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Abstract

We study the freeness problem for matrix semigroups. We show that the freeness problem
is decidable for upper-triangular 2 x 2 matrices with rational entries when the products are re-
stricted to certain bounded languages. We also show that this problem becomes undecidable
for large enough matrices.

The full version of this work was accepted for publication in Information and Computation. It
is available online 12 March 2014.

1 Introduction

We study the freeness problem over matrix semigroups. In general, if S is a semigroup and
X is a subset of S, we say that X is a code if for any integers m,n > 1 and any elements
TlyeeesTm,Yl,---,Yn € X the equation

L1X2 ... Tm = Y1Y2 .- -Yn

implies that m = n and z; = y; for 1 < i < m. The freeness problem over S consists of deciding
whether a finite subset of S is a code.

The freeness problem over S can also be stated as follows. Suppose ¥ is a finite nonempty
alphabet and p : ¥ — S is a morphism. Then the freeness problem over S is to decide whether
W 1s injective.

For a general introduction to freeness problems over semigroups see [5].

An interesting special case of the freeness problem concerns freeness of matrix semigroups. Let
R be a semiring and let k& > 1 be an integer. Then the semiring of k& X k matrices (resp.
upper-triangular k x k matrices) is denoted by R*¥*¥ (resp. Rﬁ;tlﬁ). The sets RF** and Rﬁ;t]i are
monoids and the freeness problem over RF** is to decide whether a given morphism

TR — RExk

is injective. Most cases of this problem are undecidable. In fact, Klarner, Birget and Satterfield
8] proved that the freeness problem over N3*3 is undecidable. Cassaigne, Harju and Karhumiki
[4] improved this result by showing that the problem remains undecidable for Ni;g. Both
of these undecidability results use the Post correspondence problem. Cassaigne, Harju and
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Karhuméki also discuss the freeness problem for 2 x 2 matrices having rational entries (also see
[3]). This problem is still open even for upper-triangular 2 x 2 matrices having rational entries.
On the other hand, Bell and Potapov [2] have proved that the freeness problem is undecidable
for diagonal matrices over quaternions. For some special decidable cases of the freeness problem
for 2 x 2 matrices see [5], [4], [6] and [7].

In this paper we discuss the problem whether a given morphism p : 3* — Qﬁ;@ is injective

on certain bounded languages. This approach is inspired by the well-known fact that many
language theoretic problems which are undecidable in general become decidable when restricted
to bounded languages. Recall that a language L C ¥* is called bounded if there is an integer

s and words wi,...,ws € X* such that L C wjw;...w;. Our main result is that we can
decide the injectivity of a given morphism u : {z,z1,..., 2141} — 3;& on the language L; =

218 200* 23 . .. z¢x* z441 for any t > 1, provided that the matrices p(z;) are nonsingular for 1 <
i < t—+ 1. To prove this result we study the representation of rational numbers in a rational
base.

On the other hand, we show that if we consider large enough matrices the injectivity problem
becomes undecidable even if restricted to certain very special bounded languages. Hence, con-
trary to the common situation in language theory, the restriction of the freeness problem over
bounded languages remains undecidable. The proof of our undecidability result uses a reduction
from Hilbert’s tenth problem in a way which is commonly used to obtain various undecidability
results for rational power series (see [9]) and which is also used in [1] to prove that the mortality
problem is undecidable on a bounded language.

2 Results and examples

As usual, Z and Q are the sets of integers and rational numbers. If k£ > 1 is an integer, the set
of k x k matrices having integer (resp. rational) entries is denoted by Z**¥ (resp. QF**) and
the set of upper-triangular k x k£ matrices is denoted by Zﬁ;tlﬁ (resp. Qﬁgtlﬁ).

We consider two special families of bounded languages. Suppose t > 1 is a positive integer. Let
Se=Az,z1,.. ., 241}
be an alphabet having ¢ + 2 different letters and let
A ={x,y, 21,2}
be an alphabet having four different letters. Define the languages L; C ¥} and K; C A* by
Ly = 212" 200" 23 -+ - 2¢x™ 2441

and

)tfl

Ky = z1(x"y)" " x" 29.

We can now state our results.

Theorem 1. Let t be a positive integer. It is decidable whether a given morphism

. * 2X2
K Zt - Quptr

such that u(z;) is nonsingular for i = 1,...,t+ 1, is injective on L.

Theorem 2. There exist two positive integers k and t such that there is no algorithm to decide
whether a given morphism
. kxk
p: AY = Lo

18 tnjective on K.



Observe that Theorem 1 holds true if 3; and L; are replaced by A and Ky, respectively.

Intuitively, the languages K; of Theorem 2 are the simplest bounded languages for which we are
able to show that the injectivity problem is undecidable while the languages L; of Theorem 1
are the most general bounded languages for which we are able to show decidability. The study
of the injectivity problem on bounded languages is motivated by the fact that while bounded
languages have a simple structure the induced matrix products already can be used to represent
very general sets as we will see in the proof of Theorem 2.

Our proof of Theorem 2 gives a method to compute the integers k and ¢ in Theorem 2. Indeed,
if we are given a polynomial which has the required universality property for Hilbert’s tenth
problem, the computation of k is a tedious but straightforward task which is left to the interested
reader. The resulting value of k is large.

We will continue with examples which illustrate the problem considered in Theorem 1. In the
examples we assume that ¢ is a positive integer,

2x2
I E:‘j — Qu;tr
is a morphism such that p(z;) is nonsingular for i = 1,...,¢ 4+ 1. We denote

p(x) = M and p(z) = N;
fori=1,...,t+ 1.

Example 3. Assume that ¢ = 2. Let u(x) = ( (?; ? ) and let p(z2) = ( g zl)) ) Then

m n 2. 3m+n 3m
u(x™zox™) = 0 3

for all m,n € N. Hence p is injective on Lo.

Lo ) where b,c € Q and ¢ # 0. Then

Example 4. Assume that t = 1. Let M = c( 0 1

. on
M- =c ( 0 1 )
for all n > 0. It follows that there exist different integers m,n > 0 such that
Mm — Mn

if and only if ¢ € {—1,1} and b = 0. Hence p is injective on L; if and only if ¢ ¢ {—1,1} or
b # 0.

Example 5. Assume that ¢ = 2 and let M be as in Example 4. Let

ne (3 )

where Ag, By, Co € Q. Then

Ay Asbn + Bs 4+ Cobm >

m n mdin
M N,M" = ¢ (0 ‘.

for all m,n > 0. This implies that if ¢ ¢ {—1, 1}, then u is injective if and only if Asb # Cob. If
c € {—1,1}, then u is not injective on Ls.



Example 6. Assume that ¢ > 3. Let M and N3 be as in Example 5 and let

ue(5 2)

where As, B3, C3 € Q. Then we can find two different triples (m1, mg, mg) and (ni,ng,n3) of
nonnegative integers such that

m1 +mo +mg =ni +ng+ng

and
CoC3mq + AsCsmo + AsAgms = CoCsng + AsCsng + Ay Asns.

This implies that
M"™ NoM™ NsM™ = M"™ NoM"* NsM™

which shows that p is not injective on L.

In the proof of our undecidability result we use singular matrices. On the other hand, in
Theorem 1 we require that p(z;) is nonsingular for ¢ = 1,...,¢ 4+ 1. This assumption plays an
essential role in our proof of the theorem. At present we do not know how to avoid using this
assumption.

The following examples illustrate the situations where some of the matrices p(z;), 1 <i <t+1,
are singular. The first two examples show that the singularity of some p(z;) often implies that
is not injective while the third example shows that this is not always the case. In these examples
we use the notations of Section 3.

Example 7. Let ¢ > 2 and assume that there is an integer ¢, 1 < i <t — 1, such that Nj; is of
the form ( 8 g >, where B,C € Q. Then

N;MN;it1 = N;Niy1 M,
which implies that u is not injective on L.

Example 8. Let t > 2 and assume that there is an integer ¢, 3 < ¢ < ¢t + 1, such that NV; is of

the form ( 61 g >, where A, B € Q. Then

MN; 1N; = N;_1MN;,
which implies that u is not injective on L.

Example 9. Let ¢ > 1 and let

3 1 0 1 3 0
N1:N2:"':Nt:<0 1)7Nt+1=<0 1)7M=<0 1>-

Then for any mq,...,m; > 0 we have

NiM™ NoM™ Ny ...NJM"™ Nyjy = < 8 f )

where
E = 3m1+---+mt+t + 3m1+---+mt—1+t*1 RS 3m1+m2+2 + 3m1+1 41,

This implies that p is injective on L.
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