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1 INTRODUCTION

In the context of this work, a pattern is a string that consists of terminal symbols (e. g., a,b, c) and
variables (e. g., X1, x2, x3). The terminal symbols are treated as constants, while the variables are
to be uniformly replaced by strings over the set of terminals (i. e., different occurrences of the
same variable are replaced by the same string); thus, a pattern is mapped to a terminal word. For
example, xjabxx;cx;x; can be mapped to acabaccaaccaaac and babbacab by the replacements
(x1 — ac,x; — caa) and (x; — b,x; — a), respectively.

Due to their simple definition, the concept of patterns (and how they map to words) emerges
in various areas of theoretical computer science, such as language theory (pattern languages [2]),
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learning theory (inductive inference [2, 13, 32, 34], PAC-learning [25]), combinatorics on words
(word equations [23, 31], unavoidable patterns [30]), pattern matching (generalised function match-
ing [1, 33]), database theory (extended conjunctive regular path queries [5]), and we can also find
them in practice in the form of extended regular expressions with backreferences [6, 18, 19], used
in programming languages like Perl, Java, Python, etc.

In all these different applications, the main purpose of patterns is to express combinatorial pattern
matching questions. For instance, searching for a word w in a text ¢ can be expressed as testing
whether the pattern xwy can be mapped to t and testing whether a word w contains a k-repetition
is equivalent to testing whether the pattern xy*z can be mapped to w. Not only problems of testing
whether a given word contains a regularity or a motif of a certain form can be expressed by patterns,
but also problems asking whether a word can be factorised in a specifically restricted manner can
be modelled in this way. For instance, asking whether x?y* can be mapped to w is equivalent to
asking whether the word w can be factorised in two equal factors followed by three equal factors.

It is also easy to see that such abstract combinatorial questions can have natural applications as
well, e. g., in tasks of information retrieval where recurring factors need to be identified that are
not a priori length-bounded (note that this goes beyond the capability of regular expressions).

Unfortunately, deciding whether a given pattern can be mapped to a given word, the matching
problem, is NP-complete [2], which naturally severely limits the practical application of patterns.
In fact, there are only few applications of patterns for which this problem does not play a central
role and, furthermore, some computational tasks on patterns that have no apparent connection
to the matching problem turn out to implicitly solve it anyway (e. g., this is the case for the task
of computing so-called descriptive patterns for finite sets of words [2, 15]). A comprehensive
multivariate analysis of the complexity of the matching problem [16, 17] demonstrates that the
NP-completeness also holds for strongly restricted variants of the problem. On the other hand,
some subclasses of patterns are known for which the matching problem is in P (this is obviously
the case if the number of different variables in the patterns is bounded by a constant, but there
are also more sophisticated structural parameters of patterns that can be exploited in order to
solve the matching problem efficiently [35-37, 39]). Unfortunately, the existing polynomial time
algorithms for these classes serve the mere purpose of proving containment in P; thus, they cannot
be considered efficient in a practical sense. Therefore, for some of the known restrictions that yield
polynomial-time solvability, we present better algorithms. While we consider our algorithms to
be advanced and non-trivial, their running times have still an exponential dependency on certain
parameters of patterns and, therefore, are acceptable only for strongly restricted classes of patterns.
However, as can be concluded from the parameterised hardness results of [17], these exponential
dependencies seem necessary under common complexity theoretical assumptions.

In some applications of patterns it might be necessary to require the mapping of variables to be
injective (i. e., different variables are substituted by different objects), e. g., this is the case in the
detection of duplications in program code (see [3]). From a more general point of view, this injective
version of the matching problem asks whether a word can be factorised in a certain way, such
that some specific factors are not allowed to coincide. The special version of this problem where
each two factors must be different has been investigated in [9] and is motivated by the problem of
self-assembly of short DNA fragments into larger sequences, which is crucial for gene synthesis
(see references in [9]). We show the NP-completeness of the following natural combinatorial
factorisation problem: given a number k and a word w, can w be factorised into at least k distinct
factors? Besides the general insight into the hardness of computing a factorisation with distinct
factors, this result also implies that even for the trivial patterns x;x; - - - x; the matching problem
becomes NP-complete if we require injectivity. Thus, the injective variant of the matching problem
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can be considered much harder; in particular, all the structural restrictions of patterns that are
known to yield polynomial-time solvability of the matching problem fail if injectivity is required.

This paper is the full version of the extended abstract [14] presented at STACS 2015 and it
contains all the omitted proofs and technical details. The organisation is as follow. The next section,
Section 2, contains basic definitions and then, in Section 3, we give an overview of our results. In
Section 4, we develop our algorithms for the matching problem and, in Section 5, we present the
hardness result mentioned above. Finally, we give some conclusions in Section 6.

2 BASIC DEFINITIONS

For detailed definitions regarding combinatorics on words we refer to [29].

We denote our alphabet by 3, the empty word by ¢, the set of all non-empty words over X by 2%,
the set of all words over ¥ by %, and the length of a word w by |w|. (2%, -, €) is the free monoid
over X with concatenation as its binary operation, written -. For w € X* and every integers i, j
with 1 <i <j < |w|, let w[i..j] = w[i] - - - w[j], where w[k] represents the letter on position k and
1 < k < |w|. A period of w is any positive integer p for which w[i] = w[i + p], for all defined
positions. Moreover, in this case, w is said to be p-periodic. Its minimal period is denoted by per(w)
and represents the smallest period of w. For example, w = abacabacabacabacab has periods 8 and
4; in particular, per(w) = 4. A word w is called periodic if per(w) < %

The concatenation of k words wy, wa, . . ., Wi is written IT;—; rw;. If w = w; for all integers i with
1 < i < k, this represents the kth power of w, denoted by wk: here, w is a root of w*. We can further

extend the notion of a power of a word by saying that w = w[l..per(w)]l%. We say that w is
primitive if it cannot be expressed as a power of exponent ¢ of any root, where ¢ is an integer with
¢ > 1. Conversely, if w = v¢ for some integer £ > 1, then w is also called a repetition. The infinite
repetition vov - - - of some word v is denoted v*.

For any word w € 3% with w = xyz, we say that y is a factor of w. If x is empty, then y is also
a prefix of w, while when z is empty, then y is also a suffix. Whenever we have a factor both as
a prefix and as a suffix, the factor is said to be a border of the word. Furthermore, every word
u = yzx € 27 is a conjugate of w. Note that, if w is primitive, so is every conjugate of it. If w has
prefix v, i.e., w = vu, then we also use v~ lw in order to denote the suffix u that remains after
removing the prefix v from w.

For a word w € X%, a factorisation of w is a tuple p = (uy, uz, ..., ux) € (Z+)k, for k > 1, with
w = ujuy - - - ug. For every i, 1 < i < k, p(i) = u; is called a factor of p, or simply a p-factor. The set
of factors of p is defined as sf(p) = {uy, us, . . ., ux} and its size as s(p) = k. The factorisation p is
unique if all its factors are distinct, i. e., s(p) = | sf(p)|. For the sake of readability, we sometimes
represent a factorisation (uy, up, . . ., ug) in the formu; | uz | ... | ug.

Example 2.1. Let w = abacbaabaa be a word over ¥ = {a,b}. Then p = (a, ba, cba, a, ba, a) is
a factorisation of w with its third factor p(3) = cba. Furthermore, p is not unique, since | sf(p)| =
[{a,ba, cba}| # s(p) = 6, or, in other words, there exists a repeated factor, e. g., p(2) = p(5) = ba.
On the other hand, g = (ab, a, ¢, ba, abaa) is a unique factorisation for w of size 5.

Let X = {x1,x2,%3, ...} and call every x € X a variable. For a finite alphabet ¥ of terminals with
> N X = 0, we define PaTy = (X U 2)* and PAT = |5, PATs. Every a € PAT is a pattern and every
w € X* is a (terminal) word. Given a word or a pattern v, for the smallest sets BC Y and Y C X
with v € (BU Y)*, we denote alph(v) = B (i. e., the set of terminal symbols) and var(v) = Y (i.e.,
the set of variables). For any x € £ U X and « € PATy, |a|x denotes the number of occurrences of x
in ; for the sake of convenience, we set ||, = 0 for every symbol x not in ¥ U X. By rvar(a), we
denote the set of repeated variables, i.e., rvar(a) = {x € var(a) | |a|x = 2}. For a pattern a, we say
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that w = af[i..i + |w|] is a maximal terminal factor of « if «[i — 1] and «[i + |w| + 1] are either not
defined, or are variables.

A substitution (for ) is a mapping h : var(a) — 3*. For every x € var(a), we say that x is
substituted by h(x) and h(a) denotes the word obtained by substituting every occurrence of a
variable x in & by h(x) and leaving the terminals unchanged. If, for all x, y € var(a), x # y implies
h(x) # h(y), then h is injective. We say that the pattern « matches w € =* if h(r) = w for some
substitution A : var(a) — X*.

Next, we formally define the problems of matching patterns with variables. To this end, let
P C Pat be a family of patterns. The matching problem (for P) is defined as follows.

MarcH for P
Instance: Pattern a € P and word w.

Question: Is there a substitution h with h(a) = w?

If P = PaT, i.e., the full class of all patterns, we just use the term matching problem (or just
MarcH, for short).!

As an example, consider the pattern f = xjax;bx,x;x, and the terminal words u = bacbabbbbacbb
and v = abaabbababab. Both (f, ) and (f, v) are positive instances of MATCH, as witnessed by
the substitutions h with h(x;) = bacb, h(x;) = b and g with g(x;) = g(x;) = ab, respectively. On
the other hand, it can be easily seen that f does not match the word w = cbaabbbbab, since any
possible substitution maps x; to a word starting with c, but there is only one occurrence of ¢ in w.

The injective variant of the matching problem (for P) is defined as follows.

inj-MarcH for P
Instance:  Pattern a € P and word w.
Question: Is there an injective substitution h with h(a) = w?

Coming back to our example from above, we observe that (f, u) is also a positive instance of
inj-MATCH, since h is an injective substitution. On the other hand, g is obviously not injective and
it can be easily verified, that (f, v) is in fact a negative instance of inj-MATCH, i. e., there is no
injective substitution that maps f to v.

Next, we introduce several interesting families of patterns. A pattern « is regular if, for every
x € var(a), we have |a|, = 1, and the class of regular patterns is denoted by PATe,. For any integer
k > 1, a k-variable pattern is a pattern « that satisfies |var(«ar)| < k and a k-repeated-variable pattern
is a pattern « that satisfies [rvar(a)| < k (recall that rvar(e) is the set of repeated variables as
defined above). For every integer k > 0, PATy,; <k and PAT,yar <x denote the set of k-variable patterns
and k-repeated-variable patterns, respectively. Obviously, PATes = PATvar<o.

For every y € var(a), the scope of y in « is defined by scy(y) = {i,i + 1,...,j}, where i is the
leftmost and j the rightmost occurrence of y in . The scopes of some variables y;,ys, ...,y €
var(a) coincide in a if () <;<k Sca(y;) # 0. By scd(a), we denote the scope coincidence degree (scd
for short) of a, which is the maximum number of variables in a such that their scopes coincide.
For every k > 1, let PATy.4< denote the set of patterns « with scd(a) < k. By definition, PATq<;
coincides with the class of non-cross patterns (see [39]), which we denote by PAT,,.

The one-variable blocks in a pattern are maximal contiguous blocks of occurrences of the same
variable. A pattern o with m one-variable blocks can be written as a = WOHi:Lm(zf" w;) with
z; € var(a) fori € {1,2,...,m} and z; # z;41, whenever w; = e fori € {1,2,...,m — 1}. The
number of one-variable blocks is a natural complexity measure that we will consider.

IThere exist variants of the matching problem where substitutions can also erase variables by mapping them to ¢. In this
work, we are not concerned with this variant of the problem.
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Example 2.2. By definition, ax;bx;cxsbcax, is regular; ax;bx;x,ax,x3x3bxs is non-cross, whereas
x1bx13,bx334bxz is not. For a = x1x2x1 X331 X2X3, the scopes are scy(x1) = {1,2,...,6}, scq(xz) =
{2,3,...,7}and scy(x3) = {5,6, . .., 8}; thus, the scopes of all three variables coincide, which means
scd(a) = 3. On the other hand, for f = x;x2x1X2%3%2X3X3, 5Cq (1) Nscy(x2) # 0, scq(x2) Nscy(x3) #
0, but scy(x1) N scy(x3) = 0; thus, scd(f) = 2. The pattern @ = x1X2X2aX2X2X2X3aX3X2X2X3x3 has 7
one-variable blocks: x1, x9x9, X2X2X2, X3, X3, X9X9, X3X3.

The computational model we use in this work is the standard unit-cost RAM with logarithmic
word size. Also, all logarithms appearing in our time complexity evaluations are in base 2.

For the sake of generality, we assume that whenever we are given as input a word w € £* of
length n, the symbols of w are in fact integers from {1, 2,...,n} (ie, 2 = alph(w) C {1,2,...,n}),
and w is seen as a sequence of integers. This is a common assumption in the area of algorithmics
on words (see, e.g., the discussion in [24]). Clearly, our reasoning holds canonically for constant
alphabets, as well.

For a length n word w we can build in O(n) time the suffix array structure, as well as data
structures allowing us to retrieve in constant time the length of the longest common prefix of any
two suffixes wli..n] and w[j..n] of w, denoted LCP,, (i, j) (the subscript w is omitted when there
is no danger of confusion). Such structures are called LCP data structures in the following. For
details, see, e.g., [21, 24], and the references therein. Similarly, we can build structures allowing us
to retrieve in constant time the length of the longest common suffix of any two prefixes w[1..i] and
w|[1..j] of w, denoted LCS,,(i, j).

3 SUMMARY OF OUR RESULTS

The classical and parametrised complexity of the matching problem for patterns have been recently
investigated and are well understood (see [7, 16, 17, 33]). The most prominent subclasses of patterns
for which it can be solved in polynomial time are the classes of patterns with a bounded number
of (repeated) variables (in this regard, note that the database example in Section 1 had only one
repeated variable), of regular patterns, of non-cross patterns, and of patterns with a bounded scope
coincidence degree (see [2, 36, 39]). However, as mentioned in the introduction, the respective
algorithms are rather poor considering their running times. For example, for patterns with a
bounded number k of variables, the matching problem can be solved in O(%), where m and
n are the lengths of the pattern and the word (see [22]). For patterns with a scope coincidence
degree of at most k, an O(mn***3)(k + 2)?) time algorithm is given in [36], where m and n are
the lengths of the pattern and the word, respectively, and the proof that the matching problem
for non-cross patterns is in P (see [39]) leads to an O(n*)-time algorithm. Hence, we consider the
following problem worth investigating.

ProBLEM 1. LetK be a class of patterns for which the matching problem can be solved in polynomial
time. Find an efficient algorithm that solves the matching problem for K.

The main class of patters we consider is that of patterns with bounded scope coincidence degree.
Our first result in this setting concerns patterns where the scope coincidence degree is bounded
by 1, or, in other words, non-cross patterns. In that case we show that we can decide whether a
pattern  having m one-variable blocks matches a word w of length n in O(mn log n) time; this is an
important improvement over the previously available O(n*) algorithm. Our algorithm is based on a
general dynamic programming approach, and it tries to find, for certain prefixes of the pattern, the
prefixes of the word that match them. While the general approach is rather simple, the details of the
efficient implementation of this approach require a detailed combinatorial analysis of the possible
matches. For instance, as a byproduct of our approach to the matching problem for PatT,., we obtain
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a stringology result that extends in a non-trivial manner a major result from [10], showing how
the primitively rooted squares contained in a word of length n can be listed optimally in O(nlog n).
Our result shows that, given a word w of length n and a word v with length shorter than n, the
word w contains O(nlog n) factors of the form uvu with uv primitive, and all these factors can
be found in O(nlog n) time. Again, this result is optimal, as it can be seen just by looking at the
original case of primitively rooted squares, or factors of the form uvu with uv primitive and v = «.

When considering general patterns with bounded scope coincidence degree, we show, using
a similar dynamic programming approach, that the matching problem for PAT 4« is solvable in
O(%) time, where n is the length of the input word and m is, again, the number of one-variable
blocks occurring in the pattern. One should note that in this case we were not able to use all the
combinatorial insights shown for non-cross patterns (thus, the log n factor is replaced by an n factor
in the evaluation of the time complexity), but, still, our algorithm is significantly faster than the
previously known solution.

Another class of patterns we consider is PAT,y,, <k of patterns with at most k repeated variables.
For the basic case of k = 1 we obtain that the matching problem can be solved in O(n?) time, where
n is the length of the input word. Our algorithm is based on a non-trivial processing of the suffix
array of the input word. Further, we use this result to show that the matching problem for the
general class of patterns PAT,y,r <k is solvable in O(ﬁ) time. Note that our algorithm is better
than the one that could have been obtained by using the fact that patterns with at most k repeated
variables have the scope coincidence degree bounded by k + 1, and then directly applying our
previous algorithm solving the matching problem for PATsq<k+1-

The classes of non-cross patterns and of patterns with a bounded scope coincidence degree or
with a bounded number of repeated variables are of special interest, since for them we can compute
so-called descriptive patterns (see [2, 39]) in polynomial time. A pattern « is descriptive (with
respect to, say, non-cross patterns) for a finite set S of words if it can generate all words in S and
there exists no other non-cross pattern that describes the elements of S in a better way. Computing
a descriptive pattern, which is NP-complete in general, means to infer a pattern common to a finite
set of words, with applications for inductive inference of pattern languages (see [32]). For example,
our algorithm for computing non-cross patterns can be used in order to obtain an algorithm that
computes a descriptive non-cross pattern in time O(3,,cs(m?|w|log |w|)), where m is the length
of a shortest word of S (see [15] for details).

Our algorithms, except the ones for the basic cases of non-cross patterns and patterns with only
one repeated variable, still have an exponential dependency on the number of repeated variables or
the scope coincidence degree. Therefore, only for very low constant bounds on these parameters
can these algorithms be considered efficient. Naturally, finding a polynomial time algorithm for
which the degree of the polynomial does not depend on the number of repeated variables would be
desirable. However, such an algorithm would also be a fixed parameter algorithm for the matching
problem parameterised by the number of repeated variables and in [17] it has been shown that this
parameterised problem is W[1]-hard. This means that the existence of such an algorithm is very
unlikely. Furthermore, since the number of repeated variables gives also an upper bound for the
scope coincidence degree, the mentioned W[1]-hardness result carries over to the case where the
scope coincidence degree is a parameter and therefore it is just as unlikely to find an algorithm
that is not exponential in the scope coincidence degree. This observation justifies the exponential
dependency of our algorithms on the number of repeated variables and the scope coincidence
degree.

As mentioned in the introduction, in certain settings it makes sense to require the mapping of
variables to words to be injective. The current state of knowledge regarding the complexity of the
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matching problem suggests that this difference has no substantial impact; although, in [16] it is
shown that MATcH is still NP-complete if the alphabet size and the length of the words the variables
are mapped to are bounded, whereas it is in P if we additionally require injectivity. In contrast to
this, we prove the following result, which gives strong evidence that inj-MATcH is generally much
harder than the non-injective version.

THEOREM 3.1. The following problem is NP-complete: given a word w and a number k, is it possible
to factorise w into at least k distinct factors?

Consequently, the injective matching problem is NP-complete even for the trivial patterns
X1Xg - - - Xk, which means that, under the assumption P # NP, for all the above mentioned classes
of patterns no polynomial time algorithms for the injective matching problem exist. In addition
to this negative result for the matching problem, we also gain an important insight regarding
the more general problem of factorising a string into distinct factors, which, as mentioned in the
introduction, is motivated by computational biology. In [9], it is shown that it is NP-complete to
factorise a string into distinct factors with a bound on the length of the factors and, in this regard,
our result shows that the NP-completeness is preserved if the length bound is dropped and instead
we have a lower bound on the number of factors.

In the following two main sections of this paper, we first present algorithmic results for the
matching problem, while turning to mostly complexity-theoretic results on the injective variant in
the section following thereafter.

4 EFFICIENT ALGORITHMS FOR THE MATCHING PROBLEM

In this section we propose efficient algorithms for the matching problem for several classes of
patterns. On the one hand, we look in Subsection 4.1 at classes where the number of repeated
variables is bounded: first we consider the basic class of regular patterns, where no variable is
repeated, and then investigate the class of patterns in which exactly k variables are repeated. On
the other hand, we look at classes with bounded scope coincidence degree. A basic class in this
case is the one of non-cross patterns, where the upper bound of the scope coincidence degree is 1
(Subsection 4.2); we then move on and analyse the general case of patterns having the upper bound
of the scope coincidence degree equal to k (Subsection 4.3).

As a general aspect, note that whenever we deal with a matching problem, if the size of the
pattern « is greater than the length of the word w, then the problem is solvable in O(|w|) in the
negative (we can at the beginning verify the lengths of each sequence and stop after O(|w|) steps).
Therefore, for the remainder of the paper we will always assume that |a| < |w|. Also, when talking
about the running times of algorithms, we can hence measure the input length by |w|. Moreover,
since for every instance of the matching problem we are presented with a word and a pattern
as input, one can in a preprocessing step construct in linear time (relative to the length of the
word) the suffix array, LCP, and LCS data structures associated to the word, the pattern, or the
concatenation of these two. This will ensure, e.g., the fact that testing the equality of factors of the
pattern and the word can be done in constant time, testing whether a factor has a certain period,
etc., within our main algorithms.

4.1 Patterns with a bounded number of repeated variables

For the class PAT,¢g of regular patterns (note that this class coincides with the class of patterns with
no repeated variable) we can show the following result.

THEOREM 4.1. The matching problem for PATyg is solvable in linear time.
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Algorithm 1 Solving the matching problem for PAT,¢ in linear time

Input: regular pattern a = wollj=1 m(x;w;) with m > 1, x; € var(a) and w; € X*, and a word
w € X* with n = |w|
Output: yes or no according to whether ¢ matches w
1: if wy is not a prefix of w then return no
20 s:=1,j:= |wp|
3: while s < m do
4:  if wg does not occur in w[j + 2..n] then return no
5. let j’ be the start position of the leftmost occurrence of ws in w[j + 2..n]
6: ji=j +|ws|—1,s:=s5+1
7: end while
8: if wy, is a suffix of w[j + 2..n] then return yes else return no

Proor. We claim that Algorithm 1 solves the matching problem for PAT,, in linear time. The
correctness of this algorithm follows from the observation that there is a substitution h with h(a) =
w if and only if there is a substitution g, such that, for every s with 1 < s < m, g(woIl;=1,sx;w;) is
the shortest prefix of w that matches the pattern wolIl;=; sx;w; (the if direction of this statement is
trivial, while the only if direction follows by induction). Next, we show that Algorithm 1 can be
implemented such that it has a linear running-time. To this end, we observe that if we perform the
search for ws in w[j + 2..n] with the Knuth-Morris-Pratt (KMP) algorithm, then every iteration of
the while-loop requires time O(|ws| + |w[j + 2..j" + |ws| — 1]]), which, over all iterations, sums up to
O(|w|). Since all other tasks can obviously be carried out in time O(|w|), the overall running-time

is O(Jw)). O

We stress that for constant alphabets our result is similar to that in [39]. However, that result
uses string matching strategies based on finite automata, thus the O-denotation used to express its
complexity hides a factor depending on |Z|. For our algorithm, this is not the case: the complexity
we get for solving the matching problem does not depend at all on the size of the terminal alphabet.
Moreover, our algorithm can be easily adapted to the case when allowing variables to map to the
empty word, a scenario neglected otherwise in this paper.

This would be also true for the following algorithm that solves the matching problem for PAT;yar <1
in cubic time: For all assignments of factors w; of w to the repeated variable x, run the previously
obtained linear-time algorithm for the matching problem for the regular pattern obtained from the
pattern o by substituting x by w;. In the following, we show how to further improve this simple
algorithm towards quadratic time complexity.

THEOREM 4.2. The matching problem for PATyyar<1 is solvable in quadratic time.

Proor. Let us consider a pattern « in which exactly one variable, denoted by x, occurs more
than once (if no such variable exists, then the statement follows as in the algorithm solving the
matching problem for regular patterns, see Theorem 4.1).

The main idea behind the algorithm used to obtain this result is to find an assignment for the
repeating variable x from the input pattern «, such that all terminal factors are well placed within
the word, and then fill up (using a linear pattern matching algorithm to correctly align the maximal
terminal factors of the pattern inside the word) the remaining spaces with the help of the rest of
the variables from the pattern, since they occur only once.

Let again n = |w|. We split the discussion in cases: the simple cases and the involved case.
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Simple cases. If « = w'xff with w’ € ¥*, then @ matches w if and only if ¢’ matches w, where
&’ € PATeg is obtained from & by substituting x with some factor w[|w’| + 1..[w’| + i], for some
iwith 1 <i < |w| — |w’|. Hence, according to our solution for the matching problem for regular
patterns, it is decidable whether & matches w in time O(n?). Obviously, the same holds when
a = pxw’ with w’ € 37

Involved Case. Assume that we are no longer in any of the simple cases discussed above. The rest
of the proof deals with the more involved case, namely when o = fxyxd, where f and § contain at
least one variable each and |f|, + |6]x = 0 (in the following, we denote this property by ). Let us
denote the number of occurrences of x in a by N = |a|,. We factorise « as

o = wolli=g m(Biwiyiw]) Pm+1Wm+1,

such that m < N and

° wo,wm+1,wj,w]'. € X*, where 1 < j < m,
e f; starts and ends with a variable and ;| = 0, where 1 < j < m + 1, and
e y; starts and ends with variable x and y; € (2 U {x})*, where 1 < j < m.

For legibility, we write a; = woIl;=y j(f;w;yiw;), where 1 < j < m.

It is easy to see that each pattern a with property 1 has a unique factorisation of this form,
which can be computed in O(|«|) time. Intuitively, by defining the patterns y;, we identified the
length-maximal factors of « that contain only the variable x and terminals, and start and end with x.
Now, while trying to find an assignment of the variables of « so that this pattern matches w, we can
assign values to the variables occurring in the factors ; independently, but we need to check that
the factors of w corresponding to the patterns y; induce the same assignment of each occurrence of
the variable x.

We first run a series of preprocessing steps, denoted with § Preprocessing in the following.

§ Preprocessing 1. We construct for the words w and wa the suffix arrays, the LCP and the LCS
data structures. It is clear that for any terminal factor u of @ and position i of w we can now test in
constant time whether u starts or ends at position i in w.

§ Preprocessing 2. Further, we try to find the possible matches for the factors f; of & that do not
contain the variable x. To this end, we define the n X (m + 1) matrix M[-][-] with M[i][j] = € if
and only if w[i..€] is the shortest factor starting on position i of w that is matched by ;. As f;
starts and ends with variables that occur only once in @, then w[i’..£’] matches f; for all i’ < i and
¢ = Mi][j].

The matrix M can be computed by Algorithm 2, which we explain next. For a maximal terminal
factor u of a, Line 2 identifies all its occurrences and requires time O(|w|) (by using the KMP
algorithm) and, by using the starting positions of the occurrences computed in Line 2, the for-loop
in Lines 3 to 5 requires time O(|w]), as well, to compute, for each i < n, the starting position of the
first occurrence of u in w[i..n]. Consequently, the whole preprocessing of Lines 1 to 6 requires time
O(|a|n). It can be easily verified that Lines 9 to 14 (i. e., computing a single entry M[i][j]) require
time O(|B;|). Essentially, the algorithm follows the same greedy approach as in the algorithm
matching regular patterns. Consequently, computing all entries M[i][-] is done in time O(]«|) and
therefore the overall time spent for computing M is O(n|a|).

We can now move on to discuss the main algorithm.

§ Main Algorithm. Analogous to Algorithm 1, the algorithm for the matching problem for
PATvar<1 is based on the following observation: for every j with 1 < j < m, there exists a
substitution h with h(e;) = w[1..p] and h(x) = v if and only if there exists a substitution g with
g(x) = v, g(arj) = w[l..p], and g(@;-1) is the shortest prefix of w that matches «;_; with respect to a
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1:10 H. Fernau et al.

Algorithm 2 Compute matrix M — § Preprocessing 2

Input: pattern o, and a word w € ¥* with n = |w|
Output: matrix M
1: for every maximal terminal factor u of @ do
2. compute all starting positions of occurrences of u in w

32 fori=1,2,...,ndo

4: compute dy, ; =min{j | i <j < nu=w[j..j+ |ul -1]}
5:  end for

6: end for

7. fori=1,2,...,ndo

8: forj=1,2,...,m+1do

9: let uy, uy, . . ., us be the maximal terminal factors occurring in §;
10: g1 = dy,iv1

11: forh=2,...,sdo

12: Ih = dup, gyt lupy 141

13: end for

14: M[i][j] = gs + lus| + 1

15 end for

16: end for

substitution that maps x to v. Therefore, for a fixed v, checking whether there exists a substitution
h with h(e) = w and h(x) = v can be done by Algorithm 3.

Algorithm 3 Check whether there exists A with A(a) = w and h(x) = v

Input: pattern a, word w € X* with n = |w|, factor v of w
Output: yes or no according to whether ¢ matches w
1: if w starts with wy then set py := |wy|; else return no
2. fori=1,2,....,m—1do
3 pi = pi- + Mpi—i + 1][i]
4:  find the starting position p; of the leftmost occurrence of w;h(y;)w; in w(p; + 1..n]
5. if w;h(y;)w] does not occur in w[p; + 1..n] then set p; = n + 1
6 if p; < nthen p; := p] + |w;h(y;)w]| — 1; else return no.
7: end for
8 Pm = Pm-1+ M[pm-1 + 1][m]
9: if wp,41 is a suffix of w[p,, + 1..n] then return yes; else return no.

In order to solve the matching problem for PAT,y,r<1 as sketched above, we would have to try
all factors of w as possible images for x, which leads to a cubic running-time. Indeed, for each
such factor, and for all i < m — 1 we do the following. In Line 3 we check if §; occurs at position
pi—1 + 1 in constant time. Then we need to run a linear-time pattern matching algorithm to see
where w;h(y;)w; occurs first, to the left of the shortest factor starting after p;_; and matching g;.

To show our claim, it remains to explain how this general strategy can be implemented in
quadratic time. More precisely, we are looking for an efficient exploration of the possible assignments
of the values v to x, so that Line 4 of Algorithm 3 can also be executed more efficiently. This is
described in the pseudocode of Algorithms 4 and 5, while the details are explained in the rest of
this proof.
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Algorithm 4 Check whether there exists & with h(a) = w

Input: pattern a with N = ||y, word w € X* with n = |w|
Output: yes or no according to whether ¢ matches w
1: for(=1,2,...,ndo
2 partition the suffix array of w into clusters, by grouping together suffixes whose LCP > ¢
3 let Cy, ..., C, be the clusters with at least N elements
4 fori=1,2,...,pdo
5: Let v be the common prefix of length ¢ of the suffixes of C;
6 Check if there exists h with h(a) = w and h(x) = v using Algorithm 5 for C; and v.
7 if yes then return yes
8: end for
9: end for
10: return no

§ An Efficient Implementation of the Main Algorithm. The idea is that, for every integer ¢ from
1 to n, we check if there exists a substitution mapping « to w, where x is mapped to a factor of
length €. Let us fix such an ¢. In linear time, we can partition the suffix array of w in several clusters
(i.e., blocks of consecutive positions in the suffix array that are not extendable to the left or right)
such that the suffixes contained in one cluster are sharing a common prefix of length at least ¢
(note that this can be done by moving through the suffix array and performing LCP queries with
respect to each two consecutive suffixes). It is important to note that no matter to what factor v of
length ¢ the variable x is mapped, if the image of each y; under this mapping is indeed a factor
of w, then they all occur as prefixes of some suffixes contained in the same cluster from the ones
defined above, with at least N (the number of occurrences of x in «) elements, i. e., exactly the
cluster where the suffixes share a common prefix starting with v, and there is a sufficient number
of them to cover all occurrences of x. Moreover, in linear time, by traversing once the suffix array,
we order (with radix sort) the suffixes in all clusters increasingly w.r.t. their starting position. Now,
not only that all the images of the patterns y; under the aforementioned mapping occur as prefixes
of suffixes from the same cluster, but the images of the y; occur in order of their appearance in «
within the cluster.

So, once ¢ is fixed, we also fix a cluster of at least N suffixes sharing a prefix of length at least ¢.
Now, we try to find a substitution that maps & to w such that x is mapped to v, the common prefix
for the cluster. This process is described in pseudo-code in Algorithm 5.

We start with j = 1, p = |wp| + 1 and a token placed on the first element of the cluster.
Let s = M[p][j] (ie., w[p..s] is the shortest prefix of w[p..n] that is an image of f8;); initially,
s = M[|wo| + 1][1] (i-e., w[1..s] is the shortest prefix of w that is the image of wyf;). We now
traverse the cluster, left to right, from the position pointed by the token and moving the token
accordingly, until we find the first suffix starting after position s + |w;| and preceded by w; (checked
in O(1) time by an LCS query). Assume we found such a suffix w[r..n]. We want to check whether
it starts with the image of y;w}, where y; = (Ili=1,q,(xu; j))x for some g; and maximal terminal
factors u; j. The maximum integer h with (IT;—; »(vu; ;))v a prefix of w[r..n] is found in time O(h)
by 2h + 1 LCP queries, and we store pos = r.

If h = g; and (Ilj=y, ¢, (vu;,j))v is followed by w’, then we found the leftmost occurrence corre-
sponding to wjy;w} in w to the right of s, where x is mapped to v; if p” is the last position of this
occurrence, then we identified the shortest prefix w[1..p’] of w that can be the image of a; in a
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Algorithm 5 Check whether there exists h with h(a¢) = w and h(x) = v, with v a common prefix
of all suffixes in a cluster C

Input: pattern a, word w € ¥* with n = |w|, cluster C, word v € X* a common prefix of the
suffixes of C
Output: yes or no according to whether h(a) = w for a substitution with h(x) = v
1: assume C contains the positions r; < ... < r, of w (corresponding to the suffixes w[r;..n] of w,
with1 <i<u

2: Set t = 1 (position of the token), p = |wy| + 1, j = 1 (we search for matches for y;)

3: while j < m do

4 assume y; = (Ij=y,¢;(xus j))x

5:  seth =0, pos = 1 (h tracks the longest prefix of y; matched so far, and pos the position where

this prefix occurs), s = M[p][j], d = 0 (tracks whether y; was completely matched)

6: whiled =0do

7: set f = 0 (used to search the first w[r;..n] is preceded by w;)

8 while f = 0 do

9 if r, — |wj| > s and w[r; — |wj|..r; — 1] = w; then set f =1

10: sett=t+1

11: if t >uthenset f =2

12: end while

13: if f = 2 then return no

14: find the maximum A’ > h such that (Il;=y p(vu; j))v is a prefix of w(r;..n]; this is
done by 2(h’ — h) + 1 LCP-queries: check that LCP of w[pos..n] and w[r;..n] is at least
|(IT;=1, n(vu;,;))vl, then that the prefix (ITj=1 p+4(vu;,;))v of w[r;..n] is followed by up4 g1
and then by v for g from 0 to h’ — h -1

15: if we found A’ > h in the previous step then update h = b’ and pos = r;

16: let € = |(ILj=q, p(ouy )0l p" =1 + € + |wJ’| -1

17: if h =qgjand w[r, + €..p"] = wJ’. thensetp =p’+1,j=j+1,d =1 (w[r,..p'] matches y;)

18:  end while
19: end while
20: return yes.

substitution that maps x to v. We take now p = p’ + 1, increase j by one and restart the procedure
if j < m still holds.

Ifh < gj, or h = g; and w} does not follow (IT;=1,n(vu; j))v, then we keep traversing the cluster,
and, moving the token, we look for a suffix that is preceded by w; and shares a prefix with w[r..n] at
least as long as (IT;=1, ,(vu; ;))v. As soon as we found one, say w[r’..n], we find the maximum integer
h’ > h such that (IT;=y,  (vu; j))v is its prefix. Finding h’ takes at most 2(h’ — h) + 1 LCP-queries,
as we only need to first check if (IT;— n(vu; j))v occurs as a prefix of w[r’..n] (and for this we
do an LCP-comparison between w(r’..n] and the suffix w(pos..n] of the cluster where we already
found (IT;=1 4(vu; j))v), and then check if all factors of the concatenation (IT;—p1,# (vu; j))v occur
consecutively after the prefix (IT;=1, n(vu; j))v of w[r’..n]. If b’ = q; and (I1;=1 p (vu; ;))v is followed
by wj’., then we proceed as above; otherwise, we continue the traversal of the cluster with w[r’..n]
in the role of w[r..n] and A’ in the role of h. Thus, finding the right h within a cluster of size k,
when it exists, will not require more than Zi:ll 2(hiy1 — h;) = 2hy — 2hy < 2k LCP-queries.

If finally we have j = m + 1, then we found the shortest prefix w[1..p,,] of w that is an image
of a,,, while mapping x to v, and we can proceed as previously described to decide whether there
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exists a substitution that maps @ to w. The processing of a cluster clearly takes O(k + N) = O(k),
where k > N is its size.

If we cannot find the prefix w[1..p"] of w that is the image of «; in a substitution that maps x to
v within the current cluster, then the image of x was chosen wrongly, and we should try another
cluster (thus choose another value v for x) defined for the same length, or even another length. As
such, we might repeat the above procedure for all clusters of size at least N. As the total number
of elements in these clusters is upper bounded by n — ¢ for the fixed ¢, it is clear that their total
processing takes O(n) time.

We have to consider all possible values for €. The time spent for each one is O(n), so, in total our
algorithm needs O(n?) time to decide whether there exists a substitution that maps a to w. The
correctness follows from the explanations above. O

To solve the matching problem for patterns with at most k repeated variables, we choose the
images (starting and ending positions in w) of k — 1 of the k repeated variables, and then get a
pattern with only one repeated variable. Further, we apply Theorem 4.2 on this pattern. As a general

result, we will use that (}) € O(%).

THEOREM 4.3. The matching problem for PAT v <k is solvable in O («k'i%) time, where n is the
length of the input word.

Proor. Let w € 3% with |w| = n and let & € PAT,var<k- Let x be the leftmost repeating variable
and let x1, xz, . . ., xx—1 be the other repeating variables of @, indexed in the order they occur. Our
idea is to first generate all possible images for the variables x;, where 1 < i < k — 1, and, secondly,
for each such assignment, to try to find a suitable image for x such that the substitution maps « to
w.

Let us first look at the part where we generate the images of the variables x1, xz, . . ., xx_;. We
first choose k — 1 numbers jy, j3, . . ., jok—3 from {1, ..., n} and then k — 1 numbers jy, j4, . . ., jok—2
from {1,...,n} \ {j1,j3,...,jok-3}. With iye-y = min{jse_1,joc} and izy = max{jsr_1, jor} for
¢=1,...,k—1, we obtain k — 1 many non-empty factors we = w[iz¢_;..i2¢]. Consequently, there
are less than ﬁ ways of choosing these factors.

Now, for each possible substitution for the variables {x1, x5 ..., xx_1}, we produce a pattern «’
where just x is repeated. Further, we can use the algorithm in the proof of Theorem 4.2 to check
in O(n?) time whether the substitution can be extended (i. e., by an image for x), such that a’ is
mapped to w.

Clearly, this decides the existence of a substitution mapping « to w. The running time is bounded

2 2k-2 _ 2k
by O (” «Z—nrv) =0 (((k’il>r>2)' o

4.2 Non-cross patterns

Next, we present an algorithm for matching non-cross patterns, which, in a similar way as the
algorithm for patterns with only one repeated variables was extended to patterns with a bounded
number of variables, shall then be extended to patterns with a bounded scope coincidence degree.
The following combinatorial results are well known (see, e. g., [12]).

LEmMMA 4.4 ([10]). Let uy, up, and us be primitive words, with |u;| < |uz| < |us| and uf prefixes
(suffixes) of a word w, for every i with1 < i < 3. Then 2|uy| < |us|. As a consequence, we have |{ul|u
primitive, u? prefix (respectively, suffix) of w}| < 2log |w|.

Assume that w € 3" is of length n. For each i with 1 < i < n we define the set

P; = {u | u is a primitive word such that u? is a suffix of w[1..i]}.
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Lemma 4.4 shows that |P;| < 2logn for every i with 1 < i < n. Generally, we can represent the
elements of P; in various efficient manners (e. g., for each u € P; it is enough to store its length).

LEmMMA 4.5 ([10]). Let w € X* be a word of length n. We can compute in O(nlogn) time all the sets
P; associated tow, wherei € {1,2,...,n}.

Note that in [10] there are examples of words of length n for which }};., |P;| € ©(nlogn).
We recall the theorem of Fine and Wilf (also called periodicity lemma).

THEOREM 4.6 (FINE AND WILF [29]). Ifa € u{u,v}* and § € v{u,v}* have a common prefix of
length at least |u| + |v| — ged(|ul, |v|), then u,v € {t}* for a word t.

A rather direct corollary of Theorem 4.6 is the following:

THEOREM 4.7 ([29]). Let @ € ¥* be a word having two periods p and q. If |a| > p + q — ged(p, q),
then a has also the period ged(p, q).

A standard application of Theorem 4.7 is the following. If we have the equality u¥u’ = v®v’ for
some words u, v, with u” a prefix of u and v’ a prefix of v, and y,d > 2, then we can conclude that
there exists a word ¢ such that u, v € {t}*. Indeed, the word a = u¥u’ = 90’ has as periods both
p = |u| and g = |v|, and length || > max{2p, 2q} > p + g — gcd(p, g). Then, « has also the period
ged(p, ). This divides both p and g, so there exists a word t (prefix of ) such that u,v € {t}* and
|t] = ged(p, q).

By similar reasons, we get also that if u’u? = v’v% holds for some words u, v, with v’ a suffix
of u and v’ a suffix of v, and y,§ > 2, then we can conclude that there exists a word ¢ such that
u,v € {t}*. Like before, & = u’u’ = v'v° has as periods both p = |u| and ¢ = |v|. So, « has also
the period ged(p, q). Reading the period from the end of & towards its beginning, we get that there
exists a word ¢ (suffix of @) such that u,v € {t}* and |t| = gcd(p, q).

The next result states a necessary condition for the primitivity of a word.

THEOREM 4.8. [29] If u is a primitive word, then the only occurrences of u as a factor of uu are as
prefix or suffix.

Next, we extend the results of Lemmas 4.4 and 4.5. Instead of primitively rooted squares, we
consider words of the form uvu for some fixed word v, with uo primitive (or, equivalently, with vu
primitive).

PROPOSITION 4.9. For a fixed word v, let uyvuy, ugvus, usvus be prefixes (suffixes) of a word w with
lu1| < |uz| < |us| and u;v primitive, for every i with1 < i < 3. Then 3|u;|/2 < |us|. As a consequence,
we have |{uvu|uv primitive, uvu prefix (respectively, suffix) of w}| € O(log |w|).

ProOF. Let us assume that |us| < 3|uq|/2. Clearly, we get that |uz| < 3|u;|/2 and |us| < 3|uz|/2,
as well. In the following, we will show that this assumption leads to a contradiction (note that our
line of reasoning is completely illustrated in Fig. 1).

As uy is a prefix of uy, looking at the alignment between the second u; from u;ovu; with the

prefix u; of the second u, from uyvus,, since |u,| < Sl e get that the period of u; is less than

2
u . . . . . .
% and, therefore, u; is periodic. Indeed, the second u;, which starts with u;, occurs in uyvu, on

position |uy| + |v| + 1, while the factor of uyvu, aligned to the second u; of uyvu;y occurs in uzvu,
on position |u;| + |v| + 1. The difference between these positions, which gives the period of uy, is
|uz| — |u1| < |uzp|/2. Thus, we have that u; = tt’, for an integer a with « > 2 and t’ a prefix of t,
for some primitive word t (with [t| = per(uy)).

Let us also note that, by the same reasoning as above, the prefix u; of the second u; from uzvu;
starts at least |¢| symbols to the right of the starting position of the factor of uyvu, aligned to the
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second u; of ujvuy. This means |upv| + 1 — (|ugv| + 1) = |uz| — |ug| = |¢]. In a similar way we get
lus| — luz| > [t].

Since t is primitive, as to not get a contradiction with Theorem 4.8, there exists an integer §
with § > 0 such that u;vt® = uyv. Indeed, u, starts with u;, so it starts with a factor . Also, the
overlap between the factor of u,vu, aligned to the second u; of ujvu; and the second u, of uzvu,
has length at least 2|u;| + |v| — |uz| — |v] = 2|us| — |uz| = |u1|/2 = |t|. So, if uyv would not have the
form u;vt® then the prefix ¢ of the second u, would occur inside a factor ¢? of the factor of uyvu,
aligned to the second u; of ujvu;, yielding a contradiction to the primitivity of .

Moreover, the same holds with respect to usv, i. e, there exists an integer ¢ with ¢ > 0 such that
u;0t¥ = uz0. Hence, v is a suffix of vt¥, which implies that v = t""tP where t” is a suffix of t and I
is an integer with g > 0.

— it —

L u3 1 v 1 u3 1

I 0 t t 1
— t'te —

A Uz U —— Uz §

L 0 t 0 > 1

B = (Byn 5 s t
K t*t TP =t D e 10 S he— 120 ——
K [ —y — U !

Fig. 1. Left alignment of three factors ujvuy, upvuy, and usvus with ugv, ugv, and usv primitive, such that

lu1] < lua| < lus| and Jus| < 2l

We can assume that |u;0| is not divisible by |¢| since otherwise t't”" = t, so ujv, is a repetition,

B

which contradicts the primitivity of u;v. This means that v = t,t” where ¢, is a conjugate of t,
obtained by rotating ¢ by |¢"’| positions.

We now check what factor occurs in up,vu, and usvus at position |up| + |v| + |ug| — |t'] + 1. In
upvuy; we have t't. (look after the first occurrence of u; in uy.) Indeed, |uy| — |u;| > |¢|, so at least
one full factor of length |t| occurs in u; after its prefix u;.

In usvus, at position |uz| + |v| + |ug| — |t'| + 1, starts a factor t¢’. Indeed, |uz| + |v| + |ug| — |t'| +1 >
lus| + |v] + 1, because |us| < 3|u;|/2 and |t’| < |t]| < |u1|/2. Also, we know that u;vt¥ = usv, so
lug| + o] + |ug| — |t'] — |lusv| = |uz| + |u1| — |us| — |¢’| is both upper bounded by |uy| — |t] — ||
and divisible by t. It follows that, at position |uz| + |v| + |u;| — |¢'| + 1 we have a factor of uy,
occurring with an offset which is both upper bounded by |u;| — |¢t’| and also a multiple of || from
the beginning of u;. Each such factor starts with ¢’ so our claim follows. Hence, t't, = tt’ holds.

Since vuq[1..|uz| — |u1|] = ua[|u1] + 1..|uz|Jv and v = t”tF = tft" with ¢ and ¢, primitive, we can
[uz ‘lt\lull
that (t'v)t" = t't{v and, since t't, = tt’, we can conclude that (t'v)tY = t¥(t'v). Consequently,
the words t’v and ¢ satisfy the conditions of the periodicity lemma (Theorem 4.7); thus, we can
conclude that t’v and t are powers of the same word. This leads to a contradiction, as ujv = t*t'v,
and if t and t'v are powers of the same word we would obtain that u;v is a repetition. O

conclude that vt¥ = t{v, wherey = (note that y must be an integer). In particular, it follows

Consider two words w, v € X* with |w| = n. Following the case of the primitively rooted squares,
for every i with i < n we define the set

R? = {u | uou is a suffix of w[1..i] with uv primitive}.
Again, RY can be stored efficiently by the lengths of the words it contains. By Proposition 4.9,

i1 IRY| € O(nlog n). Moreover, as uvu with uv primitive is just a primitively rooted square when
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v = ¢, it follows that for certain values of v, we have }.7", [RY| € ©(nlogn). Note that, in the
following, if v = ¢, then R, ; = P;

Our next result extends in a non-trivial manner the result of Lemma 4.5. However, we continue
first with the description of some data structures and remarks that constitute the basis of this result.
The following observation is straightforward, but nevertheless useful later on.

REMARK 1. For any word w of length n and a suffix wli..j] of w[1..j], where j is an integer with

LCSW(_]', i_l)
joitl +1.

j < n, the maximum positive integer € such that wli..j]¢ is a suffix of w[1..j] is £ = [

The most important data structure that we shall use in the remainder of this section is the
dictionary of basic factors (DBF, for short, see [11]). The DBF of a word w is a data structure that
associates labels to the factors of the form wl[i..i + 2% — 1] (called basic factors), for integers i, k
with 0 < k < [log(n)] and 1 < i < n—2F + 1, such that two identical factors get the same label and
we can retrieve the label of such a factor in O(1) time. The dictionary of basic factors of a word of
length n is constructed in O(nlog n) time (see [11]). Generally, for every integer k the DBF contains
an array Ag[-], such that A[i] is the label of w[i..i + 2% —1].

We observe that a basic factor w[i..i + 2¥ — 1] occurs in a factor w[j..j + 25*! — 1] either at most
twice or the positions where it occurs form an arithmetic progression of ratio per(w[i..i + 25 — 1])
(see [26]). Hence, the occurrences of w[i..i + 2K — 1] in w[j..j + 25*1 — 1] can be represented in
a compact manner, i. e., either by the two starting positions, or by the starting position of the
progression and its ratio. Moreover, the occurrences of wli..i + 25 — 1] in w[i..i + 25" — 1] can
also be represented in a compact manner, since they are given by the occurrences of the basic
factor wli..i + 2% — 1] in the basic factors w[i..i + 2K*1 — 1], w[i + 2K..i + 2K + 2k+1 — 1] and
wli + 251 i+ 2K*2 — 1]. According to this fact it is clear that one can preprocess the DBF of w even
more, so that we can answer in constant time the following queries:

(%) “Given positive integers i and k, return the compact representation of the occurrences of
wli..i+ 25 —1]in w[i..i + 252 — 1]
Moreover, fixing some word v, we can also produce in O(n log n) time a data structure answering
the following type of queries in O(1) time:
() “Given positive integers i and k, return the compact representation of the occurrences of
wlii+ 2K —1]inw[i—|o| - 251 i—|o| - 1]”

The following lemma follows directly from Theorem 8.1 of [27]. There it is shown that one can
construct, for a given word w of length n, in O(n) time, a data structure allowing to decide in
constant time whether some factor of w is periodic, and, if yes, to compute its shortest period. To
test then if some factor of the given word is primitive it is enough to test whether that factor is
periodic and its shortest period divides its length, using the aforementioned data structure.

LEMMA 4.10. [27] We can produce in O(n) time a data structure that allows us to test the primitivity
of each factor of a word w of length n in O(1) time.

An obvious consequence of Lemma 4.4 is that if we consider all primitively rooted squares
starting at some position i with root lengths between ¢ and 2¢, then there are at most two of them,
since the root length of a third one must exceed 2. We seperately state this for a special case,
which shall be applied in the next proof (note that in the following lemmas the fact that we can
compute the squares in O(nlogn) is a consequence of Lemma 4.5).

LEMMA 4.11. Let wli..j] = v be a factor of a word w of length n with per(wl[i..j]) < ]_%1 There
are at most two primitively rooted squares z3 and z5 which are prefixes of w[i..n] such that

j—i+ 1= per(wlij]) <zl <zl <j-i+1.
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Finding these squares for each occurrences of v takes O(nlog n).

Lemma 4.12. Let wli..j] = v be a factor of a word w of length n and j’ a position such that
lwlj+1..j']] < ;—%1 There are at most two primitively rooted squares z5 and z5 which are prefixes of
wli..n] such that

jmit+1< |z <z < —i+1.
Finding these squares for each occurrence of v takes O(nlog n).

Now we are ready to state our extension of Lemma 4.5.

PRrROPOSITION 4.13. Given two words w,v € X* with w of length n, we can compute in O(nlog n)
time all the sets R} associated to w, for alli with1 <i < n.

Proor. We begin by constructing for the word wv the suffix array, and LCP and LCS data
structures. Furthermore we also construct the above DBF data structure for w, together with its
extensions (%) and (), and, due to Lemma 4.10, a data structure that allows us to check whether a
factor of w is primitive in constant time (in the following, we shall perform primitivity checks with-
out mentioning specifically that they only require constant time). We note that this preprocessing
requires time O(nlogn).

In the following, let v’ = v[1..per(v)], i.e., v = (v")°v" for an integer ¢ and a prefix v”’ of v'.

We first assume that v is small, more precisely, |v’| < M, which implies that there might be many

6
occurrence of v in w (case A). The case |[v’| > % already bounds the number of occurrences of v
in w and is somehow simpler; we shall discuss it later on (case B).

The general task that needs to be performed can be described as follows: we have to find all

occurrences w[i..i + |v| — 1] of v in w that can be extended to both sides with the same factor u such
that uv is primitive (we denote such a factor u as extension (with respect to i)), or, more formally, for
each i with w[i..i + |v| — 1] = v, we have to find all j with w[i — j..i + |v| — 1 + j] = uou and uov
primitive. Obviously, doing this in a naive way is too time consuming. The crucial improvement
of our procedure is due to the fact that, for an i with w[i..i + |v| — 1] = v, we analyse, for
all integers k with 0 < k < |log(n)], all the possible candidates for extensions u that satisfy
2F < |u| < 2F*! simultaneously (we shall denote such extensions by the term k-extension (with
respect to i)). Obviously, for a fixed k, a compact representation of these candidates can be efficiently
retrieved due to the previously computed DBF data structure with its extensions (&) and (4).
Case A: |[0/| < %
In the following, let i, 1 < i < n, be such that w[i..i + |[v| — 1] = v andletk, 0 < k < |log(n)], be
arbitrarily chosen. We shall show how we can find all the k-extensions with respect to i in time
proportional to their number. Consequently, by doing this for all occurrences of v in w (which
can be easily found by the LCP data structure for wo) and all k, 0 < k < |log(n)], we find all the
elements of the sets RY in time proportional to their total number, which, by Proposition 4.9, is
O(nlogn).

We note that all k-extensions have the prefix t = w[i + [v]..i + |v| + 2K — 1] and start inside the
factor w(i — 2K*1..i — 1]; thus, a compact representation of all starting positions of the basic factor ¢t
in w[i — 2¥*1_.i — 1], which is provided by the DBF data structure, contains the starting positions
of all k-extensions and is therefore a suitable set of possible candidates for k-extensions. We only
have to identify the actual k-extensions among these candidates and we shall next explain how
this can be done efficiently.

Firstly, we consider the special case when there are at most two occurrences of ¢ in w[i —ok+1 1],
say wliy..iy + 2% — 1] and w[iy..iy + 2 — 1]. We can now easily check whether these candidates are
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actual k-extensions as follows: for ¢ € {1, 2}, check whether w[i,..i — 1] occurs at position i + |v]
(with an LCP query) and if so, whether w[i..i + |v| — 1]w[i¢..i — 1] is primitive or not.

L ' wlj+1..j+2K]=¢
L wli..jl=v
2k+1 2k+1 I
Fig. 2. Occurrences of t in w[i — ok+1 - 1] indicate the start positions of candidates for k-extensions (note

that here j =i + |v]| — 1).

Next, we assume that the occurrences of ¢ in w[i—2%*1..i—1] are given as an arithmetic progression
(for an illustration see Fig. 2), which starts on position iy and has ratio p. Then w[ip..i — 1] = x*x"y’,
where |x| = p, x’ is a prefix of x with |x’| < |x|, and x*x” is a word of period p that cannot be
further extended to the right without breaking the period, i.e., if y” # ¢, then y’[1] # x[|x’| + 1]. In
the following, we consider the two cases y’ # ¢ and y’ = ¢ separately and we shall start with the

former, which is the simpler one.

Case A.1: ¢’ # ¢.

In this case, clearly, every k-extension with respect to i is not |x|-periodic. Let § be such that x#x”’
is the longest |x|-periodic prefix of w(i + |v|..n], with x”” a prefix of x. If § > «, then we do not
have any k-extension with respect to i. If we would have one, then it would either be |x|-periodic
(and be a factor of xPx", a contradiction), or it should start with xPx’ which is a contradiction to
the fact that every factor of w[iy..i — 1] starts with at most x* and a < f. So, § < a. By a reasoning
similar to the above, we get that x” = x”’ (or, again, the periodic prefixes of the two sides of the
k-extension would not match) and that the extension should be xfx’y’. We check whether x#x’y’
is a suffix of w[1..i — 1] and a prefix of w[i + |v|..n], and if x#x’y’v is primitive (in constant time,
using the data structures we built). If yes, we found the single correct k-extension. (Case A.1) ¢
Case A.2:y' =¢.

In this case, w[iy..i — 1] = x*x’. This implies that the candidates for k-extensions are the words
xVx’, withy < @ and y > |t|/|x| (as at least one t should be contained in u). We shall check which
of these are actual k-extensions by first determining (in constant time) all the values y, for which
vx¥x’ is not primitive, i. e., vx¥x" = z° for some primitive word z. Then we can output the values
of y > 1 for which vx¥x’ is primitive in time proportional to their number.

As stated in the preliminaries, a word is primitive (respectively, non-primitive) if and only if all
its conjugates are also primitive (respectively, non-primitive). Therefore, instead of looking for
the values of y such that vx¥x’ is not primitive, we look for the values of y such that x¥x"v is not
primitive.

Recall that v = (v")?0”, where [v’| = per(v). Then we can also write v = v;(v1)? where v is a
primitive suffix of v with |v;| = per(v), by just reading the period of v from right to left. Therefore,
we are interested in the values y < a such that x¥x'v;(v;)? is not primitive.

First we check in constant time whether x¥ x"v,(v;)? is primitive or not for |¢|/|x| < y < 5. This
can be done in constant time, using the data structures we constructed. So, from now on we only
look for y > max{|t|/|x|, 6} such that x¥x"v,(v1)? is not primitive.

Accordingly, in the following we identify under which conditions can the word x¥x’v;(v;)? be
written as z° with z primitive.

Let us first assume that x¥x’v,(v;)? = z° with x # z # v;. If s > 4, then either x¥x’ shares with
z° a prefix of length at least |x| + |z| or v2(v1)? shares with z° a suffix of length |z| + |v1|. In any case,
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we can apply Theorem 4.7 to get that one of x, vy, or z is not primitive, a contradiction. Therefore,
s < 3.1f s = 3, then |z|/2 > max{|x|, |v1]}, as both y and ¢ are at least 6. If |x¥x’| > 3|z|/2 then
we can apply Theorem 4.7 to x¥x” and z°, that share a prefix of length at least 3|z|/2 > |z| + |x|,
and get that z is not primitive, a contradiction. If |vy(v1)?| > 3|z|/2 then we can apply Theorem
4.7 to va(v1)? and 2%, that share a suffix of length at least 3|z|/2 > |z| + |v1], and get that z is not
primitive, again a contradiction. So s # 3. If s = 2 the analysis is finer.

If |x¥x’| > |z| +|x|, we can apply again Theorem 4.7 to x¥ x” and z2 and get that z is not primitive;
similarly, if |v2(v1)?| > |z| + |v1]. So, in those cases we reach contradictions. Therefore, we can
assume |x¥x’| < |z| + |x| and |vy(v1)?| < |z| + |v1|. Let us now assume that |vs(v1)?] < [|x¥x’|
(the other case can be treated identically). Then, it follows that z = x¥'x”/, where y” is either y or
Y — 1 and x”’ is a prefix of x. Equivalently, z = xé’x{/, where x, is a conjugate of x. Also, z has the
suffix v,(v1) (since x¥ x'v,(v1)° = z% and we assume that |v,(v1)°| < |x¥x’|), and, moreover, we
have on the one hand that |v,(v;)?]| = 2|z| — |x¥x’| > 2|z| — (|z] + |x|) = |z| — |x| = 4|x| and on
the other hand that |v,(v1)?| > 6|v;|. Therefore, we can apply Theorem 4.7 to z = xé’le and its
suffix vy(v1)?, and get that x, = v; or either x, or v; would not be primitive (which would yield
a contradiction). Because (o + 1)|v1| = |v2(v1)%| = |z| — x| = (' — 1)|x| wegeto +1 > ¢’ — 1.
As x¥*! > |z| > o|vy|, we get that y’ + 1 > 0. Thatis, 0 + 2 > y’ > o — 1. This formula gives
us four variants for y’, and for each of them we have two respective variants for y, such that
x¥x"v9(v1)? could be a square. We try in constant time each variant, and store the values of y for
which x¥x’v,(v1)? is indeed a square, thus not primitive.

We now consider the case x¥x’v,(v)? = z° with x = z. It follows that v,(v;)? = z”’z" with
x'z"” = x = z.If r > 2 we can apply Theorem 4.7 and get that either z = v; or z is not primitive
(a contradiction). In the case z = x = v; it follows that x¥x’v,(v;)? is not primitive if and only
if x’vy = x (which can be checked in constant time), and if this holds then x¥x’v,(v;)? is not
primitive for all y. If r = 1 and |z”’| > |v], then we can still apply Theorem 4.7 to get that z is not
primitive, a contradiction. The only remaining case is r = 1 and |z”’| < |vy|. In this case, as we
know x and x”, so also z”/, we can determine in O(1) time, by LCP-queries, whether v = z”x. If yes,
then, once again, x¥x"v,(v1)? is not primitive for all y.

The last case, x¥ x’'vy(v1)° = z*° with z = vy is rather similar. This time, we get that x¥x" = 22/,
with z'v, = vy = z. If r > 2 we once again get that z = x, and the analysis is done as above. If
r = 1and |z’| > |x| we get that z is not primitive, a contradiction. Finally (and a bit different to the
above), if r = 1 and |z’| < |x|, then x¥x’ must be equal to v;z”’ (whose length is known). Thus, as
we know |x| and |x’|, we get the value of y. We check by an LCP query whether x¥x” = v;z”, and,
if yes, we store that x¥x’v is not primitive.

By the explanations above, it follows that this analysis takes constant time. Once it is completed,
we output the values y for which x¥x’v (and, equivalently, vx¥ x’) is primitive. (Case A.2) o

Case B: |[v/| > %.

It remains to consider the case that the period of v is large, i. e., [0| > % In this case, the number of
fol
first try naively all the factors u = w[i+|v|..j] with |u| < 4|v| and check whether u = w[i—|u]..i—1]
and vu is primitive. In this way, we get all extensions u with the property |u| < 4|v|. In order to
compute the remaining extensions, we proceed similarly to case A.

More precisely, for an i with w[i..i + [v| — 1] = v, we analyse, for all integers k with log(4|v|) <
k < llog(n)], all the possible candidates for extensions u around w[i..i + |v| — 1] that satisfy
2K < |u| < 2! simultaneously. Just like before, let t = w[j + 1..j + 2X], where j = i + |v| — 1.
Clearly, t is a prefix of the factor u we look for. Using the DBF we retrieve the occurrences of t in

occurrences of v in w is at most 1, which is O(;). For each occurrence v = wli..i+[v|—1], we can
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wli — 2%*1 i — 1]. If they are a constant number only, we can check each of them to see if it leads
to a valid extension uvu with uv primitive. So let us assume that, in fact, they form an arithmetic
progression with ratio p and that x is the prefix of length p of ¢. Let iy be the position where the first
t in that progression occurs. Then wip..i — 1] = x*x’y’, where x’ is a prefix of x with |x’| < |x],
and x%x’ is a word of period p that cannot be further extended to the right without breaking the
period, i.e., if y* # ¢, then y’[1] # x[|x’| + 1]. If y’ # &, we follow the same analysis as in case A.1
above. So let us consider next the case y’ = e.

Just like in case A.2 of the previous analysis, we want to identify the values |¢|/|x| < y < a such
that x¥x’v is primitive. Once again, we actually determine (in constant time) the values y such
that x¥x’v is not primitive and output the others. For y < 5 we proceed just as in the case A.2
above: check whether each such x¥x’v is primitive in constant time. If y > 6, we try to see whether
x¥x’v = z° for some word z and exponent s. Now, as we only look for the case when |u| > 4|v]|, we
have that x¥ x’ should be at least as long as 4|v|. Therefore, if s > 4, x¥ x’ has 22 as a prefix. We can
once again apply Theorem 4.7 and get that x should be equal to z. Now, x¥x'v = z°, with s > 3, if
and only if v = x”’z" for some r and x’x”" = x. Clearly, if this holds, then we have that x¥x’v is
a power of z for all values of y. If s = 3, then |z|/2 > |x| and x¥x’ and z? have a common prefix
of length at least 3|z|/2. Like before, we could apply Theorem 4.7 and get a contradiction to the
primitivity of z. Finally, if s = 2 we proceed as follows. If x¥x” would be longer than |z| + |x| we
could once more apply Theorem 4.7 and get the contradiction. So, we look for some z which is
longer than x¥~!x’. This also means that |v| + |x| > |z|. So |v] > |x|(y — 2) and |x|(y + 1) > |v|. We
get that [v|/|x| + 2 > y > |v|/|x| — 1. We now check for which such values of y is the word x¥x"v
indeed a primitively rooted square. In the end we determined all values of y for which x¥x’v is not
primitive, and we can output the others.

This analysis takes constant time, and the time needed to output all y such that x¥ x’v is primitive
takes time proportional to their number. We repeat this for all k with log(4|v|) < k < |log(n)] and
obtain all factors uvu with uv (and vu) primitive.

From the explanations above, it follows that the time needed to do this is upper bounded by the
preprocessing time and the size of the output. So, our algorithm runs in O(nlog n) time. O

Observe now that when we construct for a word w the sets P;, as in Lemma 4.5, we can actually
store in them the elements ordered according to their lengths (this is implemented at construction
time). Accordingly, each P; is an array where P;[k], for some k with k < 2log n, stores the length
of the k' element of the ordered set P;. Therefore, for the simplicity of the exposition, we will say
that a suffix t of w[1..i] is in P; if, in fact, |t| € P;. Obviously, these two ways are equivalent, but
our implementation of the sets P; is more efficient, as we just store in them numbers that can be
represented in one memory word (lengths), instead of actual strings.

LEMMA 4.14. If two occurrences of a primitively rooted square t%, with |t| = €, end on positions i
and j of some word, and P;[k] = €, for some k < |P;|, then P;[k] = €.

Proor. A word x? with x primitive and |x| < £ is a suffix of w[1..i] if and only if it is a suffix of
wli — € + 1..i]% if and only if it is a suffix of w[1..j]. ]
In the following we show a result regarding the periodicity of instances of patterns.

LEMMA 4.15. Lett be a primitive word, let &« € (EU{x})" be a one-variable pattern with a = a’xvx,
where v is a prefix of t“, let £ = L%J, and let w € X% with vw = t*2. Moreover, for everyu € 3%,
define the substitution h,, : {x} — X% by h(x) = u. Then one of the following statements holds:

(1) ifhy(a) is |t|-periodic then h,,,x (@) is |t|-periodic for every k > 0;
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(2) if hy, () is not |t|-periodic then, for every word u ending with t, there exists at most one value
k > 0 such that h,,;x () is a suffix of u.
Moreover, in the second case, the value k can be determined in O(m) time, provided that we have LCP
data structures for wa, where m is the number of one-variable blocks occurring in c.

Proor. For the rest of the proof, assume a = v,xv,_1x - - - vixvX. Moreover, for everyi,1 < i < p,
let ; = v;xv;_1x - - - v1xVx be the suffix of @ starting with v; and let w; = v;wv;_;w - - - vV;wow be
its image under h,,, that is w; = h,,(@;); furthermore, let wy = vw.

Case 1: h,,() is [t|-periodic.

As vw = t7+2 we get that v = t'+’ and w = t”’t where t't”’ = t. We shall show by induction, for
every i, 1 < i < p—1, that w; is a power of t. As base of the induction, we note that, by assumption,
wy is a power of t. Now let i > 1 and let us assume that w;_; is a power of t. This means that
ww;_; = t"'t°, for some s > 2. Now if w; = v;ww;_; is not a power of t, then v; does not have the
form t/t’, for some j, which implies that the suffix ¢ of w would be contained inside a ¢ factor
(induced by the periodicity), a contradiction to the primitivity of ¢ by Theorem 4.8. Thus, w; is a
power of t. In particular, this implies that, for all i with 1 < i < p -1, v;w is a power of t and v,w
is a suffix of #/t't”’t. Using this structural information on the words v; and v, we can clearly see
that also h,,,«(a) is |t|-periodic, for every k > 0. Hence, Point 1 of the lemma holds.

Case 2: h,,(@) is not |t|-periodic.
Let u be some word ending in t with u; being its longest suffix that is |¢|-periodic. If A,,(@) is not
|t|-periodic, then there either exists d such that wy is not |t|-periodic and wwy_; is |t|-periodic
(T) or there exists d such that wy is [t|-periodic and wwy is not |t|-periodic (i). If property (t)
applies, then, by a similar argument as in the above case, h,,,x(a4) remains not |t|-periodic, while
h,, ik (xaq-1) is |t|-periodic, for all k > 0. In other words, when assigning to x a factor "tk the
period |t| of h,,x(a), read from right to left, breaks inside v4. Thus, there is only one possible
candidate for k with the property that k() is a suffix of u, namely the greatest integer for which
h,,x(xag_1) is at most as long as u; and h,,;x(tg) is longer than u,. That is, the points where the
periods |t| of h,,,x (@) and u break must align. Analogously, if we have property (1), then the period
breaks this time inside a w, and a similar analysis can be performed. The only possible candidate
for k is now the greatest integer for which h,,,x(tg) is at most as long u; and h,,,x(xcq) is longer
than u;. Consequently, Point 2 of the lemma holds.

In order to find k efficiently, we can first find ¢’ such that v = v¢t’ and check which is the smallest
d such that vy has not the form #/¢’; note that if x? is a factor of a then ¢’ must be the empty word, so
the factor vy we look for will be exactly the rightmost v;-factor which is not a power of t. Generally,
finding v, can be done in O(m) time using LCP queries by just considering each of the v;-factors
and checking whether it starts with ¢, has period [t|, and |v;| — [%] |t| = |t’|. Once we found this
factor vy, we know exactly which is the |t|-periodic suffix of h,,(a): it either starts inside v or in
the w preceding it. In the first case, property (1) from above holds. In the second one, property ()
holds. We can check in O(1) time in which case we are. More precisely, if vy is |¢|-periodic and is a
suffix of t/t’ for some j, then (%) holds, otherwise (1) holds. Let u; be the suffix of u which is |¢|-
periodic. In the case when () holds, we compute k such that h,,,«(g) is at most as long as |u;| and
h,, sk (vgag) is longer than |u;|, and this is our candidate k. In the case when (i) holds, we compute
k such that A« (vga4) is at most as long as |u;| and A« (@4+1) is longer than |u,|, and this is our
candidate k. These computations can be done in O(1) time, because they just require solving an
inequality with the unknown k; for instance, in the first case, we compute the maximum k such that
e (0aa)] = KN + 1) + [040as - 010] 2 ue] 2 [HlkI(d + 1) + 04 -+ 010] = By pe(a).
Once this k is found, we have determined exactly the suffix of u which is the image of x, and, as we
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have LCP structures for ua, we can check from right to left whether h,,,x () really is a suffix of u,
in O(m) time. This concludes the proof of our lemma. )

We are now ready to solve the matching problem for non-cross patterns. Notice that, as mentioned
in Section 3, an O(n*) algorithm is presented in [39], which is automaton-based, but a dynamic
programming algorithm, running in O(mn®) time for a word w of length n and a pattern of length
m, is also straightforward. This can be achieved, e. g., by creating some data structures that allow
us to compare factors of w in constant time (e.g., LCP data structures) and then by simply filling in
the following table (notice that for non-cross patterns, when reading the pattern from left to right,
there is always one current variable):

1 if a[1..i] matches w[1..j] such that
T[i,j, k, €] = the current variable is assigned w(k..],
0 else.

Next, we are considerably improving on these simple algorithms.

THEOREM 4.16. The matching problem for PAT,. is solvable in O(mnlog n) time, where w is the
input word of length n and m is the number of one-variable blocks occurring in the pattern.

Proor. Let a € PAT, with var(a) = {x1,x2, ..., xs} be our pattern. We construct the LCP data
structure for the word wa and the sets P; as in Lemma 4.5, as well as all the sets R]Z.’ for all positions
Jj of w and v a maximal factor of terminals of @, as in Lemma 4.13. This preprocessing can be clearly
implemented in O(mnlog n).

Clearly, a can be factorised as a = woll;=1 s(@;w;), where, for every i, 1 < i < s, var(a;) = {x;},
a; starts and ends with x;, and w; is a maximal terminal factor. For every k, 0 < k < s — 1, we set
Br = wollj=1,k(a;w;). Let p; denote the number of one-variable blocks from ;.

We use a dynamic programming approach to test whether & matches w. More precisely, for each
iwith 1 < i < s, we identify all j with 1 < j < n, such that §;_;@; matches w[1..j].

The general idea is the following. Once we identified all ways to match f;_,a;_; to a factor
w[1..j'], we check, in constant time for each such j’, whether w;_; matches a string w(j’ + 1..j"].
After this step we identified all j” such that f;_; matches w[1..j”’]. We then try to see, for all
possible j, whether a; matches a factor w[j” + 1..j] such that §;_; matches w[1..j"’].

With a non-trivial quadratic time preprocessing [28], one could check this matching in constant
time. This would lead to a matching algorithm for non-cross patterns running in O(n’m) time.
However, a faster strategy exists and we present it in the following.

Based on the combinatorial toolbox we developed, we can first find some basic assignments for
the variable x; occurring in the pattern «;. Suppose that we want to check whether f;_;@; matches
w|[1..j]. Assume, for instance, that «; ends with x;vx;, for some maximal factor of terminals v. Here,
we see, in the first case, how x; can be assigned to a suffix of w[1..j] such that vx; is mapped to a
primitive word (so that §;_;«; is mapped to w[1..j]), and, in the second case, for each primitively
rooted square t? ending on position j, how x; can be assigned to a suffix of w[1..j] such that
vx; is mapped to a repetition of t of minimum exponent and f;_;¢; is mapped to w[1..j]. There
are O(log n) possibilities to be tried in these two cases, for each j. Then, by a second dynamic
programming, we try to increase the exponent of t for some of the basic assignments of vx;, i.e.,
to extend the respective assignments of vx;, while still ensuring the match between f;_a; and
w[1..j]. In this way, we identify longer matches of ¢; as suffix of w[1..j] (while f;_; matches shorter
prefixes of w[1..j]), for all j, in overall time O(p;nlog n).

Before we explain the details of the algorithm, we state two claims, which explain all the ways
a; may be mapped to a suffix of w[1..j], and essentially prove the correctness of our dynamic
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programming algorithm. The presentation is structured following a case distinction on the form of
a;.

In the following, we assume that for some i,1 < i < s—1,asubstitution & : {x,x3,...,%;_1} — X*
is already defined and j, 1 < j < n, is arbitrarily chosen. Moreover, by h, with z € 3*, we denote
the substitution h extended by h(x;) = z.

Claim 1. Assume that
a; = Xj.

Then, we can find a word v; € =* such that w[1..j] = hy,(fi-1;) if and only if one of the following
holds:

i) w[1..j — 1] = h(f;-1) in this case, we set v; = wl[j].

if) w[1..j — 1] = h(Bi-1)v] and, in this case, we set v; = v;w[j], with v]'. ext,
The claim follows immediately. Note that, in the cases described by this claim, as w[1..j] = h(fi—1)v;
and a; = x, we get trivially that w[1..j] = hy,(fi—12;).

Claim 2. Assume that |a;|y, = 2, ie.,
a; = ajx;vx;, for some v € " and ] € (T U {x;})".

Then, we can find a word v; € ¥ such that w[1..j] = h,,(fi—12;) if and only if one of the following
holds, with j* denoting j — |hy,(@;)|:
i) v; € RY (so vv; is primitive), w[1..j’] = h(f;_1), and hy,(a;) = w[j’ + 1..j].

ii) vv; = t** for some word t € P;, where £ = I_%J and k determined as follows:

a) k=1,if hy-1 e () is a suffix of w[1..j], w[1..j’] = h(Bi-1), and hy,(a;) = w[j” + 1..j].
b) if h,-1,e+2(e;) is |t|-periodic, then k can be any integer greater than 1 such that
w([1..j'] = h(Bi-1), w[j* + 1..j] is |t|-periodic, and h,,(@;) = w[j" + 1../].
c) if hy-1,e+2(@;) is not |t|-periodic, then k is the only integer greater than 1 such that
hy-1eek () is a suffix of w[1..j], w[1..j] = h(B;-1), and hy,(a;) = w[j’ + 1..j].
The if-direction of the Claim is obvious. If, for some word v;, we have w[1..j] = h,(Bi-1;), then
either v; € R;.’, which implies that case i) holds, or v; ¢ R;’, which means that vo; = t/** for some
word t € P; and case ii) applies. Moreover, if k = 1, then we are in case ii)a), while for k > 1
Lemma 4.15 implies that either case ii)b) or ii)c) holds.

Now we describe our dynamic programming algorithm. Assume we identified the prefixes
w[1..j] of w that can be the image of woIlx=1,;—a(ar Wi )a;—1. Initially, only the prefix of length 0
of w matches the prefix of length 0 of a. Using the LCP data structures built for wa we can test
in O(1) time for each j, such that w[1..j] of w can be the image of woIlx=1 ;—2(ax Wk )ati—1, whether
w; occurs on position j + 1. After this linear search, we get the prefixes w[1..j] of w that can be
the image of wollx=1 ;—1(axwi). Next, we try to see which of these prefixes can be extended with a
factor matching «;.

Following, our claims, we do a case analysis on the form of ;. Recall that each part of our analysis
has two phases: in the first one we find some basic assignments for x;, the variable occurring in «;,
while in the second phase we try to extend these basic assignments to more complex ones. Also,
we denote by h,,,(;) the image of «; under the substitution that replaces x; by v;.

If a; = x; then in the first phase we conclude that w[1..j] can be the image of woITx=y, ;1 (ctx Wi )at;
if w[1..j — 1] can be the image of woIlx=1,;—1(axwi). So, in this case, the basic assignments of x;
consist in a single letter. This phase is based on Claim 1.i). In the second phase, we extend these
assignments following Claim 1.ii). More precisely, for j from 1 to n, we decide that w[1..j] can be
the image of wollg=1 ;—1(axwk)a; if w[1..j — 1] can be the image of woIlx=1 ;—1(ax Wi )a;. That is,
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when matching w([1..j — 1] and woIlx=1 ;-1 (ax Wi )a; we assigned some factor v} to x;, and now we
append w[j] to v, and assign the value v; = v;wl[j] to x;, and obtain a matching between w[1..j]
and wollg=1 ;—1(ax Wi )at;.

The analysis in the case above takes O(n) time for each «; that consists in a single variable.

If a; = ajxvx we follow Claim 2. In the first phase, we note that w[1..j] can be the image
of wollg=1,;—1(axwi)a; if there exists t € Rjz.’ such that w[1..j — |h;(;)|] can be the image of
wollg=1,i—1(arwi) and h;(a;) is a suffix of w[1..j]. This is one basic assignment that we will not try
to extend. Similarly, and still in the first phase, we also look for assignments v; of x; that make
vv; a repetition. So, we consider t € P; with P;[d] = ¢, and analyse the case when vx is mapped

to a repetition of t. We further take £ = [%J and we will have that v should be a prefix of t/*!,
as vx is assumed to be mapped to a power of t. So, assume v is indeed a prefix of t/*!, of length
at least £|t| and let v; = v™'t‘*!. For each j, we can check in O(p;) time as in the proof of Lemma
4.15, if hy,(a;) is a suffix of w[1..j], and, if yes, whether w[1..j — |h,(e;)|] can be the image of
wollg=1,i—1(arw). If also the last check returns true, we obtained a matching between w[1..j] and
WoIlg=1,i—1(arwk)a;. Again, this gives us a basic assignment for x; that we will not extend in the
following. More important, we take v; = v™'t/*? and check, again in O(p;) time as in Lemma
4.15, if hy,(@;) is |t]-periodic. If not, we determine as in the respective lemma the unique value k’
such that h.;(a;) is a suffix of w[1..j], with v} = v~ 10K and if this k’” exists we check whether
w[1..j = |hy ()] can be the image of woIlx=1,;—1(axwy); if the answer to this check is positive, we
store this match. If h,,(a;) is |t|-periodic, we check whether it is a suffix of w[1..j], for each j, and, if
yes, whether w[1..j — |h,(a;)|] can be the image of woIlr=1,;—1(axwi). If also the last check returns
true, we obtained a matching between w[1..j] and woIlx=1 ;—1(ax Wi )@; and store in a matrix that
there exists a match between w[1..j] and woIli—y ;—1(axwi)a; wWith vv; a power of P;[d] = ¢ (so,
essentially, we store j, i, and d). This last assignment of x;, and the matching it defines, will be
extended in the second phase. The checks needed to implement this matching take O(p; log n) time
for each j from 1 to n.

Now, we move to the second phase, where we try to extend some of the assignments determined
in the first step. Assume we want to check, for j from 1 to n, whether w[1..j] can be the image
of woIlg=y,;—1(@xwi)ar; with vx mapped to a power of some t € P;, with P;[d] = t. Let e = |a;]y,.
We check whether we concluded (in the first phase, or in previous iterations of this phase) that
w[1..j — e|t|] can be the image of woIlk=1, ;—1(@rWi)a;, such that vx; is mapped to a power of
Pj_¢|1)[d], whether the image of ; under this substitution is |¢|-periodic, and whether P;_.;|[d] = t.
If both checks are true, we conclude and store that w[1..j] can be the image of woIlx=1, j—1(atx Wi )
with vx mapped to a power of P;[d] = t (again, we store j, i, and d). This follows Claim 2.ii). That
is, when matching w[1..j — e|t|] and woIlg=y ;-1 (kWi )a; we assigned some factor v = v 1tk to
x;, and now we append t to v}, and assign v; = v;t to x;, and obtain a matching between w[1..j]
and woIlg=1,;—1(arwi)e;. The time complexity of the processing we do in this second phase is
O(p; log n) for each j from 1 to n.

The two claims we made show how one can decide as described above whether w[1..j] can be
the image of f8;, knowing the prefixes of w which are the image of ;_;. We do not describe this
dynamic programming in detail (i.e., we do not give the code), as it is just a simple (yet, tedious)
exercise.

We stress again that for an efficient implementation, one needs to construct the sets P;, for all
jwith1 < j < n,and R;Vpi‘i, for all j with 1 < j < n, and i such that a; = xfo’il'[kzl’pi (wk,,-xfk’i),
as well as LCP data structures for wa. But all these preprocessing steps can be done in less than
O(mnlog n) time.
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To conclude, we can find, for all i from 1 to s, in O(np; log n) time all the positions j such that
wollg=1,i—1(axwi)a; matches w[1..j], where p; is the number of one-variable blocks of «;. Hence
we have that « matches to w if there exists a position j such that woIlx=1, s—1(axwk ), matches
w[1..j] and w[j + 1..n] = wy. The total time is, clearly, O (( X;=1 ; pi)nlogn). This shows that the
matching problem for non-cross patterns can be solved in O(mnlog n) time. O

4.3 Patterns with bounded scope coincidence degree

We now move on to the general case of patterns with bounded scope coincidence degree. The
matching problem for PATs.q<x can be still solved by a dynamic programming approach.

THEOREM 4.17. The matching problem for PATs.q<y is solvable in O (%) time, where w is the

input word of length n and m is the number of one-variable blocks occurring in the pattern.

ProoOF. Leta = WOHl-:Lm(yf.c"wi) (where the y;’s are variables and the w;’s are maximal terminal
factors) be a pattern with scd(@) < k; we want to decide whether a matches w. Note that we do
not necessarily have y; # y; for i # j.

By definition, a variable y is called active at a position ¢ of « if y occurs both in a[1..£] and in
all..|a|] (if y occurs on position ¢, then it is active at position ¢, even if this is its only occurrence);
in other words, a variable y is active on each position contained in its scope, and only on those
positions.

For every jwith 1 < j < m, we denote a; = onizl,j(yfiwi) and ¢; = |e;|. For all j with j < m, we
produce a list of the active variables at position ¢;; this takes O(|a|m) time. We also build LCP-data
structures for wa. This allows us, for instance, to check whether a certain factor w; occurs at a
position £ of w in O(1) time.

We define the n X m matrix M[-][-] such that M[i][j] contains a representation of all the possible
substitutions for the active variables at position ¢; in substitutions mapping ; to w[1..i]. We first
explain how this representation is defined, and then show how this matrix is computed.

Firstly, let us note that if at most k — 1 variables are active at position ¢;, then we store them by
the starting and ending positions of their images, in the order of their occurrence in the pattern;
in this way, the positions we store are also ordered, as the images of the variables also occur in
the same order as the variables. Hence, we need to store a list of 2k — 2 ordered indices less than i;
therefore, we may have to store in M[i][j] at most ( kil)z different lists, each containing the indices
corresponding to a substitution.

Secondly, if k variables are active at position £;, then one of the active variables is y;. Moreover,
for the image of y; we do not need to store the ending position. Once we know the starting position
of the image of the block yjl.(j , say i’, we can get its ending position by noting that the image of
a; is w[1..i] and this image ends with the image of yjl.cj w;j. So, the image of y; occurs between i’
and i’ + % — 1. Therefore, when exactly k variables are active at position ¢; we only need
to store 2k — 1 indices: the starting and ending positions of the images of all the active variables
except y;, in order of their occurrence, and the starting position of the image of yJI.C’ . This means
that M[i][j] stores at most (kil) (,’() distinct lists of 2k — 1 indices.

To summarise, when k variables are active at £; we need to store 2k — 1 indices in M[i][/], and,
i

thus, there are ( k) ( k£1) possible lists that may be the actual list stored on this position of the matrix.
When at most k — 1 variables are active at ¢}, the lists stored in M[i][j] contain at most 2k — 2

indices; so there exist at most (kil)2 lists that may appear as M[i][j]. This holds because an upper
bound on the number of such lists is obtained by considering all the possibilities of choosing the
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numbers on the odd positions (starting positions) and the numbers on the even positions of the list
(ending positions of the images of the variables), independently.

Next, we address the question of how to represent efficiently such collections of lists. Assume
that we want to store a collections of lists, each containing p indices iy, iz, ..., i, between 1 and i,

such that ipp_; < izp, for 1 < h < &, and iy, < ipper, for 1 < b < 22,

We construct a tree (called (i, p)-tree in the following) with p + 1 levels 0, 1,. .., p. On the level
0 we have the root labelled with 0. Under this root, we insert in the tree, one bye one, as paths,
all the possible lists of exactly p indices between 1 and i that fulfil the condition above, in their
natural lexicographical order on N”. When inserting a new list, we basically add to the tree a new
path starting with the root and whose further nodes are labelled with the indices of the list, in
increasing order. If needed, we add new nodes and edges to the tree: we first traverse the prefix of
the list that already appears as a path in the tree, and, from the node we reached in this way, we
insert a new path labelled with the rest of the indices in the list. For simplicity, we keep in a node
an array of pointers to its children, in increasing order of their labels. More precisely, if a node is
labelled with r and it is on an odd level, then its children will be labelled with r,r + 1,7r + 2, .. .;
consequently, the j* pointer in the array points to the child labelled with r + j — 1. If a node is
labelled with r and it is on an even level, then its children are labelled with r + 1,7 + 2, . . .; thus,
the j*" pointer in the array points to the child labelled with r + j. Moreover, it is not hard to see
that if a node is on the odd level p — ¢, then the maximum label of its children is i — [(£ — 1)/2];
if a node is on the even level p — ¢, then the maximum label of its children is i — [£/2]. The time
needed to construct this tree is upper bounded by the number of paths the tree contains. Thus, this
upper bound is O((,i)z) if p = 2k or O((,i)(kil)) ifp=2k-1.

It is worth noting that there is a bijective correspondence between the leafs of an (i, p)-tree
and the lists of exactly p indices that fulfil the condition stated before the definition of (i, p)-trees;
basically, a leaf corresponds to the labels of the nodes along a path from the root to that leaf in the
tree (without the root), and vice versa.

Clearly, to store a collection I of lists containing p indices between 1 and i like above, we can use
such an (i, p)-tree where we just mark in it the leaf corresponding to each list in I (so, we have an
(i, p)-tree with some marked leaves instead of the collection I). With this representation, we can
test whether a list is in the collection I in O(p) time (traverse the path whose labels correspond
to the list and check if the leaf at the end of this path is marked), we can insert or delete a list in
O(p) time (traverse the path whose labels correspond to the list and mark or, respectively, unmark,
the leaf at the end of this path). By keeping a linked list of the leaves, we can identify the marked
leaves in time proportional to the number of leaves of an (i, p)-tree, so in O((;)Z) time. Given a leaf,
we can retrieve the list that defines it by following the path from that leaf to the root, in O(p) time
(provided that we store also child to father links in our tree). For simplicity, the root of a tree is
said to be also marked if at least one of the leaves is marked. As an example, see Figure 3.

So, coming back to our matrix, each M[i][j] is initialised as an empty (i, s)-tree, where s = 2p
when there are p < k — 1 active variables at position £; in a or s = 2k — 1 when there are exactly k
active variables at position £; in a. We just have to explain how M[i][;] is computed efficiently.

Firstly, M[i][1] is obtained in O(n®) as follows. For each integer i, we try all possibilities of
choosing the image of y; as a factor of w[|wy| + 1..i]. Each of them is saved in the corresponding
(i, 2) tree. The leaves and the root are marked accordingly.

Now, we move on to computing M[i][j], assuming that we already computed M[-][j—1]. Basically,
for an i’ with i’ < n, looking at M[i’][j — 1] we retrieve the substitution for the variables that
are active at position {;_;. Now, if y; is one of them, we just have to check whether the image of
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Fig. 3. A (3,4)-tree storing the collection I = {(1, 1, 2, 2),(1,1,3,3),(1, 2,3,3)}. The leaves corresponding to
the paths (0, 1,1, 2,2), (0, 1, 1, 3, 3), and, respectively, (0, 1, 2, 3,3) are marked (represented by grey circles); the
root of the respective tree is also marked, as it contains marked leaves.

(yj)Xiw; occurs at position i’ + 1 (which is done in constant time by LCP-queries). If yes, and there
are k active variables, then the positions storing the image of the last variable in our lists may have
changed; hence, we update the list in O(k) (that is, delete the starting and, unless y; = y;_1, ending
position that denoted the image of y;, and then append to the list the ending position of y;_; - as
its starting position was already in the list — as well as i’ as the starting position of (y;)*w;, as
explained before). If the list contained less than k variables, we just leave it as it is. In both cases,
the new list is inserted in the tree M[i][j], where i is the ending position of the image of (yj)kf wj.

We just have to deal with the case when y; was not one of the active variables. In this case,
it is a new variable, that becomes active now. As a first step, we assume that the image of y; is
w([i’ + 1] and save accordingly the images of the active variables in a tree C[i’ + 1][j] (these trees
are auxiliary, and are empty before M[-][j] are computed); basically, at this step we did not check
if w; can follow the image of y;, nor did we find all possible images for y;, but only those where
y; is mapped to a single letter. After we finish this process for all values of i, we continue. Now,
for each index i” < n, considered in increasing order, if C[i”’][j] is non-empty, then we insert all
of its images into C[i” + 1][], just saving (if there are less than k active variables at position ¢;)
a new ending position for y; as i’ + 1. In this phase, we just represented the cases where y; is
mapped to more than one letter. The process is simple: due to the order in which we consider the
indices i”’, when computing C[i”” + 1][j] we will have in C[i"’][] all the possibilities of mapping y;
to a string that ends on position i”’; then we just extend them with a letter. As said, when we are
done with this, C[i”][j] contains all ways of assigning values to the variables active at position ¢;
such that ;_,y; is mapped to w[1..i”’]. Then, for each i”” with i”” < n and each list in C[i"][j] we

check whether yj’.cjile is a prefix of w[i”..n], and, if yes, insert the list in the tree M[i][j], where i
is the ending position of yJ’.Cj _le. The usage of the trees C[-][/] is justified as they store first images
for the variables y1, v, . . ., y; that map only WOHi:Lj_l(yf"wi)yj to prefixes of w, then we look for

alignments of woll;—, J-_l(yf" w,-)y]].cj with prefixes of w, and finally we store in M the correct images
of the variables that map «; to prefixes of w.

The total time needed to construct the trees stored in the matrix M is clearly upper bounded by
2k

O(kmn(,")) () = O(Gm)-

We conclude that @ matches w if and only if M[n][m] is not empty. O
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5 THE INJECTIVE VARIANT OF THE MATCHING PROBLEM

So far, we presented a series of upper bounds for the time needed to solve MaTcH for various
restricted classes of patterns. In this section, we take a closer look at inj-MATCH, i. e., the injective
variant of the matching problem for patterns. In particular, we investigate the question whether
our (efficient) algorithms for MATCH can be adapted to inj-MatcH. In this regard, we first note the
following result:

PROPOSITION 5.1. inj-MATCH can be solved in time 0(%)1 where n is the length of the word, m
the length of the pattern and k its number of distinct variables.

Proor. Our algorithm extends the ideas of [22]. We denote by w our input word of length n and
by a the given pattern.

Let us assume that the variables occurring in & are xi, x3, . . ., x, such that the first occurrence
of the variable x; in « is to the left of the first occurrence of x;, for every 1 < i < j < k. Let q;
be the prefix of « ending with the first occurrence of x;. In the first phase of our algorithm we
will try all possible lengths for the images of a1, @, . . ., @r—1 in an assignment of the variables. As
lai| < |aj41| forall 1 < i < k — 2, we have (k'_ll) < % possible combinations for these lengths.

Let us now consider such a choice (£, s, . . ., {k—1), where ¢; is the length of the image of «;,
for 1 < i < k — 1. It is immediate that we can compute from ¢; in O(|a;|) the actual factor of w to
which x; is mapped. Then, knowing the image of x;, we can compute from ¢; in O(|a|) the actual
factor of w to which x; is mapped, because a, contains only the variables x; and x,, and some
constants. Generally, knowing the images of x1, x5, . . ., x;_1, we can compute from ¢; in O(|e;]|)
the actual factor of w to which x; is mapped, because «; contains only the variables x1, x5, . . ., x;_;
occurring multiple time, one occurrence of x;, and some constant factors. Finally, after knowing
the images of x1, x3, . . ., Xx—; wWe get in O(m) the image of xi. The total time needed to compute
these images is O(m + 3,1 x_; |ai]) = O(m).

In the second phase of our algorithm (the injectivity check), we consider separately two cases:
k < 3 and k > 3. In the first case, we can check in O(1) using LCP-data structures whether the
images of the k variables are distinct. In the second case, we can build before the first phase, in a
preprocessing step, a data structure that associates to each factor wli..j] of w the position i’ of its
first occurrence in w (which may be to the left of i). We also initialise an n X n matrix of A[i"][{],
initially with all elements 0. Now, after executing the first phase of the computation, described
above, for i from 1 to k we increment the position A[s][£] of the matrix A, where s is the first
occurrence of the factor of w to which x; is mapped, and ¢ is its length. This takes O(m). The
assignment of the variables is injective if and only if all the incremented positions have in the end
value 1. After this, we set exactly those positions that were considered in this phase back to 0 (this
takes O(m) time, again).

Our algorithm is easily checked to be correct. In the case of k < 3 it runs in O(?’}C”Tk;)?), while for
k > 3itrunsin O(% +n?) = O(%), which concludes our proof. O

The question arises whether it is possible to efficiently solve inj-MAtcH for the restricted classes
of patterns (i. e., regular and non-cross patterns as well as patterns with a bounded scope coincidence
degree) for which efficient algorithms for MATCH exist. In this regard, we can prove the rather
strong negative result that inj-MatcH is NP-complete for any class of patterns that contains the
trivial class {x;x; ...x, | n > 1} of patterns (note that this is the case for the above mentioned
classes).

In the non-injective case, for a fixed pattern & = x;x3 . . . X, the set of words matching « has
a trivial structure, since it is the set of all words of length at least n. For the injective variant, on
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the other hand, this set contains exactly the words that have a unique factorisation with n factors;
thus, solving the injective matching problem for such trivial patterns is equivalent to the following
decision problem:

UNIQUE FacToRrIsaTION (UF)
Instance: A word w and an integer k with 1 < k < |w|.
Question: Does there exist a unique factorisation of w with size of at least k?

The problem of computing unique factorisations (also called equality-free factorisations) has
been investigated in the literature in different contexts. In Condon et al. [8, 9], the problem of
computing unique factorisations with factors of bounded length has been investigated, which is
motivated by self-assembly of DNA sequences, while the paper [38] provides a more general (and
also parameterised) complexity analysis. The hardness of computing a unique factorisation with
only palindromes as factors is shown by Banai et al. [4].

We shall now prove that the problem UF is in fact NP-complete, which directly yields the above
mentioned hardness results for the matching problem. We establish the NP-hardness of UF by a
reduction from the following well-known problem:

3-DIMENSIONAL MATCHING (3D-MATCH)

Instance: An integer £ > 1andaset S C {(p,q,r) |1 <p < <q<2<r <3}

Question: Does there exist S’ C S with |S’| = € such that, for all (p, q,r), (p’.q’,r") € S’, (p,q,7) #
('.q',r")impliesp # p’,q # q¢" and r # r'?

An instance of 3D-MATCH is a set S of triples, the three components of which carry values from
{1,2,..., L {+1,0+2,...,2} and {2 + 1,2€ + 2,...,3(}, respectively. A solution for (S, ¢)
is a selection of ¢ triples such that no two of them coincide in any component. Hence, for every
i € {1,2,3}, if we collect all the jth components of the ¢ triples of a solution, then we get exactly
theset {(i— 1)+ 1,(i — 1) + 2,...,il}. For the NP-completeness of 3D-MaTcH see [20].

We define a mapping g from 3D-MartcH to UF. Let (S, £) be an instance of 3D-MaTcH, where
{>1and S = {s1,s2,...,s¢} with s; = (p;, qi, i), for 1 < i < k. The input word ¢g(S, €) for UF shall
be a word over the alphabet

2= {a3¢i9$i7bi,j’%i,jsls#ls#() | 1<i< k,l S_] < 4,1 < l < 35},
and is defined as follows. Let v = v1v; - - - Uk, where, for every integer i with 1 < i <k,
v =¢;piabiibiagiabisbiarial;.

Letu = 1#; -~ #30-2 (30 — 1) #30-1 (3€) #37 and U = U u, - - - Ug, where, for every integer i with
1<i<k,
Uu; = by %i1 02 %i20i3 %3054 %ig.

Finally,u = a#ouu, w = uv, =70+ 6(k—¢)+|u| and g(S, €) = (w, Z) This concludes the definition
of the mapping g. In the following, let (S, £) be a fixed instance of 3D-Marcs and (w, ) = ¢(S, £).

We now explain the mapping g in an intuitive way. The actual information of the 3D-MartcuH
instance is exclusively encoded in the suffix v of w, whereas the purpose of the prefix u is to enforce
a certain structure of unique factorisations (note that u is just a list that contains each symbol
from X \ {¢;,$:,] 1 < i < k} exactly once). Every [ with 1 < [ < 3¢, i.e, the elements of the
triples, is used as an individual symbol; thus, every triple s; = (p;, g;, r;) of S can be represented
by v; = ¢;piab;1bi2qiabisb;aria$;, where the factors p;a, q;a and r;a represent the single
components. Each of the remaining symbols ¢;, $;, b; j, for 1 < j < 4, has exactly one occurrence
in w; thus, every factor that contains one of these will necessarily be distinct. Hence, the factors
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pia, g;a and r;a are the only ones that may coincide in v; and some v}, for i # j, and this is only
the case if the triples s; and s; contain common elements.

We now define two special factorisations of the factors v;, where 1 < i < k. The factorisation
¢;pi | abi1 | biagi | abis | biari | @$; is called safe and the factorisation ¢; | p;a | bi1biz2 | gia |
bisbia | ria | $; is called unsafe. The safe factorisation contains only distinct factors, whereas
the factors p;a, q;a and r;a of the unsafe factorisation may also occur in the unsafe factorisation
of some v;, where 1 < j < k and i # j; thus, the situation that s; and s; have common elements
translates into the situation that the unsafe factorisations of v; and v; have common factors.

If {s¢,Ss,, .- -, St} is a solution of (S, £), then we can factorise all v;,, for 1 < i < ¢, into the
unsafe factorisation, all other v, where j & {t1, 2, ..., ¢}, into the safe factorisation, and the prefix
u into |u| individual factors. This yields a factorisation of w with |u| + 7 + 6(k — £) = ? factors
and its uniqueness follows from the fact that {s;,,s;,,...,s;,} is a solution of (S, {) and that the
symbols from u do not occur as single factors in v.

LEmMA 5.2. If(S, €) has a solution, then there is a unique factorisation of w of size at least l.

Proor. We assume that {s;,,ss,,. .., } is a solution of (S, £). We define a factorisation f of w
in the following way. Every single symbol of u is an f-factor and, for every integer i, with1 <i < k
andi € {t1,1,..., e}, we factorise v; into the unsafe factorisation

¢; pia biibis gia bisbis ria $;,
I I [ [ P iy S|

and, for every integer i, with 1 < i < kand i ¢ {t1,f,...,ts}, we factorise v; into the safe
factorisation
p; ab;q bj.q; abjs bi4r; a$; .
|¢1Pz” l,lII l,qu” 1,3” i,4 zl $l

The factorisation f has exactly |u| + 7€ + 6(k — £) = £ factors and it only remains to show that it is
unique.

In u, every symbol has exactly one occurrence, which means that if one of the factors f(i), where
1 < i < |ul, is repeated, then it must occur as a factor of v. However, the only f-factors of v of
length 1 are the factors c; and $;, for every i € {ty,12,...,t¢}, which do not occur in u. Hence,
all f-factors of length 1 are distinct factors. Furthermore, the f-factors b; 1b; 2 and b; sb; 4, for
every i € {t1,ty,...,t¢}, as well as the f-factors ¢;p;, ab; 1, bi2q;, ab; s, b;ar; and a$;, for every
i ¢ {t,t,...,tr}, all contain a symbol from {¢;, $;,b; 1,b; 2,0 3,b; 4} and therefore are distinct
factors. The only remaining f-factors are p;a, q;a and r;a, for every i € {t1,t,,...,t¢}. If there
exists an integer i € {t1,1,,...,t¢}, such that p;a is a repeated f-factor, then there must exist an
integer i’ € {t1,t3,...,t¢} with i # i’ and p;a = pya (note that p;a = qya or p;a = rya is impossible,
since 1 < p; <, 0+1< gy <20and 20+ 1 < ry < 3f), which means p; = py. This implies that
s; and sy coincide in a component, which is a contradiction to the fact that {s;,,s,,...,s;, } isa
solution of (S, €). Hence, all f-factors p;a, with i € {t1,12, ..., ¢}, are distinct factors and in exactly
the same way we can show that all f-factors q;,a and r;,a, where 1 < i < £, are distinct factors, as
well. Therefore the factorisation f defined above is unique, which concludes the proof. O

Proving the converse of Lemma 5.2 is more difficult and here the prefix u of w will be crucial.

The idea is to first show that if there exists a unique factorisation of w of size Z then there also
exists one with at least the same size such that
(1) no factor overlaps” the boundaries between u and v, or between some v; and v;;, where
1<i<k-1,and

2A factor f(i), where 1 < i < k, overlaps positions j and j + 1, where 1 < j < |w/| — 1, if both of these positions belong to

the factor f(i). i.e., [f(D)f(2) - fi - D] <j < [f(fQ)---fi - DF@DI.
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(2) u is split into |u| factors.
Property (1) can be achieved by simply splitting the factors that may overlap the critical positions;

this does only increase the number of factors and the uniqueness of the factorisations is guaranteed
by the fact that the new factors must contain symbols with only one occurrence in w.

LEMMA 5.3. If w has a unique factorisation f of size at least £, then, for some ¢’ with £’ > {, there
exists a unique factorisation f’ of w of size at least £’, such that no f’-factor overlaps positions |ul
and |u| + 1 or positions |uvivs - - - v;| and luvivg - - -vi| + 1, where1 < i <k — 1.

ProorF. Let f be a unique factorisation of w. If, for some p, where 1 < p < ¢, the factor f(p)
overlaps positions |u| and |u| + 1, then f(p) = m; %k 4 ¢ 72 for some (possibly empty) factors 7 and
3. We can now transform f into a factorisation f’ by splitting the factor f(p) = my %k, 4 ¢, 712 into
the factors 7y % 4 and ¢, 7y, respectively. Since the symbols % 4 and ¢; have only one occurrence
in w, we can conclude that f” is a unique factorisation of size (€ + 1). Since every v; starts with
¢; and ends with $;, we can apply exactly the same construction in order to resolve all possible
overlaps of positions |uvyv; - - - v;| and |uvyv, - - - v;| + 1, for every i such that 1 < i < k — 1. These
constructions do not decrease the number of factors; thus, the statement of the lemma follows. O

Property (2) requires a more careful argument. If u is not split into |u| factors, then in u there
exists a factor 7 of size at least 2. If we simply cut off the first symbol of 7, then we can only
increase the number of factors, but it may happen that one of the new factors is now repeated,
destroying the uniqueness of the factorisation. However, it turns out that at most one of these two
factors can be repeated, and if one of these factors is repeated, then it has size 1 and must have a
second occurrence in v. We can then show that this repeated factor necessarily has a neighbouring
factor in v to which it can be joined without violating the distinctness of this factor.

LEmMMA 5.4. Ifw has a unique factorisation f of size at least €, then, for some ¢ with 0’ > €, w has
a unique factorisation f’ of size at least t’, such that every single symbol of u is an f’-factor.

Proor. First, by applying Lemma 5.3, we transform f into a unique factorisation f”’ of size £
that satisfies the properties stated in Lemma 5.3. If f”” splits u into |u| factors of size 1, then we
are done. So we assume that this is not the case and we show how f’’ can be transformed into a
unique factorisation f’, such that every single symbol of  is an f’-factor.

Since f" does not split u into |u| factors (and since no f”’-factor overlaps positions |u| and |u| + 1),
there exists an integer p, where 1 < p < |u| — 1, such that | f”(p)| = 2and |f"(1)f"(2)--- f"(p)| <
|u|. We define f”(p) = x7, where x is a single symbol and 7 is some non-empty factor. We shall
first consider the case when |z| > 2 (i.e., [f"(p)| > 2).

We modify " by splitting the factor f”/(p) into the two factors x and s, which increases the
number of total factors by 1. It is not possible that the factor r is repeated (with respect to this
modified factorisation), since || > 2 and every factor of u of length at least 2 contains a symbol
#;,for0 <i <30+ 1,0r%;;,for1 <i<kand1 <j< 4, which have only a single occurrence in
w. It is possible, however, that the factor x is repeated, i. e., there is an occurrence of x in some v,
for 1 < i < k, which is an f”’-factor (note that x is not repeated in u). This particularly implies
that x € {a,pi, qi,7i,bi.1,bi2,bi3,b;4}. We note that, by the structure of v;, there is a symbol
y € {bi1,bi2,bi3,bi4, ¢, 8}, such that the factor x is the left neighbour of an f”-factor y§ or
the right neighbour of an f”’-factor dy. Since these two cases can be dealt with analogously, we
only consider the case that x is the left neighbour of a factor y§. We now modify the factorisation
by appending x to the factor y§ and we claim that the new factor xyd is unique (with respect
to the modified factorisation). This is obvious if y € {¢;, $;}, since these symbols have only one
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occurrence in w. If y ¢ {¢;,$;}, then y € {b; 1,b; 2,b;3,b; 4} and, since y has only one occurrence
in v, this implies that if xyJ is repeated, then it is repeated only in u. This is a contradiction, since
|xyd| > 2 and every factor of u of size at least 2 contains a symbol #;, for 0 < i < 3+ 1, or %; j, for
1<i<kandl1 <j<4. Consequently, xyd is a distinct factor and the modified factorisation has
exactly the same number of factors as f”.

Next, we consider the case when || =1 (i.e., | f”(p)| = 2). Again, we split the factor f”'(p) into
two factors x and 7, which increases the number of total factors by 1. Furthermore, since either x
or 7 is a symbol #;, for 0 < i <30+ 1,0r %;j,for 1 <i < kand 1 < j < 4, we can conclude that at
most one of the two factors x and 7 can be repeated. Hence, we can join this repeated factor with a
neighbour as before, which results again in a unique factorisation with the same number of factors.

By repeating the construction described above, we can change the factorisation "’ into the
unique factorisation f” of size " with £’ > € > ¢, such that every single symbol of u is an
f’-factor. O

Now the structure of the factorisation ensured by Lemmas 5.3 and 5.4 allows us to argue that
the only factors of size 1 in v are of the form ¢; or $;, since otherwise they would be repeated in
u. Consequently, every v; is split in at most 7 factors and if so, the factorisation of v; must be the
unsafe factorisation. In order to get at least ? factors, at least £ of the v; must be factorised into the
unsafe factorisation, which corresponds to a solution of the 3D-MATcH instance.

LemMMA 5.5. If there exists a unique factorisation of w of size at least ¢, then (S,¢) has a solution.

Proor. Let f be a unique factorisation of w of size . By Lemmas 5.3 and 5.4, there exists a
unique factorisation f’ of w of size ¢’, for some ¢’ > £, such that no f’-factor overlaps positions |u|
and |u| + 1, or positions |uvyv, - - - v;| and |uviv; - - - v;| + 1, where 1 < i < k — 1, and every single
symbol of u is an f’-factor.

If a single symbol x of some v;, where 1 < i < k, is an f’-factor, then x € {¢;, $;}. This is due
to the fact that if x ¢ {¢;,$;}, then x has an occurrence in u and since every single symbol of u is
an f’-factor, this means that x is a repeated f’-factor. This directly implies that, for every i with
1 < i < k, it is not possible that f” splits v; in more than 7 factors and, furthermore, if f” splits v;
in 7 factors, then this is done in the following way:

¢; pia biibis gia bisbis ria $;.
Iy I— I —1L N |

We assume that f” splits exactly m of the v;, where 1 < i < k, into 7 factors and the remaining k —m
of the v;, where 1 < i < k, into 6 or less factors. Hence, f” splits w into at most |u| + 7m + 6(k — m)
factors. If m < £, then

lu| + 7m + 6(k —m) < |u| + 7€ + 6(k — €) = €,

which is a contradiction, since f” is a factorisation of size 7" and ' > ‘. Thus, ¢ < m. Now let
ti, by, ...ty with 1 < t; < kfor 1 < i < m, be such that f” splits every v;, with1 < i < min
7 factors. As explained above, this implies that p;,a, q;,a and r;,a are f’-factors, for every i with
1 < i < m. Consequently, for every i and j, where 1 < i < j < m, we have p;,a # p;,a, q;,a # q;,a
and ry,a # re;a, which means that (s, s, . - ., S¢,) is a solution for (S, £). O

In order to conclude the NP-completeness of UF, it only remains to observe that the problem is
clearly in NP (we can check the uniqueness of a guessed factorisation in polynomial time) and that
the reduction defined above can be carried out in polynomial-time.

THEOREM 5.6. UF is NP-complete.
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Since a word w matches the pattern x;x; . . . x,, if and only if w has a unique factorisation of size
exactly n, but (w, n) € UF if and only if w has a unique factorisation of size at least n, it is important
to note that if a word has a unique factorisation of size k, then it also has a unique factorisation of
size k’, for all k¥’ with 1 < k” < k. This is due to the fact that the uniqueness of a factorisation is
preserved if we join a longest factor with one of its neighbours. Together with Theorem 5.6, this
implies the following negative result with respect to the injective variant of the matching problem
for patterns.

COROLLARY 5.7. inj-MAtcH is NP-complete for PAT;eq, PATy, PATrvar<k, and PATycq<k, for every k
withk > 1.

A downside of our reduction to prove Theorem 5.6 is that it requires an unbounded alphabet
and it is open whether UF is NP-complete for fixed alphabets.® Consequently, it is not implied
that the injective matching problem for the classes of patterns mentioned in Corollary 5.7 is still
NP-complete if the alphabet is fixed. However, for fixed alphabets of size 5, we can at least show
that the injective matching problem remains NP-complete for the class of non-cross patterns and
hence for patterns with a bounded scope coincidence degree.

To this end, we again devise a reduction g from 3D-MATcH, but now directly to inj-MaTtcH. In
order to define g, let (S, €) be an instance of 3D-MatcH, where £ > 1 and S = {sy, sy, ..., Sk} with
si = (pi, qi>1i), for 1 < i < k. Next, we define a word w over the alphabet ¥ = {a,b, $, ¢, #} and a
pattern a which uses the variables x; j, for1 <i<fand1<j <3,andy;,z;,for1 <i < {+1and
1 < j < 2¢ + 2. We first define the factors

ﬁizxilxizxi3, 1<i<¢,
u; = (aPb)*(a%b)?(a"b)?, 1<i<k,
#; = (#e et g™, 1<i<2k+2,

where m = max{2k + 1,3€} + 1. Then, in order to form « and w, these factors are combined in the
following way:

—_ m m m m m m m m
a=z{"y1zy P125 Y22 P2z5 yszg P3- - Pr zyp,q Yer1 29,y
2 ¢lF o E3E . F ST Z 2%k+1 %
w=#1$ Hour #3 $ Haug #5 $7 Hous - U Hor 8T Hokan -

Finally, we set g(S, €) = (a, w) and, in the following, let (S, £) be a fixed instance of 3D-MATcH and
(o, w) = g(S. 0).

Let us give an intuitive explanation of this reduction. The triples (p;, q;, r;) of S are encoded as
strings u; = (aPib)*(a7b)?(a’’b)?, i. e., the integer components are now encoded in unary and every
component is represented as a square. Since the factors f; of a are necessarily mapped to factors of
w that are three consecutive squares, any substitution mapping « to w maps every f; to some u;;
thus, selecting £ many of the u; (the single occurrence variables y; make sure that any u; can be
selected). If the substitution is injective, then the selected u; must correspond to a solution for the
3D-MATCH instance and the factors #; and $/ ensure that if the 3D-MATCH instance has a solution,
then also a substitution can select the corresponding u; from w in an injective way.

We now first prove that any substitution mapping @ to w can be interpreted as selecting £ many
of the factors u;.

LemMA 5.8. Ifh(a) = w for some substitution h, then there exist t1,t5,...,tp with1 < t; < t; <
... <tp <k, such that, for everyi with1 < i < £, h(f;) = uy,.

3 As shown in [9], the variant where we require the factorisation to have short factors instead of a large size is NP-complete
also for fixed alphabets.
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Proor. We assume that h(a) = w, where h is a substitution. Let j, where 1 < j < ¢, be arbitrarily
chosen. We recall that m = max{2k + 1,3¢} + 1, which implies that the only factors of the form
v™ in w are exactly the factors #;, where 1 < i < 2k + 2. Hence, h(z;’}) =%, and h(zg’;ﬂ) = #., for
some r and r’ with 1 < r < r’ < 2k + 2. This implies that

h(23; B 2451) = #r T F(r 1) T(re1) B(raz) © - Fro1) (1) Frr s

where, for every i with r < i < r’ — 1, the factor 7x; is either u: or $!. Furthermore, since pi =
2

2 2 2 . . .
X 1X] 5 X5 5, We have that h(f;) is the concatenation of 3 squares, i.e.,

h(B)) = mtr #(ra1) T(rs1) #r42) -+ - F(r—1) T(r1—1) = V10102020303

We first consider the case where r + 1 < r’. Since the factors #;, for everyiwithr+1<i<r -1,

are not repeated in w, we can conclude that these factors cannot be completely contained in one of

the roots vy, vz or v3. We now assume that 7, = $". Since 7, is not of even length, we can conclude

that there is an integer i with 1 < i < 3 such that v; starts in 7,, but does not end in 7,, i.e., it

overlaps the boundary between the factors 7z, and §(r+1)- Furthermore, as explained above, E(,H)
1,17

cannot be contained in v;; thus, v; = v[v]’, where v/ is a suffix of 7, and v]’ is a prefix of #(,,1).

This implies that in h(f;) there occurs a factor vjv!'v/v!" with v] € {$}* and v}’ € {#, ¢}", which
is a contradiction, since such a factor does not occur in w. If, on the other hand, =, = uz, then it
follows from the fact that ur is neither a square nor the concatenation of two squares, that there
must exist an integer i with 1 < i < 3 such that v; overlaps the boundary between the factors
n, and #,41), which implies that in h(B;) there occurs a factor viv/'v/v!" with v] € {a,b}" and
v}’ € {#,¢}*, which again is a contradiction.

Consequently, r + 1 = r’, which implies that h(f;) = 7, and since |$"| is odd and |h(f;)| is even,
we can conclude that 7, = ur. Hence, there must exist t1, 1y, -+ ,tpwithl1 <ty <t < ... <ty <k,
such that, for every integer i with 1 < i < ¢, h(f;) = u;,, which concludes the proof. O

We are now ready to prove that g is a reduction from 3D-MATcH to the injective matching
problem for non-cross patterns.

LEMMA 5.9. Let (S, €) be an instance of 3D-MATCH and let (o, w) = g(S, €). Then (S, €) has a solution
if and only if there exists an injective substitution h with h(a) = w.

Proor. In this proof, we shall use the following notation. For any substitution h, any pattern «
and any set V of variables that occur in @, we say that h is injective with respect to V if, for every
x,y € V,x # y implies h(x) # h(y). Obviously, A is injective if and only if it is injective with respect
to the set of all variables that occur in a.

We start with the only if direction and assume that {s;,, s, ..., s} is a solution for (S, £). We
define an injective substitution A in the following way. For every i with 1 < i < £, we define
h(x;1) = aPtb, h(x;2) = a?4b and h(x;3) = a"b. Thus, for every i with 1 < i < ¢, h(f;) = uy,

and, since {s;,, Ss,, .. .,5;,} is a solution, h is injective with respect to {x; ; | 1 <i < {,1 <j < 3}.
We extend h in such a way that h(z;) = #¢'#, h(z;,,) = #elue?s - #6224 and, for every i
with 1 < i < €+ 1, we have h(z]?) = #¢'#¢%# -+ #¢# and h(z]1, ) = #¢'#¢%#% -+ #¢* 4% This

particularly implies that h(z!") = #, h(zy),,) = #k+2 and, for every i with 1 < i < £ + 1, we have

h(z}) = #y, and h(z]}, ) = #2;,11. Furthermore, since the words #¢!#¢%# - - - #¢'#,1 < i < 2k + 2,
are pairwise different, h is injective with respect to {z; | 1 < i < 2¢ + 2}. Finally, we extend h
in such a way that the single occurrence variables y;, for 1 < i < € + 1, are mapped to the parts
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between the h(zy; fizy;,,) = #,,.Up, #24,41 factors, i. e,
h(yy) = $ %o ug #5 - - Fa(ey-1) U1 Far, 1 g2h-1
h(yer) = $20 Fary 1) g1 Farpes -+ - For Uk Fopr $5571,
and, for every i with 2 < i < ¢,

_ e2titl g i i 2Atir1—1)+1
h(yi) = $°77 #ar, 40 Urye1 Hor43 -+ Ury—1 #o(r-1)41 $ =1yt

Since all of these words h(y;), for 1 < i < € + 1, contain at least one of the factors $%-1 where
1 < j < k + 1, we can conclude that they are pairwise different and, thus, & is injective with respect
to{y; | 1 <i < €+ 1}. Moreover, h(a) = w holds and, since all variables x; ;, with 1 < i < £ and
1 < j < 3, are mapped to words over {a, b}, all variables z;, with 1 < i < 2¢ + 2, are mapped to
words over {#, ¢} and all variables y;, with 1 < i < £ + 1, are mapped to words that contain at least
one occurrence of $, we can conclude that A is injective with respect to all variables that occur in a.
This concludes the proof of the only if direction.

In order to prove the if direction, we assume that h(a) = w for some injective substitution h.
By Lemma 5.8, we can conclude that there exist t1, ¢, -+ ,tp with1 < t; < t, < ... <ty <k, such
that, for every i with 1 < i < ¢, h(f;) = u,,. This directly implies that, for every i with 1 < i < ¢,
we get h(x; 1) = al'ib, h(x; ) = a?b and h(x; 3) = a’b. From the fact that h is injective, we can

now easily conclude that {s;, ss,, ..., s } is a solution for (S, £). More precisely, if, for some i and
i"with 1 <i <i’ < ¢, we have p;, = p;,,, qs, = q1, or ry; = 1y, then this implies h(x; 1) = h(xy, 1),
h(xi2) = h(xy.2) or h(x;3) = h(xy 3), respectively, which contradicts the injectivity of h. O

Since the mapping g can be computed in polynomial time, we conclude the following.

THEOREM 5.10. inj-MATcH is NP-complete for PAT,. and PATs.q<k, for every k with k > 1, even for
a constant alphabet of size at least 5.

6 CONCLUSIONS AND OPEN PROBLEMS

For some of the classes of patterns with variables for which it is known that the matching problem
can be solved in polynomial-time, we have presented efficient algorithms. The algorithms for
patterns with a bounded number of repeated variables and for patterns with a bounded scope
coincidence degree have an exponential dependency on these parameters, which, suggested by the
W[1]-hardness of the respective parameterised problems, can probably not be avoided. However,
for rather small bounds on the parameters, i. e., for patterns with only one repeated variable and
patterns with a scope coincidence degree of one (i. e., non-cross patterns), our algorithms achieve
rather efficient running-times and require novel and sophisticated word combinatorial insights. As
mentioned in the introduction, these algorithms can also be used in order to efficiently compute
descriptive patterns of finite sets of words.

This algorithmic part is complemented by showing that it is very unlikely that comparitively
efficient algorithms (or any polynomial-time algorithms) exist for the injective variant of the
matching problem, where different variables must be replaced by different strings. More precisely,
the injective variant of the matching problem is NP-complete even for regular patterns (and, as
an immediate consequence, also for patterns with a bounded number of repeated variables or a
bounded scope coincidence degree (including non-cross patterns)). However, as a caveat, we stress
that we were only able to show this result with respect to unbounded alphabets. For the case of
constant alphabets (of size at least 5), we obtained the slightly weaker result that the injective
variant of the matching problem is NP-complete even for non-cross patterns (so also for patterns
with a bounded scope coincidence degree). It is an open problem whether the injective variant of
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the matching problem for regular patterns (or some other class of patterns with a bounded number
of repeated variables) can be efficiently solved for fixed alphabets.

As further research, it might be worthwhile to find efficient algorithms for other classes of
patterns for which polynomial-time matching is generally possible (note that the meta-theorem
of [36] is a powerful tool for identifying such pattern classes). Another extension of our results is
the erasing matching problem, where variables can also be substituted by the empty word. On the
one hand, our efficient algorithms can be extended canonically to the erasing matching problem
as well, without any change in the complexity. On the other hand, it is unclear whether also in
the erasing case the requirement for injectivity’ makes the matching problem harder (in the sense
demonstrated in Section 5). More precisely, the erasing matching problem can also be solved in
polynomial-time for regular patterns, non-cross patterns etc., but Theorem 5.6 does not imply
that requiring injectivity makes the matching problem hard; in fact, while computing a unique
factorisation of size at least n for a word w is equivalent to solving the injective matching problem
for w and pattern x;x; . . . x,, the latter task becomes trivial, if variables can be erased.

Since patterns with variables have their origin in learning theory and formal languages, it might
be worthwhile to extend the concept of injectivity accordingly. More precisely, to a given pattern o
with terminal alphabet X, we can associate its pattern language L(«), which is the set of all words
over X that match a. While the learnability as well as language theoretical properties of these
pattern languages are well-investigated, injective pattern languages, i. e., the set of all words that
match the pattern in an injective way, are, to the best of our knowledge, never considered so far.
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