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Abstract

In a recent paper we introduced infinite two-pattern strings on the
alphabet {a, b} as a generalization of Sturmian strings, and we posed
three questions about them:

e Given a finite string «, can we in linear time O(|x|) recognize
whether or not x is a prefix/substring of some infinite two-
pattern string?

e If recognized as two-pattern, can all the repetitions in  be com-
puted in linear time?

e Given an integer ¢, how many of these “two-pattern” strings x
of length ¢ are there?

In the previous paper we were able to answer the first of these ques-
tions in the affirmative, at least for “complete” two-pattern strings
x. Here we show that, once a complete two-pattern string a has
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been recognized, its repetitions can all be computed in linear time
using an iterative algorithm that in addition computes all the “near-
repetitions” in @®. The third question is dealt with in a subsequent

paper.

1 Introduction

In a recent paper [FLS03| the notion of two-pattern binary strings as a gen-
eralization of Sturmian strings was introduced. This paper follows on imme-
diately from [FLS03], which we recommend that the reader consult. Never-
theless, to provide a measure of self-containment, we review the main ideas
here.

Suppose an integer A > 1 is given (the scope), together with two nonempty
strings p and g on {a,b} such that [p| < A,/|g| < A\. We call p and q pat-
terns of scope \, and we require that they be suitable (see below for
definitions — roughly speaking, p and q are constrained to be dissimilar
enough that they can be efficiently distinguished from each other). For any
pair of positive integers ¢ and j, ¢ # j, consider a morphism ¢ that maps
single letters into blocks:

o: a—pq, b—pq. (1)

We call o an expansion of scope A and denote it by the 4-tuple [p, g, 1, j],
(or just [p, g, 1, j| if the scope is clear from the context).
Of course an expansion can be defined on any string @ on {a, b} by

o(x) = o(z[l])o(z[2]) -,
and the composition of two expansions is equally well-defined:
(020 01)(x) = 02(01()).
Suppose that for some positive integer k, a sequence
Sy =01,09,...,0%
of expansions of scope A is given, where

Or = [p’r‘aq’r'air7j7’])\ (2)



forr =1,2,... k. Then the string
x = Sk(a) = (o 0---009007)(a) (3)

is called a complete two-pattern string of scope ). Here x is of course
a finite string. A complete infinite two-pattern string of scope ) is a
string @ such that for every k > 0 there exists a sequence Sy of expansions
(2) such that Si(a) is a prefix of . Then an infinite two-pattern string
of scope ) is just any suffix of such a string x.

In the special case A = 1, p and g must both be single letters, and the
suitability condition requires that p = a, ¢ = b (or of course vice versa).
With the further restriction that j. =i, & 1 in (2), every Sturmian string is
an infinite two-pattern string of scope 1 and every block-complete Sturmian
string [FKS00] is a complete infinite two-pattern string of scope 1 [FLS03].

In this paper, as in [FLS03], we concern ourselves exclusively with com-
putations on finite complete two-pattern strings, that we therefore refer to
for short simply as two-pattern strings when no ambiguity results. In
[FKS00] we showed how to recognize finite substrings of Sturmian strings in
time proportional to their length, a result extended in [FLS03] to complete
two-pattern strings. Because the patterns in two-pattern strings are much
less constrained than those in Sturmian strings, the possibility arises that a
two-pattern string & might result from two distinct expansions

x=o01(y1), ©=o02(y2),

where y; is a two-pattern string but ys is not. [FLS03] essentially shows that
this circumstance is impossible, hence that an appropriate expansion can be
found without backtracking, hence that recognition requires only time linear
in |z|.

In this paper we suppose that a two-pattern string & of scope A\ has
been recognized, and that a corresponding sequence of k expansions (2),
r = 1,2,... ,k, has been identified that produces it. Our task here is to
compute all the runs in @ in linear time. As discussed in [FLS03], a recent
algorithm [KKO00] can compute the runs of any string in linear time, but
nevertheless questions remain about the possibility of discovering other more
direct and therefore more efficient approaches. Thus, while the algorithm
presented in this paper is more restricted than that of [KKO00], we believe
that it may contribute to our theoretical understanding of periodicity, as
well as to the design of future repetitions algorithms. Essentially the results



presented here are generalizations of those given in [FKS00] for Sturmian
strings and in [IMS97] for Fibonacci strings.

In Section 2 we state the main result of this paper and provide an overview
of the algorithm. Section 3 provides further explanation about the formation
of repetitions (runs) in two-pattern strings as a result of expansions (2). Then
Section 4 provides a high-level description of the algorithm that is reinforced
in Section 5 by a specification of the mechanisms by which each run and
near-repetition is derived. Finally, Section 6 provides concluding remarks
and links to detailed proofs.

We conclude this section by giving the promised definition of suitability:

Definition 1 An ordered pair (p,q) of nonempty binary strings is said to
be suitable if and only if

e p is primitive (that is, p has no nonempty border);

e p is not a suffix of q;
e q is neither a prefix nor a suffix of p;

e q is not p-reqular.

Definition 2 Given binary strings p and q, q is said to be p-regular if and
only if ¢ = upvu for some choice of (possibly empty) substrings w and v.

Actually, the second definition is a simplified one used in [FLS03], where it
was mentioned that the algorithm would actually work for a more restrictive
definition of p-regularity.

The more restrictive definition, according to Definition 1, permits a greater
number of suitable patterns to be used. The proofs of the lemmas and theo-
rems of this paper all use the more restrictive definition, however, similarly
as in [FLS03], the precise nature of the definition has no direct bearing on
the workings and nature of the repetition algorithm.

The more restrictive definition as given in [FLS03] contains typos, and so
we repeat it here in corrected form:

Definition 3 Given binary strings p and q, q is said to be p-regular if
and only if there exist (possibly empty) strings w, v together with nonnegative
integers ny,ng, ... ,ng, k>1,r>1, such that



e the integers n; assume at most two distinct values — that 1is,

Hnl D 1€ 11{}} <2

e g = (up"vp™)(up"vp™)- - (up"vP™)u for some u, v, r > 0, where
v =€ (the empty string) if r = 0.

Also for clarity and economy of presentation, we confine ourselves in this
paper, without loss of generality, to the case ¢ < j; that is, to expansions in
which a always maps into the short block p’q, b into the long block p’q.

2 Overview

It is well known [C81] that a string «[1..n] can contain O(nlogn) distinct
repetitions x[s..f] = u®, where 1 < s < f < n, u is the generator (and
not a repetition), |u| the period, and e > 2 the exponent. Thus a repetition
in @ can be specified by a triple

(s,9.€),

where g = |u| is the minimum period and (s, g,e + 1) is not a repetition. A
run (mazximal periodicity) in x is a nonempty substring x|s.. f] = uu’ of
minimum period |u| > |u’|, e > 2, that is nonextendible (neither x[s—1..f]
nor x[s..f+1] is a substring of period |u|). We call w’ the right extension
of the run. Thus a run in & can be specified by a 4-tuple

(8797 67 t)?

where ¢ = |u/| € 0..g — 1 is the length of the right extension that we call the
tail. The run was first defined and used in [M89]; it was shown in [KKO00]
that the number of runs in  is O(n). As explained in [M89], computing all
the runs in  implicitly yields all the repetitions.

Suppose that a sequence of expansions (2) has been found that operates
on xg = a, yielding successively

Tp =0 (XTr_q), T=1,2,...k,

where & = xy is a two-pattern string of scope A. Of course if a run u'u’
exists in @, _1, then its expansion o, (u'u’) is a substring of a run of minimum
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period |o,.(u)| in @,. Thus every run in «,_; expands into a corresponding
run in x,.

However there may in addition be runs in «, that do not result from runs
in x,_;. To take a very simple example, every mapping under o, of a single
letter into p"q, h > 2, must yield a run of minimum period |p| (since by
the definition of regularity, p must be primitive). As for Sturmian strings
[FKS00], it turns out that, except for “short” runs (defined below), every run
in &, can be identified as either an expansion of a run in x,_; or derived
from a run in @,_; or from one of only three other configurations in x,_q:

aubu, buaw, buaaub, (4)

where u can be any substring (including €, a or b) of @,._1. It is natural to call
these configurations near-repetitions: reversing the first letter (a — b, b —
a) of the first two configurations, and reversing both the first and last letters
of the last configuration transforms it into squares. For obvious reasons we
call the configuration aubbua also a near-repetition and will include it in
the set of configurations computed by our algorithm though it is not really
needed for the computation of runs.

Definition 4 A run u®u’ or a near-repetition (4) in a two-pattern string of
scope A is said to be short if |u| < 3\; otherwise, long.

We are now able to state the fundamental result of this paper:

Theorem 1 Fvery long run or long near-repetition in an expanded two-
pattern string ©, = o.(,—1), 7 = 1,2,... k, can be computed in O(1)
steps from exactly one of the runs or near-repetitions in €,_1.

Proof See Sections 3-5. O
Based on this result, our algorithmic strategy for the computation of runs
in a two-pattern string (3) is simple. For each r =1,2,... |k, we

(1) scan x, to compute the short configurations (runs and near-repetitions)
by brute force;

(2) compute the long runs in @, from the configurations already computed
n Tp_1;



L0
for g+ 1 to 3\ do

So 1
while s; <n—2¢g+1 do
S < So
while z[s| = z[s+¢] do
54 s5+1

if s—sy > g then

L& (so,9, [(s+9—1)/g], (s+g—1) mod g)
Sp < s+1

Figure 1: Brute Force for Short Runs

(3) compute the long near-repetitions in @, from the configurations of
Lyp_1.

Thus, after k steps, the runs in & = x;, are computed, as required.

Figure 1 shows the brute force algorithm that computes a list £ of 4-tuples
that identify all the short runs of period at most 3\ in «[1..n]. It is not hard
to show that this algorithm requires exactly 3\(n—3\) letter comparisons,
hence ©(n) time when A is a constant. The brute force calculations for short
near-repetitions are similar.

Since by Theorem 1 every long configuration (run or near-repetition) can
be computed in O(1) time, and since the total number of configurations is

linear in |x,| [KKO00], it follows that the r*1 step of this iteration requires
O(|x,|) time for the calculation of long configurations. Since by (1)

|.’137-‘ 2 2’337'—1’7

we conclude that the total time requirement for computing all short and long
configurations in x is O(|x|).

3 Runs & Their Expansions

In this section we first provide a complete explanation of the processing
required to compute a run in an expansion o(x) from an existing run in x.
The explanation is nontechnical and makes use of an extended example to
clarify the situations that can arise.



Of course the computation of runs in o(zx) from runs in « is just one
of many possible cases: runs from near-repetitions of type aubu, or near-
repetitions of type aubbua from runs, and so on. At the end of this section
we again use examples in order to provide insight into these cases. But the
main point is this: the pattern of processing is in all cases the same, the
variations are in detail only.

Observe that since i < j, in every expansion a is transformed into a short
block, b into a long block. Thus expansions may affect the starting position
s of an expanded run, its period g, and its tail ¢, according to the number of
occurrences of a and b in p and g. To make the calculations associated with
runs easier, we represent them as follows:

(87 g, ¢, t) = ((Sav Sb)v (gav gb)a €, (taa tb))v
where

e 5, is the number of occurrences of letter p preceding the starting posi-
tion of the run;

e g, is the number of occurrences of letter ;1 in the generator;
e ¢, is the number of occurrences of letter ;1 in the run’s right extension.
Consider for instance a string
t=aaababaoa )
In our notation the run (3,2,2,1) will be designated ((2, 0),(1,1),2,(1, O))
Note that simply summing the elements in each pair (adding 1 in the case of

the starting position) enables us to recapture the usual representation. Now
suppose that @ is expanded by o = [ab, bbb, 2, 33, yielding y = o(x):

1234567 8911111 1111122 222222223 3333333 334444444 4445555 5555556
01234 5678901 234567890 1234567 890123456 7890123 4567890 (6)

ababbbb ababbbb ababbbb abababbbb ababbbb abababbbb ababbbb ababbbb

Let p, (respectively, ¢,) denote the number of occurrences of p in p
(respectively, q), where p = a or b. Each a in @ contributes ip, + ¢, new
a’s in the expanded string y, while each b in @ contributes jp, + ¢, new a’s.



Similarly, each a in x contributes ip, + ¢, new b’s in y, and each b jp, + @
new b’s. Thus in order to compute the effect of o on each pair (hg, hy) listed
in the run for , we need only compute a transformation 7 as follows:

T(hayh) = (ha(iPa + @a) + Po(jPa + Ga), halips + @) + ho(ipy + @)
= ((h/aZ + hbj)pa + (ha + hb)QUm (hai + hb])])b + (ha + hb)Qb)

In our example, p, =1, pp, =1, ¢, =0, ¢ = 3, i = 2, and 7 = 3, so that
7(2,0) = ((2240-3)-1 4 (2+0)-0, (22 + 0-3)-1 + (2 + 0)-3) = (4, 10),

while similar calculations yield 7(1,1) = (5,11), 7(1,0) = (2,5). Hence the
expanded string (6) contains the expanded run py = ((4, 10), (5,11),2,(2,5)).
Almost. Examination of (6) reveals that po is not really a run since the
leading square can be extended to the left by 8 positions — more precisely,
by (2,6).

In general, we must recognize three situations:

1. The original run starts at position 1 of the original string. Then the
leading square of the expanded run is not left-extendible.

2. The run starts at position 2. Then the leading square of the expanded
run can be left-extended by i|p| positions; that is, by (ipa,ips). The
starting position must be decrement accordingly.

3. The run starts at a position > 3. Then the expanded run can be
left-extended by (ip,,ipy) as in case 2, but in addition by ges(p, q) =
|GC'S(p, q)|, the length of the greatest common suffix of p and gq.
Let gcs.(p, q) denote the number of a’s in GCS(p, q), gcsy(p, q) the
number of b’s. The total left extension of the run therefore amounts to
(z’pa + gcsq(p, q),ips + gesu(p, q)) Again, the starting position must
be decrement by this amount.

In our example case 3 applies. GC'S(p,q) = b, and so ges,(p,q) = 0 and
gesy(p, @) = 1. Hence the total left extension will be (2-14+0+40,2-14+341) =
(2,6). Therefore we must update the starting position to (4,10) — (2,6) =
(2,4), yielding the expanded run p; = ((2,4),(5,11),2,(2,5)). This looks
much better, but it is still not correct: it can easily be checked that the right
extension should have been (4,7) rather than (2,5).

In general, we must recognize two situations:
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1. The right extension of the original run extends all the way to the end of
the string; that is, there is no extra letter beyond the end of the exten-
sion. Then there is no additional right extension to the one computed
directly.

2. Otherwise there is an additional right extension of i|p| positions plus
gep(p,q) = |GCP(p, q)| positions, where GCP(p, q) is the greatest
common prefix of p and q. More precisely, there is an additional right-

extension (ipq + gepa(p, q), ips + geps(p, @)).

In our example, case 2 applies. Thus there is (2-1 + 0,214+ 0) = (2,2)
additional right extension. Hence we must modify the run to include the
additional right extension: ((2,4), (5,11),2, (4,7)). This almost looks correct
except for one problem: a careful examination of (6) reveals that in fact the
run contains a cube, so we should have e = 3. The explanation is simple: by
expansion, the run gained (2, 6) in left extension and (4, 7) in right extension,
altogether (6,13), enough gain to make another repeat of the generator that
requires (5,11). Hence we increment the exponent and reduce the right
extension:

((2,4),(5,11),2,(6,13)) = ((2,4), (5,11),3,(1,2)).

Finally we have the proper expanded run! Observe the calculation requires
only a restricted number of elementary operations on the four elements of
the run together with knowledge of gcs(p, q) and gep(p, q) (of course pre-
computed once only).

Based on this example, we make the following claim:

a proper expansion of a run in & to a run in o(x) is computable in

O(1) time (7)

However, as noted above, runs in o(x) do not arise solely as expansions of
runs in . For instance, in our example, each a in (5) gives rise to a substring
ababbb of (6) that contains two runs, ababbbbb and ababbbb. These new runs
are of course short and easy to determine using brute force.

But there are less obvious runs that arise during an expansion. Take for
instance an expansion o = [aabb, ab, 2, 3]4, and consider a near-repetition ab
in the string  to be expanded: ab will expand to

aabb aabb ab aabb aabb aabb ab

10



that contains a run with generator w = ba. So we must somehow track near-
repetitions of type ab in @ in order to keep track of all runs as they arise in
o(x).

One more example. Consider a near-repetition aabaa in a string « to be
expanded by o = [ab, bbb, 2, 3]3: aabaa expands to

ababbbb ababbbb abababbbb ababbbb ababbbb

that contains the run (ababbbb ababbbb ab)(ababbbb ababbbb ab)ab. So we must
somehow track near-repetitions of type aabaa in x in order to keep track of
all runs as they arise in o(x). Note that, unlike the previous example, the
near-repetition ab here does not give rise to any new run.

At this point the reader may believe that there simply is no possibility of
tracking all the possible ways that runs can arise in o(x). But it is actually
straightforward, though broken down into many special cases that result from
the combinations of configurations we need to track.

4 The Algorithm

In this section we return to the overview of the algorithm given in Section 2,
interpreted now in the light of the examples and analysis of Section 3.

As indicated in Section 2, our algorithm is a simple iteration that, for
eachr =1,2,... , k, computes the configurations (runs and near-repetitions)
in @, = 0,(,_1) based on those already computed for @,_;. The iteration
begins with g = a.

list type of
configuration

Ly runs

Lo aubu

L3 buau

L4 buaaub

Ls aubbua

Table 1: Lists & Configurations

For each r, we maintain five lists £,, (@), m = 1,2,... ,5, corresponding
to the five types of configurations, as shown in Table 1. When @, has been

11



completely processed, then, L£;(x,) lists all the runs in x,, L£o(x,) all the
near-repetitions of type aubu, and so on. For r = 0, all the lists £,,(x¢) are
of course empty. Note that while a 4-tuple is required to specify each run, a
near-repetition can be specified using only a pair (s, g), where g = |u|. This
is because the form of each near-repetition is known in advance — there is
no exponent e and no right extension u’.

Ly Lo Ly L,

£ (7,09) (10) (11) (12)
£ (13) (14) (15) (16)
z, L3 (17) (18) (19) (20)
Lo (1) (22) (23) (24)
£ (25 (26) (27) (28)

Table 2: Dependency of L,,(x,) on L, (x._1)

For each r =1,2,... |k, we begin by computing the short configurations
of each type m, using algorithms similar to the one specified in Figure 1, and
placing them in their corresponding lists £,,(@,). Then the lists are updated
from the lists £,/ (x,_1) for @,._1, according to procedures 7, as follows:

Lon(2r) 4= T (L1(Tro1), Lo(Tro1), L3(@r—1), La(Tr1)), (8)

m =1,2,...,5. In other words, the long configurations in each list £L,, ()
are computed from the configurations (long and short) in the four lists
Lo(xr_1), m = 1,2,3,4. The relationship between the lists for @, and
those for @, _; is shown explicitly in Table 2, where the reference numbers in
each position refer to the calculations specified in the text ((7) in Section 3
and (9)—(28) in Section 5).

With the information provided by (8) and Table 2, we can now give
a structured overview of the processing that computes the runs in a two-
pattern string . The algorithm is given in Figure 2, where we suppose that
the scope A and k expansions o, = [Py, gr, i, jr]r, 7 = 1,2, ... , k, are given.
The algorithm stores only two sets of list for each r, those corresponding to
x,._1 and x,.

In order to establish both the correctness and complexity of the all-runs
algorithm, we need essentially to establish Theorem 1. We have already seen
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§0;: 2 «aq
for m <+ 1 to 5 do
LY
for r + 1 to k do
209 ¢ o, ()
for m < 1 to 5 do
L3 « short configs (Jlu| < 3X)
of type m in "%
for m < 1 to 5 do
Lo & mn (20,29, L0, L)
0 1-0¢
output ﬁﬁ‘”

Figure 2: Computing All the Runs in Sk (a)

(Figure 1) that the short configurations can be computed in time linear in
string length, and it is straightforward to verify that the calculations (7) and
(9)—(28) can all be performed in constant time given a precomputation of ges
and gcp values. Thus, as observed in Section 2, the overall time requirement
of the algorithm is O(|x|).

It remains then to be shown that

e The calculations (7) and (9)—(28) are correct; that is, that the runs
specified are in fact those that arise as a result of an expansion. These
proofs are available in the web supplement identified for each calcula-
tion in Section 5.

e The calculations are complete; that is, that no runs other than those
specified can occur in an expansion o(x). As discussed in Section 6,
the completeness proof is also available on the web.

5 Deriving the Runs and Near-Repetitions

In this section we give the conditions under which a configuration (run or
near-repetition) in an expanded string y = o(x) can be derived from a
configuration in @, and we specify in each case the form of the expanded
configuration. We work with a general expansion o = [p, q, 1, j]; for the sake
of brevity, we use @ to denote the expansion o(u) of u.
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Deriving run from run (not run expansion!). 9)

1. The run in « has generator a, ¢ = p;p,y, P, # €, Py # €, P = P1P; =
DD
For every 2 < r < ¢ and every square aa in the run: o(aa) =
pzfrflprJrlqprJrlpzfrflq — pzfrflpprqprppzfrflq —

i—r—1. i—r—1

P Py [pop Py ] [P2P P11 g

The derived run has exponent 2 and the square [p2p"p1} [pr’“pJ
has maximal left-extension of size gcs(p,, P,) and has maximal right-
extension of size gep(py, Py)-

(See Corollary 1, case 3 for aa, in web supplement for proof.)

(Note: the conditions imply that p, # Py and p, # P, — otherwise
p = q, and p; # py, — otherwise p has a non-trivial border p,, and so
the squares produced by this derivation are distinct from the expansion

of aa)

2. The run in x has generator b, ¢ = p;py, Py # €, Py # €, P = PP =
DDy
For every 2 < r < j and every square bb in the run: o(bb) =

p]—r—lpr—l-lqpr—l—lpj—r—lq — pj—r—lpprqprppj—'r—lq —

PP, [pszpJ [p2prp1]ﬁ1pj_r_1q'

The derived run has exponent 2 and the square [prT’pJ [prTpJ
has maximal left-extension of size gcs(p,, P,) and has maximal right-
extension of size gep(p,, Py ).

(See Corollary 1, case 3 for bb, in web supplement for proof.)

(Note: the conditions imply that p, # Py and py # P, — otherwise
p = q, and p; # p, — otherwise p has a non-trivial border p,, and so
the squares produced by this derivation are distinct from the expansion

of bb)

3. The run in « has a string a as a generator, p = q,9,, q; # ¢, g, # ¢,
g =q,4, = 4,95, i = 2r+1 for some r > 2.
o(aa) = p'qp'q = p'qp*'q = 4> [q:p"q,] (92979, 419
The derived run has exponent 2 and the square [qurql} [ququ] has
maximal left-extension of size ges(q, §,) and maximal right-extension

of size gep(qy, 4y )-
(See Corollary 1, case 6, for aa in the web supplement for proof.)
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(Note: the conditions imply that q, # 4, and q, # 4, — otherwise
p=4q, and q, # q, — otherwise p has a non-trivial border q,, and so
the squares produced by this derivation are distinct from the expansion

of aa)

. The run in x has a string b as a generator, p = q,q9,, q; # €, g # ¢,
q = q,4, = 49,5, j = 2r+1 for some r > 2.

o(aa) = plap’q = P qp* "'q = G, |a.p" 1] (40" q1] G140

The derived run has exponent 2 and the square [qu’”qJ [ququ] has
maximal left-extension of size gcs(qy, §,) and maximal right-extension
of size gep(qy, G, )-

(See Corollary 1, case 6 for bb, in the web supplement for proof.)
(Note: the conditions imply that q, # 4, and q, # 4, — otherwise
p =q, and q, # q, — otherwise p has a non-trivial border q,, and so
the squares produced by this derivation are distinct from the expansion

of bb)

Deriving run from near-repetition aubu. (10)

. The near-repetition aubu in x is followed by an a, j < 2i. o(aubua) =
p'qup’qup'q = [p'qup’~'| [p'qup’~'|p*q.

The derived run has exponent 2 and the square [piqﬁpj *’1 [piqﬁpj *q
has maximal left-extension of size 0 (if aubua is an initial segment of
x) or of size ges(p, q) and has maximal right-extension of size (i|p| +

gep(p, q)).
(See Corollary 1, case 2, in web supplement for proof.)

.U =2¢€,q=DPPy, P FE, p27é§,p:p1ﬁ1 :ﬁ2p2‘
For every 2 < r < i: o(ab) = pi"prtigptp—""1q =

P lppTap pp’ T g = p Dy [P Dy | (PP Dy | PP T g

The derived run has exponent 2 and the square [pr”pJ [pr’”pJ
has maximal left-extension of size gcs(p,, P,) and has maximal right-
extension of size gep(py, Py)-

(See Corollary 1, case 3 for ab, in web supplement for proof.)

L U=¢E,P=¢qqs q1 7 E, 4y &, 4 = 1G4, = 4545, j = 2r+1 for some
r> 2.
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o(ab) = p'qp’q = p'qp”*'q = G5 [q.p" | [a:2p" a1 dra-

The derived run has exponent 2 and the square [qu’“qJ [ququ] has
maximal left-extension of size gcs(q, §,) and maximal right-extension
of size gcp(g,, 4y)-

(See Corollary 1, case 6 for ab, in the web supplement for proof.)

. The near-repetition aubu is followed by an a and is not an initial seg-
ment of . p =19y, 41 7€, 42 # €, 4 = 414y = 4295, ] = 2i+1.
o(-aubua) = --qp'qup’ qup'q = -G, (q,p'qup’ ' q,] [q,p"up'q, | 4, =
gy [QQPiqﬁpi(h] [‘bpiﬁpiﬁh} q.

The derived run has exponent 2 and the square [g,p'qup'q,] [q,p'up’q, |
has maximal left-extension of size gcs(qy, §,) and maximal right-extension

of size gep(g,, 4y)-
(See Corollary 1, case 7, in the web supplement for proof.)

Deriving run from near-repetition buau. (11)

. o(buau) = p'qup'qu = p'~ [p'qu] [p'qu).

The derived run has exponent 2 and the square [p"qﬂ] [piqﬂ} has max-
imal left-extension of size gcs(p, @) and maximal right-extension of size
0 (if buaw is an end segment of x) or of size (i|p| + gep(p, q)).

(See Corollary 1, case 5, in the web supplement for proof.)

. W=ZE,q =P Py, P1 & Py # &, P = P1P1 = PaPs.

For every 2 <r < j: o(ba) = p? " lp"Tlgp Tlp"1q =

P lpp qp pp T g = p Ty [pop" oy ] [Pop D | B T e

The derived run has exponent 2 and the square [pr’”pJ [pr’”pJ
has maximal left-extension of size gcs(p,, P,) and has maximal right-
extension of size gep(py, Py)-

(See Corollary 1, case 3 for ba, in web supplement for proof.)

L U=E,P=q1qy, 41 # & Qs F €, 4 = q1G, = G245, © = 2r+1 for some
r > 2.

o(ba) = p'ap’q = p'ap*t'q = §4» (a0 41 (420" 1] 414

The derived run has exponent 2 and the square [qurql} [ququ] has
maximal left-extension of size ges(q, §,) and maximal right-extension

of size gep(qs, ;)
(See Corollary 1, case 6 for ba, in the web supplement for proof.)
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Deriving run from near-repetition buaaub. (12)

L. g =pip,, P, 7é§a pz?é & P= P1P1 = DoPs.
o(buaaub) = p’qup'qp'qup’q =
PP, [popiqup'p, | [pop'qup’p | pop’ T g
The derived run has exponent 2 and the square [p,p'qup’p, | [p,p'qup'p, |
has maximal left-extension of size gcs(p,, P,) and maximal right-extension

of size gcp(py, Pr)-
(See Corollary 1, case 4, in the web supplement for proof.)

Deriving near-repetition aubu from run. (13)

1. The run in x has a string a as a generator, g = p,bp,, p = Pyap, =

PP, for some p,, Py, P,.

For every 2 < r < i and every square aa in the run: o(aa) = p'qp'q =

i—r—1,r+1 i—r—1
p

gp"t'plq=p" " lpp'qp pp' g =
—r—1.4 —r—1

P Py a[pop i |b[pap P ]| DD e
(See Theorem 2, case 1 for aa, in web supplement for proof.)

2. The run in « has a string b as a generator, g = p,bp,, p = P,ap, =
P P;, for some p,, Py, P,. o
For every 2 < r < j and every square aa in the run: o(bb) = p’gp’q =
#—r—lpr+1qpr+1w—r—1q — p]—r—lpprqprppj—r—lq —

PP, [a [pQPTPJ b [pzper ] PP’ g
(See Theorem 2, case 1 for bb, in web supplement for proof.)

3. The run in & has generator a, p = q,bq,, ¢ = §4,aq,, for some q, q,,
g,
For every 2 < r < i/2—1 and every square aa in the run: o(aa) =
p'ap'q = p'qp*’q = p'qp"pp'Pq = P'4,[a[a;p"a,]b[a.0"q,] | basa.
(See Theorem 2, case 5 for aa, in web supplement for proof.)

4. The run in x has generator b, p = q,bq,, ¢ = 4,aq,, for some q,, q,,
4.
For every 2 < r < j/2—1 and every square bb in the run: o(bb) =
P'ap’q =p'qp” *q = p'qp"pp’Pa = P4, [a]a:p"q:]b[a:p"q:] | bazq.
(See Theorem 2, case 5 for bb, in web supplement for proof.)
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. The run in & has generator a, p = q,bq,, ¢ = §,aq, = q,4,, for some
qi, 95, 41, 45, @ = 2r+1 for some 2 < r.

For any square aa in the run: o(aa) = p'qp’q = p'qp
P'ap’pp'q = P'ds[ala.p"a, |b[gp a1 ]] G,

(See Theorem 2, case 9 for aa, in web supplement for proof.)

2r+1 . __
q=

. The run in & has generator b, p = q,bq,, ¢ = 4,aq, = q,4,, for some
qi, 9, 41, 45, j = 2r+1 for some 2 < r.

For any square bb in the run: o(bb) = p’qp’q = p’qp* 'q =
P/ap’pp'q = p’ds|alg>p"q:|b[a:p" a1 )] d1-

(See Theorem 2, case 9 for bb, in web supplement for proof.)

Deriving near-repetition aubu from near-repetition aubu. (14)

1. u=c¢, q=pbpy, p= Pyap, = p, Py, for some p,, p,, P,.

For every 2 < r < j: o(ab) = p'qp’q =
i—r—1,.7r+1 r+1,j—r—1, __ i—r—1 T T j—r—1, __
o pap P q=p " pp'qp’pp’" g =

D Do [a [pszpl}b[pQPTPJ]ﬁle_T_lQ
(See Theorem 2, case 1 for ab, in web supplement for proof.)

. u=¢,p=q,bqy, 9 = §raq,, for SOIeE g1, g3, 4,
Forevery 2 <r < j/2—1: o(ab) = p'qp’q = p'qp*
DP'q, [CL [q2prq1]b[q2prq1”bq2q.

(See Theorem 2, case 5 for ab, in web supplement for proof.)

q =p'qp"pp'pg =

. The near-repetition aubu is followed by a b and it is not an initial
segment of ¢, p = q,bq,, ¢ = §,aq,, for some q,, q,, G5, 1 < j+1/2.
o(-aubub) = --qp'qup’qup’q = --qp'qup’ " 'pp'qup’ " 'pp'q =
~G[a|q.p'qup’ ™" q,|b[a.p'qup’~ " q, | | basp'y.

(See Theorem 2, case 6, in web supplement for proof.)

. The near-repetition aubu is followed by a a and it is not an initial
segment of &, p = q,bq,, ¢ = §,aq,, for some q,, q,, G5, i > j+1/2.
o(-aubua) = --qp'qup’ qup'q = -qp'qup’ "~ 'pp'qup’ " 'pp* 7 "'q =
gy [a [Q2piqﬂpj_i_l%]b[sziqﬂpj_i_l%]]b(hp%_j_lq

(See Theorem 2, case 7, in web supplement for proof.)
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5. The near-repetition aubu is followed by a a and it is not an initial
segment of x, p = q,bq,, ¢ = §,aq,, for some q,, q,, 4,, j = 2i.
o(-aubua) = --qp'qup’ qup'q = -qp'qup’ "' pp'qup’ ' "'pq =
gy [a [QQpiqﬁpj_i_l%]b[(bpiqﬂpj_i_lﬁh]]bQQCI-

(See Theorem 2, case 8, in web supplement for proof.)

6. u=c¢,p=qibqy, ¢ = §raq; = q,q,, for some qy, q,, 4y, G, j = 2r+1
for some 2 < r.
o(ab) = p'qp’q = p'qp”"'q = p'qp'pp’q =
P4, [a [(IQPTQJ b[QQPT(hH(h-
(See Theorem 2, case 9 for ab, in web supplement for proof.)

2r+1

7. The near-repetition aubu is followed by an a and it is not an initial
segment of @, p = q,bq,, ¢ = §,aq, = ¢4, for some q;, q,, 4y, gy,
j=2i+1.
o(-aubua) = --qp'qup’qup'q = -qp'qup’ """ 'pp'qup’~""'q =
gy [a [QQplqﬂp]_l_l%]b[‘]zpzqﬁp]_l_lﬂh]]qu~
(See Theorem 2, case 10, in web supplement for proof.)

Deriving near-repetition aubu from near-repetition buau. (15)

L u=e¢, q=pibp,, p = Pyap, = p,P,, for some p,, p,, P,.
For every 2 < r <i: o(ba) = p’qp’q =

j—r—1,r+1 i—r—1
b

gp"t'plq=p " ppqp pp " q =
1—r—1

P by [alpop’pi |b[pap Py ] [P g
(See Theorem 2, case 1 for ba, in web supplement for proof.)

2.u=¢,4q = Q1'bp27 plz'ﬁgapQ, er SOme gy, Py, 2% ' ‘
o(ba) = p'gp'q = p’"'ppigp'q = P’ "Dy [a[pyp'qs [0 [Pop’ay ] | bp..
(See Theorem 2, case 3, in web supplement for proof.)

3. u # ¢, q=q,bpy, p = Pyap,, for some qy, Py, Ps. -
Since u # €, u = uyq for some u;. Thus o(buau) = p’qup'qu =
p’quiqp'qu.q = p’'"'pp'quigp’qu.q =
PP, [a]p,ppquiq, | b[p.p'qu | | bp,.

(See Theorem 2, case 4, in web supplement for proof.)
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4. u=¢, p=4q,bq,, g = g,aq,, for SOIme gy, g, 4, .
For every 2 < r < i/2-1: o(ba) = p’qp'q = p’qp***q = p’qp"pp'pq =
P4, [a [‘bpr(h] b[QzPT‘IJ ] bq,q.

(See Theorem 2, case 5 for ba, in web supplement for proof.)

5. u=¢, p=q;bq,, 9 = 4,aq, = q,§,, for some gy, q,, Gy, 45, P = 2r+1
for some 2 < 7.
o(ba) = p’qp'q = p'qp>*'q = p'qp'pp'q =
P4y [a[qop"q,]b[qsp a1 ] ]G,
(See Theorem 2, case 9 for ba, in web supplement for proof.)

Deriving near-repetition aubu from near-repetition buaaub. (16)

1. g = p,bp,, p = P,ap, = p; Py, for some py, Py, Ps.
o(buaaud) = p’qup’qp'qup’q = p’~''pp'qup'qp'qup’pp’ " 'q =
P 'p,[a[p,pqup’p, |b[pop'qup’p, | | P .
(See Theorem 2, case 2, in web supplement for proof.)

Deriving near-repetition buau from run. (17)

1. The run in « has a string a as a generator, ¢ = p,ap,, P = Pybp, =

PP, for some py, P, D,.

For every 2 < r < i and every square aa in the run: o(aa) = p'qp'q =
pzfrflprJrlqprJrlpzfrflq — pzfrflpprqprppzfrflq —
i—r—1

PPy [b[poppia[pop i PP .
(See Theorem 3, case 1 for aa, in web supplement for proof.)

2. The run in « has a string b as a generator, g = p,ap,, p = P,bp, =

P P;, for some p,, Py, P,. o
For every 2 < r < j and every square aa in the run: o(bb) = p’gp’q =

p]j—r—lp’r-‘rlqpr—i—lpj—r—lq — pj—r—lpprqprppj—r—lq —
PP, [b [p2prp1] a [pszpJ ] PP’ g
(See Theorem 3, case 1 for bb, in web supplement for proof.)
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3. The run in « has generator a, p = q,aq,, ¢ = §,bq,, for some q,, q,,
4.
For every 2 < r < i/2—1 and every square aa in the run: o(aa) =
p'qp'q = p'qp* *q = p'qp"PP'Pq = P'4,[b[a:,p"q,]a [, q] | ag,a.
(See Theorem 3, case § for aa, in web supplement for proof.)

4. The run in & has generator b, p = q,aq,, ¢ = 4,bq,, for some q,, qs,
4.
For every 2 < r < j/2—1 and every square bb in the run: o(bb) =
P'ap’q =p’'qp**q = p’ap'pp'pq = P4 [b[a:p 41 ] a[g:p" 41 ] | ag»q.
(See Theorem 3, case & for bb, in web supplement for proof.)

5. The run in « has generator a, p = q,aq,, ¢ = 4,bq, = q,4,, for some
4y, 95, 41, 45, © = 2r+1 for some 2 < r.
For any square aa in the run: o(aa) = p'qp’q = p'qp
P'ap’pp’q = P'4s[b[ayp"ay ] a[ap"ay]] G,
(See Theorem 3, case 9 for aa, in web supplement for proof.)

2r+1 . __
q=

6. The run in « has generator b, p = q,aq,, ¢ = 4,bq, = q,4,, for some
41, 95, 41, 45, ] = 2r+1 for some 2 < 7.
For any square bb in the run: o(bb) = p’qp’q = p’qp* 'q =
Pap’'pp’q = p'd,[b[a:p"q1]ala:p"a1] )4y
(See Theorem 3, case 9 for bb, in web supplement for proof.)

Deriving near-repetition buau from near-repetition aubu. (18)

L. u=¢, g =pap,, p = Pbp, :Plﬁh for some py, P, Po.
For every 2 < r < j: o(ab) = p'qp’q =
pfﬁr*lprﬂqulp]*rflq — pzfrflp.prqprppjfrflq —

p P, [b [PszpJ a [pQPTPJ ]plp]7T71Q-
(See Theorem 3, case 1 for ab, in web supplement for proof.)

2. u=¢, p=q,aq,, 4 = 4,bq,, for some ¢y, gy, go-
Forevery 2 < r < j/2—1: o(ab) = p'qp’q = p'qp* >
DP'qs [b [‘bPT‘h]@[‘bPT‘h]]Mh‘l-

(See Theorem 3, case 5 for ab, in web supplement for proof.)

q =p'qp"pp'pq =
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3. The near-repetition aubu is followed by a b and it is not an initial
segment of &, p = q,aq,, ¢ = 4,bq,, for some q,, q,, G5, 1 < j+1/2.
o(-aubub) = --qp'qup’ qup’q = --qp'qup’ " 'pp'qup’ " 'pp'q =
gy [b [‘bpiqﬂpj_i_lfh}G[QQPiqﬂpj_i_l%HGQQpiQ-

(See Theorem 3, case 6, in web supplement for proof.)

4. The near-repetition aubu is followed by a a and it is not an initial
segment of &, p = q,aq,, ¢ = §,bq,, for some q,, q,, G5, i > j+1/2.
o(-aubua) = --qp'qup’qup'q = --qp'qup’ "~ 'pp'qup’ " 'pp* I~ 'q =
gy [b [‘bpiqﬁpj_i_lfh}a[(hpiqﬂpj_i_l(h]]GQszi_j_lq'

(See Theorem 3, case 7, in web supplement for proof.)

5. The near-repetition aubu is followed by a a and it is not an initial

segment of &, p = q,aq,, g = §,bq,, for some q,, qy, G,, j = 2.
o(-aubua) = --qp'qup’qup'q = --qp'qup’ """ 'pp'qup’ " 'pq =
gy [b [QQquﬁP]_l_l‘h}a[(hpzqﬂpj_z_l(h]]GQQQ-

(See Theorem 3, case 8, in web supplement for proof.)

6. u=c¢,p=4qiaq,, ¢ = q4sbq; = q,q,, for some q,, q,, 4y, Gy, j = 2r+1
for some 2 < r.
o(ab) = p'qp’q = p'qp”'q = p'qp"pp’q =
P’q, [b [QQPT%]CL[(MPTQJ]%-
(See Theorem 3, case 9 for ab, in web supplement for proof.)

2r+1

7. The near-repetition aubu is followed by an a and it is not an initial
segment of @, p = q,aq,, 4 = §>,bq, = ¢4, for some q;, q,, 4y, gy,
Jj = 2i+1.
o(-aubua) = --qp'qup’qup'q = ~qp'qup’ " 'pp'qup’ " "'q =
gy [b [QQPZqﬁﬂ_l_lih]a[‘]zplqﬁp]_l_l%]]qu~
(See Theorem 3, case 10, in web supplement for proof.)

Deriving near-repetition buau from near-repetition buau. (19)

1. uw=¢, q=pap,, p = p.bp, :Aplpla for some p;, Py, Ps.
For every 2 < r < i: o(ba) = p’qp’q =
#—T—lpr+1qpr+lpz—r—lq — p]—r—lpprqprppz—r—lq _

P’ by [b[pop" Py |a[pop Py | [P g
(See Theorem 3, case 1 for ba, in web supplement for proof.)

22



2.u=¢,4q = q,apy;, P = D2bps, er SOme gy, Py, Do . '
o(ba) = p'qp'q = p'~"'ppigp'q = p’ "' P, [b[pop'q | a[pop'a: ] | aps.
(See Theorem 3, case 3, in web supplement for proof.)

3. u#¢€, g =q,ap,y, p = Pybp,, for some qy, p,, Py. . .
Since u # €, u = wu,q for some u;. Thus o(buau) = p’qup'qu =
P’'quigp'quiq = p’~'"'pp'quigpquiq =

p’~7'p, [b[pyppiquig, | a[p,p'qus || ap,.

(See Theorem 3, case 4, in web supplement for proof.)

4. u=¢, p=q,aq,, q = §4,bq,, for SOIme gy, 4z, ds. 4
For every 2 < r <i/2-1: o(ba) = p’qp'q = p’qp* "*q = p’qp"pp'pq =
P4, [b [QQpr(h] Q[QQPTQJ]WEQ-
(See Theorem 3, case 5 for ba, in web supplement for proof.)

5. u =¢, p=q,aq,, 9 = 4,bq, = q,4,, for some gy, q,, Gy, 45, i = 2r+1
for some 2 < r.
o(ba) = p’qp'q = p'qp*"'q = p’qp'pp'q =
P’q, [b [CI2PTQ1]G[QQPTQ1H‘11-
(See Theorem 3, case 9 for ba, in web supplement for proof.)

Deriving near-repetition buau from near-repetition buaaudb. (20)

L. q = piapy, p = Pobp, = p1P,, for some py, py, Ps.
o(buaaud) = p’qup'qp'qup’q = p’~''pp'qup'qp'qup'pp’ " 'q =
PP, [b[pyp’qup'p, |a[pypiqup'p, | | P g
(See Theorem 3, case 2, in web supplement for proof.)

Deriving near-repetition bucaub from run. (21)

1. The run has generator a, p,bp, = p,bp,, ¢ = p,aap,, for some p,, P,,
Py, and Py, 7 > 3.
For every square aa of the run: o(aa) = p'qp'q = pp'~'qp"~'pq =
j 2 [b [pzpi_lpJ aa [pzpi_lpﬂ b] D1q.
(See Theorem 4, case 1 for aa, in the web supplement for proof.)
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2. The run has generator b, p,bp, = p,bp,, ¢ = p,aap,, for some p,, P,
Py, and Poy, 7 > 3.
For every square bb of the run: o(bb) = p’qp’q = pp’ 'qp’ 'pq =
Do [b [pQPi_lpJ aa [pQPj_1p1] b}ﬁﬂ]-
(See Theorem 4, case 1 for bb, in the web supplement for proof.)

3. The run has generator a, p = a, g = bq, = 4,b, 1 =2r, r > 3.
o(aa) = p'qp'q = p'qp®’q = P'¢,[b[p" ' Jaa[p"']b] 4.
(See Theorem /4, case 3 for aa, in the web supplement for proof.)
4. The run has generator b, p = a, ¢ = b4, = 4,b, j = 2r, r > 3.
o(bb) = p'qp’q = p'qp> q = P4, [b[p" '] aa[p"]|b] G,
(See Theorem 4, case 3 for bb, in the web supplement for proof.)

5. The run has generator a, g = §4,bq, = q,b4,, p = qyaaq,, 1 = 2r+1,
r > 3.
For any square aa in the run: o(aa) = p'qp’q = p'qp
', [b [QQPT]%]CW [Q2PTQ1}b] q;.
(See Theorem 4, case 5 for aa, in the web supplement for proof.)

g = gqp'ppq =

6. The run has generator b, ¢ = 4,bq, = q,b4,, p = qyaaq,y, j = 2r+1,
r>3.
For any square aa in the run: o(bb) = p’qp’q = p’qp* *'q = qp"pp"q =
P4, [b [QQPT]%]CW [QQPT(h}b]Qr
(See Theorem 4, case 5 for bb, in the web supplement for proof.)

Deriving near-repetition buaaub from near-repetition aubu. (22)

L. u =¢, p,bp, = p1bPy, ¢ = pyaap,, for some py, Py, py, and P,, i > 3.
o(ab) = p'qp’q = pp''qp''pp’ " 'q =
Do [b [pzpi_lpJ aa [pQPi_lpJ b] g
(See Theorem 4, case 1 for ab, in the web supplement for proof.)

2. u=¢,p=a,q=0b4, =G4,b, 5=2r,r>3.

o(ab) = p'qp’q = p'qp™ q = P'd, [b[p" '] aa[p™']b] 4.
(See Theorem 4, case 3 for ab, in the web supplement for proof.)
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3. The near-repetition aubu in x is followed by an a and is not an ini-
tial segment of &, p = a, ¢ = b4, = G,b, j = 2i+2. o(-aubua) =
~gp'qup’qup'q = --§, [b[p'qup’ | pp[p'qup’~*]b] ¢, =
-Gy [b[p'qup’~"?]aa [p'qup’~?]b] 4, .

(See Theorem 4, case 4, in the web supplement for proof.)

4. u=¢, q=4qsbq, = q,bq,, p = q,aaq,, j =2r+1,r > 3.
o(ab) = p'qp’q = p'qp**'q = qp'pPp'q =
PiQQ [b {%Pﬂ‘h}aa [QQPT(Il}b] q-
(See Theorem /4, case 5 for ab, in the web supplement for proof.)

5. The near-repetition aubu in x is followed by an a and is not an initial
segment of =, ¢ = §,bqg, = q,bq,, p = q,aaq,, 7 = 2i+1.
o(-aubua) = --qp'qup’qup'q = -qp'qup’ ' 'pp'qup’ ' 'q =
gy [b [‘hpiqﬂpj_i_l‘h}aa [%ﬂqﬂpj_i_l%}b]‘jl-
(See Theorem 4, case 6, in the web supplement for proof.)

Deriving near-repetition buaaub from near-repetition buau. (23)

L. u = ¢, p,bp, = p,1bP,, g = praap,, for some p;, Py, Py, and Py, i > 3.
o(ba) = p’qp'q = p’~""'pp’'qp'"'pq =
PP, [b [p2pi_1p1] aa [p2pi_1p1:| b] D14
(See Theorem 4, case 1 for ba, in the web supplement for proof.)

2. u=¢,p=a,q=>bq;, =q4,b, 1 =2r,r > 3.

o(ba) = p'qp'q = p'qp® q = P’ G, [b[p" ] aa[p"']b] 4.
(See Theorem 4, case 3 for ba, in the web supplement for proof.)

3. u=¢,q = ‘jzb(h = Q1b(j17 P = qiaaq,, it = 2r+1, r > 3.
o(ba) = p’qp'q = p'qp**'q = qp'Pp'q =
P4, [b [QQPT] (h] aa [qurql} b] q;-
(See Theorem 4, case § for ba, in the web supplement for proof.)

Deriving near-repetition buaaub from near-repetition buaaub.
(24)
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. Dobpy = p1bPy, ¢ = piaap,, for some py, P, py, and P,.

o(buaaud) = p’qup'qp'qup’q = p’~'"'pp'qup'qp'qup’pp’ " 'q =
PP, [b[pyp’qup'p, |aa [popiqup'p, b g

(See Theorem 4, case 2, in the web supplement for proof.)

Deriving near-repetition aubbua from run. (25)

. The run has generator a, p,ap, = p,ap,, ¢ = p,bbp,, for some p,, P,,
Py, and Py, © > 3.

For every square aa of the run: o(aa) = p'qp'q = pp'~'qp"~'pq =
j 2 [a [p2pi_1p1} bb [pQPi_lpJ a] DP1q.

(See Theorem 5, case 1 for aa, in the web supplement for proof.)

. The run has generator b, p,ap, = p,ap,, ¢ = p,bbp,, for some p,, P;,
Py, and Poy, 7 > 3.

For every square bb of the run: o(bb) = p'qp’q = pp’ 'qp’ 'pq =
Dy [a [pzpjflpl}bb[p2pj71p1]a}ﬁ1q

(See Theorem 5, case 1 for bb, in the web supplement for proof.)

. The run has generator a, p="b, q = ag, = ¢,a, 1 =2r, r > 3.
o(aa) = p'qp'q = p'qp®q = P’ [a[p" ' |bb[p""]a] ;.
(See Theorem 5, case 3 for aa, in the web supplement for proof.)

. The run has generator b, p =0, q = ag, = ¢,a, j =2r, r > 3.

o(bb) = p'qp’q = p'qp* q = P’ G, [a[p"'|bb[p '] a] ¢,
(See Theorem 5, case 3 for bb, in the web supplement for proof.)

. The run has generator a, ¢ = §,aq, = q,aq,, p = q,bbq,, © = 2r+1,
r>3.

For any square aa in the run: o(aa) = p'qp’q = p'qp
P4, [a [qu’"}qub [QQPTQ1]G]Q1~

(See Theorem 5, case 5 for aa, in the web supplement for proof.)

g = gp'pp'q =

. The run has generator b, ¢ = §4,aq, = q,a4,, p = q,bbq,, 7 = 2r+1,
r > 3.

For any square aa in the run: o(bb) = p’qp’q = p’qp* 'q = qp"pp"q =
P4, [a {%Pq‘h]bb [Q2PT(11}G] q;-

(See Theorem 5, case 5 for bb, in the web supplement for proof.)
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Deriving near-repetition aubbua from near-repetition aubu. (26)

1. u = ¢, pyap, = pyap,, q = p,bbp,, for some p,, P;, p,, and P,, ¢ > 3.
o(ab) = p'qp’q = pp''qp”'pp’ " 'q =
Do [a [Pzpiflpl} bb [pQPFlpJ a] g
(See Theorem 5, case 1 for ab, in the web supplement for proof.)

2.u=¢,p=>b,q=aq, =qgsa,j=2r, >3
o(ab) = p'qp’q = p'qp®’q = p'd,[a[p"'|0b[p"']a]q;.
(See Theorem 5, case 3 for ab, in the web supplement for proof.)

3. The near-repetition aubu in x is followed by an a and is not an ini-
tial segment of @, p = b, ¢ = ag, = §,a, j = 2i+2. o(-aubua) =
-gp'qup’qup'q = -§,|a|[p'qup’~?|pp[p'qup’~?]a] G, =
-Gy |a[p'qup’~2|bb[p'qup’~?]al §, .

(See Theorem 5, case 4, in the web supplement for proof.)

=€, 4 = 4y0q; = q10q,, P = q,bbqy, j = 2r+1, 7 > 3.

(a ) =p'qp’q = p'qp”*'q = qp'pp'q =
P’ [ [QQP }‘h]bb[%l’ Q1]a] q;-

(See Theorem 5, case 5 for ab, in the web supplement for proof.)

5. The near-repetition aubu in x is followed by an a and is not an initial
segment of ¢, ¢ = §4,aq, = q,aq;, p = q,bbq,, j = 2i+1.
o(-aubua) = --gp'qup’qup'q = --qp'qup’'pp'qup’ " 'q =
-Gy |alq.p'qup’ "' q, ]| q.p'qup’ " q,]al g,
(See Theorem 5, case 6, in the web supplement for proof.)

Deriving near-repetition aubbua from near-repetition buau. (27)

1. u=¢, pyap, = p,ap,, q = plbbPQ, for some p,, P, Py, and P,, i > 3.
a(b ) pqp'q =p " 'pp’lqp'pq =

p] p2[ [pQP pl]bb[pr pJ ]plq'
(See Theorem 5, case 1 for ba, in the web supplement for proof.)

22 u=¢,p=bq=aq, =q4,a,1=2r,r > 3.
o(ba) = p'ap'q = P'ap” q = p’4y[a[p" "] bb[p" ']l Gy
(See Theorem 5, case 3 for ba, in the web supplement for proof.)
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3.u=¢,4q = ‘szLQQ = 91GQ1a P = q,bbq,, 1 = 2r+1, r > 3.
o(ba) = p’qp'q = p'qp**'q = qp'Pp'q =
P4, [a [quT}ql]bb [‘bpr‘h}a]‘jr
(See Theorem 5, case 5 for ba, in the web supplement for proof.)

Deriving near-repetition aubbua from near-repetition buaaub.
(28)

L. pyap, = pyap,, q = p,bbp,, for some p,, Py, Py, and Ps.
o(buaaub) = p’qup'qp'qup’q = p’~'"'pp'qup'qp'qup’'pp’ " 'q =
PPy [a[pyp'qup'p, | bb [pyp'qup’p, |a]pip g
(See Theorem 5, case 2, in the web supplement for proof.)

6 Concluding Remarks

It is straightforward to see that the derivations described in (7)-(28) are
sound as they derive the correct runs and near-repetitions. However, it re-
mains to be shown that they are also complete; that is, that all long runs and
near-repetitions arise in the ways described in (7)—(28) and in no other way.
Otherwise, our algorithm might miss some of the runs or near-repetitions.

Note also that the fact that in an expansion o = [p, g, 7, j|, the pair (p, q)
must be suitable, has not played any role in the discussions of the repetition
algorithm. The truth is that it does play the most important role in the
actual proofs of the completeness of the derivations (7)—(28).

The proofs of the completeness of the derivations (7)—(28) (and thus of
Theorem 1) are mathematically uninteresting, tedious and lengthy, as they
are based on “brute force” discussions of all possible ways a square or a near
repetition can be laid out in an expanded string. For that reason, and since
they do not facilitate understanding of how the algorithm works, we omit
them from the paper. However, the interested reader can find them in all
their gory details and length at the web site of the first author:

www.cas.mcmaster.ca/~franek/web-publications.html
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This appendix contains the proofs only. For the definition of two-pattern
strings and the motivation of the theorems presented here, please, see the
report.

First we need to introduce or recall some terminology:

For a string wu[l..k|, its segment is u[m..n] for some 1 < m < n < k.
u* will denote the set of all its segments. A segment wu[l..n] is called
an initial segment, while a segment w[m..k] is called an end segment.
We say that segment u[m;..n|| precedes segment u|ms..ns] (or equivalently
that segment w[ms..ns] follows segment w[my..ny]) if ny < mo.

A square uls..s+k—1|u[s+k..s+2k—1] can be left-extended by m positions
if u[s—m+r| = u[s—m+r+k| for any 0 < r < k (and so
uls—m..s—m+k—1ju[s—m+k..s—m+2k—1] is a square).

A square u[s..s+k—1|u[s+k..s+2k—1] can be right-extended by m posi-
tions if u[s+m+r] = u[s+m+r+k] for any 0 < r < k (and so
uls+m..s+m+k—1]us+m+k..s+m+2k—1] is a square).

A square uls..s+k—1]uls+k..s+2k—1] is irreducible if uls..s+k—1] is not
a repetition. A string is called primitive if it has no non-empty border.

If x and y are two-pattern strings and o = [p,q,i,j] an expansion and
y = o(x), then y is a concatenation of blocks p‘q and p’q. These occurrences
of copies of p and q are called restrained.

GCS(u,v) denotes the greatest common suffix of u and v, while GCP(u, v)
denotes the greatest common prefix of u and v.

Lemma 1 Let x, y be two-pattern strings of scope X\, o = [p,q,i,]]x an
expansion, and y = o(x). Let m < n, k > 1 and let F : y[m..n]* —
ylm+k.n+k|* be a bijection defined by F(y[s1..s2]) = y[s1+k..so+k]. Let py,
a restrained copy of p that is a segment of y|m..n], precede q,, a restrained
copy of q that is a segment of y however not an end segment. Then it is not
possible for F(p,) to be a segment of q .

Proof By the way of contradiction, let us assume that p, is a restrained
copy of p that is a segment of y[m..n| and that is mapped by F onto a
segment of q,. p, is followed by some (or none) restrained copies of p, let
us denote them p,, ... p,, followed by a restrained copy of g, let us denote it

q,.
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If the F images of p,, ..., p, were not all segments of q,, then one of
the F-images of p;, ... p, would either be an end segment of g, (giving p
a suffix of g, a contradiction), or it would intersect q, and the restrained
copy of p immediately following g, (which contradicts the primitiveness of
p). Thus we must conclude that all the F-images of p,...p, are segments of
q,. It follows that F(q,), intersects with g, while it is not its segment. The
initial segment of g, that is not a segment of F(q,) can be expressed as up'
(see the diagram below), and so ¢ = (up’) v, where v is a prefix of up’, for
some r > 1.

F (q,)

up't

a, P

e case v = ¢ : is impossible, for p would be a suffix of q.

e case v is a proper prefix of u : then u = v®, where ¥ is a non-empty
prefix of p, as q, is followed by P, a restrained copy of p. Henceforth
the end segment of y of which p is an initial segment has ©p as a prefix,
which contradicts the primitiveness of p.

e case v = u : then q is p-regular as ¢ = (up’)"u, a contradiction.

e case v = up®v, where 0 < s < t and 0 is a prefix of p : ¥ # ¢, for
otherwise p would be a suffix of g. It follows that s < . q, is followed
by p, a restrained copy of p. Consider the end segment S; of y of which
up®*0p (the end segment of q, followed by p) is an initial segment. It
has up'up®d as a prefix (the end segment of F(q,)). Let us move to
the right past the prefix up® in the segment S;. It is an end segment of
y, denote it S;. Sy has Up as a prefix and also p as a prefix, as s < r.
This contradicts the primitiveness of p.

All cases lead to contradictions, and so our initial assumption cannot
hold. O
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Lemma 2 Let x, y be two-pattern strings of scope A\, ¢ = [p,q,i,j|x an
expansion, and y = o(x). Let m < n, k > 1 and let F : y[m.n|" —
ylm—k.n—k]* be a bijection defined by F(y|si..s2]) = y[s1—k..so—k|. Let
Py, a restrained copy of p that is a segment of y[m..n], follow q, a restrained
copy of q that is a segment of y. Then it is not possible for F(p,) to be a
segment of q,.

Proof Virtually identical to the proof of the previous lemma. O

In the following theorem we will discuss In the following we are going to
discuss all possible ways squares can arise. We say that y[s..s+2k—1] is a
square if y[s+m| = y[s+k+m] for any 0 < m < k.

Theorem 2 Let x, y be two-pattern strings of scope A, 0 = [p,q,1,j|x an
ezpansion, and y = o(x). Let S = yls..s+k—1|y[s+k..s+2k—1] be a big
wrreducible square in y that cannot be left-extended. Then either

1. S is a square in the o-expansion of a run in x; or

2.7 <2 and S is a left-extension of a square derived from an aubua
near repetition or itself derived from an auwbua near repetition in x in
the following way: o(aubua) = p'qup’qup'q =
[p'qup’~'] [p'qup’~|p*q; or

3. q = PPy, P1 # € P2 # €, P = PP = PPy and S is derived from
one of the near repetitions aa, ab, ba, and bb in x in the following way:

o(aa), o(ab), o(ba), o(bb) all have p"gp ™', 0 < r < i (for aa, ab,
ba) and 0 < r < j (for bb), as a substring. p"qp™™! = pp'qp’p =
Do [pszPJ [PQPTPJ Di; or

4. @ =D1Ps; P1 F €, Py # &, P = P1Py = PoP, and S is derived from a
buaaub near repetition in x in the following way: o(buaaub) =

P qupqp'qup’q = P’ p, [p.p'qup'p, | [pop'qup’p, | pop’ T q; or

5. § is a left-extension of a square derived from a buaw near repetition
or itself derived from a buaw near repetition in x in the following way:

o(buau) = p’qup'qu = p’~ [p'qu| [p'qu]; or

6. P=q19>, q1 # €, @ # €, 4 = q14; = G245, P = 2r+1 (for aa, ab, ba)
or j = 2r+1 (for bb) and S is derived from one of the near repetitions
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aa, ab, ba, and bb in x in the following way: o(aa), o(ab), o(ba), o(bb)

all contain qp*™'q as a substring. qp*'q = G, |q.p"qy] [@2p"q1] Gy ;
or

7. P=qqs q1 #¢, 4, # €, 9= q,1G;, = 4295, ] = 2i+1 and S s derived
from a -aubua near repetition in x in the following way: o(-aubua) =
---gp'qup’ qup'q = - - -4, [q.p'qup’ ' q, | [a,p"up'q, ] G, =
-4y |q.p'qup'q, | [g,p"up'q, | G, -

Proof For the square § = y[s..s+k—1]y[s+k..s+2k—1] in y, the bijection
Rs : uls..s+k—1]" — u[s+k..s+2k—1]* defined by

Rs(u[s+m..s+n]) = u[s+k+m..s+k+n]

will be referred to as reflection, while its inverse as antireflection.

For the purpose of applying Lemma 1, the role of the bijection F will be
played by the reflection, while for applying Lemma 2, the role of F will be
played by the antireflection.

The proof is conducted by a “brute force” discussion of all possible ways
the square S can be placed in y with respect to the restrained copies of p and
q in y. We will use a graphical method to describe the various placements.

|:| represents a given restrained copy of p

-------------

represents an implied restrained copy of p

.............

|:| represents a given restrained copy of

> > represents the square
> > represents left-, or right-extended square
----------------- >«“-““-“\“\~
T T . represents reflection of a segment
—_— < — to a Segment

represents antireflection of a segment
——— —— to a segment

represent identical prefix and suffix of p

represent identical prefix and suffix of p
of length 1

The cases are discussed based on where the points y[s] and y[s+k—1] are
located. Recall that for the square S to be big, &k > 3.
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Case (1) — pp-pp (i.e. the point yls| is located in a restrained copy of p
followed by another restrained copy of p, and the point y[s+k—1] is located
in a restrained copy of p followed by another restrained copy of p):

la ‘:‘d{: 1

is possible only if p = a. That reduces it to case 1h below.

N S
Al S
N\

-------------- -<“-“~-h“-\“\
1e ',’ ’r’ \‘s - .
S =1 A | ——

P e S
1f | Fra 5
I | I | I
R — SRR >

----------------- ——
19 — P! X
S |[=——t [ [



is not possible as it contradicts the primitiveness of p.

h F—— ——— >

P Py P P,

is possible. If p, is preceded by a restrained copy of p, then the square
S can be left-extended, a contradiction. Hence p, is preceded by a
restrained copy of g, or p, is an initial segment of y. Since S is irre-
ducible, y[s..s+k—1] # p' for t > 2. Since it is big, it y[s..s+k—1] # p.
Therefore there is g,, a restrained copy of g, that is a segment of
y[s..s+k—1]. It follows that p’q is a prefix of y[s..s+k—1] and p’~* is
a suffix of y[s..s+k—1]. Thus y[s..s+2k—1] = p'qup’ ‘p'qup’~" for
some uw. Thus y[s..s+k—1] = p'qup’qup’~* which is a substring of
either p'qup'qup’q (and so the square is derived from the expansion
of the near repetition aubub in x, hence it is a square in the run in
y that is the expansion of a run in @ that contains the square ubub)
(so case 1 of the theorem is satisfied), or p'qup'qup’q provided
j—i < i (and so the square is derived from the expansion of the near
repetition aubua in x and case 2 of the theorem is satisfied).

i —— ——

is not possible as it contradicts the primitiveness of p.

~~~~~~~~~

1k ’,’ z’/ “*ss - .
— E— (A— —

is not possible as it contradicts the primitiveness of p.

Case (2) — pp-pq
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is not possible as it contradicts the primitiveness of p.

2b [ e i It !

is not possible as it contradicts Lemma 1.

is not possible as it allows the square S to be left-extended (it would
also imply that either p is a prefix g or q is a prefix of p).

i " P

is not possible as it contradicts the primitiveness of p.

2e >
— ”,»’/ \~\\ _ .
2f |« —¢ |
is not possible as it contradicts Lemma 1.
————————————— >«“-\\\"\\\
° P —| I | — 1
9 o= 29—

is not possible as it contradicts the primitiveness of p.
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2h ¢ |

is not possible as it allows the square S to be left-extended (it would
also imply that either p is a prefix of q or q a prefix of p).

—————————————— >"-“““\‘“~~~
o == ST : )”‘ . | ,
— E— ! !

—————————————————— 9“-““\-\\“\
2m -l ——E—
 —— A m—— 7

is not possible as it contradicts the primitiveness of p.

Case (3) — pp-qp
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3a H ; Eg <

is not possible as it contradicts the primitiveness of p.

1_'“| [ \, < 1T 1
3c t ¢ I I

is not possible as it contradicts Lemma 1.

3d _

is not possible as it contradicts the primitiveness of p.
S

[— [

is not possible as it contradicts the primitiveness of p.

39 I 2N II I 7

is not possible as it contradicts Lemma 1.
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,,,,,,,,

is possible if g = p,p,, for some p, # € that is a prefix of p, and some
P, # ¢ that is a suffix of p. Since § is big, either

1. there is no restrained copy of g that is a segment of yls..s+k—1],
and so y[s..s+2k—1] is a substring of p"T'gp” for some r > 1, and
so § is derived from one of the near repetitions aa, ab, ba, and bb in
x (and so case 3 of the theorem is satisfied); or

2. there is a restrained copy of g that is a segment of y[s..s+1—k]
and so y[s..s+2k—1] is a substring of p’qup’qp'qup’q that is the
expansion of buaawub near repetition in @, and thus S is derived from
a near repetition buaaub in & (and so case 4 of the theorem is

satisfied).
--------- g A
I — I | P |
R Ll <€ 7

is possible. S is a left-extension of a square p‘qup‘qu that is a sub-
string of p’qup’qu that is the expansion of buau near repetition in
x. Therefore S is a left-extension of a square derived from a near
repetition buaw in & and so case 5 of the theorem is satisfied.

3 F——1 —— >

p1 p2 ql p3

is possible. Since § cannot be left-extended, either p, is an initial
segment of y, and so § is the expansion of a square in x, or p; is
preceded by a restrained copy of p, and so y[s..s+2k—1] = p'qup’qu
that is a substring of p/qup’qu that is the expansion of buau near
repetition in @. Therefor S is derived from a near repetition buaw in
x and so case 5 of the theorem is satisfied.
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S —— : s - :

is not possible as it contradicts Lemma 1.
Case (4) - pg-pp

4l —k— ‘

is possible only if p = a. That reduces it to case 4k below.

ab [ == =

is not possible as it contradicts Lemma 2.

is not possible as it contradicts Lemma 2.
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de | = I — ,

____________

an I ——

D — I | I—

is not possible as it implies that q is a prefix of p.

4k k N
pl ql p2 p3

is possible. Since & cannot be left-extended, either p, is an initial
segment of y, or p; is preceded by a restrained copy of q. Hence i = 1
and S = pqup’'pgqup’~! that is either a substring of pqup’pqup’q
or pqup’pqupq, if 7 = 2. In the former case, pgqup’pqup’q is the
expansion of aubub, and so § is a square in the run in y that is the
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expansion of a run in « that contains the square ubub (and so case 1
of the theorem is satisfied). In the latter case, S is derived from a
near repetition aubua (and so case 2 of the theorem is satisfied).

T P ———]
 — — - E—

is not possible as it contradicts the primitiveness of p.

¥

—————————————————— ‘>~-“-“~\\\\\
am === o m—
—— A —— >

is not possible as it contradicts the primitiveness of p.
Case (5) - pq-pg

N ——

is not possible as it contradicts the primitiveness of p.

4

S e By e S ,

Y
- - - L \\: — .
oe |:|_| I m—
Grmmmmm e >¢ >



is not possible as it allows the square S to be left-extended.

\\\\\

| ———a | ——"
5f | Af—fr—= A E——

e R

-

59 == D 3

is not possible as it implies that q is a prefix of p.

= | —m |

is not possible as it implies that p is a prefix of q.

C L I Ti— | N} )i
Si § I = : | ) =

is not possible as it contradicts the primitiveness of p.

. II II : "' 'rt:," I - II I: ~~\~\~\: sss
S I | | I [ =— >

is not possible as it contradicts the primitiveness of p.

Case (6) — pg-qp

6a [ = — — ‘

is possible only if p = a which reduces it to case 6k below.




is not possible as it implies that p is a prefix of q.

is not possible as it contradicts the primitiveness of p.

------------------- >N“hﬁ“-\“\
o6f ¢ 1 - ><\ -

is not possible as it contradicts the primitiveness of p.

6g [ = | [ I S
| I (A 1 !

,,,,,,,,,,, D H
6h [ —f—= |

,,,,,,,,,,, DR
,//,—4' T =
6i |:|_| i




is not possible as it implies that q is a prefix of p.

R ——— T \

is not possible as it contradicts the primitiveness of p.

6k k 3k
[ | I I |
pl ql qz p2

is possible. Because & cannot be left-extended, p, is preceded by a re-
strained copy of p, or p, is an initial segment of y. In the former case,
y[s..s+2k—1] = p'qup’qu that is a substring of p’ qup’qu, the expan-
sion of a near repetition buau in x (and so case 5 of the theorem
is satisfied). In the latter case, i = 1 and y[s..s+2k—1] = pqupqu
that is the expansion of auau, and so § is a square in the expansion
of a run that includes the square auau in  (and so case 1 of the
theorem is satisfied).

----------------- >-“““NN\'~\
e —ar—
p— ] [ | ’

sl | [ I |
6m | T | = I | >

is not possible as it contradicts Lemma 1.

Case (7) — qp-pp

is not possible as it contradicts the primitiveness of p.
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A =

is not possible as it contradicts the primitiveness of p.

is not possible as it contradicts the primitiveness of p.

_______________ LS 9
e — i  — B ]
o ¢ S s >
is possible. The square S is a left-extension of a square

yls+m..s+m+k—1ly[s+m+k..s+m+2k—1]. If there is no restrained
copy of q that is a segment of y[s+m..s+m+k—1]|, then
y[s+m..s+m+k—1] = p" for some r > 1. Since S is irreducible, r = 1.
But that contradicts the fact that S is big. Therefore there must be a
restrained copy of g that is a segment y[s+m..s+m+k—1].

S is, thus, a left-extension of the square &7 =
yls+m..s+m+k—1]y[s+m+k..s+m+2k—1].

Since, y[s+m..s+m+2k—1] = p'qup’qup’ ", either

1. j < 2i and y[s+m..s+m+2k—1] is a substring of p‘qup’qup’ and so

&1 is derived from an aubua near repetition in x, and so case 2 of
the theorem holds; or

. y[s+m..s+m+2k—1] is a substring of p‘qup’qup’ that is the expan-
sion of aubub near repetition in & and so case 1 of the theorem is
satisfied.
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7h

7i

7

~~~~~~~~~~~~~

is possible if p = g,q,, for some g, # ¢ that is a prefix of g and some

g, 7 ¢ that is a suffix of q. Either

1. there is no restrained copy of g that is a segment of y[s..s+k—1] and
then y[s..s+2k—1] is a substring of gp"q, r =i or r = j, r is odd,
which is a substring of the expansion of one of the following near

repetitions in @: aa, ab, ba, and bb (and so case 6 o
is satisfied); or

f the theorem

2. there is a restrained copy of g that is a segment of y[s..s+k—1] and
then yl[s..s+2k—1] is a substring of gp’qup’quq that is a substring
of the extension of -aubu-, provided ;7 = 2i+1 (and so case 7 of

the theorem is satisfied).

T < ~~~~~~~~~~~~~~~~~~~ .

,’/——

e —

is not possible as it implies that q is a prefix of p.

~~~~~

[
[




is not possible as it contradicts Lemma 2.

71 k = | Sdrs—
€ i

J | AN | E—

is not possible as it contradicts Lemma 2.
Case (8) — qp-pgq

is not possible as it contradicts the primitiveness of p.

] { S \
8b | § ! I ]

is not possible as it contradicts Lemma 1.

is not possible as it implies that q is a prefix of p.

8d | = : | H - |

is not possible as it contradicts Lemma 1.
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is not possible as it contradicts the primitiveness of p.

Z T—a | N P— |
8g | < I ! | e I

4

L/ // ,,""I» - \\,ﬂ—l\\ = \,ﬂ—lx\
8h ‘:I_l I | —

G

is not possible as it implies that p is a prefix of q.

8 —r—— ——

q, Py P, 4,

4

is not possible. For & cannot be left-extended and so either g, is
an initial segment of y[s..s+k—1], which is a contradiction, or g, is
preceded by a restrained copy of g, also a contradiction.




is not possible as it contradicts the primitiveness of p.

""""""""

8l ] | -

M | — [ I Je=

is not possible as it contradicts the primitiveness of p.

Case (9) — gp-qp

9b — H

P 3¢
< ?<

v

is not possible as it allows S to be left-extended.

o [ S=== ‘
L=

is not possible as it contradicts the primitiveness of p.

_,,—""...>..”7>;K7\\*~\\
od | f—= pE=——]




is not possible as it contradicts Lemma 2.

------------- <-“-N“\\‘~\
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is not possible as it contradicts Lemma 2.
_//__”__.--’-’-’-’-_}_-_;;-_.«::::::2 ~~~~~~~~~~~~~
o [ T
s N —

9k #

—————

is not possible as it contradicts Lemma 2.
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is not possible as it contradicts the primitiveness of p.

Corollary 1 Let x, y be two-pattern strings of scope \, 0 = [p,q,1i,j] an
expansion, and y = o(x). Let S be a run iny. Then either

1. S is an expansion of a run in x; or

2. 7 <2iand S is a run of power 2 derived from an aubua near repetition
in  in the following way: o(aubua) = p'qup’qup'q =
[p'qup’~'] [p'qup’~"|p* 7 q with left-extension of size 0 (if aubua is
an initial segment of x) or of size GCS(p, q) and with right-extension
of size (i|p| + GCP(p,q)); or

3.q = PPy, Py # & Py # €, P = PPy = PPy and S is a run of
power 2 derived from one of the near repetitions aa, ab, ba, and bb in

x in the following way: o(aa), o(ab), o(ba), o(bb) all have p"qp 1,
2 <r < i (for aa, ab, ba) and 2 < r < j (for bb), as a substring.
pHgp ™t = ppqp'p = Py [Py’ Py [P D1 |y with left-extension of
size GCS(py, Py) and right-extension of size GCP(py, Py); or

4. @ =P1Ps, P1 # €, Py # €, P = P1Py = PPy and S is a run of power
2 derived from a buaaub near repetition in x in the following way:
o(buaaub) = p’qup'qp'qup’q = N
P’ by [pop'qup'p, | (o' qup'p | pop’ ! q with left-extension of size
GCS(py,Py) and right-extension of size GCP(py, py); or

5. S is a run of power 2 derived from a buaw near repetition in x in the
Jollowing way: o(buau) = p'qup'qu = p’~'[p'qu| [p'qu] with left-
extension of size GCS(p,q) and right-extension of size 0 (if buaw is
an end segment of x) or of size (i|p| + GCP(p,q)); or

6. P=qiqy, @ # &, Q2 # &, ¢ = q14; = G2q,, @ = 2r+1 (for aa, ba)
or j = 2r+1 (for ab, bb) for some r > 2, and S is a run of power
2 derived from one of the near repetitions aa, ab, ba, and bb in x in
the following way: o(aa), o(ab), o(ba), o(bb) all contain gp* *'q as a
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substring. qp*t'q = §,|a,p"q1] [@,p"q,] G, with left-extension of size

GCS(qy,4,) and right-extension of size GCP(q,,4,); or

7. P=q1qs, @1 # €, Q2 # €, 9= q1G;, = G295, ] = 2i+1 and S is a run of
power 2 derived from a -aubua near repetition in x in the following way:
o(-aubua) = --qp'qup’ qup'q = -4, [q.p'qup’ "' q,] [@:.p"Up'q,] ¢, =
Gy [qu"qﬁp’ql] [q2plﬂpzq1} G, with left-extension of size GC'S(qy, Gs)
and right-extension of size GC'P(q,, G,).

Proof Just apply the previous theorem to the leading square of the run. O

In the following we are going to discuss all possible ways near repetitions
of type aubu can arise. We say that y[s..s+2k+1] is an aubu near repetition
if y[s] = a, y[s+k+1] = b and y[s+m] = y[s+k+1+m| for any 1 <i < k.

Theorem 3 Let x, y be two-pattern strings of scope A, 0 = [p,q,1,j|x an
extension, and y = o(x). Let S = y[s..s+2k+1] be a big aubu near repeti-
tion in y. Then either

1. q = pbpy, P = Prapy, = p1Py, for some py, Py, Py, and S is derived
from aa, ab, ba or bb near repetition in x in the following way: o(aa),

o(ab), o(ba), and o(bb) all contain p"Hqp ™ as a substring (2 <r <i
for aa, ab, ba, and 2 < r < j for bb). p"Tlqp™™ = pp'qp’p =
Do [a [p2prp1] b [pQPTPJ }ﬁl

2. q = p1bpy, P = Prapy = PPy, for some py, Py, Py, and S is derived
from a buaaub near repetition in x the following way: o(buaaub) =
p’qup'qp'qup’q = p’~""'pp'qup'qp'qup'pp’ " 'q =
P, [alpyp qup'p, |b[p.p'qup'p, | B0 g

3. q = q,bp,, p = Dyap,, for some qy, Py, Dy, and S is derived from a
ba near repetition in x in the following way: o(ba) = p’qp'q contains
pt'gp'q as a substring. p"*'qp'q = p'pap'q =
Do [a [pr’ql] b [prqu } bp,.

4. q = q,bpy, D = Pyap,, for some qy, Py, Py, and S is derived from
a buaw near repetition (u # €) in x in the following way: uw = wiq,
o(buau) = p'qup'qu = p’quiqp'qu.q = p’~''pp'quiqp’qu.q =
P 1p,y [a[pyppiquiq, |b[p.piqu ]| bp,.
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10.

P = q,bq,, g = §,aq,, for some qy, G, G5, i > 6 (for aa, ba) or j > 6
(for ab, bb) and S is derived from aa, ab, ba, or bb near repetition in x
in the following way: o(aa), o(ab), o(ba), o(bb) all contain qp* ™ as
a substring (2 <r < %—1 foraa, ba, 2 <r < %—1 for ba, bb).

qp” ™ = qp'pp'p = Gy [a|q,p"q,]b[a,p"a, ] ba,.

p = q,bg,, @ = §,aq,, for some q, g5, Gy, 1 < % and § is derived
from a -aubub near repetition in x in the following way: o(-aubub) =
-qp'qup’qup’q = -qp'qup’~ " 'pp'qup’ " 'pp'q =

gy [a [Q2piqﬂpj_i_l%]b[sziqﬂpj_i_IQ1HbQ2piQ~

P = 4,09, 9 = 4,aq,, for some qy, q5, 45, 1 > %; and S 1is derived

from a -aubua near repetition in x in the following way: o(-aubua) =
~qp'qup’qup'q = --gp'qup’ " 'pp'qup’ " 'pp* g =
-Gy [a]q.p'qup’ "1 q,]b[qyp'qup’ T q, ]| bg,p* ' q.

P = q,bq,, q = 4,aq,, for some q, qy, 4, j = 2i, and S is derived
from a -aubua near repetition in x in the following way: o(-aubua) =
~qp'qup’qup'q = --qp'qup’ " 'pp'qup’ " 'pq =

gy [a [‘bﬂqﬁpjﬂ;l(h]b[Q2piqﬁpjii71(I1HbQQ(I-

P = q,bqy, ¢ = 4,09, = q,4, for some qq, q, Gy, s, @ = 2r+1 (for
aa, ba) or j = 2r+1 (for ab, bb) for some 2 < r, and S is derived
from aa, ab, ba, or bb near repetition in x in the following way: o(aa),
o(ab), o(ba), o(bb), they all include gp*"™'q as a substring. qp* T'q =

ap'PP'q = G>[a[q,p"q,)b[a,p"q,]]d;.

P = q1bqy, 9 = G209y = q,G,, for some qy, qs, Gy, Gy, J = 2i+1, and
S is derwed from a -aubua near repetition in x in the following way:
o(-aubua) = --qp'qup’qup’q = --gp'qup’~"~'pp'qup’~"'q =

-Gy [alq.p'qup’ ™" q,|b[a.p'qup’ T q,] ]G, -

Proof

We shall conduct the proof in the same spirit as the proof of Theorem 2 by
a “brute force” discussion of all possible ways the near repetition aubu can
be placed in y with respect to restrained copies of p and q. We shall employ
a graphical language similar to the one used in the proof of Theorem 2. Also
similarly we define the reflection Rs : y[s+1..s+k|* — y[s+k+2..s+2k+1]*
and its inverse, the antireflection.
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o represents letter a
® represents letter b

represents string u

@l

8¢ represents pattern au bu

o%
|:| represents a given restrained copy of p

represents an implied restrained copy of p

.............

[ ] represents agiven restrained copy of g

represents reflection of a
segment to a segment

represents antireflection of a
segment to a segment

——— ——
represents two letters at

.. P matching positions

Recall that for the near repetition S to be big, £ > 3.

Case (1) — pp-pp (i.e. the point y[s] = a is located in a restrained copy of
p followed by another restrained copy of p, and the point y[s+k+1] = b is
located in a restrained copy of p followed by another restrained copy of p):

la [ d—] —%—] >

Py Pa Ps P,

is not possible as it implies that the last letter of p; is a and the last
letter of ps is b.




is not possible as it contradicts the primitiveness of p.

is not possible as it contradicts the primitiveness of p.

------------------ <-““~“N“\\'“~\

= ,

is not possible as it contradicts the primitiveness of p.

- >
P, \,‘pz o P53 Py

is not possible as it implies that the n-th letter of p, is a and the n-th
letter of py is b, where n is the position of y[s] in p; and the position
of y[s+k+1] in p;.

is not possible as it contradicts the primitiveness of p.
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e —— :

Py Py P; Py

is not possible as it implies that the first letter of p, is a and the first
letter of ps is b.

Case (2) — pp-pq

is not possible as it implies that the last letter of p; is a and the last
letter of ps is b.

b E e X

is not possible as it contradicts the primitiveness of p.

is not possible as it contradicts the primitiveness of p.




is not possible as it contradicts the primitiveness of p.

29 | o¢ ﬂ = >

P >y
P S A —— ’m:l'
e o/
RN ',/'

is not possible as it implies that g is a prefix of p (it also implies that
the n-the letter of p is both a and b).

,,,,,,,,,,,,, P
2i o ”‘:| . 1 >
N . /

is not possible as it implies that p is a prefix of q. (it also implies that
the n-the letter of p is both a and b).

i
I

P P, P, 4
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is not possible as it implies that the first letter of p, is a while the first
letter of ps is b.

Case (3) — pp-qp

~~~~~~~~~~~

vl
0,

is possible if ¢ = p;b for some p; that is a prefix of p and a is a suffix
of p. Either

1. there is no restrained copy of q that is a segment of y[s+1..s+k and
so y[s..s+2k+1] is a substring of p"gp” (and so it is derived from aa,
ab, ba or bb near repetitions in x and thus case 1 of the theorem
holds for p, = ¢); or

2. there is a restrained copy of g that is a segment of y[s+1..s+k] and
so y[s..s+2k+1] is a substring of p"* qup'qp’qup’™q that itself is
a substring of p’ qup’qp’qup’q (and so it is derived from a buaaub
near repetition and case 2 of the theorem holds for p, = ¢).

is possible if b is a suffix of q and a is a suffix of p. Either

1. there is no restrained copy of q that is a segment of y[s+1..s+k| and
S0 y[s..s+2k+1] is a substring of p'T!gp'q that itself is a substring
of p’gp’q (and so it is derived from a ba near repetition in & and so
case 3 of the theorem holds for p, = ¢); or

2. there is a restrained copy of q that is a segment of y[s+1..s+k] and so
y[s..s+2k+1] is a substring of p"*'qup’qu that itself is a substring
of p’qup’qu (and so it is derived from a buawu near repetition with
u # ¢ and so case 4 of the theorem holds for p, = ¢).
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7

~~~~~~~~~~~~~~~~~~

is possible if ¢ = p,bp, for some p, that is a prefix o
so that ap, is a suffix of p. Either

1. there is no restrained copy of g that is a segment of y[s+1..s+k| and
so y[s..s+2k+1] is a substring of p"gp” (and so it is derived from
aa, ab, ba or bb near repetitions in & and so case 1 of the theorem

holds); or

2. there is a restrained copy of q that is a segment of y[s+1..s+k] and
+lq that itself is
a substring of p’ qup’qp’qup’q (and so it is derived from a buaaub
near repetition and so case 2 of the theorem holds).

so y[s..s+2k+1] is a substring of p"* qup'qp’qup’
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is possible if for some p,, bp, is a suffix of g and ap, a suffix of p.
Either

1. there is no restrained copy of g that is a segment of y[s+1..s+k| and
s0 y[s..s+2k+1] is a substring of p'Tgp'q that itself is a substring
of p’gp’q (and so it is derived from a ba near repetition in & and so
case 3 of the theorem holds); or

2. there is a restrained copy of q that is a segment of y[s+1..s+k] and so
y[s..s+2k+1] is a substring of p**'qup’qu that itself is a substring
of p’qup‘qu (and so it is derived from a buawu near repetition with
u # ¢ and so case 4 of the theorem holds).

3 [ o=k e ;

is not possible as it contradicts the primitiveness of p.

== ——

is not possible as it contradicts Lemma 1.

~
3
\
N
N
N
\
\,
\
\
\
Vv

3 zal o— R

is not possible as it contradicts the primitiveness of p.
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is possible if ¢ = bp, and p = bp, for some p,. Either

1. there is no restrained copy of q that is a segment of y[s+1..s+k| and
so y[s..s+2k+1] is a substring of p"qp” (and so it is derived from
aa, ab, ba or bb near repetitions in & and so case 1 of theorem
holds for p, = p, =¢); or

2. there is a restrained copy of g that is a segment of y[s+1..s+k] and
s0 y[s..s+2k+1] is a substring of p""'qup'qp'qup'q that itself is
a substring of p’qup’gp'qup’q (and so it is derived from a buaaub
near repetition and so case 2 of the theorem holds for p, =

Dy =€)

is possible if for some p,, g = ap, and p = bp,. Either

1. there is no restrained copy of g that is a segment of y[s+1..s+k| and
s0 y[s..s+2k+1] is a substring of p'Tlqp'q that itself is a substring
of p’qp'q (and so it is derived from a ba near repetition in & and so
case 3 of the theorem holds for ¢, = p, =¢); or

2. there is a restrained copy of g that is a segment of y[s+1..s+k| and so
y[s..s+2k+1] is a substring of p"* qup'qw that itself is a substring
of p’qup‘qu (and so it is derived from a buawu near repetition with
u # € and so case 4 of the theorem holds for ¢, = p, = ¢).
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Case (4) — pg-pp

4l d— —_ — ,

pj_ q}_~ ,gz p3

is not possible as it implies that a is the last letter of p; and b is the
last letter of p,.

,,,, -—"—é-“\ -
I ——— . — \

ac [ & | o v R

,,,,,,,,,,




is not possible as it contradicts the primitiveness of p.

\\\\\\\\

4 ey e —

7

SSCH P, Py

is not possible as it implies that the first letter of p, is a and the first
letter of p, is b.

Case (5) ~ pg-pq

pj_ q}_~ ,gz q2

7

is not possible as it implies that a is the last letter of p; and b is the
last letter of ps.

"""" il Ee—_— .
5b : o 5

5 | % | o X

is not possible as it contradicts Lemma 1.
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I e m— [ e — ,

is not possible as it contradicts the primitiveness of p.

i — ——— ,

,,,,,,,,,, 9"""“'“_“::::--~—::::j"""%““\\
5f | o _ soe >
S EIRNG F o 7Py 0y

is not possible as it implies that the n-th letter of p, is a, while the
n-th letter of p, is b.

he. :
59 | of—d——= O e E— R

is not possible as it contradicts Lemma 2.

S —

N=== e

is not possible as it contradicts the primitiveness of p.
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Py O P, 4,

R

is not possible as it implies that the first letter of p, is a and the first
letter of p, is b.

Case (6) — pg-gp

is not possible as it implies that q is a prefix of p.

.

is not possible as it implies that p is a prefix of q.

———————————— é-“-“\\\\\
I e — ;

~~~~~~~~~~~~

~~~~~




is not possible as it contradicts the primitiveness of p.

\\\\\

is not possible as it contradicts the primitiveness of p.

" - m

is not possible as it contradicts the primitiveness of p.

- -—"“é““\\ -~
6j f—F—= —

is not possible as it contradicts Lemma 2.

bk pe——= — =
N | — i [ - 4

is not possible as it contradicts the primitiveness of p.

Case (7) — qp-pp




is possible if b is a suffix of p and a a suffix of q. Either

1. there is no restrained copy of q as a segment of y[s+1..s+k], and
then y[s..s+2k+1] is a substring of gp* ™2 for some r > 2, and hence
it is derived from a near repetition aa, ab, ba, or bb in & (and so case
5 of the theorem holds for g, = ¢); or

2. there is a restrained copy of q that is a segment of y[s+1..s+k]
and p is followed by a restrained copy of q and i < % Then
y[s..s+2k+1] is a substring of gp'qup’ " 'pp'squp’~" that is a
substring of gp‘qup’qup’q that is the expansion of -aubub near
repetition in @ (and so case 6 of theorem holds for g, = ¢); or

3. there is a restrained copy of q that is a segment of y[s+1..s+k]
and p is followed by a restrained copy of p and 7 > % Then
y[s..s+2k+1] is a substring of gp'qup’ "~ 'pp'qup’~ that is a sub-
string of gp‘qup’qup'q the expansion of -aubua near repetition in
x (and hence case 7 of the theorem holds for ¢, =¢); or

4. there is a restrained copy of g that is a segment of y[s+1..s+k]
and p is followed by a restrained copy of g and j = 2i. Then
y[s..s+2k+1] is a substring of gp'qup’ " 'pp'qup’~"~! that is a
substring of gp'qup’ qup’q the expansion of -aubua near repetition
in  (and hence case 8 of the theorem holds for g, = ¢).

7 Fd—— —— —
a,

is possible if b is a suffix of p and a a suffix of q. Either

1. there is no restrained copy of q as a segment of y[s+1..s+k], and
then y[s..s+2k+1] either it is a substring of gp'q and i = 2r+1,
and thus derived from aa or ba near repetitions in «, or gp’q and
j = 2r+1, and thus derived from ab or bb near repetitions in & (and
so case 9 of the theorem holds for g, =¢); or

2i+1. Then y[s..s+2k+1] is a substring of gp'qup’qup’~"'q
gp'qup’qup'q that is the expansion of -aubua near repetition in x
(and so case 10 of the theorem holds for g, = ¢).

2. there is a restrained copy of g that is a segment of y[s+1..s+k], j
in
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is not possible as it contradicts the primitiveness of p.
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is possible if for some q,, aq, is a suffix of g and bq, is a suffix of p.
Either

1. there is no restrained copy of q as a segment of y[s+1..s+k], and
then y[s..s+2k+1] is a substring of gp* ™2 for some r > 2, and hence
it is derived from a near repetition aa, ab, ba, or bb in & (and so case
5 of the theorem holds); or
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2. there is a restrained copy of g that is a segment of y[s+1..s+k]
and p is followed by a restrained copy of q and i < % Then
y[s..s+2k+1] is a substring of gp'qup’~""'pp'squp’~t that is a
substring of gp‘qup’qup’q that is the expansion of -aubub near
repetition in & (and so case 6 of theorem holds); or

3. there is a restrained copy of q that is a segment of y[s+1..s+k]
and p is followed by a restrained copy of p and ¢ > % Then
y[s..s+2k+1] is a substring of gp’qup’ "~ 'pp'qup’~ that is a sub-
string of gp'qup’qup’q the expansion of -aubua near repetition in
@ (and hence case 7 of the theorem holds); or

4. there is a restrained copy of g that is a segment of y[s+1..s+k]
and p is followed by a restrained copy of g and j = 2i. Then
y[s..s+2k+1] is a substring of gp'qup’ " 'pp'qup’~"~! that is a
substring of gp’qup’ qup’q the expansion of -aubua near repetition
in  (and hence case 8 of the theorem holds).

eIl 0 T

B v SR - = o B

is possible if p = q,bg, for some q, a prefix of g and some g, so that
aq, is a suffix of q. Either

1. there is no restrained copy of q as a segment of y[s+1..s+k], and
then y[s..s+2k+1] either it is a substring of gp’q and i = 2r+1,
and thus derived from aa or ba near repetitions in «, or gp’q and
Jj = 2r+1, and thus derived from ab or bb near repetitions in x (and
so case 9 of the theorem holds); or

2. there is a restrained copy of g that is a segment of y[s+1..s+k], j =
2i+1. Then y[s..s+2k+1] is a substring of gp'qup’qup’~""'q =
gp'qup’qup'q that is the expansion of -aubua near repetition in x
(and so case 10 of the theorem holds).




is not possible

as it contradicts Lemma 2.

—————————— {-------..\_\\\\\\
7 0 /; < >=<~\ o

is not possible

as it contradicts Lemma 2.
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is not possible

as it contradicts the primitiveness of p.
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7r pe

P

o .

is possible if ¢ = aq, and p = bg, for some g,. Either

1.

there is no restrained copy of g as a segment of y[s+1..s+k], and
then y[s..s+2k+1] is a substring of gp* ™2 for some r > 2, and hence
it is derived from a near repetition aa, ab, ba, or bb in & (and so case
5 of the theorem holds for ¢, = g, =¢); or

there is a restrained copy of g that is a segment of y[s+1..s+k]
and p is followed by a restrained copy of g and ¢ < % Then
y[s..s+2k+1] is a substring of gp'qup’ "' pp'squp’~* that is a sub-
string of gp'qup’qup’q that is the expansion of -aubub near rep-
etition in « (and so case 6 of theorem holds for ¢, = q, = ¢);
or

there is a restrained copy of g that is a segment of y[s+1..s+k]
and p is followed by a restrained copy of p and ¢ > % Then
y[s..s+2k+1] is a substring of gp'qup’ ™" 'pp'qup’~* that is a sub-
string of gp‘qup’qup'q the expansion of -aubua near repetition in
x (and hence case 7 of the theorem holds for ¢, =q, =¢); or

. there is a restrained copy of g that is a segment of y[s+1..s+k]

and p is followed by a restrained copy of ¢ and j = 2i. Then
y[s..s+2k+1] is a substring of gp'qup’ " 'pp'qup’~"~! that is a
substring of gp‘qup’ qup’q the expansion of -aubua near repetition
in  (and hence case 8 of the theorem holds for ¢, =q; =¢).
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\\\\\

is possible if ¢ = aq, and p = bg, for some g,. Either

1. there is no restrained copy of g as a segment of y[s+1..s+k], and
then y[s..s+2k+1] either it is a substring of gp'q and i = 2r+1,
and thus derived from aa or ba near repetitions in «, or gp’q and
j = 2r+1, and thus derived from ab or bb near repetitions in x (and
so case 9 of the theorem holds for §, =q, =¢); or

2. there is a restrained copy of g that is a segment of y[s+1..s+k|, j =
2i+1. Then y[s..s+2k+1] is a substring of gp'qup’qup’~""'q =
gp'qup’ qup'q that is the expansion of -aubua near repetition in x
(and so case 10 of the theorem holds for ¢, = g, = ¢).

Case (8) — qp-pq

8a [ d—= o

\\\\\




is not possible as it contradicts the primitiveness of p.

,,,,

30 [ \

8i [ o—- o

is not possible as it indicates that p is a prefix of q.

-~

8 [[of—= P ‘

is not possible as it contradicts the primitiveness of p.

is not possible as it contradicts the primitiveness of p.
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om e—

'''''''''''

is not possible as it contradicts Lemma 1.

50 - ————

is not possible as it contradicts the primitiveness of p.

Case (9) — qp-qp
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is not possible as it implies that the last letter of g, is a and the last
letter of g, is b.

----------- S

is not possible as it contradicts Lemma 1.

--------------- é--““‘\““\\\

9d | o E N

is not possible as it contradicts the primitiveness of p.

»"” —-—--<----~
of [ orde 306 5
is not possible as it contradicts the primitiveness of p.
—————————————— <--“-~\\\\“\
99 [ oe————-+1— o———o >

e
on (G e
q, “\-p\l ,o'/ 4, Py
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is not possible as it implies that the n-th letter of g, is a while the n-th
letter of g, is b, where n is the position of y[s] in g; and the position
of y[s+k+1] is q,.

is not possible as it contradicts the primitiveness of p.

@l -~ N
= 1T |

o ==

is not possible as it contradicts Lemma 2.

ql\ pl 7 q2 p2

is not possible as it implies that the first letter of g, is a and the first
letter of g, is b.
O

In the following we are going to discuss all possible ways near repetitions
of type buawu can arise. We say that y[s..s+2k+1] is an buawu near repetition
if y[s| =0, y[s+k+1] = a and y[s+m] = y[s+k+1+m] for any 1 <i < k.
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Theorem 4 Let x, y be two-pattern strings of scope N\, o = |p,q,i,j]x an
extension, and y = o(x). Let S = y[s..s+2k+1] be a big buau near repeti-
tion in y. Then either

1. q = pyapy, p = Pybpy = PPy, for some py, Py, Py, and S is derived
from aa, ab, ba or bb near repetition in x in the following way: o(aa),
o(ab), o(ba), and o(bb) all contain p" T qp™™ as a substring (0 < r <i
for aa, ab, ba, and 0 < r < j for bb). p"tlgp™™! = pp'qp'p =
Dy [b [pgp’"pl} a [p2prp1} }151 .

2. q = papy, P = PPy, = PPy, for some py, Py, Dy, and S is derived
from a buaaub near repetition in x the following way: o(buaaub) =
p’qup'qp'qup’q = p’"""'pp'qup'qp'qup'pp’ " 'q =
PP, [b [p2piqﬂpip1] a [pQPiqﬂpipl] ] g

3. q = q,ap,, p = Pybp,, for some q,, Py, Dy, and S is derived from a
ba near repetition in x in the following way: o(ba) = p’qp'q contains
p'*'qp'q as a substring. p"t'qp'q = p'pap'q =
j 2 [b [p2pi‘h} a [pzpi‘h} } ap;.-

4. @ = giapy, P = Pybp,, for some qq, Py, Dy, and S is derived from
a buaw near repetition (u # €) in x in the following way: w = wiq,
o(buau) = p’qup'qu = p’quigp'qu.q = p’~'"'pp'quigp'qu.q =
P p, [b[p.pp' quig, | a[p,piqus || ap,.

5. P = q,0q,, 9 = G5bq,, for some qy, qy, G5, 1 > 6 (for aa, ba) or j > 6
(for ab, bb) and S is derived from aa, ab, ba, or bb near repetition in x
in the following way: o(aa), o(ab), o(ba), o(bb) all contain qp* 2 as
a substring (2 <r < %—1 foraa, ba, 2 <r < %—1 for ba, bb).
ap®*? = qp'pp'p = 4> |b[a:p"a1]a[q.p" a1 ]| ag,.

6. p = q,aq,, q = 4,bq,, for some q,, qs, G5, © < % and S s derived

from a -aubub near repetition in x in the following way: o(-aubub) =
~qp'qup’qup’q = ~qp'qup’ " 'pp'qup’ " "'pp'q =
gy [b [QQquﬁp]_l_l‘h}G[QQPZ(IEP]_Z_1Q1HGQQPZQ-

7. p = q1aq,, 4 = G1bq,, for some qy, Gy, s, T > %; and S is derived

from a -aubua near repetition in x in the following way: o(-aubua) =
~qp'qup’qup'q = ~qp'qup’ """ 'pp'qup’ "'pp* I lq =
Gy [b[a@:p' qup’ ' qy ] a[g,p qup’ ™ q,]Jagup® g
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8. p = q,aq,, q = 4,bq,, for some q, q5, 4,, ] = 2i, and S s derived
from a -aubua near repetition in x in the following way: o(-aubua) =
~gp'qup’qup'q = --qp'qup’ "~ 'pp'qup’ " 'pg =
gy [b [‘bpiqﬁpj_i_lfh}a[(bpiqﬂpj_i_l%HGQQQ-

9. p= q,aqy, 9 = §:bq, = q,4,, for some qy, @y, Gy, G, @ = 2r+1 (for
aa, ba) or j = 2r+1 (for ab, bb) for some 1 < r, and S is derived
from aa, ab, ba, or bb near repetition in x in the following way: o(aa),
o(ab), a(ba), o(bb), they all include gp*"™'q as a substring. qp* ™'q =

ap' PP’ q = G4>[b|a,p a1 ] ala,p"q,]]d;.

10. p = q,aq,, q = 4;,bq, = q,q,, for some qy, qy, 4y, G, j = 2i+1, and
S s derived from a -aubua near repetition in x in the following way:
o(-aubua) = --qp'qup’qup'q = ~qp'qup’~''pp'qup’ ' 'q =
gy [b [Q2plqﬂp77171Q1]a[‘hplqﬁp]ﬂil(h”(h'

Proof Virtually identical to the proof of the previous theorem. O

In the following we are going to discuss all possible ways near repeti-
tions of type buaaub can arise. We say that yl[s..s+2k+3] is an buaaub
near repetition if y[s] = y[s+2k+3] = b, y[s+k+1] = y[s+k+2] = a and
yls+m| = y[s+k+2+m] for any 1 <i < k.

Theorem 5 Let x, y be two-pattern strings of scope \, 0 = [p,q,1,j|x an
extension, and y = o(x). Let S = y[s..s+2k+3] be a big buaaub near
repetition in y. Then either

1. pobp, = pibPy, @ = piaap,, for some py, P;, py, and Ppy. @ > 3
(for aa, ba, and ab) or j > 3 (for bb). S is derived from one of the
near repetitions aa, ab, ba, and bb in x in the following way: o(aa),
o(ab), o(ba), o(bb) all contain p"qp” as a substring (r > 3). p'qp” =
pp tqp"'p = Py [b[pyp” 1] aa [pyp T p, 0] Dy

2. Pabpy = p1bPy, @ = pyaap,, for some py, Py, Py, and Py. S is derived
from near repetition buaaub in x in the following way: o(buaaub) =

p’qup'qp'qup’q = p’"'"'pp'qup'qp'qup'pp’ " 'q =
P’ p, [b[p,p' qup'p, |aa[p,p'qup'p, |b] P’ g

3. p=a,q =04 = G,b, j = 2r (for ab, bb) or i = 2r (for ba, aa),
r >3, and S is derived from aa, ab, ba, or bb configuration in x in the
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following way: o(aa), o(ab), o(ba), o(bb), the all contain qp*"q as a

substring. qp*"q = G, [b[p"]aa[p"]|b]4§;.

.p=a, q=>b4, =q4,b, j =21+2 and S is derived from a -aubua near

repetition in x in the following way: o(-aubua) = --qp'qup’qup'q =
-G F? {p’qwﬂ‘“ pp[[pzquzﬂ‘z‘?] b]} 4, =

~q, |b|p'qup’~""?|aa|p'qup’~""%|b| ;.

. q@ = 4ybq, = q,b4,, p = qaaq,, i = 2r+1 (for aa, ba) or j = 2r+1

(for ab, bb), r > 3, and S is derived from one of near repetitions aa,
ab, ba, or bb in x in the following way: o(aa), o(ab), o(ba), o(bb), they
all contain qp**1q as a substring. qp*T'q = qp"pp'q =

q, [b [QQPT]QJGG [Q2PT(I1}b} g

. q = 4,bq, = q,bq,, p = qyaaq,, j = 2i+1 and S is derived from a

near repetition -aubua in x in the following way: o(-aubua) =
qplqﬁp]qﬁplq : ..qplqﬁpjfllflpplqﬂp]fzflq _
4, [b|axp'qup’" " q,]aa[qyp qup’ " q,]b] G,

Proof We shall conduct the proof in the same spirit as the proof of Theo-
rem 2 by a “brute force” discussion of all possible ways the near repetition
aubu can be placed in y with respect to restrained copies of p and q. We
shall employ a graphical language similar to the one used in the proof of
Theorem 2. Also similarly we define the reflection Rs : y[s+1..s+k]* —
y[s+k+3..s+2k+2]* and its inverse, the antireflection.

o

represents letter a
represents letter b

represents string u

00 ® represents pattern buaaub

«
[ ] represents a given restrained copy of p

-

represents an implied restrained copy of p

|:| represents a given restrained copy of

L

represents a given restrained copy of ¢
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represents reflection of a
segment to a segment

represents antireflection of a
segment to a segment

——— e—
represents two letters at
Tl P matching positions

Recall that for the near repetition S to be big, £ > 3.

Case (1) — pp-pp (i.e. the point y[s] = b is located in a restrained copy of
p followed by another restrained copy of p, and the point y[s+k+1] = a is
located in a restrained copy of p followed by another restrained copy of p):

is not possible as it implies that the last letter of p, is b and the last
letter of ps is a.

1b [ &—] s — o

Pr Ry '/»'[53 Py

is not possible as it implies that the last letter of p, is b and the last
letter of ps is a.

------------ 9“-\“\'\\

is not possible as it contradicts the primitiveness of p.

T > ~~~~~~~~~~~~ .
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is not possible as it contradicts the primitiveness of p.

le | ¢ % e
‘ ',/pg p4

is not possible as it contradicts the primitiveness of p implying a border
a for p (as the last letter of p; is a and the first letter of p, is a).

| }' ::‘_-_;>::::: } g
g N _ [t =
PPy 7 Pz Py

is not possible as it implies that the n-the letter of p, is b while the
n-the letter of p; is a, where n is the position of y[s] is p; and the
position of y[s+k+2] in ps.

E
S

/,
¥

Tte— e e

is not possible as it implies that the first letter of p; is b and the first
letter of p, is a.




is not possible as it contradicts the primitiveness of p.

1k E ] >OC : Yo

is not possible as it contradicts the primitiveness of p.

//—’

11 =] —" o

is not possible as it contradicts the primitiveness of p.

Im e—— g o — ‘
’ p3 p4

N .
1.’\_p2 e
T~ L

T~

®

is not possible as it implies that the first letter of p; is b and the first
letter of ps is a.

Case (2) — pp-pq

20 [ ] —F— -

Py P2 Py a

\s

is not possible as it implies that the last letter of p, is b and the last
letter of ps is a.

1
20 [ d— s —
P P2 ,/"ps d;

4

is not possible as it implies that the last letter of p; is b and the last
letter of ps is a.

------------ 9“\\-\\\\

2o e —

4
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29

2i

2j

is not possible

as it contradicts the primitiveness of p.

E = 50

4

ﬁ

L

--------------- —
o« >oo< Et: e

is not possible

as it contradicts the primitiveness of p.

»’/——
V4 -
o«©<

is not possible

T

as it contradicts Lemma 1.
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o [ Il | ‘o
2k | e 00K e 1 e

is not possible as it contradicts the primitiveness of p.

——
=~ T S 7 o
2l € 22
Py Py _,/"/ Ps 0y

is not possible as it the n-the letter of p, is b and th n-th letter of p,
is a, where n is the position of y[s] in p; and the position of y[s+k+2]
in ps.

2m [ e

~~~~~~~~~~~~~

NS
o]
H
T_

' 1




is not possible as it contradicts Lemma 1.

== e

' 1

N e

pj_‘\xpz _,/" p3 ql

is not possible as it implies that the first letter of p; is b and the first
letter of p; is a.

Case (3) — pp-qp
T } --------------

is not possible as it contradicts the primitiveness of p.

3b I — 'I ,,": = ~ “r-—l\ N
oo
is possible. Then p,b = p,bp,, ¢ = p,aa, for some p,, p,, and p,. This
reduces it to the case 3j below for p, = ¢.

------------ e
p 1 p> R B L ql p 3 q 2
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is not possible as it implies that the one-before-last letter of q, is a and
the one-before-last letter of g, is b.

r— e .

e [ 4—— L s

is not possible as it contradicts Lemma 1.

4

----------- 9.““\\‘\\

is not possible as it contradicts the primitiveness of p.

is not possible as it contradicts the primitiveness of p.

is not possible as it contradicts the primitiveness of p.
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,,,,,

ay| ! - ImadilN

o o B

is possible. Then p,bp, = p,bp,, ¢ = p,aap,, for some p,, p,, p,, and
P,. Either

1. there is no restrained copy of q that is a segment of y[s+1..s+k].
Then yls..s+2k+3] is a substring of p"qp”, r > 3, and thus S is
derived from aa, ab, ba, and bb near repetitions in « and case 1 of
the theorem holds; or

2. there is a restrained copy of g that is a segment of y[s+1..s+k].
Then yls..s+2k+3] is a substring of p"™'qup'qp'qup™™" and thus
S is derived from a buaaub configuration in  and case 2 of the
theorem holds.

,,,,,,,,,,, e S
o s -
P, h Py R “q 1 P3 a,

is not possible as it implies that n-the letter of q, is a and n-th letter
of g, is b, where n is the position of y[s+k+2] in g, and the position
of y[s+2k+3] in q,.

3l [ == S — o

3m | e e — } so

is not possible as it contradicts Lemma 1.
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is not possible as it contradicts the primitiveness of p.

-------------- >~-\-\“\\

R . - !

is not possible as it contradicts Lemma 1.

of ps is a.

e — e — .
= | [T — | i

is not possible as it contradicts the primitiveness of p.

T [Eresoa I |
3s p [00¢ | I

&

is not possible as it contradicts Lemma 1.

3t E: — e

is not possible as it contradicts the primitiveness of p.
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A S

is not possible as it contradicts Lemma 1.

Case (4) — pq-pp

N — ]

pl q} ,pg p3

~. s

is not possible as it indicates that the last letter of p, is b while the
last letter of p, is a.

P, Oy B, P,

~. I

is not possible as it indicates that the last letter of p, is b while the
last letter of p, is a.

P '<- ~~~~~~~~~~~~ ..

4c | — »

is not possible as it contradicts the primitiveness of p.

1

4d | < } 300¢

se [ deFe — »

is not possible as it contradicts the primitiveness of p.
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T T .

is not possible as it contradicts Lemma 2.

49 | e % >e

pl ql p2 p3

is not possible since the last letter of p, is a and the first letter of p,
is a, and so p = a, which contradicts the fact b occurs in p,.

is not possible as it contradicts the primitiveness of p.

. , - \\\ R e
4i % ‘ /p;af: 30
p 1 '~ q 1 e - p 2 p 3

is not possible as it implies that n-the letter of p; is b and n-th letter
of p, is a, where n is the position of y[s] in p, and the position of
y[s+k+2] in p,.

is not possible as it contradicts Lemma 2.
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p‘i\ q, e P, Ps

e~ .-

is not possible as it implies that the first letter of p; is b and the first
letter of p, is a.

Case (5) — pg-pq

Sa B:} —cpe—]
pl ql\ }32/ q2

4

is not possible as it indicates that the last letter of p, is b while the
last letter of p, is a.

N — — .
p1 q1~ ,{52 q2

R4

L

is not possible as it indicates that the last letter of p, is b while the
last letter of p, is a.

a3

AR e »

is not possible as it contradicts the primitiveness of p.
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0 [ o

is not possible as it contradicts the primitiveness of p.

Se | «—f——=" — L "

,,,,,,,,, >"““_':;;:»<;:'“’>““-\
5f ‘\ ::, ,,—: - io'g' "
p 1 \\\ q 1 7P 2 q 2

is not possible as it implies that n-the letter of p; is b and n-th letter
of p, is a, where n is the position of y[s] in p, and the position of
y[s+k+2] in p,.

A R — .

is not possible as it contradicts the primitiveness of p.

sh b b

~~~~~~~~~~~

O R — ;
Sl pe—i |

&
i
4

is not possible as it contradicts the primitiveness of p.
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O e ———y — =

,,,,,,,,,,,,, S
om—— — e "
5k b—=4 Fod=— e
is not possible as it contradicts the primitiveness of p.
--------------- én“-h“\““\.
e -
is not possible as it contradicts the primitiveness of p.
--------------- <““““"N"“~~~\
e -

S e -

L | a | [ N .
50 pe—j I 0% — >

\\\\\

[om— Z | I B S .
5P pe—j [ 0% : -

is not possible as it contradicts Lemma 2.
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5q DD % >
p‘l\‘ ql i pz qz

is not possible as it implies that the first letter of p; is b and the first
letter of p, is a.

Case (6) — pg-qp

el

o [ e |

8

o [ e e

o [ e

4

Ny qu —

is not possible as it implies that p is a prefix of q.

——————————————— é--NNNN-N\\\\‘~~

is not possible as it implies that q is a prefix of p.

[ ]

e
of [ et Do .
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is not possible as it contradicts the primitiveness of p.

T é NNNNNNNNNN =~

oo [
—_| T

\\\\\\\\\\\\
..

e e e ——

is not possible as it contradicts the primitiveness of p.
T S—
o [ e .
is not possible as it contradicts the primitiveness of p.
""""""""""" é\
6] | o _7;/: | —I o

is not possible as it contradicts the primitiveness of p.

is not possible as it contradicts the primitiveness of p.

> “_“::::—:::11""> ““““““““
6l — ele o

> __::::—:":'"'} ~~~~~~~~~~~~
D A—— e m—
om o= o .

is not possible as it implies that p is a prefix of q.
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e 9- NNNNNNNNNNNN .

is not possible as it contradicts the primitiveness of p.

T é- \\\\\\\\\\\\\\

is not possible as it contradicts Lemma 2.

1

is not possible as it contradicts the primitiveness of p.

sa ] -
pi\x\ql __/q/z p2

is not possible as it implies that the first letter of p; is b and the first
letter of p, is a.

6r pe—= o ———— o

is not possible as it contradicts the primitiveness of p.

—] ! i s ia— .
6s ;<] — o == ”

is not possible as it contradicts the primitiveness of p.

6t p——— Boot = S

is not possible as it contradicts the primitiveness of p.
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I i I | o .
6u —j = 0% o >e

is not possible as it contradicts the primitiveness of p.

Case (7) — qp-pp

7a [ d—] ] —

q1 pl p2 p3~

is not possible as it implies that the last letter of p, is a and the last
letter of p, is b.

7b [y t—— — | [—e-]
Cao o

is possible only if p = a. ¢ = q,04; = 4,b, ¢, = g, = . This reduces
it to case 7h below for q, = g, = ¢.

e[ 4— —o—] —>|
% Pi_ P P

P4

is not possible as it implies that the n-th letter of p, is a and the n-th
letter of p, is b, where n is the position of y[s+k+1] is p, and the
position of y[s+2k+3] in p,.

7d |[ ; ! 30 30

is possible if ¢ = §,b = q,bq,, p = qyaa. This reduces it to case 7j
below for g, = ¢.

1

e } ~~~~~~~~~~~~~ .
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is not possible as it contradicts the primitiveness of p.

79 [ e —

a, P: P, Pg P

is not possible as it implies that the last letter of p, is a and the last
letter of p, is b.

7h [reed ! e .

is possible only if p = a. ¢ = q,b4; = §,b, g, = q, = €. Either

1. there is no restrained copy of q that is a segment of y[s+1..s+k].
Then yl[s..s+2k+3] is a substring of gp*'q, r > 2. Thus S is de-
rived from aa, ab, ba, and bb near repetitions and so case 3 of the
theorem holds.

2. there is a restrained copy of g that is a segment of y[s+1..s+k].
Then j = 2i+2 and y[s..s+2k+3] is a substring of
gp'qup’ " ’ppp'qup’~2q = gqp'qup’ qup'q and thus S is derived
from a -aubua near repetition in « and so case 4 of the theorem
holds.

= e =

N

ql pl p2 Q3~ "/"/p4

is not possible as it implies that the n-th letter of p, is a and the n-th
letter of p, is b, where n is the position of y[s+k+1] is p, and the
position of y[s+2k+3] in p,.
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is possible if ¢ = §,bq, = q,b4,, p = q,aaq,. Either

1. there is no restrained copy of g that is a segment of y[s+1..s+k]
and so y[s..s+1..s+2k+3] is a substring of gp**'q, r > 2, and so S
is derived from one of near repetitions aa, ab, ba, or bb and so case
5 of the theorem holds; or

2. there is a restrained copy of q that is a segment of y[s+1..s+k] and
so y[s..s+1..s+2k+3] is a substring of gp‘qup’qup’ ""'q. Thus
j = 2i+1 and so gp'qup’qup’~""'q = gqp'qup’qup’q. So S is
derived from a -aubwa near repetition in & and case 6 of the
theorem holds.

is not possible as it implies that the n-th letter of p, is a and the n-th
letter of p, is b, where n is the position of y[s+k+1] is p, and the
position of y[s+2k+3] in p,.

7 [Ce= oo o

is not possible as it contradicts the primitiveness of p.

m [ foox

L 1

is not possible as it contradicts Lemma 1.



is not possible as it contradicts the primitiveness of p.

70 | et ——po—=—]

4

is not possible as it contradicts Lemma 1.

Yp?pz — — —

pZ p3 p4

is not possible as it implies that the last letter of p, is a and the last
letter of p, is b.

7q he—— v
c | J L/ J [

is possible only if p = a. ¢ = q,04, = bq,, ¢, = q, = . This reduces
it to case Th above.

L S — {/E
q, P, P, ’pex L P,

Te— i =T

is not possible as it implies that the one-before-last letter of p, is a and
the one-before-last letter of p, is b.

is not possible as it contradicts the primitiveness of p.

Tt |n< I I 3OO 0

is not possible as it contradicts Lemma 2.




is not possible as it contradicts the primitiveness of p.

e e —

is not possible as it contradicts Lemma 2.

4

Case (8) — qp-pq

[ =~ a -
N — ——— .

~~~~~

o [d—=%- e — .

is not possible as it contradicts Lemma 1.

S — — .

is not possible as it contradicts the primitiveness of p.




is not possible as it contradicts the primitiveness of p.

\\\\\\

©
=
2
1

is not possible as it contradicts Lemma 1.

. — e N I ; "
8j | 300 famm—— >

is not possible as it contradicts the primitiveness of p.

———————————— >~-~~~~\\\‘*~\~
PVl 7 .
8k | ¢ 300¢ e

A
8l [ed—] o= S

--------- > “:_';;:«:::;:'9““*\.\
‘LL'/,' _ //,/ \\\\\\ _ ss\\ §
8m oc 300 II )

is not possible as it implies that p is a prefix of q.
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= | —— a -
C=— o e

80 0¢ 1 >oo<\F e

is not possible as it contradicts the primitiveness of p.

is not possible as it contradicts Lemma 1.
8q pe—— — e — o
Gys. Py Pr o a

- -

is not possible as it implies that the first letter of g, is b and the first
letter of g, is a.

is not possible as it contradicts the primitiveness of p.

o

| = l .
8s E 00— — so

=

is not possible as it contradicts the primitiveness of p.
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Case (9) — gp-qp

is not possible as it implies that the last letter of g, is b and the last
letter of g, is a.

Rd

d; Py g P,

is not possible as it implies that the last letter of g, is b and the last
letter of g, is a.

o [T4== e — S

&

od | — Boo—1—

is not possible as it contradicts Lemma 1.

-------------- %--N-NN\*\\

is not possible as it contradicts the primitiveness of p.




is not possible as it contradicts the primitiveness of p.

9i — ;oct se

L
AN
g
¥
4

T S i
9k -‘—I 00% 50
ql ~‘\’pl /.'/ q2 p2

is not possible as it implies that the n-th letter of q, is b and the n-th
letter of g, is a, where n is the position of yls| is g; and the position
of y[s+k+2] in q,.

--------------- >--~~-~-~~-~\\“s\~
al —
9m [ 300¢ 50

\\\\\\\\\\




is not possible as it contradicts the primitiveness of p.

\\\\\\\\\\

e T 1 o e
90 [e¢ % o

\\\\\\\\\\

zﬂ
1

op iz

--------------------- -é“-““-“\\'“*\
9q |ee 300 e

or g o= -

|j
4

is not possible as it contradicts Lemma 2.

b1 se
9t ’?Ec: >0
Yy Py RO PR O

R4

is not possible as it implies that the first letter of g, is b and the first

letter of g, is a.
O

In the following we are going to discuss all possible ways near repeti-
tions of type aubbua can arise. We say that y[s..s+2k+3] is an aubbua
near repetition if y[s] = y[s+2k+3] = a, y[s+k+1] = y[s+k+2] = b and
y[s+m] = y[s+k+2+m] for any 1 <i < k.
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Theorem 6 Let x, y be two-pattern strings of scope N\, o = |p,q,i,j]x an
extension, and y = o(x). Let S = y[s..s+2k+3] be a big aubbua near
repetition in y. Then either

1. pyap, = piapy, @ = pbbp,, for some py, Py, py, and py. @ > 3
(for aa, ba, and ab) or j > 3 (for bb). S is derived from one of the
near repetitions aa, ab, ba, and bb in x in the following way: o(aa),
o(ab), o(ba), o(bb) all contain p"gp” as a substring (r > 3). p'qp” =
PP "'qp"'p = Pola[pyp 1] b [pop” Py ] a] By

2. Pyap, = prap;, q = p,bbp,, for some py, Py, Py, and P,. S is derived
from near repetition aubbua in x in the following way: o(aubbua) =
p’qup'qp'qup’q = p’~""'pp'qup'qp'qup'pp’ " 'q =
PP, [apyp'qup'p, | b [ pypiqup'p, |a] P g

3. p=0b,q=ag, = gsa, j = 2r (for ab, bb) or i = 2r (for ba, aa),
r >3, and S s derived from aa, ab, ba, or bb configuration in x in the
following way: o(aa), o(ab), o(ba), a(bb), the all contain qp* q as a
substring. qp* q = §,[a[p"']bb[p"*]a] ;.

4. p=0b,q=ad, = q4,a, j =2i+2 and S is derived from a -aubua near
repetition in x in the following way: o(-aubua) = --qp'qup’qup'q =
-Gy a piqupj‘i‘2Jpp[piqupj‘i‘2]a}dl =
-Gy |a|p'qup’ 2| bb[p'qup’~"?]al §,.

5. q = 4,09, = q,a4,, p = q,bbq,, i = 2r+1 (for aa, ba) or j = 2r+1
(for ab, bb), r > 3, and S is derived from one of near repetitions aa,
ab, ba, or bb in x in the following way: o(aa), o(ab), o(ba), o(bb), they
all contain qp*"*t'q as a substring. qp* 'q = qp"pp"q =
4, [a [QQPT}(Il}bb [(I2PT(I1}G] g,

6. ¢ = 4,aq, = qiaq,, p = q,bbq,, j = 2i+1 and S is derived from a
near repetition -aubua in x in the following way: o(-aubua) =
~qp'qup’qup'q = --gp'qup’"'pp'qup’ " 'q =
gy [a [Q2piqﬂpj_i_l%]bb [Q2piqﬁpj_i_lfh]a]‘jl-

Proof Virtually identical to the proof of the previous theorem. O
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