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Abstract. The Parikh matrix, an extension of the Parikh vector for
words, is a fundamental concept in combinatorics on words. We inves-
tigate M-unambiguity that identifies words with unique Parikh matri-
ces. While the problem of identifying M-unambiguous words for a bi-
nary alphabet is solved using a palindromicly amicable relation, it is
open for larger alphabets. We propose substitution rules that establish
M-equivalence and solve the problem of M-unambiguity for a ternary
alphabet. Our rules build on the principles of the palindromicly amica-
ble relation and enable tracking of the differences of length-3 ordered
scattered-factors. We characterize the set of M-unambiguous words and
obtain a regular expression for the set.
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1 Introduction

Parikh [10] introduced a concept of mapping words to vectors. The resulting
vector is called a Parikh vector, by counting the occurrences of each letter [6, 7].
Mateescu et al. [9] extended the Parikh vector to the Parikh matrix that cap-
tures more complex numeric properties, by considering occurrences of scattered-
factors.

Given an ordered alphabet X = {aj1,aq,...,ax}, a Parikh matrix M over
Yisa (k+1)x (k+1) upper triangular matrix, where its main diagonal fills
with all 1’s, the second diagonal counts the occurrences of length-1 scattered-
factors, the third diagonal counts length-2 ordered scattered-factors, and so on.
For instance, given a word w = 00121 over X' = {0, 1, 2}, the Parikh vector of w
is (Jw|o, |w|1, |Jw|2) = (2,2,1) and the Parikh matrix of w is

1 u,'|() |w|01 ‘““m-j 12472
0 1 |wh |whe | _ 0121
00 1 J|ws | (0011
00 0 1 0001

Note that the second diagonal (in red) is the Parikh vector of w. Parikh matri-
ces provide a simple and intuitive approach that computes the occurrences of
scattered-factors.
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We say that two words u and v are M-equivalent if © and v have the same
Parikh matrix [5,9]. Atanasiu et al. [3] identified a family of binary words having
the same Parikh matrix and characterized M-equivalence over binary words by
the concept of palindromicly amicable property. This characterization on M-
equivalence allows the identification of words with unique Parikh matrices—the
injectivity problem [2,12]. Specifically, given a word u, if there is a distinct M-
equivalent word v, then u is M-ambiguous; otherwise, u is M-unambiguous [8].
The injectivity problem is to find M-unambiguous words over a given ordered
alphabet. Mateescu and Salomaa [8] constructed a regular expression for M-
unambiguous words and solved the injectivity problem over a binary alphabet.
However, it has been a challenging problem to extend this result to a larger
alphabet.

Researchers partially characterized M-equivalence and M-unambiguity over
a ternary alphabet [1,4,13]. Serbanutd and Serbanutd [4] enumerated all M-
unambiguous words and proposed patterns that identify M-unambiguous words
over a ternary alphabet. However, the pattern regular expression is incorrect;
it misses some M-unambiguous words such as bcbabebabe. Nevertheless, their
work has laid a foundation for further research on M-unambiguity and M-
equivalence [1, 13]. However, a complete and simple characterization towards M-
equivalence and M-unambiguity over a general alphabet remains elusive [11, 14].
Even for a ternary alphabet, a comprehensive characterization of M-equivalence
such as palindromicly amicable property has been open for decades.

We propose substitution rules that maintain the occurrences of length-1 or -2
ordered scattered-factors and keep track of the occurrences of length-3 ordered
scattered-factors. Our three substitution rules can represent all words over a
given ternary alphabet. We introduce =2-relation that establishes M-equivalence
based on the substitutions and compute the language of M-unambiguous words
over a ternary alphabet.

We explain some terms and notations in Section 2. We introduce substitu-
tion rules and an equivalence relation that characterizes M-equivalent words in
Section 3. Based on the proposed rules and relations, we compute a regular ex-
pression for M-ambiguous words and characterize M-unambiguity in Section 4.
We conclude our paper with a brief summary and a few questions in Section 5.

2 Preliminaries

Let N denote the set of all nonnegative integers and Z denote the set of all
integers. We use (Z) to denote the binomial coefficient for u > k € N. An
alphabet X, is a finite set of k letters and | X%| = k is the number of letters in X,.
We use X generally when the alphabet size k is not important. Without loss of
generality, we use nonnegative integers as alphabet letters (e.g., X3 = {0, 1,2}).
A word u over X is a finite sequence of letters in Y. Let |u| be the length of
u. The symbol A denotes the empty word whose length is 0. Given a word w,
we use w’ to denote its reversal; w = ajag - - an and w? = apan_1---ai. The
Kleene star X* of an alphabet X is the set of all words over X. An ordered
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alphabet (X, <) consists of an alphabet X, = {a1,aq,...,ax} and a strict total
order < on Xj. We often denote the ordered alphabet by Xy = {a; < ag < -+ <
ar}. If a total order < is clear in the context, we simply use X} to denote an
ordered alphabet.

Given two words v and v € X*, we say that v is a factor of u if u = avf
for some a, € X*. Similarly, we say that v is a scattered-factor of w if there
exist ug, U1, ..., U, and vy,vo,...,v, € X* such that v = vyvy---v, and u =
UQUIUL * * * Up—1UpUy,. We denote by |ul, the number of distinct occurrences of
a nonempty word v as a scattered-factor in w. For instance, if « = 0110 and
v = 01, then v is both a factor and a scattered-factor of u and |u|, = 2.

We now present definitions that are directly related to our problem on the
Parikh matrix.

Definition 1. Let X, = {a1 < az < -+ < ai} be an ordered alphabet. The
Parikh mapping is a monoid morphism ¥ : X} — N* defined as ¥(w) =
(|wlays | Wlag, - - |wlay,). Then, ¥(w) for w € X} is the Parikh vector of w.

The extension of the Parikh mapping to the Parikh matrix mapping considers
a (upper) unitriangular matrices of nonnegative integers. A unitriangular matrix
is a square matrix m = (m; ;)1<i j<k such that (1) m;; € N, (2) m; ; = 0 for all
1<j<i<k and (3) my; =1forall 1 <i<k. The set of all unitriangular
matrices of dimension k > 1 is denoted by M.

Definition 2. Let X = {a; < az < --- < ai} be an ordered alphabet. The
Parikh matriz mapping is a monoid morphism ¥y, : X — Myi1 defined as
follows. For a; € Xy, if Us, (ar) = (Mij)1<ij<k+1, thenm;; =1 for 1 < i <
k41, my1 =1, and all the other entries are zero. Then, ¥x, (w) for w € X}
is the Parikh matriz of w.

Proposition 1. [9, Theorem 3.1] Let Xy = {a1 < as < --- < ai} be an
ordered alphabet. We denote by a; j the word a;a;+1---a; for1 <i < j <k. For
w € X}, its Parikh matriz ¥s, (w) has the following properties:

1.m =0, forall1<j<i<k+1,
2. mi;=1, forall1 <i<k+1,
8. my jy1 = |wly, where uw=a;; forall1 <i<j<k.

Note that the Parikh matrix ¥x(w) for w € X* satisfies the associativity of
matrix multiplication and ¥s(w) can be constructed from the Parikh matrices
of factors of w. For instance when w = wv, we have Ux(w) = ¥x(u) - Ux(v).

Ezample 1. Consider w = 0110 over a binary alphabet Xy = {0 < 1}. As an
example for Proposition 1,

122 10110}y |0110|0
Wy, (0110) = Wy, (0)Ws, (1), (D)5, (0) = (012 = [0 1 JoL10
001 0 0 1
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3 M-equivalence

We discuss words with the equivalent Parikh matrices. For instance, the following
words u and v € X* have the same Parikh matrix.

1 |ufo [ulor [u]or2 1 [vlo [v]o1 [v]o12
01 fuly Juliz | 0 1 Juli [vha | _
o=l 0 1 b [T 00 1 | | =¥
00 0 1 00 0 1

This equivalence relation is called M -equivalence [5,9].

Definition 3. Given two words w and w' over an ordered alphabet X, we define
w and w' to be M-equivalent if Us(w) = ¥ (w'), and denote it by w =y w'.

Researchers have studied how the changes in a word affect its Parikh matrix
and when the Parikh matrix does not change. Proposition 2 illustrates substitu-
tions of factors that do not change the Parikh matrix over arbitrary alphabets.

Proposition 2. [3, Proposition 3.1] Let X = {a1 < as < -+ < a} be an
ordered alphabet and 1 <1i,j < k. Then, the following equations hold:

1. If li — j| > 2, then ¥x, (aia;) = Uy, (aja;).
2. If |i — j| =1, then ¥x, (a;a65a;) = Py, (aja;a:a;).

Proposition 2 is a necessary condition to establish M-equivalence but is not
sufficient because they are not applicable to every word such as 10101, which
is M-equivalent to 01110. Atanasiu et al. [3] proposed palindromicly amicable
property that identifies M-equivalent words over a binary alphabet.

Definition 4. [3] Let Xy = {0 < 1}. Two words o, 3 € X5 are palindromicly
amicable if the following two statements hold:

1. « and B are palindromes,

2. U(a) = ¥(H).

For x,y € X5 over Xy = {0 < 1}, © =p, y if a nonempty factor « € X3 of x
and a nonempty factor B € X5 of y are palindromicly amicable. We denote by
= pa®, the reflexive and transitive closure of =pq.

Proposition 3. [3, Proposition 3.4] For xz,y € X5 over Xy = {0 < 1},

1. =}, is an equivalence relation.

2. If x =5, y, then for all uw € X3, ux =}, uy and zu =3, yu.

Theorem 1. [3, Theorem 3.1] For X, = {0 < 1} and x,y € X3, x =p y if
and only if x =5, y.
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Theorem 1 is based on the palindromicly amicable relation between x and y.
If we can compute y by substituting factors from = based on Proposition 2, then x
and y are M-equivalent. This is because the relation keeps the same value of |z|p1
and the Parikh vector also does not change. Theorem 1, however, does not hold
for an alphabet with three or more letters. For instance, let X5 = {0 < 1 < 2}
and x = 10122101, y = 01122110. It is easy to see that z =7, y but = #y y.t

We first consider the following conditions that are satisfied for words = and
y over a ternary alphabet to be M-equivalent:

L ¥(x) ="(y),
2. |xlo1 = |ylo1, |12 = |y|i2, and [z|o12 = |ylo12-

Certain substitutions preserve the value of 01-,12-, and 012-occurrences, im-
plying that the substitutions also do not change the Parikh matrix. We investi-
gate what these substitutions are.

Proposition 4. [2, Theorem 13] For X3 = {0 < 1 < 2}, the following state-
ments hold for o, B,u € X5.

1. If w =028 and w' = «208, then w =p; w'.
2. If w = a0lul0f and w' = al0u013 where |u|s = 0, then w =5 w'.
3. If w = al2u21f and w' = a21ul2 where |u|g = 0, then w =5 w'.

While Proposition 4 suggests useful substitution rules that preserve the
Parikh matrix, the substitution rules are not applicable to all the words. We
cannot apply the second rule to w = «01ul08 such that |u|s > 0. Likewise,
the third rule is not applicable to w = «l12u21f such that |u|o > 0. For in-
stance, we cannot apply any substitutions in Proposition 4 to an M-ambiguous
word v = 0101210121. On the other hand, for w that we can apply substitutions
in Proposition 4, we cannot enumerate all w’ that are M-equivalent to w. For
u = 1002101112, we cannot compute u' = 0101210121, which is M-equivalent
to u by Proposition 4. If we design equivalence relations that maintain the same
Parikh matrix for a given word w € X3, then any relations should preserver the
value of |ulo1, |u|12, and |u|p12. This leads us to design an equivalence relation
that considers the following:

1. For all M-ambiguous words, the relation should be applicable.
2. Given an M-ambiguous word u, all M-equivalent words to u should be com-
puted.

We relax the constraint that a single substitution rule should preserve the
Parikh matrix value and allow the value of 012-occurrences to change. We suggest
Proposition 4.

Proposition 5. For X3 = {0 < 1 < 2}, and u,«, 5 € X5, the followings are
substitution rules that satisfy ¥(w) = ¥(w'), |wlor = |w|o1, and |w|iz = |w'|12:

1. If w = a028 and w' = a208, then |w|o12 = |w'|p12.

Uz =pa 10211201 =, 11200211 =,, 02111120 =, y
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2. If w = a0lul0f and w' = al0u01S, then |wlpiz = |w'|o12 + |ul2.
3. If w = al2u21f and w' = a21ul28, then |wlp12 = |w'|o12 — |ufo-

Proof. Three substitution rules satisfy ¥ (w) = ¥(w’) because each rule does not
change the numbers of 0’s, 1’s, and 2’s. The first substitution rule does not change
the numbers of 01’s and 12’s. The second and the third substitution rules change
01 to 10 (respectively, 12 to 21) and also change 10 to 01 (respectively, 21 to 12),
which keeps the same numbers of 01’s and 12’s at the end. For the occurrences
of 012, Proposition 5 can be deduced by computing |w|g12 and |w’|o12-

In the first substitution rule,

lwloi2 = |02Bo12 = [afo12 + |Blo12 + |afor x (|02]2 +[B]2) + (Jafo +102]0) % |B]12,

|w'o12 = [@208]012 = |afo12 +]Blo12 +]alor X (20|24 |Bl2) + (|erfo +120[0) x | B12-

It is easy to verify that |02]p and |02|y are the same to |20|p and |20]s,
respectively. Therefore, we know that |w|g12 = |w'|p12.

For the second substitution rule, the substitution only occurs in the factor
01210 in w. We only have to keep track of 012 occurrences in 01410 of w and
10u01 of w'. While [01u10Jo12 = [ulo12 + [01]o X [u|12 + [01]o1 X [ul2, after the
substitution, |10U01‘012 = |u|012 + ‘10‘0 X |u|12 + |10|01 X |u|2 = \u|012 + |u|12.
Therefore, the second substitution rule reduces the occurrences of 012 by |u|z.
Similarly, we can show that the third substitution rule increases the occurrences
of 012 by |ulo. O

We employ the second and third substitution rules of Proposition 5 to keep
track of the occurrences of 012 and furthermore, analyze when |w|p12 = |w’|012.
For instance, given w,w’ € X5, Figure 1 demonstrates that |w|(15 = |w|o12 —
|ae]a+|8]o when applied with the substitution rules of Proposition 5. Thus, when
|arl2 = | 8o, the Parikh matrices of w and w’ are the same.

S; = 01a10]g12 Sy = 12821012
w0 | a |10 [w] 12| B |2 Ag, ol
ASQ : +‘()"g
w' : 10 ‘ @ ‘ 01 ‘ u ‘ 21 ‘ B ‘ v
= [w'|oi2 = |wlorz — |2 + 8o

Fig. 1. An illustration of substitutions maintaining M-equivalence for a word w =
0lal0ul2p21.

Figure 1 demonstrates one of the four scenarios where a single substitution
step involving two replacements maintains the identical |w|g12 values, thereby
preserving the Parikh matrix. Additionally, there are cases where the swapping
pairs overlap. Figure 2 further illustrates cases of alternating sequences, with 01
followed by 12 and 10 followed by 21.
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S1 = |01a12ul0]po

w: 01 @ 12 | u | 10 B 21
| |12 [ v ] 10 | |

ASy: —(Jalz + |ul2 + 1)
ASsy : +(|u|o + ‘d‘(; + 1)

Sy = 12010521 g12

w’:&‘ @ ‘L‘“‘ﬂ‘ 8 ‘Q

= |w'lo12 = |wlor2 — (Jorlo + |ul2) + (Julo + 13lo)

Fig. 2. An illustration of substitutions for a word w such that w = 0lal2ul10821,
where 12 occurs before 10.

While Figures 1 and 2 illustrate words with the same Parikh matrix by
Proposition 5, there are other M-ambiguous words w € X3 that are not identified
by Proposition 5, for instance, 012102021. Figure 3 depicts patterns of such
words.

S; = |01a10[g1 Sy = 12821012
w: 01 | a | 102 | B | 21
AS) : —|aly
10 | a | 012 | 8 | 2
ASy : +|Blo
w' ;10 ‘ e} ‘ 021 ‘ B ‘ 12

= w12 = |wloz — |al2 + Bl

Fig. 3. An illustration of substitutions for a word w such that w = 01102821 where
w cannot maintain M-equivalence with a single substitution.

For M-equivalent words with such patterns, we develop substitution rules
from Proposition 5 and introduce an equivalence relation of (w, Alw|o12), the
pair of a word w and a relative occurrence of 012.

Definition 5. Given an ordered ternary alphabet X3 = {0 < 1 < 2}, let = be
the minimal symmetric relation on X35 X Z satisfying:

R1. (a028,k) = («208, k),
R2. (a01ul0f, k) = (l0u018, k — |u|2) for all w such that |ulz <1, and
R3. (a12u21f8,k) = (a21ul2B,k + |u|o) for all u such that |ulp < 1,

where o, B,u € X% and k € Z. Then, a Z-sequence (uy, ki), (uz, k2), ..., (Un, kn)
is a sequence of pairs satisfying (w;, k;) = (wit1, kit1)-
A relation =* is a minimal equivalence relation on X5 x Z that satisfying:

R4. (u,k) = (v,1) implies (u, k) =* (v,1), and
R5. (auf, k) =2 (awfB,l) implies (zuy, k') =* (zvy,l') and k — 1=k -1,
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where a, B, u,v,z,y € X5 and k, 1,k I' € Z.

It is easy to verify that the minimal symmetric relation = keeps the same values
of |ufo1 and |u|12 based on Proposition 4 and Definition 5. Note that, for binary
words u and v over Xy = {0 < 1}, we have u =, v if and only if (u, k) =* (v, k).

Proposition 6. For any u,v € X5 and k,l € Z, (u, k) =* (v,l) implies (u, k +
¢) 2* (v, + ¢) for an arbitrary integer ¢ € Z.

We present Lemma 1 which generalizes R2 and R3 of Definition 5.

Lemma 1. For any u € X3, (01ul0, k) =* (10u01, k — |u|2) and (12u21,k) =*
(21ul2, k + |ulo).

Proof. Consider the first case. For bases, if |u|o < 1, then the relation holds by
definition, if [01u10| < 5, the relation holds.

Assume that, for all N > 1 and L > 5, (01u10, k) 2=2* (10u01, k — |u|2) for (1)
|ul2 < N and |01410] < L and (2) |ul]z < N and [01u10| < L.

Consider (01u10,0) where |u|z = N, and |01u10| =

1. Ju|; = 0. We show the congruence by prepending 21 and appending 12.

(2101u1012,0)
2*(210124/21012, 0) [R1, (u,0) 2* (2u'2,0),u € L((0 + 2)*), Juls > 2
~*(12021u/12021, —2) R3
~*(12201u/10221, —2) [R1
*(12210u/01221, —2 — |u']2) [IH; |01v'10| =L —-2< L

=(12210u'01221, —|ul2) [Ju’ |2 = |uls —
~*(21120u'02112, —|ul2) [R3
*(21102u/20112, —|ul2) R
=*(2110u0112, —|ul2) [R1, (u,0) &* (2u/2,0)

2. |uly = 1. Ifu € L((0+2)*2(0+2)*1(04+2)*2(0+2)*), we can use a procedure
similar to that used in the case of |u|; = 0. Thus, let us assume that u €
L((0 4 2)*10*) without loss of generality. By appending 01,

(0121001, 0)
=(01u'1v"1001, 0) [u=u10|u'|y = 0, u']a > 1,0 € L(0%)]
~*(01u/10/0110, 0) [R2]
—(014/100'110, 0)
(100010110, —|ul2) [IH; 10401 = L — 1 < L. |[v/|2 = |ul2]
= (10u/100/101, —|ul2) [R2]
=(10u'1v"0101, —|ul2)
=(10u0101, —|ul2)



M-equivalence of Parikh Matrix over a Ternary Alphabet 9

3. |uly > 2. We prepend 10 and append 01, then,

(100121001, 0)
~*(0110u0110, 0) [R2]
=(0110x1u’1y0110, 0) [u=2lu'ly, v € X5, z,y € L((0+ 2)*)]
= (011201w/10y110, 0) [R1]

if |x]2 + |yl2 > 0, |22, |yl2 < |u|2, then we can apply IH several times.

(011201u'10y110,0)
>*(011210u/01y110, —|u']2) [IH]
~*(101201u'10y101, —|ul2) [TH]
=(1010u0101, —|ul2) [R1]

Suppose not the case, i.e., |z|2 + |yl = 0. Then, by IH, (01u/10,0) =*
(10u'01, —|ul2) holds; Note that [01u/10| < L —2 < L and |u|s = |u/]2. Thus

(0112014104110, 0)
% (011210u/01y110, —ul2) [TH, R5|
~*(101201u'10y101, —|ul2) [R2]
~*(101021u'1y0101, —|ul2) [R1]

=(1010u0101, —|ul,)

For every case, R5 implies that (01u10,0) =* (10u01, —|u|2). Thus, by induction,
(01210,0) =* (10u01, —|ulz) holds for all v € X3.
The second statement can be shown by swapping the roles of R2 and R3.

Lemma 2. For two M -equivalent words u and v over a ternary alphabet X3 =
{0,1,2}, and two integers k and | such that k <1, let S = [(u, k) = -+ = (v,1])]

be a =-sequence from (u,k) to (v,l). Then, for any integer t between k and
I (k<t<l), there exists a pair (w,t) € S for some w € X5.

Proof. For the sake of contradiction, assume that there exists ¢ such that (v, t) ¢
S. Then, there must be two pairs (u;,t — 1) = (u;11,t + 1). However, by Defi-
nition 5, |k;y1 — ki| <1 for (ug, k;) = (wit1, kit1). This leads to a contradiction
that such pairs of (u;,t — 1) and (u;41,t + 1) do not exist. Therefore, the state-
ment holds. O

Theorem 2. Let X' be an ordered ternary alphabet X'3. For two words u,v € X3
and two integers k,l, we have a =-sequence S = [(u, k) =* (v,1)] if and only if

1. |uloiz — |vfo12 = k — 1,
2. |ul|, = |v|, for z € {0,1,2,01,12}.

Proof. [only-if direction] We prove the statement by induction on the length of
a 2-sequence. For two words u,v € X3 and two integers k, [ satisfying (u, k) =°
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(v,1) or (u,k) = (v,1), it is trivial to see that the two conditions hold. Note
that, in the case of 22¥, it is immediate that u = v and k = [. Suppose that if
(ui, ki) =2 (v;,1;), then the two conditions hold for 2 < i < N. For (u,k) =V
(v,1), there exist two positive integers ¢, j such that i +j = N and a pair (w, m)
such that (u, k) =° (w,m) 2/ (v,1). Thus, the statement holds for 2*.

From the statement, we know that if (u1,k1) =* (un,kn), then there is a
=~_gequence whose length is bounded above by (‘Z‘llo) . (\u||;‘|?|o), In other words,
there always exists a finite =-sequence.

[if direction] Since it is trivial when u = v, we assume that u # v. We prove
by induction on the length of u and v. When |u| = |v| < 3, we prove the claim
by checking every pair of words.

Our induction hypothesis (IH) is that, for N > 4, if we have two words
u and v, which satisfy the two preconditions and |u| = |v| < N, then, we have
(u, k) =* (v,1). Consider two words v and v of length N. When u and v share the
same nonempty prefixes and suffixes, we can easily see that IH holds. Without
loss of generality, let ©u = au’ and v = av’. We know that «' and v’ satisfy the
two preconditions and (v, k) =* (v/,1). By R5 of Definition 5, (u, k) =* (v,1).

Thus for some symbols u,,, us, vp, vs € Y3 such that u, # v, and us # vs, the
strings v and v satisfies u = upu'us and v = v,v'vs. In other words, they do not
have common nonempty prefixes and suffixes.

It is easy to see that, if and only if u and v are in the following forms,
(u, k) = (v,1) holds:

1. w = 01210, v = 10201, or
2. u=21yl2, v = 12y21.

Note that v = 02 and v = 20 never occur due to the restriction on the length.

We now show that there exists a string x such that S = [(u, k) &* (z,c) =*
(v,1)], where x = az’b and a,b € X5. Then, only one of the following two cases
holds:

1. All ’s between (u, k) and (v,!) satisfies u, # a # v, and ug # b # v,, or
2. at least one x between (u, k) and (v,1) satisfies a € {u,,v,} or b € {us,vs}.

For the first case, we subdivide S = [(u, k) = (z1,¢1) = (22,¢2) = (v,1)]
into three subsequences S1 = [(u, k) & (21,¢1)], S2 = [(z1,¢1) = (22,c2)] and
S = [(w2,c2) = (v,1)]. It should be the case that x; = ax{b and 2 = azbd,
where u, # a # v, and ug # b # v,. Then, the base cases cover S; and Ss, and
we can apply R5 of Definition 5 on S5. Note that all strings in S; have common
prefixes and suffixes.

For the second case, we can subdivide S into two subsequences S{ = [(u, k) =*
(x,c)] and S5 = [(z,c) =* (v,1)]. Without loss of generality, let a = u,. Then, u
and x have a common prefix. We can detach the common prefix and IH applies
on u'us and 2’b thus the sequence S is covered. Note that Theorem 2 also applies
on Sé because |(,C|()12 - |’U|012 = (|u|012 — k+C) - |’U|012 = (|u|012 — |U‘012) —k+c=
(k—=1) —k+c = c—1 and the occurrences of length-1 and length-2 ordered

ov*

scattered-factors are the same. Therefore, (u, k) 2* (v,1). O
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Theorem 2 provides a characterization for M-equivalence over a ternary al-
phabet. The following result is immediate from Theorem 2.

Corollary 1. For a ternary alphabet X3 and two words uw,v € X5, u =pr v if
and only if (u,0) =* (v,0).

4 M-unambiguity

We investigate another property of the Parikh matrix, M -unambiguity. Recall
that a word w € X* is M-unambiguous if there is no word w’ # w such that
w =p w'. Otherwise, w is M-ambiguous. Atanasiu et al. [3] established the
family of M-ambiguous words over a binary alphabet. Then, Mateescu and Sa-
lomaa [8] first presented a regular expression of an M-unambiguous language
over a binary alphabet.

Theorem 3. [8, Theorem 3] For a binary alphabet Xy = {0 < 1}, a word
w € X5 is M-unambiguous if and only if

w € L(0*1* + 1*0* + 0*10* 4 1*01* + 0*101* + 1*010*).

The regular expression in Theorem 3 is sufficient to identify M-unambiguous
words over a binary alphabet. However, we cannot apply the same result to
M-unambiguous words over a ternary alphabet. Serbanuta and Serbanuta [4]
presented a collection of regular expressions of M-unambiguous words by enu-
merating all words for a ternary alphabet?. Based on Corollary 1, we establish an
intuitive approach that computes a regular expression for M-ambiguous words
and identifies M-unambiguous words.

Theorem 4. Given a ternary alphabet X3 = {0 < 1 < 2}, let L C X5 be a
reqular language defined by the union of the following regular expressions.

By = 35 (02401(041)*10+10(0+1)*01 4+ 12(142)*21 + 21 (1 +2)*12) - 53
By = 5% - (0153255105510 X5253501) - X3

By = 5% - (015325310 5512X505321) - X3

Ey = 53 - (215305512X5105325301) -

) .

( 3

( 3
Bs = 55 - (21550251225125505521

(

(

*

by
x
E*
23

Ee = X3 - (01531223105521) - 53

Er = X3 - (105321 55015512) - 3

and L be its reversal language {w™ | w € L}.
Then, Lamy, = L U LT is the set of all M-ambiguous words over Xs.

Proof. Let X be the set of all M-ambiguous words over X3 and we show that
X = Lgmp. We prove that X is equivalent to Lgpp-

2 The regular expression is incorrect since it misses some M-unambiguous words il-
lustrated in Figure 4 in Section 4.
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[X C Lams).- Suppose that there exists u € X \ Lgmp and let v # u be
M-equivalent to u. Since u =ps v, (u,0) =* (v,0) and thus, (v,0) is derived
from (u,0) by a sequence of = applications from Definition 5. For all the string
patterns in Definition 5, we can easily find them in Lg.,;,. For instance, Fs
contains a01ul00 as a prefix where «, 8,u € X5. Likewise, we can find the other
string patterns of Definition 5. This contradicts that there exists u with distinct
patterns that are not in Lg,,,. Therefore, X C Lgmp.

[Lamp € X]. Suppose that there exists u € Lgmp \ X. This implies that u
is M-unambiguous. Since u € Lgymp, we can derive v with s of Definition 5. We
investigate when u is included in one of E; of Lgm,p. When u € Eq, we first ex-
amine when u contains 02 as a factor. By the first Z-relation in Definition 5, w is
M-ambiguous. There is also u € F; that contains factors that are palindromicly
amicable of a binary alphabet u is M-ambiguous by Theorem 1. Thus, u € F;
is M-ambiguous. Similarly, we can prove in the same way for the reversal of Fj.

For u € E; for 2 <i <7, we inspect the change of 012 occurrence values by
the second and the third =-relations of Definition 5. We show one of the cases
when u € Eg. When u € Eg, the following holds for some v € X73:

12801y21—21501y12

(u, k) =* (v, k — |a128]2) & (v, k — |a128]2 + |8017]0)-

01012810—10a12801

Without loss of generality, let 0 < |a128]a < |B017|p. Then, k — |al28|2 <
E < k — |al2fB|2 + |01v|p and by Lemma 2, there exists (v’,k) such that
(u, k) =* (v, k) =2* (v,l) and v # v'. This leads to a contradiction that wu is
M-unambiguous because (u, k) =* (v', k) implies that v’ is M-equivalent to w.
We can prove similarly for Es, E3, Ey4, E5, E7. Thus, Lem, C X. O

Theorem 4 establishes an identification for M-ambiguous words over a ternary
alphabet. Then, the following result is immediate.

Corollary 2. For X5 = {0 < 1 < 2} and u € X5, we have that u is M-
unambiguous if and only if u & Lamp.

Using the regular expression in Theorem 4, we find all M-unambiguous words
that are missing in Serbanutd and Serbanuta [4]. Figure 4 is the minimal DFA
for such missing M-unambiguous words.

5 Conclusions

We have presented a polished and complete characterization of M-equivalence
and M-unambiguity over a ternary alphabet using =*-relation. While the prob-
lem was solved for a binary alphabet, the larger-alphabet case has been open. We
have presented key characteristics of M-equivalence and M-unambiguity over a
ternary alphabet based on our substitution rules and =*-relation. This result
facilitates exploring further combinatorial properties of M-equivalent words.
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Fig.4. An FA for M-unambiguous words missing in Serbanutd and Serbanuta [4].

Our equivalence relation is well-defined for a ternary alphabet but it can also
be developed with further substitution rules for larger alphabets. We plan to
extend =-relation to arbitrary alphabets and continue working towards estab-
lishing equivalent relations to M-equivalence and M-unambiguity. We also aim
to address open problems related to other properties of Parikh matrices, such as

M E-equivalence, strong M-equivalence, and weak M-relation [11,14].
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