
list of all elements which are p-related to . If x = 0, then it will return only {0}. Otherwise, we can
define z equal to some (i,a, A), and the function will return all elements (j, b, u) such that ¢ S 7, A T p,
and (pui @ pak) - (puj b pur)”* € N (as in Section 2.5 and Theorem 1.16). The GAP system refers to
methods of this type by the name ImagesElm — the “images” of an element x.

Require: S = M[G; 1, A; P)
procedure IMAGESELM(z, p)

Let (N,S,T) be the linked triple of p
if x =0 then

return {0}
end if
Let x = (i,a,\)
Let k be the first column in I such that pyx # 0
Let v be the first row in A such that p,; # 0
R, =o
for j €i/S do

for pe \/T do

for n € Na do
b:=1p, npyiapapy <
Add (j,b, p) to R,
end for

end for
end for
return R,

end procedure

In the line marked <, we use the fact that we want to find every group element b such that

Pujbpuk € Npyiap.

Hence, for every n € N we calculate what that b must be and add it to the list.
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2.7 Join

Given congruences (or equivalences) p; and ps, the join p; V po is defined as the smallest congruence (or

equivalence) p’ such that p; U ps C p'.

To calculate p; V ps with the linked triple representation, let (Ny,S1,71) and (N3, Ss, T2) be the

linked triples of p; and py respectively. By Lemma 3.6.1 in [1, p.91], the linked triple of p1 V pg is

(N1N2,851V 82, Ti V To).

To find N1 Ns, we find a generating set for each of N7 and N,. Combining these sets gives a set of

generators for Ny No. To find &1 V S, we allow the columns in I to be marked or unmarked. Initially
all the columns are unmarked. Now we iterate through the columns: if a column ¢ is marked, we ignore
it; if not, then find the union of i/S; and /S, and add it to a list of “blocks”, the equivalence classes
of §; V S;. All of the columns in this new block, we now mark to avoid repeats. 77 V 7z is calculated in

a similar fashion.
This algorithm is shown in the following pseudo-code:

procedure JOIN(p1, p2)
Let (N1, 81, 71) be the linked triple of pq
Let (N2, 82, T2) be the linked triple of ps
Let X7 be a set of generators for Ny
Let X5 be a set of generators for Ny
N1N2 = <X1,X2>

Cr=9o
for i € I do
if 4 is marked then
continue
end if
B; = Z/Sl Ui/SQ
Mark elements in B;
Add B; to Ct
end for
Let S; V S be the equivalence with classes Cf

Ch =0
for A € A do

if \ is marked then

continue

end if

By:=X/TiUNTs

Mark elements in B)

Add By to Cy
end for
Let 71 V T2 be the equivalence with classes Cy
Let p have linked triple (N1 N2, 81V 8o, T1 V Tz)
return p

end procedure

2.8 DMeet

Lemma 2.1. Given congruences p1 and ps, the intersection py N ps is also a congruence.

Proof. Let p' = p1 Npo, and let z p' y and w p’ v. Hence x p1 y, = p2 y, u p1 v, and u pe v. Since p;

and py are congruences, zu p1 yv and zu ps yv. Hence zu p’ yv, and so p’ is a congruence.
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Since p1 N po is the largest congruence which is a subset of both p; and ps, we call it the meet of p;
and po, and we may write it p; A ps.

To calculate p; A po with the linked triple representation, Let (Ny,S1,71) and (Na, S2,72) be the
linked triples of p; and py respectively. By Lemma 3.6.1 in [1, p.91], the linked triple of p1 A pg is

(N1 NNy, 51N S, T1 07-2)

To find N1 N Ny, the current implementation relies on the GAP method for finding the intersection
of two groups.[4] S NSz and T3 N Tz are found using a method identical to that for the join in Section
2.7, except that we find the intersection of the row and column classes instead of the union.

This method is shown in the following pseudo-code:

procedure JOIN(p1, p2)
Let (N1,S81,T1) be the linked triple of p;
Let (N3, S, 72) be the linked triple of po
Calculate N1 N Ny

Cr=9o
for i € I do
if 4 is marked then
continue
end if
Bi = ’L/Sl ﬂi/Sg
Mark elements in B;
Add Bi to C]
end for
Let 81 NSy be the equivalence with classes Cr

Chr =0
for A € A do

if \ is marked then

continue

end if

By:=XTiNAT

Mark elements in By

Add By to Cy
end for
Let 71 N 73 be the equivalence with classes C
Let p have linked triple (N7 N N2, S1 N S2, 71 N T2)
return p

end procedure

2.9 Universal Congruences

As mentioned before, the linked triples of a semigroup S describe its non-universal congruences. For
any semigroup there also exists the universal semigroup S x S, which must also be considered. For
completeness, all methods above which apply to S x S have been implemented in GAP, though most
of them are trivial. Another object is implemented which represents U, the single universal congruence
class of S x S.

For the universal semigroup congruence S X S and a semigroup congruence by linked triple p, the
following results are defined:

e SxS=5x%S5,
e S x5 #p,
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(x,y) € S xS forall z,y € S,

IMAGESELM(S X S, x) returns all the elements of S,

NRCONGRUENCECLASSES(S x S) = 1,

e SXxSVSxS=8xS8,

SxSVvp=85xS5,

SXxSASxS=8x%xS8,

SxSNAp=p,

EQUIVALENCECLASSES(S x S) = {U},

e EQUIVALENCECLASSOFELEMENT(S x S,z) =U for all z € S,
e xclforallxz €S,

e U -U=UinS/(SxS),

o (U] =15],

e U=U,

o GENERATINGPAIRSOFCONGRUENCE(S X S) = {(z,s1) | Vo € S} for some fixed s; € S (see Section
4.2).
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Chapter 3

Congruence Classes By Class Triple

Now that we have a way of describing a congruence p with its linked triple, and a way of testing whether
two elements are p-related using that linked triple, we now seek a concise way to describe a congruence
class of p.

Definition 3.1. Let S = MO[G; I, A; P] be a finite 0-simple Rees 0-matrix semigroup; let p be a non-
universal congruence on S with linked triple (N, S, 7). A class triple of p is any triple

(NL,i/S,\/T),
where
e /S is an equivalence class of S;
e )\/T is an equivalence class of T;
e Nl is a coset of N in G.
Theorem 3.2. The class triples of p correspond bijectively to its non-zero congruence classes.

Proof. Let x = (i,a,\) be an arbitrary non-zero element of S. Let k € I be the first column in P such
that pyr # 0, and let ¥ € A be the first row in P such that p,; # 0. We define C}, as the class triple

(N1,i/S,\/T),

where | = p,; - a - prg.

We now need only to show that for z,y € S, (z,y) € p if and only if C, = C,,.

(=): Let (x,y) € p such that x = (i,a,A) and y = (j,b,p). By Lemma 1.14, i/S = j/S and
MT = p/T. Now, since (i,7) € e; and (A, u) € ey, the first non-zero column k will be the same
for A and p, and the first non-zero row v will be the same for ¢ and j. Therefore by Theorem 1.16,
PriGPAL (p,,jbpuk)_1 € N, so the two elements p,; - a-pxx and p,; - b-pyx lie in the same coset of N, which
is called Ni. Hence C, = C,,.

(«<): Let ¢ = (i,a,\) and y = (4,b, ) be chosen such that C, = C,. Hence i/S = j/S and
AT = p/T, so0 (i,7) € S and (A, u) € T. Now since v and k can be chosen consistently, p,; - a - pk
and p,j - b - pur lie in the same coset of IV, and again we have that pyiap,\k(pyjbpuk)_l € N, and so

(z,y) € p. O

Note that here, unlike the method for pair inclusion (see Section 2.5) we cannot choose k and v
arbitrarily. In order to generate the same class triple from two congruent elements x and y, we must be
consistent in which k and v are used; choosing the first valid column and row from the left and top of the
matrix respectively is deterministic, and can be relied upon to be invariant for elements whose columns
and rows are S- and T -related.

Throughout this section we will use the notation z/p to describe a congruence class of p, defining it
in terms of a representative element x. However, the use of this notation does not imply that we have
calculated what z actually is; x/p is simply an arbitrary congruence class, unless z is already defined.
A similar rule should be applied to column and row equivalence classes i/S and \/T, and cosets NI or
Na.
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3.1 Describing Class Triples Computationally

In order to store a class triple in a computational algebra system, we need a function which takes four
arguments:

e a congruence p defined by its linked triple (N,S,T)

a coset Na,

a column class i/S, as an integer,
e arow class A/7, as an integer,

and returns a non-zero congruence class of p, which we can store internally as the class triple (Na,i/S,\/T).

The function should first carry out checks to ensure that the supplied arguments make sense. Firstly,
it is necessary to check that the coset Na is indeed a coset of N with respect to the Rees 0-matrix
semigroup’s underlying group G. Secondly, note that since S and T are stored as partitions (lists of
lists), the classes i/S and A\/7T can be stored simply as an integer which describes the position of that
class in the partition; we must therefore test that these numbers are at least 1, and are no larger than
the number of classes in their respective equivalence relations.

Once these checks are carried out, a representative for the class should be calculated with CANONI-
CALREPRESENTATIVE, and it should be stored along with the class triple.

3.2 Finding the Classes of a Congruence

Now that we have a way of describing the classes of a congruence, we give a function that returns a
list of all congruence classes of a congruence p. This is done by finding all cosets of N, all equivalence
classes of S, and all equivalence classes of T, and then combining them into every possible class triple
(Na,i/S,\/T) and applying using those triples to produce congruence class objects. Finally the zero
class 0/p must be added.

procedure CONGRUENCECLASSES(p)
Let (N,S,T) be the linked triple of p

C, =2
for all equivalence classes /S of S do > where i € I is a representative of i/S
for all equivalence classes A/T of T do > where A € A is a representative of \/T
for all cosets Na of N in G do > where a € G is a representative of Na
Add (Na,i/S,X/T) to C,
end for
end for
end for

Replace each triple in C), by its congruence class
Add 0/p to C,
return C,

end procedure

3.3 Number of Congruence Classes

For a subgroup H of a group G, we define its index |G : H| as the number of cosets of H in G. Similarly,
for an equivalence relation R on a set X, let us define the index | X : R| to be the number of equivalence
classes of R in X.

We define a function NRCONGRUENCECLASSES, which takes a congruence p and returns |S : p|, the
number of congruence classes p has in its semigroup S.
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Let p have the linked triple (N,S,7). Since the (non-zero) congruence classes of p correspond
bijectively to the class triples, and since zero has its own single class,

1S:p|l=(G:N|-|[:8]-|A:T|)+1.

For example, if N has 6 cosets in G, S has 2 equivalence classes in I, and 7 has 5 equivalence classes
in A, then p has
(6x2x5)+1=61

congruence classes in S.

3.4 Congruence Class of an Element

We define a function, CONGRUENCECLASSOFELEMENT, which takes as parameters a congruence p over
a Rees O-matrix semigroup S specified by a linked triple, and an element x € S.

If 2 = 0, then we simply return 0/p, the class containing only 0. Otherwise, x has the form (i, a, ),
and we can construct its class triple C, by the method described in the proof of Theorem 3.2. This
triple can then be used to describe the congruence class object, using the function defined in Section 3.1,
“RZMSCONGRUENCECLASSBYLINKEDTRIPLE”.

This algorithm can be seen in the following pseudo-code:

procedure CONGRUENCECLASSOFELEMENT(p, x)
if x =0 then
return 0/p
end if
Let (N,S,T) be the linked triple of p
Let x = (i,a, \)
Let k be the first column in I such that pyx # 0
Let v be the first row in A such that p,; # 0
l:=pyi-a-prxe
return RZMSCONGRUENCECLASSBYLINKED TRIPLE(p, N1,i/S,A/T)
end procedure

3.5 Class Inclusion

This function takes an element y € S and a congruence class z/p, and determines whether y € x/p using
class triples. The logic is much the same as determining whether two elements x and y are p-related as
in Section 2.5, but without using an explicit element x.

procedure IN(y,z/p)
if y =0 then
if x/p=0/p then
return true
else
return false
end if
end if
Let y = (j, b, 1)
Let (N1,i/S,A/T) be the class triple of x/p
Let k be the first column in I such that p,i # 0
Let v be the first row in A such that p,; # 0
if p,; bpu € Nl and j € i/S and p € A\/T then
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return true
else
return false
end if
end procedure

3.6 Class Multiplication

If we have a semigroup S with a congruence p, we can of course form a new semigroup, the quotient S/p,
with elements the congruence classes of p, and multiplication given by the rule

(x/p)(y/p) = (zy)/p

for z,y € S. This multiplication can be done computationally simply by multiplying the class repre-
sentatives x and y and applying the function CONGRUENCECLASSOFELEMENT to the product zy (see
Section 3.4).

3.7 Size of a Class

This function returns the number of elements in an equivalence class x/p.

If 2/p is the zero class 0/p, then clearly it has size 1. Otherwise it has a class triple (NI,i/S,\/T).
An element is in the class only if it has a column in /S and a row in A/7. It must also have a group
element which maps to the coset NI. NI has the same size as the normal subgroup N, so

|/pl = |NT-[i/S[-[A/T].

3.8 Canonical Representative

As mentioned in Section 3.1, we should have a method to calculate a representative of a congruence class
using its class triple. CANONICALREPRESENTATIVE is a function that takes a congruence class specified
by a class triple and returns a representative element of that class which can be used to identify the class
uniquely.

Consider the congruence class z/p. We wish to find some x; € x/p which can represent x/p canoni-
cally. If z/p = 0/p, then we must of course choose x1 = 0. Otherwise, x/p has class triple (N1,i/S,\/T)
and we must choose

I = (il,al, )\1)

for some i1 € I,a1 € G, \1 € A.

Tt is fairly easy to choose a canonical 41: simply take the furthest left column in ¢/S. Similarly let A
be the row in A\/7T nearest to the top of the matrix. Now, as in Section 2.5, we can define k as the first
column such that py,r # 0, and we can define v as the first row such that p,;, # 0.

To ensure canonicity, we should choose a canonical representative I; of the coset NI. We do not
include details of how to do this here, but GAP includes a CanonicalRightCosetElement function
which fulfills the purpose.[4]

We now need to pick some canonical a; such that p,i, - a1 - px,x € NI. The formula

-1 —1
ar = Pysy “h “Prik

suffices, and so we have our representative (i1, a1, A1).
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Chapter 4

Conversion

It may certainly be useful to convert between our linked triple representation of congruences, and other
representations. In this section we present a method for finding the linked triple of a congruence, and
a method of finding generating pairs from a linked triple. In this way we can move to and from our
representation as necessary.

4.1 Generating Pairs to Linked Triple

We start with a function which takes a semigroup congruence (possibly stored as a set of generating
pairs) and returns a congruence which is identical mathematically, but is stored as a linked triple. [1,
p.84] gives us a simple method for calculating the linked triple of a congruence:

For a congruence p on a finite 0-simple Rees O-matrix semigroup S = MO°[G; I, A; P], let S be the
relation on the columns I such that (i,5) € S if and only if

(i, P55 A) p (pag s A)

for every row A € A such that py; # 0 (and therefore py; # 0).
Similarly, let 7 be the relation on the columns A such that (A, u) € T if and only if

(ivai17 )‘) p (iap;ila Iu’)

for every column i € I such that py; # 0 (and therefore p,; # 0).
Next, choose some k € I and v € A such that p, # 0. Let

N={aeG| (kav)p(k1lv)},

and we have (N,S,T), the linked triple of p.

Note that, since no row of P is entirely zero, we may always choose v = 1, and there will be some
k € I such that p,; # 0.

AsRZMSCongruenceByLinkedTriple is a GAP implementation of this function, which simply carries
out the operation above, and then uses the resulting triple to create a congruence object.

4.2 Linked Triple to Generating Pairs

This function, which we call GENERATINGPAIRSOFCONGRUENCE, takes a congruence p by linked triple,
and returns a list of pairs of elements which can be used to generate the congruence. This list of pairs
cannot be relied upon to be minimal, and may contain many more pairs than are necessary to generate
the congruence, but it allows for a congruence p to be expressed in a different form, for applications
which are not well-adapted to the use of linked triples.

The theory is much the same as in Section 4.1, but applied in reverse:

Given the linked triple (N, S,T), there are pairs which are a consequence of N, pairs which are a
consequence of S, and pairs which are a consequence of 7. We list all of these in turn.
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As in the previous section, we choose arbitrary k € I and v € A such that p,; # 0 (again we may
always choose v = 1). Now for every n € N, we add the pair

((k,n,v), (k, 1,1/))

to our list of generating pairs.
Next we consider the column relation S. We have that (i,p;il, A)p (j,p;jl, A) for each (i,7) € S. To
generate all these, for each class i/S we fix some i; € /S and then for each other j € i/S add the pair

((llvpxlll ’ )‘)7 (j)p;]‘la /\))
for each A € A such that py,;, # 0 (and hence py; # 0). A similar method is applied to the row relation

T, and we have a full set of generating pairs.
This algorithm is shown in the following pseudo-code:

procedure GENERATING PAIRSOFCONGRUENCE(p)
R:=0
Let (N,S,T) be the linked triple of p

Choose k € I, v € A such that p,, # 0
for n € N do

Add ((k,n,v), (k,1,v)) to R
end for

for all equivalence classes /S of S do
Fix i, €i/S
for j € (i/S)\ {i1} do
for A € A such that p,;,, # 0 do > and hence py; # 0
Add ((i17p;i11’ A, (j7p;j17 A)) to R
end for
end for
end for

for all equivalence classes \/T of T do
Fix A\ € )\/T
for € (A/T)\ {\i} do
for i € I such that p,,; # 0 do > and hence p,; # 0
Add ((ivp;fp A1), (iap;ilaﬂ)) toR
end for
end for
end for

return R
end procedure
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Chapter 5

Congruence-Free Semigroups

The theory which we have used so far largely applies only to finite O-simple semigroups. Luckily however,
we can extend this theory to find a quick algorithm for determining whether a given semigroup S is
congruence-free; this algorithm works for any finite semigroup.

Definition 5.1. A semigroup is congruence-free if it has no congruences other than the universal
congruence S x S and the trivial congruence Ag = {(z,z) |z € S}. [1, p.93]

First we consider the special case where |S| < 2.
Theorem 5.2. Any semigroup S with order 1 or 2 is congruence-free.

Proof. If |S| = 1 then the only congruence is {(1,1)} = Ag =S5 x S, so S is congruence-free.

If |[S| = 2, let us define a congruence p on S. Let {x,y} be the elements of S. By reflexivity,
(z,2),(y,y) € p. If we add an arbitrary element (z,y) to p then by symmetry we must also add (y, x),
and we have p =5 x S. Hence Ag and S x S are the only congruences in S. O

Lemma 5.3. Any finite congruence-free semigroup is completely simple or completely 0-simple.

Proof. Let S be a semigroup which is not simple or 0-simple, so that S has a proper ideal I. We can

now define a relation p; by
pr = (IX I)UAs.

We can show that pr is a congruence as follows:
(R) For each z € S, the pair (z,x) € pr, so py is reflexive.
(S) For a pair (z,y) € py, either z =y or x,y € I. In either case, (y,z) € p; and so p; is symmetric.

(T) Let (z,v), (y,2) € pr. Either z = y = z (in which case z = z), or z,y € I (in which case z € I). In
either case (x,2) € py, so py is transitive.

(C) Let (x,y) € pr and a € S. It may be that x = y, in which case az = ay and za = ya. Otherwise
x,y € I, and so ax, ay, xa,ya € I since I is an ideal. In either case, we have (az, ay), (xa,ya) € p;.

So pr is a congruence. Since [ is a proper ideal, p; is not equal to Ag or S x S, and so S is not
congruence-free.

Hence every congruence-free semigroup is simple or 0-simple. Observe that any finite (0-)simple
semigroup is completely (0-)simple, and the statement follows. O

We divide all finite semigroups S of order greater than 2 into two cases: either S has a zero, or S has
no zero.

Theorem 5.4. Let S be a finite semigroup without zero, and |S| > 2. S is congruence-free if and only
if S is a simple group.
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Proof. (=): Let S be a finite congruence-free semigroup without zero, with |S| > 2. By Lemma 5.3, we
know that S is a completely simple semigroup: hence S is isomorphic to some Rees matrix semigroup
(without zero) M|G; I, A; P]. We have two congruences: Ag with linked triple (1, A7, Ap); and S x S
with linked triple (G, I x I, A x A).

Assume that N is a proper normal subgroup of G. Hence we have the triple (N, Ar, Ap): since
(4,7) € Apor (A, i) € Ap only if i = j or A = p respectively, and gxxi; = gauii = 1, this triple satisfies
Definition 1.11, and it is linked. Thus we have another congruence on S, a contradiction. Hence G has
no proper normal subgroups, so it must be a simple group, or the trivial group.

If G is trivial, then |S| = |I| x |A|. Since |S| > 2, either |I| = |A| = 2, or at least one of I and A has
more than 2 elements. If |[I| = |A| = 2 we have the linked triples (1, A;, A x A) and (1,1 x I, A) which
represent non-trivial congruences, a contradiction. Alternatively, if one of I and A has size greater than
2, then there exists an equivalence S or T such that A; CS CI x 1T or Ay CT C A x A, and so there
is a non-trivial congruence given by (1,S,A x A) or (1,1 x I,T), another contradiction.

Hence G is a simple group. Now, if |I| or |A| is greater than 1, then we have the linked triple
(G,Ar,Ap) which is not equal to (1, A, Ap) or (G,I x I,A x A), and we have another congruence.
Hence P must be a 1 x 1 matrix, and so S = G, so S is a simple group. [1, p.94]

(«<): Conversely, let S be a finite simple group with |S| > 2. Clearly S is isomorphic to the Rees
matrix semigroup M|[S; I, A; P] where |I| = |A] =1 and p1; = 1g. Since S is a simple group, there are
no normal subgroups except 1 and S. Hence the only linked triples for S are (1, Ay, Ax) and (S, A, Ayp).
Hence S has only two congruences and is congruence-free. O

Theorem 5.5. If S is a finite semigroup with zero, then S is congruence-free if and only if S is iso-
morphic to a Rees 0-matriz semigroup MO[G; I, A; P| where G is the trivial group and P has no two
identical rows and no two identical columns.

Proof. (=): Let S be a finite congruence-free semigroup with zero. By Lemma 5.3, S must be completely
0-simple, and so by Theorem 1.10 it is isomorphic to some M°[G; I, A; P] with group G and regular P.

The trivial congruence Ag has linked triple (1, Ay, Ap). Consider the triple (G, Ay, Ap): since (i,7) €
Ajgor (A p) € Ap only if i = j or A = p respectively, and gax;; = gauii = 1, the triple satisfies Definition
1.11, and it is linked. Hence for S to be congruence-free, we must have (1,A;, Ap) = (G, A7, Ay), and
so G =1.

Now, each matrix entry py; is equal to 1 or 0, and each relevant g,;; = 1. Hence the triple (1,e7,4)
is linked, and so to be congruence-free we must have (1,Ar,Apx) = (1,e5,e4), and so e = A and
ean = Ap. This means that no two rows or columns have zeros in the same places, which, over the range
{0, 1}, is identical to saying that no two rows or columns are equal.

(«<): Let S be a finite Rees 0-matrix semigroup MO°[G; 1, A; P] with G trivial and P having no two
identical rows or columns. Since P is only over the elements {0,1}, no two rows or columns have zeros
in the same place, and so e = A; and ey = A. Hence the only linked triple is (1,e7,£4), and so S is
congruence-free. [1, p.93-94] O

Now that we have considered all finite semigroups, we have an algorithm which decides whether a
finite semigroup is congruence-free:

Require: S is finite
procedure ISCONGRUENCEFREE(S)
if |S| <2 then
return true
end if
if S has a zero then
if S is 0-simple then
Find M°[G;I,A; P] = S
forie{1...]I| -1} do
forje{i+1...|I|} do
if Row i = Row j of P then
return false
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end if
end for
end for
return true
else
return false
end if
else
if S is a simple group then
return true
else
return false
end if
end if
end procedure
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Chapter 6

Evaluation

In this chapter, we will show the practical value of these functions, and briefly discuss future directions
in which this work could be continued.

6.1 Benchmarking

It was stated in the motivation of this project (see Section 1.1) that computing with congruences using
linked triples is computationally easier, and therefore much faster, than by using the representation that
currently exists in GAP. We now present two experiments in the GAP system in which a property of a
semigroup congruence is calculated — first using the generating pairs representation, and then using the
new linked triples representation — and the computation times are compared.

We began by constructing a Rees 0-matrix semigroup R from the principal factor of a random D-class
of the full transformation semigroup 75:

gap> S := FullTransformationSemigroup (5);;
gap> R := PrincipalFactor (Random(DClasses(S)));
<Rees 0—matrix semigroup 25x10 over Group([ (1,4,2), (1,2) |)>

We then used CongruencesOfSemigroup (see Section 2.2) to find a list of all the congruences of R.
The congruences are displayed along with a representation of their linked triple (except the universal
congruence, a special case):

gap> congs := CongruencesOfSemigroup (R);

[ <universal semigroup congruence >,
<RZMS congruence by linked triple (1,25,10)>,
<RZMS congruence by linked triple (3,25,10)>,
<RZMS congruence by linked triple (S3,25,10)> ]

We then focused on the third congruence in the list: the congruence with linked triple displayed as
(3,25,10) — that is, N = C3, S has 25 equivalence classes, and 7 has 10 equivalence classes. We called
this congruence cong, and then we found its generating pairs representation (see Section 4.2) and called
it pcong:

gap> cong := congs [3];
<RZMS congruence by linked triple (3,25,10)>
gap> pcong := AsSemigroupCongruenceByGeneratingPairs(cong);

<semigroup congruence with 3 generating pairs>

Now we have two objects, cong and pcong, which represent the same congruence. Our first test was
to find their equivalence classes using EquivalenceClasses(cong) and EquivalenceClasses(pcong).
This test was carried out three times, and the times measured; the generating pairs method returned a
result in around 52 minutes each time (51m40s, 52m16s and 52m24s respectively), whereas the linked
triples method consistently returned a result in less than one tenth of a second.
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Next the method for finding the elements of a congruence class was considered (see Section 2.6). Con-
tinuing from the previous setup, we defined a Rees 0-matrix semigroup element x := (24, (1,4),4) € R,
and then we found the elements of its congruence class by calling ImagesElm(cong, x) and ImagesElm(pcong,
x). Again the test was carried out three times; in each case the generating pairs representation took
around 55 minutes to return a result (54m26s, 55m35s and 57m34s respectively), while again the linked
triples method returned a result each time in less than one tenth of a second.

6.2 Extensions

As discussed at the end of Chapter 1, the congruences on finite simple semigroups can be represented
in almost precisely the same way as finite 0-simple semigroups, but with the removal of complications
related to the zero element.[1, p.90-91] To implement and document this would be a natural continuation
of this project.

A more substantial extension would be to look into the possibility of extending this theory to represent
the congruences of arbitrary semigroups. Furthermore, more consideration could be given to how these
congruences describe quotient semigroups and homomorphic images: by the First Isomorphism Theorem
(Theorem 1.5.2 in [1, p.23]) congruences and homomorphisms are in a way “equivalent”, and it would be
good to have implementations of methods which use this link to provide quick calculations on a wider
range of objects.
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