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Abstract. The number of digits in base ten system of a positive integer n, is denoted by 1(n). A digital
semigroup is a subsemigroup D of (IN\{0},-) such that if 4 € D, then {x € IN\{0} | 1(x) = 1(d)} € D.
Let A € IN\{0}. Denote by L(A) = {l(a) | a € A}. We will say that a numerical semigroup S is a digital
numerical semigroup if there is a digital semigroup D such that S = L(D) U {0}. In this work we show that
7 = {S | Sis adigital numerical semigroup} is a Frobenius variety, Z(Frob=F) = {S € 2 | F(S) = F}is a
covariety and Z(mult = m) = {S € Z | m(S) = m} is a Frobenius pseudo-variety. As a consequence we
present some algorithms to compute Z(Frob=F), Z(mult = m) and Z(gen = g) = (S € Z | g(S) = g}.

If X € IN\{0}, we denote by Z[X] the smallest element of Z containing X. If S = Z[X], then we will
say that X is a Z-system of generators of S. We will prove that if S € &, then S admits a unique minimal
2-system of generators, denoted by Zmsg(S). The cardinality of Zmsg(S) is called the Z-rank of S. We

solve the Frobenius problem to elements of 2 with Z-rank equal to 1. Moreover, we present an algorithmic
procedure to calculate all the elements of Z with fixed Z-rank.

1. Introduction

Let Z be the set of integers and N = {z € Z | z > 0}. A submonoid of (N, +) is a subset of IN which is
closed under addition and contains the element 0. A numerical semigroup is a submonoid S of (N, +) such
that N\S = {x € N | x ¢ S} has finitely many elements.

If S is a numerical semigroup, then m(S) = min(S\{0}), F(S) = max{z € Z | z ¢ S} and g(S) = #(IN\S)
(where #X denotes the cardinality of a set X) are three important invariants of S, called the multiplicity, the
Frobenius number and the genus of S, respectively.

Given A a nonempty subset of IN, we denote by (A) the submonoid of (IN, +) generated by A. That is,
(Ay ={May + -+ Aya, | n e N\{0}, {a1,...,a,} S Aand {Aq,...,A,} € IN}. In [14, Lema 2.1]) it is shown that
(A) is a numerical semigroup if and only if ged(A) = 1.

If M is a submonoid of (IN, +) and M = (A), then we say that A is a system of generators of M. Moreover,
if M # (B) for all B & A, then we will say that A is a minimal system of generators of M. In [14, Corollary 2.8]
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it is shown that every submonoid of (IN, +) has a unique minimal system of generators, which in addition
it is finite. We denote by msg(M) the minimal system of generators of M. The cardinality of msg(M) is
called the embedding dimension of M and will be denoted by e(M). In [14, Proposition 2.10] it is shown that
e(S) < m(S).

Let n be a positive integer. The number of digits in base ten system of # is denoted by 1(1). For instance,
1(2335) = 4.

A digital semigroup is a subsemigroup D of (IN\{0}, ) such that if d € D, then {x € IN\{0} | 1(x) = 1(d)} € D.

Let A € IN\{0}. Denote by L(A) = {l(a) | a € A}. In [13, Proposition 2] it is shown that if D is a digital
semigroup, then L(D) U {0} is a numerical semigroup.

This fact, leads to give the following definition. We will say that a numerical semigroup S is a digital
numerical semigroup if there is a digital semigroup D such that S = L(D) U {0}.

In [13, Theorema 4] the following characterization of a digital numerical semigroup is shown. A
numerical semigroup S is digital if and only if a + b — 1 € S for all {a,b} € S\{0}. We denote by Z = (S |
S is a digital numerical semigroup}.

The Frobenius problem (see [7] for a nice state of art on this problem) focuses on finding explicit formulas
to calculate the Frobenius number and the genus of a numerical semigroup from its minimal system of
generators. The problem was solved in [15] for numerical semigroups with embedding dimension two.
Nowadays, the problem is still open in the case of numerical semigroups with embedding dimension
greater than or equal to three. Furthemore, in this case the problem of computing the Frobenius number of
a general numerical semigroup becomes NP-hard (see [8]).

The contents of this paper are organized as follows. In Section 2, we will see that if X € IN\{0}, then
there exists the smallest element of 2 containing X. This semigroup will be denoted by Z[X]. If S = [X],
then we will say that X is a Z-system of generators of S. We will prove thatif S € 2, then S admits a unique
minimal Z-system of generators, denoted by Zmsg(S). The cardinality of Zmsg(S) is called the Z-rank of
S and it will be denoted by Yrank (S). We finish Section 2, solving the Frobenius problem to elements of ¥
with Z-rank equal to 1.

In Section 3, we prove that Z(Frob=F) = {S € Z | F(S) = F} is a covariety. This fact enables us, by using
the results of [6], to present an algorithm which computes the set Z(Frob=F).

In Section 4, we prove that & is a Frobenius variety. This fact allow us, by applying the results of [11]
and [13] to present an algorithm for obtaining the set Z(gen=g) = {S € Z | g(S) = g}.

In Section 5, we show that Z(mult = m) = {S € Z | m(S) = m} is a Frobenius pseudo-variety. This fact
allows, by using the results of [10], to present an algorithm to calculates the set Z(mult = m).

Finally, in Section 6, we describe an algorithm procedure to build the elements of 2 with a fixed Z-rank.

Throughout this paper, some examples are given to illustrate the results. The computation of these
examples are performed by using the GAP (see [5]) package numericalsgps ([3]). As well as we have
implemented some gap functions. For instance we have implemented the function IsDigital which
allows us to know if a numerical semigroup is a digital numerical semigroup. Also, by using the function
DF, it is possible to calculate all the digital numerical semigroups with given Frobenius number.

2. Z-system of generators
Let = {S| S is a digital numerical semigroup}. From [13, Lemma 11], we can deduce the below result.
Lemma 2.1. Whit the above notation, if {S,T} C Z,then SNT € 9.

It is known that if S is a numerical semigroup, then IN\S is finite. As an immediate consequence of this
fact, we have the following result.

Lemma 2.2. If S is a numerical semigroup, then {T | T is a numerical semigroup and S C T} is a finite set.

Lemma 2.3. Let X be a nonempty subset of N\{0} and 2(X) = {S € 9 | X C S}. Then 2(X) is a nonempty and
finite set.
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Proof. 1tis clear that {0, min(X), —} € Z, where the symbol — means that every integer greater than min(X)
belongs to the set; and X C {0, min(X), —}. Thus 2(X) # 0.

Ifxe X, S € Zand X C S, then(x,2x-1) C S. Therefore, Z(X) C {S | S is a numerical semigroup and (x, 2x—
1) C S}}. By applying Lemma 2.2, we deduce that Z(X) is finite. O

If X is a nonempty set of IN\{0}, then we denote by Z[X] the intersection of all the elements of Z(X). By
applying Lemma 2.1 and 2.3, we obtain the following result.

Proposition 2.4. If X is a nonempty subset of IN\{0}, then 2[X] is the smallest element of 2(X).

If S = 7[X], then we say that X is a Z-system of generators of S. Besides, if S # Z[Y] for all Y ¢ X, then X is
a minimal P-system of generators of S. From [13, Proposition 22], we obtain the following proposition.

Proposition 2.5. Every digital numerical semigroup admits a unique minimal P-system of generators.

Let S € . Then the minimal Z-system of generators of S will be denoted by Zmsg(S). The cardinality of
Pmsg(S) is called the Z-rank of S and we denote it by Zrank (S).
By combining Proposition 24 with Corollary 25 from [13] we obtain the following.

Proposition 2.6. Let S € & such that S # IN and x € S. The following conditions are equivalent.

1) x € Pmsg(S).
2) S\{x}e 2.
3) x € msg(S) and x + 1 € (IN\S) U msg(5).

Let Ay, Ay, -+, A, be nonempty subsets of Z. We denoteby A1 + Ay + -+ Ay ={ay +ay +---+a, |a; €
A;,1<i<n}

A characterization of the elements of & in terms of their minimal system of generators can be deduced
from [13, Proposition 28].

Proposition 2.7. Let S be a numerical semigroup. Then S € 9 if and only if msg(S) + msg(S) + {-1} C S.

In the following example we will illustrate as the Propositions 2.7 and 2.6 can be used to compute the
minimal Z-system of generators of an element of 2.

Example 2.8. Let S = (4,7,10,13). From Proposition 2.7, easily follows that S € 9, S\{4} € 2, S\{7} ¢ 2,
S\{10} ¢ 2 and S\{13} ¢ 2. Therefore, by using Proposition 2.6, we conclude that Zmsg(S) = {4}.

We can use the GAP order, IsDigital which has been implemented by us, to obtain the previous results:

gap> IsDigital([4,7,10,13]);

true

gap> IsDigital([7,8,10,11,12,13]);
true

gap> IsDigital([4,10,11,13]);
false

gap> IsDigital([4,7,13,17]);

false

gap> IsDigital([4,7,10]);

false

By using Proposition 2.6, it is not hard to prove the following characterization of digital numerical
semigroups with rank equal to one.

Proposition 2.9. Let S € 9. Then the following hold:
1) S\{m(S)} € 2.
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2) 1 < Yrank(S) < ¢(S).
3) Yrank(S) = 1ifand only if ZImsg(S) = {m(S)}.

The next proposition can be deduced from [13, Theorem 31].
Proposition 2.10. Let X = {x1,--- ,x,} € IN\{0}. Then
DX] ={Mxr+--+Apxp =7 [{Ay, - A, 1 CNand r < Ay + -+ Ak

Let S be a numerical semigroup and n € S\{0}. The Apéry set of nin S (named so in honour of [1]) is defined
as Ap(S,n)={s€S|s—n ¢S}
The following result is deduced from [14, Lemma 2.4].

Lemma 2.11. If S is a numerical semigroup and n € S\{0}, then Ap(S,n) is a set with cardinality n. Moreover,
Ap(S,n) = {0 = w(0), w(1),..., w(n — 1)}, where w(i) is the least element of S congruent with i modulo n, for all
ief0,...,n—-1}.

In [14, Proposition 2.12] appears the following result, which allows us to know the Frobenius number and
the genus of a numerical semigroup from the Apéry set.

Lemma 2.12. Let S be a numerical semigroup and let n € S\{0}. Then

1) F(S) = (maxAp(S,n)) —n,

2) g(S)z%{ Y wJ—"gl.

weAP(S,n)

Recall that the embedding dimension of a numerical semigroup does not exceed the multiplicity of the
numerical semigroup. We say that a numerical semigroup S has maximal embedding dimension if e(S) = m(S).

The solution of Frobenius problem for digital numerical semigroup with Z-rank equal to one is shown
in the following proposition.

Proposition 2.13. Let m € IN\{0, 1}, then the following conditions hold:
1) 9[im}] ={am—r|{a,r} CNandr <a}U{0}.
2) Ap(2[im}],m) ={0,2m-1,3m —=2,--- ,m-m— (m — 1)}.
3) F(2[{m}]) = (m — 1)~
4 g(@lmy = "1,

5) P[{m}] is a numerical semigroup having maximal embedding dimension.

Proof. 1) Itis an immediate consequence from Proposition 2.10.
2) It is enough to observe that for every i € {1,---,m — 1} it is verified that (i + 1)m —i € S and
(+1)m—-i-m=im—i¢S§.
3) and 4) are an immediate consequence from 2) and Lemma 2.12.
5) The reader can check that {m,2m—1,3m—2,--- ,m-m—(m—1)} = msg(Z[{m}]). Therefore, e (Z[{m}]) =
m =m (Z[{m}]) and so Z[{m}] is a numerical semigroup with maximal embedding dimension.
O

The content of the previous proposition is illustrated in the next example.
Example 2.14. By Proposition 2.13, we know that Ap (2[{5}],5) = {0,9,13,17,21}, F(2[{5}]) = (5—1)> = 16 and
g(2[{51]) = % = 10. Moreover, we also know that 2[{5}] = (5,9,13,17,21) is a numerical semigroup having

maximal embedding dimension.



M.A. Moreno-Frias, ].C. Rosales / Filomat 38:31 (2024), 11097-11109 11101

3. Digital numerical semigroups with given Frobenius number

Throughout this section, F denotes a positive integer. Our main goal here will be to show an algorithm
to compute the set Z(Frob=F) = {S € & | F(S) = F}. In order to show this algorithm we need to recall some
notation and results. The following definition appears in [6].

A covariety is a nonempty family € of numerical semigroups that fulfills the following conditions:

1) There exists the minimum of ¢, with respect to set inclusion.
2) If{S, T} C¢,thenSNT €.
3) If S € € and S # min(%), then S\{m(S)} € €.

The next result is straightforward to prove.

Lemma 3.1. Let S and T be numerical semigroups and x € S. Then the following conditions hold:

1. SN T is a numerical semigroup and F(S N T) = max{F(S), F(T)}.
2. S\{x} is a numerical semigroup if and only if x € msg(S).
3. m(S) = min (msg(S)).

By applying Lemmas 2.1 and 3.1; and Proposition 2.9, we obtain the following result.
Proposition 3.2. With the above notation, Z(Frob=F) is a covariety and A(F) = {0, F + 1, —=} is its minimum.

A graph G is a pair (V, E) where V is a nonempty set and E is a subset of {(u,v) € VX V | u # v}. The
elements of V and E are called vertices and edges, respectively.

A path (of length n) connecting the vertices x and y of G, is a sequence of different edges of the form
(vo,v1), (v1,v2), ..., (Vy-1,0,) such that vy = x and v,, = y.

A graph G is a tree if there exists a vertex r (known as the root of G) such that for any other vertex x
of G there exists a unique path connecting x and r. If (1, v) is an edge of the tree G, we say that u is a child of v.

Define the graph G(Z(Frob=F)) in the following way:

o the set of vertices of G(Z(Frob=F)) is Z(Frob=F),

e (5, T) € Z(Frob=F) x Z(Frob=F) is an edge of G(Z(Frob=F)) if and only if T = S\{m(S)}.

As a consequence of Propositions 3.2 and [6, Proposition 2.6], we have the following result.
Proposition 3.3. Under the standing notation, G(Z(Frob=F)) is a tree with root A(F).

Note that a tree can be built recurrently starting from the root and connecting, through an edge, the
vertices already built with their children. Hence, it is very interesting to characterize the children of an
arbitrary vertex of the tree G(Z(Frob=F)). For this reason, next we are going to introduce some necessary
concepts and results for the development of the work.

Following the terminology introduced in [12], an integer z is a pseudo-Frobenius number of S if z ¢ S and
z+s € S for all s € 5\{0}. We denote by PF(S) the set of pseudo-Frobenius numbers of S. The cardinality of
PF(S) is an important invariant of S (see [4] and [2]) called the type of S, denoted by t(5).

Given a numerical semigroup S, denote by SG(S) = {x € PE(S) | 2x € S}. The elements of SG(S) will be
called the special gaps of S. The following result is Proposition 4.33 from [14].

Lemma 3.4. Let S be a numerical semigroup and x € IN\S. Then x € SG(S) if and only if S U {x} is a numerical
semigroup.

As a consequence of Proposition 3.2 and [6, Proposition 2.9], we have a characterization of the children of
S € 9(Frob=F).

Proposition 3.5. If S € Z(Frob=F), then the set formed by the children of S in the tree G(Z(Frob=F)) is {S U {x} |
x € SG(S),x < m(S) and S U {x} € Z(Frob=F)}.
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Lemma 3.6. Let S € Z(Frob=F), x € SG(S) and A = {a € msg(S) | a < F}. Then S U {x} € Z(Frob=F) if and only
ifx# Fand {x -1} + (AU {x}) € S.

Proof. Necessity. If S U {x} € Z(Frob=F), then F ¢ SU {x} and so x # F. Asx € (SU {x})\{0}, thenx +x -1 € S.
Ifae A thena € (SU {x})\{0}. Thusa+x—-1€S.
Sufficiency. We will prove that if {a, b} C (S U {x})\{0}, thena + b — 1 € S U {x}. We distinguish four cases:

1) Ifa>F thena+b—-1>Fandsoa+b—1¢€SU {x}.

2) Ifa=b=x,thena+b-1=x+x-1€SCSU{x}

3) If a = x and b # x, then by 1) we can suppose that b < F. Thus there exists « € A and s € S such that
b=a+s. Consequentlya+b—-1=x+a-1+s€SCSU{x}.

4) Ifa#xandb # x,thena+b—1¢€ SU {x}.

|

As a consequence from Proposition 3.5 and Lemma 3.6, we can enounce the next result.

Proposition 3.7. If S € Z(Frob=F), then the set formed by the children of S in the tree G(Z(Frob=F)) is {S U {x} |
x € SG(S), x # Ex <m(S) and {x — 1} + ({a € msg(S) | a < F} U {x}) C S}.

Remark 3.8. 1. In[6, Remark 3.5] it is shown that if S is a numerical semigroup and we know Ap(S, n) for some
n € S\{0}, then we can easily compute SG(S).
2. In [6, Remark 3.8] it is shown that if S is a numerical semigroup and we know Ap(S, n) for some n € S\{0}, it
is trivial to compute Ap(S U {x}, n) for all x € SG(S).
3. Obviously, if S is a numerical semigroup with Frobenius number F, then {a € msg(S) | a < F} = {w €
Ap(S,F+1)|w<Fandw—w" ¢ Ap(S,F + 1) for all w' € Ap(S, F + D)\{0, w}}.

We already have all the necessary tools to present the announced algorithm.
Algorithm 3.9.

InruT: A positive integer F.
OurruTt: Z(Frob=F).
(1) 2(Frob=F) = {A(F)}, B = {A(F)} and Ap(A(F),F+1)={0,F+2,--- ,2F + 1}.
(2) Forevery S € Bcompute 0(S) = {x € SG(S) | x <m(S), x # F and {x—1}+({a € msg(S) | a < F}U{x}) C S}.
3) If U 0(S) = 0, then return 2(Frob=F).
SeB

@) C= U{s U {x} | x € O(S)).
SeB
(5) Z(Frob=F) = 2(Frob=F)UCand B = C.
(6) Compute Ap(S,F + 1) for every S € B and go to Step (2).

In the next example, we show how the previous algorithm works.
Example 3.10. We are going to compute P(Frob=9), by using Algorithm 3.9.

o 9(Frob=9) = {A(9)}, B = {A(9)} and Ap(A(9),10) = {0,11,12,13,14, 15,
16,17,18,19}.

o O(A(9)) =16,7,8} and C = {A(9) U {6}, A(9) U {7}, A(9) U {8}}.

e 7(Frob=9) = {A(9), A(9)U{6}, A(9)U{7}, A(9)U{8LH, B = {A(9)Ul6}, A(9)U{7E, A(9)U{8}, Ap(A(9)Ui6}, 10) =
{0,6,11,12,13,14, 15,17,
18,19}, Ap(A(9)U{7}, 10) = {0,7,11,12,13, 14, 15,16, 18,19} and Ap(A(9)U{8}, 10) = {0,8,11,12,13,14,15,16,17, 19}.

e O(A(9)UI6)) =0, 6(A9)U{7}) = {6}, B(A(9)U(8)}) = {6,7}and C = {A(9)U{6,7}, A(9) U {6, 8}, A(9) U7, 8}}.
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e 9(Frob=9) = {A(9), A(9) U {6}, A(9) U {7}, A(9) U {8}, A(9) U {6,7}, A(9) U {6,8}, A(9) U {7,8}}, B = {A(9) U
(6,7}, A(9)U{6, 8}, A(9)U{7, 8}}, Ap(A(9) U{6,7},10) = {0,6,7,11,12,13, 14,15, 18,19}, Ap(A(9) U {6, 8}, 10)
=1{0,6,8,11,12,13,14,15,17,19} and Ap(A(9) U {7,8},10) = {0,7,8,11,12,

13,14, 15,16, 19}.

o O(A(9)UL6,7}) = 0, 0(AQ)U{6,8)) = 0, O(A(9)UL7, 8)) = 16,4} and and C = {A(9)U16,7,8}, A(9)U 4,7, 8}}.

o J(Frob=9) = {A(9), A(9)U{6}, A(9)U{7}, A(9)U{8}, A(9)U6, 7}, A(9)U16, 8}, A(9)UL7, 8}, A(9)U{6, 7, 8}, A(9)U
{4,7,8}}, B = {A(9) U {6,7,8}, A(9) U {4,7,8}}, Ap(A(9) U {6,7,8},10) = {0,6,7,8,11,12,13,14,15,19},
Ap(A9) U {4,7,8},10) = {0,4,7,8,11,12,13,15,16,19}.

e 0(A(9)U{6,7,8})) =0 and O(A(9) U {4,7,8}) = 0.

o The Algorithm 3.9 returns Z(Frob=9) = {A(9), A(9)U{6}, A(9)U{7}, A(9)U(8}, A(9)U{6, 7}, A(9)U{6, 8}, A(9)U
{7,8},A(9) U {6,7,8},A(9) U {4,7,8}}.

These computations can be obtained by the order DF, which we have implemented in GAP.

gap> DF(9);

[[18 .. 1971, [ 6, 10, 11, 13, 14, 151,

[z, 19, 11, 12, 13, 15, 16 1, [ 8, 10, 11, 12, 13, 14, 15, 17 1,
L6, 7, 16, 11, 151, [ 6, 8, 10, 11, 13, 15 1],

rz, 8, 10, 11, 12, 131, [ 4, 7, 10, 131, [ 6, 7, 8, 10, 11 ] ]

4. Digital numerical semigroups with given genus

Throughout this section, g will denote a positive integer and we denote by Z(gen=g) = {S € Z | g(S) = g}.
Our next aim is to show an algorithm which computes Z(gen=g). For this reason, we need to recall some
concepts and results.

A Frobenius variety (see [11]) is a nonempty family ¥ of numerical semigroups fulfilling the following
conditions:

1) If{S, T} C ¥, thenSNTeV.
2) If Se ¥ and S # N, then SU{F(S)} € 7.

The following result is [13, Proposition 12].

Proposition 4.1. With the above notation, the set 9 is a Frobenius variety.

In a similar way to the construction of the graph G(Z(Frob=F)) made in Section 3, next we define the
graph G(2) :

e 9 is its set of vertices.
o (57)€ 9% Zisanedgeif and onlyif T = S U {F(S)}.

The following result is [13, Theorem 13].

Proposition 4.2. The graph G(2) is a tree with root IN. Moreover, the set formed by the children of S € 9 in the tree
G(2) is {S\{x} | x € msg(S), x > F(S) and S\{x} € 9}.

The following result is Corollary 15 from [13].
Proposition 4.3. LetS € 2,5 # Nand x € msg(S) such that x > F(S). Then S\{x} € Z ifand only ifx+1 € msg(S).

As an immediate consequence of Propositions 4.2 and 4.3 we have the next result.
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Corollary 4.4. Let S € & such that S # IN. Then the set formed by the children of S in the tree G(2) is {S\{x} | x €
msg(S), x > F(S) and x + 1 € msg(S)}.

Let G be a tree rooted and let v one of its vertices. We define the depth of v, denoted by d(v), as the length
of the unique path connecting v with the root.
If k € N, we denote by N(G, k) = {x € V | d(v) = k}. The height of G is h(G) = max{k € IN | N(G, k) # 0}.
The following result has an immediate proof.
Lemma 4.5. Ifn € N, then the following conditions hold:

1. N(G(2),n) ={S € 2 |g(S) =n}.
2. N(G(2),n+ 1) ={S | Sis a child of an element of N(G(Z), n) in the
tree G(2)}.

We realize the following.

Remark 4.6. Let us observe that:
o (2,3) is the unique child of IN in the tree G(2).
o Y(gen=g) # 0 because {0, g + 1, =} € P(gen=y).
The previous results allow us to present the announced algorithm at the beginning of this section.
Algorithm 4.7.
InpuT: A positive integer g.
OvutruT: Z(gen=g).

(1) A={2,3)},i=1.
(2) Ifi = g, return A.
(3) Forall S € A, compute a(S) = {x € msg(S) | x > F(S) and x + 1 € msg(S)}.
4) A= U{S\{x} | x € a(S)}, i =i+ 1and go Step (2).
SeA

Observe that in Algorithm 4.7, if we know msg(S) and x € msg(S) such that x > F(S), we have to calculate
msg(S\{x}). To help this computation, we can use the next result that appears in [9, Corollary 18].

Lemma 4.8. Let S be a numerical semigroup and x € msg(S) such that x > F(S) and x # m(S). Then

msg(S)\{x} if x + m(S) — y € S for some
msgS\(el) = y € msg(S)\lx,m(S)),
(msg(S)\{x}) U {x + m(S)} otherwise.

We illustrate this algorithm with an example.

Example 4.9. We are going to compute 9 (gen=>5) by using Algorithm 4.7.
e A={(2,3)},i=1.

a((2,3)) = {2}.

A={3,45)),i=2.

a((3,4,5)) = {3,4}.

A =1{4,56,7),(3,57)},i=3.
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a((4,5,6,7)) ={4,5,6} and a((3,5,7)) = 0.
A=1{(5,6,7,89),46,7,9),(4,57)i=4

a((5,6,7,8,9)) = {5,6,7,8}, a({4,6,7,9)) = {6} and a({4,5,7)) = 0.

A =1{6,7,8,9,10,11),(5,7,8,9,11),(5,6,8,9),(5,6,7,9),(4,7,9,10)},
i=5.

The Algorithm 4.7 returns
2(gen=5) = {(6,7,8,9,10,11),¢5,7,8,9,11),(5,6,8,9),¢5,6,7,9),(4,7,9,10)}.

Next, we presente the GAP code which we are implemented. It is important to emphasize that our
GAP code does not require to make calls to other libraries or GAP packages. This makes our method more
versatile and suitable to be implemented in other programming languages.

alpha:= function(S)

local C,i,s,F;
s:=NumericalSemigroup(S);
F:=FrobeniusNumber(s);
C:=[1;

for i in [1..Length(S)-1] do
if S[i]>F and \in(S[i]+1,S)=true then
Add(C,S[i]);

fi;

i:=i+1;

od;

return C;

end;;

Dg:= function(g)

local i,A,C,j,al,sj,y,sr,msg;
i:=1;

A:=[[2,31];

while i<=g-1 do C:=[];

for j in [1..Length(A)] do
al:=alpha(A[j]);
sj:=NumericalSemigroup(A[j]l);
for y in [1..Length(al)] do
sr:=RemoveMinimalGeneratorFromNumericalSemigroup(all[y],sj);
msg:=MinimalGenerators(sr);
Add(C,msg);

od;

od;

A:=C;

i:=i+1;

od;

return A;

end;;

By using the previous code, the computations of Example 4.9 can be made by using the following GAP
order:
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gap> Dg(5);
[ [ 6 - 11 ]l [ 5! 7! 8! 91 11 ]! I: 5! 61 8! 9 ]! [ 5! 6! 7! 9 ]1
[ 4, 7,9, 10]]

5. Digital numerical semigroups with fixed multiplicity

Along this section m denotes an integer greater than or equal to 2. We denote by Z(mult=m) = {S € 7 |
m(S) = m}. Our main goal will be to show an algorithm to compute Z(mult=m). For this reason, we need
to introduce some concepts and results.

A Frobenius pseudo-variety (see [10]) is a nonempty family & of numerical semigroups verifying the
following conditions:

1) & has a maximum.
2) If{S, T} C &, thenSNT e L.
3) If Se & and S # max(Z?), then S U {F(S)} € £.

It is easy to prove from the above definitions the following proposition.

Proposition 5.1. With the above notation, 2(mult=m) is a Frobenius pseudo-variety and A(m — 1) = {0,m, —} is
its maximum.

In a similar way to the construction of the graphs G(Z(Frob=F)) and G(Z) presented in Section 3 and
Section 1, respectively, next we define the graph G(Z(mult=m)) :

e P(mult=m) is its set of vertices.
o (5T) € Z(mult=m) X Z(mult=m) is an edge if and only if T = S U {F(5)}.
The following result can be deduced from [10, Theorem 3].

Proposition 5.2. The graph G(Z(mult=m)) is a tree rooted in A(m — 1). Moreover, the set formed by the children of
S € Y(mult=m) in the tree G(Z(mult=m)) is {S\{x} | x € msg(S), x > F(S) and S\{x} € Z(mult=m)}.

As a consequence from Propositions 4.3 and 5.2, we have the following result.

Corollary 5.3. Let S € Z(mult=m). Then the set formed by the children of S in the tree G(Z(mult=m)) is {S\{x} |
x € msg(S),x > F(S),x # mand x + 1 € msg(S)}.

Next we can present the algorithm stated at the beginning of this section.
Algorithm 5.4.

InPUT: An integer greater than or equal to 2.
Ovurrut: Z(mult=m).

(1) A={A(m-1)}and B = {A(m —1)}.
(2) For every S € B compute (S) = {x € msg(S) | x > F(S),x + 1 € msg(S) and x # m}.
(3) If U B(B) = 0, then return A.

SeB

@ C = Jisvi 1x e pByy.
(5) A= ilEEzJ C, B = C and go Step (2).

We illustrate this algorithm with an example.
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Example 5.5. We are going to compute P (mult=4) by using Algorithm 5.4.

A=1{(4,5,6,7)) and B = {(4,5,6,7)}.

B((4,5,6,7)) = {5,6).

C=1{4,6,7,9),(4,5 7).

A=1{4,56,7),(4,6,7,9),(4,57) and B = {{4,6,7,9),(4,5,7)}.

B((4,6,7,9)) = {6} and P((4,5,7)) = 0.

C=1{(4,7,9,10)}.

A={4567),4679),457),(47,9,10)} and B = {(4,7,9,10)}.

p((4,7,9,10)) = {9}.

o C={(4,7,10,13)}.

A =1{(4,56,7),(4,6,7,9),(4,57),(4,7,9,10),(4,7,10,13)} and B = {(4,7,10,13)}.

p(4,7,10,13)) = 0.

The Algorithm returns

Z(mult=4) = {(4,5,6,7),(4,6,7,9),(4,5,7),{4,7,9,10),(4,7,10,13)}.

The tree Z(mult=4) is shown below.

(4,5,6,7)
/ \
4,6,7,9) 4,5,7)
T
(4,7,9,10)
T
{4,7,10,13)

Also observe that 2[{4}] = (4,7,10,13).
By using Proposition 2.13 is not hard to prove the following proposition.

Proposition 5.6. With the above notaticon, we have:

1. 2[{m}] is the minimum of Z(mult=m).
2. {g(S) | S € D(mult=m)} = {m —1,m,---, m(f;fl)}'

> _ . . . (m—1)(m-2)
3. G(Z(mult=m)) is a tree with height equal to —5—.
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6. Digital numerical semigroups with given Z-rank

In this section, p will denote an integer greater than or equal to 2. Our main goal will be to present an
algorithmic procedure to obtain all the digital numerical semigroups with Z-rank equal to p.

Proposition 6.1. Let X = {xq,- -+, xp} be a nonempty subset of N\{0,1} and T = (xy,x1 —1,-++ ,xp,x, — 1). Then
2[X] = (X+T)U{0}.

Proof. e Ifa € X+T,thenthereexistsi € {1,--- ,p} suchthata € {x;}+T. Therefore, thereis {Ay, u1, -, Ay, up} C
Nsuchthata =x;i+ Ayxg + (e =)+ + Apxp + (= 1) = (A +pp)xr + -+ A+ i+ Dxi+--- +
(Ap + pp)xp = (U1 + - -+ + up). By applying Proposition 2.10 we assert that a € Z[X].

o If 2 € [X]\{0}, then by Proposition 2.10, we know that there is {A1,--- ,A,, u} € IN such that a =
A1xy+ -+ Apxy, —ubeing u < Ay +--- + Ay
Let {(a1,B1), -+, (ap, Bp)} C IN? such that «; + Bi=Aiforallie€{l,---,p}and 1 +--- + B, = u. Then
a =X+ +apxy+fixy++Ppxp — (Br+- -+ Pp). As p < Ay +- -+ + Ay, then we deduce that there is
i€f{l,---,ptsuchthata; # 0. Thena = x;j+a1x1+f1(x1—1)+- - -+ (a;i—1)x;+f;(x;i—=1)+- - - +apx, +pp(x,—1) €
{x;} + T. Therefore,a € X + T.
O

From Proposition 4.1 and [11, Lemma 16], we deduce the following upshot.

Lemma 6.2. Let X C IN\{0,1} and S = Z[X]. Then X is a mininimal 9-system of generators of S if and only if
x ¢ I[X\{x}] forall x € X.

Notice that if 2 € X, then Z[X] = (2, 3).

Proposition 6.3. Let x1,x2,- -+, X, be integers such that 3 < x1 < xp < -+ < xpand X = {x1,x3,-++ ,xp}. Then X
is a minimal 9-system of generators of Z[X] if and only if xip1 € {x1,x2, -+ , %} +{x1, %1 =1, , x5, x; — 1) for all
iefl,---,p—-1}

Proof. By Lemma 6.2, we know that X is the minimal Z-system of generators of Z[X] if and only if
Xis1 € D[ X\{xi}] forallie(l,---,p—1}.

By applying now, Proposition 6.1, we easily deduce that x;.1 ¢ Z[X\{xi+1}] if and only if x1 ¢
e, o x)+ e, 0 =1, x,x—1). O

In Example 6.5, we will see that the previous result can be viewed as a procedure to construct a digital
numerical semigroup with Z-rank equal to p.

The following proposition can be deduced from [13, Corollary 25].
Proposition 6.4. Let S be a digital numerical semigroup. Then Zmsg(S) = {x € msg(S) | x+1 € (IN\S) Umsg(S)}.

In the next example, by using Proposition 6.3 we are going to build a digital numerical semigroup with
Z-rank equal to 3 and by applying Proposition 6.4, we will calculate its mininimal Z-system of generators.

Example 6.5. Letx1 = 5and x, ¢ {5}+(4,5). For instance, x, = 7. Take now x3 ¢ {5,7}+¢4,5,6,7). Let x3 = 8. Then
by applying Proposition 6.3, we have S = ({5,7,8}+(4,5,6,7,8))U{0} = ({5,7,8}+(4,5,6,7))u{0} = ¢5,7,8,9,11)
is a digital numerical semigroup with Prank (S) = 3. Note that by Proposition 6.4, we have Zmsg(S) = {5,7, 8}.

Acknowledgements. The authors would like to thank the referees for their useful comments and
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