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On Levenshtein’s Reconstruction Problem Under
Insertions, Deletions, and Substitutions

Maria Abu-Sini

Abstract— The sequence reconstruction problem corresponds to
the model in which a sequence from some code is transmitted
over several noisy channels that produce distinct outputs. Then,
the channels’ outputs, received by the decoder, are used to
recover the transmitted sequence, and the main problem under
this paradigm is to calculate the minimum number of channels
that enables unique reconstruction of the transmitted word.
This problem is equivalent to finding the size of the largest
intersection of channels’ outputs sets received after transmitting
distinct codewords. Motivated by the error behavior observed
in DNA storage systems, the present work extends the study of
the reconstruction model to the case in which a binary word is
transmitted over channels prone to substitutions, insertions, and
deletions. Furthermore, we also study the size of the error balls
generated by either one deletion and at most a fixed number
of substitutions or one insertion and at most one substitution in
a binary word. For the case of only substitutions, we present a
decoder of optimal complexity, which improves upon a recent
construction of such a decoder. Lastly, a simplification of that
decoder is studied in case there are more channels than the
minimum required number.

Index Terms— Sequence reconstruction, Levenshtein distance,
synchronization channel.

I. INTRODUCTION

HE reconstruction problem studied by Levenshtein
in [15] and [16] corresponds to a model in which a
word is transmitted over several identical noisy channels that
produce distinct outputs. Under the assumption that all of
the channels are prone to the same errors pattern, all of the
channels’ outputs belong to a certain error ball surrounding
the transmitted word. For a transmitted word w, denote this
error ball by B(w). Moreover, assume there are m channels.
Since these channels produce distinct words, then their outputs
form a size-m subset of B(w) that, as depicted in Fig. 1, may
be used entirely to reconstruct the transmitted word w. Hence,
when dealing with such a model, one may ask whether it is
possible to unambiguously reconstruct the transmitted word,
in particular efficiently.
Levenshtein studied the reconstruction model in [15]
and [16] for several errors patterns including substitutions,

Manuscript received April 17, 2020; revised August 19, 2021; accepted
September 1, 2021. Date of publication September 10, 2021; date of
current version October 20, 2021. This work was supported in part by
BSF under Grant 2018048. An earlier version of this paper was presented
at the 2019 IEEE International Symposium on Information Theory [DOI:
10.1109/ISIT.2019.8849740]. (Corresponding author: Eitan Yaakobi.)

The authors are with the Department of Computer Science,
Technion—Israel Institute of Technology, Haifa 3200003, Israel (e-mail:
maria.as @cs.technion.ac.il; yaakobi@cs.technion.ac.il).

Communicated by L. Dolecek, Associate Editor for Coding Techniques.

Digital Object Identifier 10.1109/TIT.2021.3110710

, Student Member, IEEE, and Eitan Yaakobi

, Senior Member, IEEE

Channel 1

Channel 2

wEC Decoder

Channel m

Fig. 1. The reconstruction model.

insertions, and deletions. Further advances were also achieved
in [21] for insertions and in [5] for deletions. Moreover,
problems related to the reconstruction model were addressed
in [9] and [22]. More specifically, the connection between
the reconstruction problem and associative memories was
studied in [22]. In addition, the intersection of error balls,
which is highly connected to the reconstruction model,
was analyzed in [9] in order to asymptotically improve the
Gilbert-Varshamov bound. More results for other general
error graphs and metrics were obtained in [8], [11]-[13],
[17], [18], [23].

Recently, Levenshtein’s reconstruction model has gained
considerable significance due to the emergence of DNA stor-
age solution. This storage solution was first implied to in [4]
and suggests storing archival data in synthesized DNA strands.
As we know, a DNA strand consists of a linear sequence of
four types of nucleotides: Adenine (A), Cytonine (C), Gua-
nine (G), and Thymine (T). Hence, in DNA storage systems,
the process of storing the data begins with synthesizing DNA
strands of the sequence that we want to store. However, due
to biotechnological limitations, it is not possible to generate a
single DNA strand of a given sequence [14]. Instead, many
DNA strands with erroneous sequences are generated and
represent the sequence we aimed to store. Thus, in such
systems, a specific sequence is stored using many erroneous
copies kept together in a DNA pool. Later, in order to retrieve
the information, the sequences of the stored DNA strands
are recovered by a process called sequencing. However, this
process is also prone to errors and is usually preceded by PCR
(polymerase chain reaction) amplification, which generates
many copies of each DNA strand. In summary, in DNA
storage systems, the original sequence is retrieved using many
representing erroneous copies for two main reasons. First,
because thousands of copies were synthesized, and second,
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because of the copies duplicated using PCR amplification [3].
Therefore, by considering the steps of storing and reading the
data in DNA storage systems, one can recognize the recon-
struction model described earlier. That is, investigating the
reconstruction model is of sufficient interest for its potential
application in DNA storage systems.

The rest of the paper is organized as follows. First,
Section II presents the formal definition of the reconstruction
problem. Then, motivated by the error behavior in DNA-based
storage systems [6], which includes combinations of inser-
tions, deletions, and substitutions of DNA strands’ nucleotides,
we extend the reconstruction problem for this family of error
types. In Section III, we calculate the size of the single-
deletion ¢-substitution ball, as well as the single-insertion
single-substitution ball in Section IV. In Section V, we take the
first steps in exploring the reconstruction problem for the com-
bination of different error types and study the case of single-
insertion single-substitution. Next, in Section VI, an optimal
reconstructing algorithm for the case of only substitutions is
presented. Lastly, in Section VII, it is studied how the decoding
algorithms can be simplified in case there are more copies
than the minimum number found by Levenshtein. Section VIII
concludes the paper.

II. DEFINITIONS AND PRELIMINARIES

In this section we review the reconstruction problem which
was first proposed by Levenshtein in [15] and [16]. Let V be
the space of all possible words. In addition, assume that there
are several identical noisy channels over which a word w € V
is transmitted, and that these channels produce distinct outputs.
In this case, the set of all possible channel outputs forms an
error ball surrounding the transmitted word w, and this ball is
denoted by B(w). In this study it is assumed that the errors
can be of several types and do not necessarily correspond to
a specific distance metric . Thus, we keep the definition of
the error ball as general as possible. For example, motivated
by DNA-based storage systems, it will be assumed that each
channel is prone to a combination of substitutions, deletions,
and insertions. Then, the goal is to find the following value
and algorithm.

o The minimum number of distinct outputs needed so that

the transmitted word can be determined uniquely .
o An efficient algorithm that receives the channels’ outputs
and recovers the transmitted word.
More specifically, the following problems arise when studying
the reconstruction model.

Problem1: Given a code C C {0, 1}"* and an error ball B(w)
surrounding a binary word w. Find the largest intersection of
two error balls surrounding distinct codewords, i.e. find the
value of

max
wi,wreC,wi #wr

1B (w1) N B (wy)]. (1

Problem 1 was first initiated and studied by Levenshtein
in [15] and [16] and is referred to here as the reconstruction
problem. Assume the transmitted word w belongs to some
code C C {0, 1}", then Levenshtein proved that the number
of channels required for the existence of a successful unique
decoder is strictly larger than the value in (1).
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In Problem 1, the possibility of unique decoding is inves-
tigated. However, solving this problem does not necessarily
reveal how to recover the transmitted word. In other words,
given that the number of channels m is greater than

max
wi,wreC,wi #wy

|B (w1) N B (w2)],

it is guaranteed that unambiguous reconstruction of the trans-
mitted word is possible, yet it is still not clear how to
accomplish this task. Therefore, Problem 2 arises and asks
to design a decoder that retrieves the transmitted word.

Problem 2: Let C C {0, 1}" be a code, B(w) error ball
surrounding a binary word w and

m > max |B(wi) N B (wy)|+ 1.

wi,wreC,wi#w)
Design an algorithm that gets as an input at least m distinct
words yi,y2,...,¥, € B(w) for a word w € C, and
returns w.
Since a decoder from Problem 2 gets at least

max
wi,wreC,wi #wr

|B (wi) N B (w2)| + 1

channels’ outputs, then under the assumption that all of the
channels’ outputs are of the same length k, the decoder reads
in the worst case at least

k - max
wy,wreC,wi#wy

bits, i.e., its run-time complexity is

Q(ko( max |B(w1)ﬂB(w2)|+1)).
wi,wreC,wiFwy

Therefore, a further goal that one may aim to achieve is
presented in Problem 3 and focuses on efficient algorithms.
That is, Problem 3 asks to design reconstructing algorithms
that receive the minimum number of channels’ outputs and
have minimum oder of run-time complexity.

Problem 3: Let C € {0,1}" be a code, B (w) error ball
surrounding a binary word w such that all of the words in
Ueec B (¢) are of the same length k, and

|B (1) N B (w2)] + 1)

m = max

wi,wr2eC,wi #w)

|B (w) N B (wy)| + 1.

Determine whether there exists an algorithm of run-time
complexity
O@m - k)

that gets as an input m distinct words y, y5,..., ¥, € B (w)
for a word w € C, and returns w. If there exists such a decoder,
then design one.

Problems 1, 2, and 3 may be tackled for several error
models. For example, one can solve these problems under
the assumption that B (w) is an error ball resulting from at
most #; substitutions, f, deletions, and #3 insertions, where
t1,t, 13 = 0.

Furthermore, investigating these problems is indeed of suffi-
cient interest as they are motivated by the DNA-based storage
systems. Recall that, in such systems, recovering the stored
sequence is done by sequencing many erroneous strands.
Thus, we may consider the noisy strands as channels in
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which a sequence is transmitted. Hence, the value calculated
in Problem 1 determines the minimum number of distinct
noisy strands needed to guarantee successful unique decoding.
Moreover, solutions to Problems 2 and 3 provide algorithms
for retrieving the stored sequence using the erroneous strands.

In [5], [15], [16], and [21], Problems 1, 2, and 3 were
tackled under the assumption that all of the channels are
prone to a specific type of errors, i.e., either substitutions,
insertions , or deletions. However, according to [6], combina-
tions of errors might occur in one DNA strand. Therefore,
studying Problems 1, 2, and 3 for combinations of errors
is of high significance. The present paper expands existing
results regarding the reconstruction model in the binary case,
especially when the channels are prone to combinations of
errors. However, among the most preliminary obstacles that
should be tackled in order to achieve this goal we have the
following problem, which asks for the size of the error balls
resulting from combinations of errors.

Problem 4: Given w € {0, 1}* and error ball B (w), find
B (w)].

In the rest of this section we present the notation used
in the paper along with existing solutions to Problems 1, 2,
and 3. These solutions were achieved under the assumption
that the channels are prone to either substitutions, insertions ,
or deletions. Since our contribution is restricted to the binary
case, we choose to present existing results for the binary case
solely, even though some of them were achieved for every
alphabet size.

In this paper, for n,m € N such that n < m, [n,m]
stands for the set {n,n + 1, ..., m}. Moreover, given a word
w € {0, 1}*, the number of runs in w is denoted by r(w).
Next, let w, wo be two binary words of the same length.
Then, the Hamming distance between w; and w» is denoted
by dy(wi, wy). Similarly, the Levenshtein distance between
w; and wjy, which is one half of the minimum number
of insertions and deletions required to convert w; to wo,
is denoted by dy (w1, wy).

Given a binary word w, the notation By ;s (w) stands
for the set of words obtained by at most #; substitutions and
exactly 1, t3 deletions, insertions in w, respectively. Moreover,
let B,*;’,m (w) be the set of words obtained by at most 1, 2, 13,
substitutions, deletions, insertions in w, respectively. That is,
in By, 1,1, (w) the number of insertions, deletions is restricted
to be exactly 1, 13, respectively. However, in B ,, ;. (w) at
most 1, 13 deletions, insertions occur, respectively. Given these
definitions, we emphasize that the present work addresses
combinations of substitutions with either insertions or dele-
tions only, leaving combinations of insertions and deletions
for future work. Therefore, studying a combination of exactly
t» deletions with at most #; substitutions is sufficient to receive
results regarding the case of at most #, deletions and at
most #1 substitutions. Mathematically speaking, given a binary
word w, it holds that

15}
B;,tz,o (w) = U Byy.i,0 (w).
i=0
Therefore, finding the size of By, ;o (w) for every i € N

determines the size of B[ , (w) for every f,. Similarly,
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calculating the value of

max By 1,0 (w1) N By 10 (w2)|
wy,wye{0,1}"

wiFwW

is sufficient in order to find the value of

max
wy,wye{0,1}"
wiFw)

B;,Q,O (wl) N B;‘;,tz,O (W2)|.

In addition, for the same analysis, results regarding the case
of exactly #3 insertions and at most #; substitutions can be
easily extended to the case of at most #3 insertions and at
most #; substitutions.

Furthermore, we define N,f (z, d) to be the size of the largest
intersection of two t-substitution balls of binary words of
length » and Hamming distance at least d. Mathematically
speaking,

N;(t,d) = max e |Br,0,0(w1) N Byo,0(w2)|.

wi,wr€(0,
dp(wy,wy)>d
Similarly, NP(z,d), N!(t,d) stands for the size of the
largest intersection of two f-deletion, f-insertion balls of
binary words of length n and Levenshtein distance at least d,
respectively, i.e.,

NP(t,dy= max _|Bo;o(wi)N Boo(ws)|
wy,wye{0,1}"
dr(w,w')>d
and
Nl(t,d)=max |Boo,(wi)N Boo,(ws)|.

wi,wre{0,1}"

dp(wi,wy)>d

However, the more interesting value, especially in the light

of DNA storage advances, is the size of the largest intersection

of balls resulting from insertions, deletions, and substitutions.

More specifically, calculating the following largest intersection
size is of considerable importance.

Ni(t1, o, 13) =

max
wi,wye{0,1}"
wiFwW

* *
B s (WD) N B, (w2)"

As stated earlier, the present paper tackles combinations of
substitutions with either insertions and deletions. Therefore,

we also define
Nu(t1,t2,13) =  max

wi,wye{0,1}"
wiFwW

’Btl,tg,n (w1) N By 1p,15(w2) ’

In addition, since

>

5]
|Biy.now)| =D |Byyiow)

i=0

13
‘Btl,O,m (w)‘ = Z ’Btl,o,i(w)

i=0

>

and ,
3
N:(tlﬂ 09 t3) = z Nn(tl, 05 l)»
i=0
in section III, IV, V we will first calculate the value
of |B,1,1,0(w) Bi,o,1(w)|, N,(1,0,1), and then derive the

>
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value of ‘le,u)(w) , ‘BT,O,l(w) ,N(1,0,1), respectively.
Lastly, we also emphasize that since studying the balls
B;.1,0(w) and Bj 1(w) leads to conclusions regarding the
balls Bt*,l,o(w) and BT,O,l(w), then for convenience we will
refer to B;1,0(w) as the single-deletion single-substitution
ball. Whenever the ball Bt*,l,O(w) is meant, it will be empha-
sized that at most one deletion case is discussed. Similarly,
the term single-insertion single-substitution ball refers to the
ball By ,0,1(w) and not Bio,l(w).

Table I summarizes the main notations used throughout the
paper. Moreover, for the convenience of the reader it provides
additional notations that will be used only in specific sections.
More details regarding each of the terms and the notations will
be given in the section in which it is used.

A. Previous Results Regarding the Reconstruction
Problem With Substitutions

In [15], Levenshtein solved Problem 1 under the assumption
that B(w) = B o.0(w). Levenshtein also proved that this
solution does not depend on the choice of the code, but on its
minimum Hamming distance. More specifically, it was shown
in [15] that

1141 i—i
n—d d
N3(t,d) = z ( i ) > (h)
i=0 h=d—t+i
In addition, another expression for the value of N;f (t,d)
was provided in [22]. Regarding Problems 2 and 3, significant
advances were made in both of [15] and [22], and may be
summarized as follows.

o Problem 3 was solved in [15] for B(w) = By 0,0(w)
and C = {0, 1}". In [22], under specific assumptions,
this solution was proved to hold for every binary code
of length n and minimum Hamming distance 2.

o Under certain assumptions, Problem 3 was solved in [22]
for B(w) = B;,0,0(w) and binary code C of length n and
minimum Hamming distance d € [3, 4].

« Under certain assumptions, Problem 2 was solved in [22]
for B(w) = B;0,0(w) and every binary code C.

More details may be found in Section VI

B. Previous Results Regarding the Reconstruction
Problem With Insertions and Deletions

Levenshtein presented in [16] the size of the 7-insertion ball.

More specifically, it was shown that for a word w € {0, 1}",
the size of the ball resulting from exactly ¢ insertions is

given by
L (n +t
| Bo,o,(w)| = Z( ; )

i=0
On the other hand, calculating the size of the ¢#-deletion ball,
i.e., the ball that results from exactly ¢ deletions, is known to
be a challenging problem by itself. Nevertheless, it was shown
in [7] that the size of the largest ¢-deletion ball is given by
13

Borow)| =D (n l_ t),
i=0

and is achieved by the alternating words.

max
wel{0,1}"
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Moreover, Levenshtein solved in [16] Problems 1 and 3
under the assumption that C = {0, 1}" for both of B(w) =
Bo,o:(w) and B(w) = Bo,o(w). That is, the values
of N,{(t, 1) and NnD(t, 1) were determined in [16]. Later,
the value of N,{ (t,d) for every d and t was found in [21],
and the value of NnD (z,2) for every t was found in [5].

C. Combinations of Insertions, Deletions, and Substitutions

An ambitious plan that one may aim to accomplish is to
solve Problems 1, 2, and 3 for C = {0, 1}" and B(w) =
B,ﬁjtw (w), and hence determine the value of N, (t1, 1, 13)
for every t1, 12, t3 > 0. However, as explained earlier, before
dealing with these problems, it is important to find the size of
the ball Bf; , ,.(w), i.e., investigating Problem 4 for B(w) =
B,*;,,z,m(w). We note that, to the best of our knowledge,
finding the size of the ball B;ﬁ’,zjt_%(w) for all 1, t2, 3 has not
been studied before and is a challenging task by itself. The
only solved case we are aware of is (t1,%,13) = (0,1, 1),
i.e., a single deletion and a single insertion [2], [20].

The rest of the paper takes the first steps towards solving
Problems 1, 2, 3, and 4 for combinations of errors. More
specifically, the following results are achieved.

o Solution to Problem 4 where B(w) = B;,1,0(w), i.e., the
size of the single-deletion 7-substitution ball of any binary
word is determined. This result also reveals the size of
the ball B, ((w) for every 7 and w.

o Solution to Problem 4 where B(w) = Bj,0,1(w), i.e., the
size of the single-insertion single-substitution ball of any
binary word is calculated. Therefore, the size of the ball
BT,O,l(w) is also determined.

e Solution to Problem 1 where B(w) = Bj,o,1(w) and
C = {0, 1}", i.e., the value of N, (1,0, 1) is found. This
result leads to value of N(1,0, 1) too.

o Solution to Problem 3 where B(w) = Bj,1(w) and
C = {0, 1}", that is, an algorithm that receives words
in a single-insertion single-substitution ball and returns
the center word of the ball is provided. It will be
shown that this algorithm achieves the minimum possible
order of run-time complexity. Moreover, this algorithm is
extended to the case of at most one insertion and at most
one substitution.

e Solution to Problem 3 where B(w) = B;,0(w),
C = {0, 1}, and under the following assumptions.

— n is large enough with respect to ¢ and the minimum

Hamming distance of C.

— There exists a complete decoder for the code C.
Before we proceed to study the combinations of at most #;
substitutions, exactly #, deletions, and #3 insertions, i.e., the
ball By, 1,.1,(w) for a binary word w, we note that the order
in which the deletions, insertions, and substitutions occur
to generate the words of By, s, 1, (w) does not matter. Thus,
throughout the paper we will usually choose the order that
simplifies our proofs.

III. THE SINGLE-DELETION MULTIPLE-
SUBSTITUTIONS BALL SI1ZE

In this section, we study the size of the ball that results from
at most ¢ substitutions and a single deletion, that is, the size
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TABLE I
TERMINOLOGY AND NOTATIONS

Notation Description
Notations Used Throughout the Paper
[, m] {n,n+1,..., m}
r(w) Number of runs in w.
dy (wr, wy) Hamming distance between the words w1 and w,.
dy. (wr, w5) Levenshtein distance between the words w1 and wy, which is one half of the

Bty 15 (w)

B;,tz,t3 (w)

minimum number of insertions and deletions required to convert wq to wy.

The set of words obtained from at most f; substitutions
and exactly t,, t3 deletions, insertions in w, respectively.

The set of words obtained from at most 1, tp, t3,
substitutions, deletions, insertions in w, respectively.

N (t,d) maxy, w01} |Bto,0(w1) N Bioo(wa)l.
dy(wi,ws)>d
NP(t,a) MaXqp, 20,0, |Bo,,0(w1) N Bo,o(w2)].
dr(w,w')>d
N, (t,d) maxy, w,eq0,1}" [Bo,o,t(w1) N Bog(wa)l-
dr(w1,wy)>d
Nu(t1, t2, t3) MaXyy, 1, (0,1}" | Bty to,ts (W1) N By byt (w2) .
w1 Fwy
N (t1, t2,t3) MaXey, 10,{0,1}" |Bhy tots (W1) N B, 4, 1 (w2) |-
w1 Fw)
Notation Used in Section IV
¢(w) Runs-profile vector of word w, which is a length-r(w) vector
w that specifies the length of each of the 7(w) runs in the word w.
Notations Used in Section V
Boup(w) The set of words received after exactly one substitution in the word w.
x \( X in For words x, x, the diagonal x \, X is maintained in
section [kq, k] section [k1, k], i.e., X = %y for every k € [kq,ky —1].
x /X in For words x, x, the diagonal x * X is maintained in

section [k1, k7]

section [ky, k], i.e., xx = %x_1 for every k € [ky + 1, k;].

Notations Used in Sections VI and VII

Ni g4 N3(t,d)+1
Complete decoder of code C C {0,1}", i.e., a decoder that outputs
D¢ a codeword for every input. However, can correct successfully at
most d%l errors, where d is the minimum Hamming distance of C.
For a set Y C {0,1}" and threshold 7, maj.(Y) is a word z satisfying the following
maj.(Y) requirements. z; =? if the difference between the number of words in Y with 1
T

in the i-th bit and the number of words with O in the same bit is less than or equal
to 7. Otherwise, z; is equal to the value with more occurrences in the i-th bit in Y.

of By 1,0(w) for all w. For a word w € {0, 1}", its number of Lemma 5: Let w € {0,1}" be a word consisting of
runs is denoted by r(w). The next lemma will be useful in r = r(w) runs. _Forl < i < r,let k; be the starting index of the
proving our general result. i-th run and w' be the word received by deleting a bit from
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the i-th run, so it holds that By 1 o(w) = {(w', w2, ..., w).
Denote by D; ; the set of indices in which w’ and w/ differ.
For 1 <i < j <r, the following properties hold.
1) Di’jz{k;—lii+1<t<j}.
2) dg(w',w/) =j —i.
3) For h such that j < h <, it holds that D;; C D; .
Proof: According to the definition of the words
w!, ..., w", the following equalities hold.
o wh, = wiy = wy forme [1,k —1].
. w,’n =wl, = w41 form e [kj,n —1].
. w,’n = w41 form e [k, kj —1].
o W) = wy form e [ki, kj —1].
Therefore, D; j € [k;, kj — 1]. Furthermore, m € D; ; if and
only if w,’n #* w;,, i.e., if and only if
Wyl 7wy and k; <m < kj — 1,

which holds only for m € {k;, — 1 :i +1 < ¢ < j}. Hence,
|D; j| = j —i and this proves the first and the second claims
of the lemma. Furthermore, for j < h < r it is possible to
conclude that D; j, = {k;, —1:i+1 <t <h},Djp=1{k—1:
J+1<t<h) Thus, Dj, € Djp. |

We are now ready to prove the main result of this section,
which is stated in the next theorem. However, we first empha-
size that for n < ¢+ 1 and w € {0, 1}",

|Bi10 ()| =2"""

as every length-(n — 1) binary word may be received by single
deletion and at most 7 substitutions in w. That is, all of the
single-deletion 7-substitution balls in case n < 7+ 1 are of the
same size and contain all of the length-(n — 1) binary words.

Theorem 6: The size of the single-deletion ¢-substitution
ball of a word w € {0, 1}"* consisting of r = r(w) runs is
given by

Bl =3 (" A 1)

i=0

where C; is the Catalan number C; = h%l (2;)

Proof: As stated in Section II, it is sufficient to consider
the case where the single-deletion #-substitution ball consists
of all of the words that can be generated by exactly one
deletion followed by at most ¢ substitutions. Denote by w’
the word that results from a deletion in the i-th run in w.
Then By,1,0(w) = {w',w?,...,w"} and

-
Bi1.0w) = | Broow).
i=1
Hence, B;1,0(w) consists of the union of the following
mutually disjoint sets
Si = Broo(w)\ | Broow),
j=1
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where i € [1,r]. Thus, |B.i0(w)l = >7_,ISi| and in

order to find the value of |B; 1,0(w)], it is enough to find the

size of S;,i € [1,r]. Based on Lemma 5, the intersection

B,,o,o(wi) N B,,o,o(wj) is empty if and only if |i — j| > 2r.
Thus,

i—1

Si = Broow)\ | J

j=max{1,i—2t}

Broo(w’).

Observe that for each word w',i > 2t + 1, there are exactly
2t previous words to consider, w' =%, ..., w'~!. However, for
words w',i < 2t there are only i — 1 previous words,
w!, w?, . .., w'~!. Furthermore, it can be seen in the next
steps that calculating |S;| does not depend on the specific value
of i, ie., |S;| =1S;| fori, j € [2t + 1, r]. Considering these
claims we will show how to find |S;| for i € [2t 4+ 1,r]
and deduce the values of |S;|,i € [1,2¢] using the same
approach. More accurately, we will find that

S0 (), i=1
"), i=2
|Sl| = (”:3), l == 3
min{z, il Ry )
(":3) - Z:j=2{ \\ ’ J} Cj_l(n tl_jzj)’ IS [4; l"]

which proves the theorem’s statement.

Given a word w', i € [2¢+1,r], in order to find the set S;,
it is enough to exclude from B; g o(w') the following disjoint
sets

j—1
Tj = (Bz,o,o(wl) N Bz,o,o(ww)) \ [ Broo@™,
h=1

where j € [1,2¢]. In other words, first B,,o,o(wi) N
B,,o,o(wi_l) is excluded from the set B,,o,o(w"). Then, words
in B,,o,o(wi) N B,,o,o(wi’z) that were not excluded before are
excluded, i.e., (By,0,0(w) N By o,0(w'~2)) \ Broo(w ™), etc.,
until the set (B,,o,o(w") N B,,o,o(wi_Z’)) \ U?;l By.0.0(w =)
is excluded at the end.

Hence,
2t
Si = Broow)\ | J T,
j=1
and |S;| = |Boo(w)| — Z§;1|Tj|- Remember that

|B,,0,0(w")| = ZZ:O (";1). In the next steps the following
equality is proved .

(=) + X (), J =1

. (7, j=2
P70, j odd number in [3, 2¢]
C; l(n_17j), j even number in [3, 2¢].
270N =3

This leads to the claimed values of |S;|,i € [1,r].

In order to find the size of T;, j € [1,2¢], we begin with
noting that based on Lemma 5, there exists a set of 2¢ positions
{i1,i2,...,12:} such that, for j € [1,2¢], w' differs from w—/
in positions iy, i2,...,1;.

Since w’ and wi~! differ only in one position, then T}
consists of the following disjoint sets of words.
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1) Words that result from at most 7 — 1 substitutions in w’.
2) Words that result from ¢ substitutions in w’ such that one
of them is in position ij.

n—1-1\ L/m-1
m=("10)2 ()
t—1 o\

Regarding w2, since it differs from w’ in positions i

and ip and since we do not consider words that have been
excluded, then 7> consists of words that result from exactly ¢
substitutions in w’ such that one of them is in position i and
none of them is in position i;. Hence, |T»| = (":il_z)

The value |T}|, j € [3,2¢] is found using the following
three claims, where the proofs of the first and the third one
are presented in Appendix A.

Claim 1: The set T}, j € [3, 2t] consists only of the words

that satisfy all of the following requirements.

Hence,

1) Result from exactly  substitutions in w'.
2) Identical to w' in positions iy, i7.

J

3) Result from at least ’75 substitutions in positions

i1,02,...,0j in w'.

4) Result from at most [4] — 1 substitutions in positions

i1,i2,...,ip in w', for every 3 < h < j.

Claim 2: For j € [3,2t] odd, |T;| =0.

Proof: 1t is enough to prove that for j € [3,2¢] odd,
there is no word that satisfies all of the requirements stated in
Claim 1. Assume to the contrary that there exits such a word.
Based on the fourth requirement, such a word has at most
’7%—‘ -1 = L%J —1 substitutions in positions i, iz, ..., i _1.

Hence, it has at most % substitutions in all of the positions
i1,i2,...,1;, which contradicts the third requirement. [ |
; . —1—j
Claim 3: For j € [3,2t] even, |Tj|=C,; _, (" ;7).

2

I_i
Lastly, note that using the same approach, it is possible to

get that
n—2 n—3
S = ,S = )
[S2] ( , )Ial ( ; )

and for 4 < i < 2t,

n—3 n—1-2j
[Si| = - Ci— . )
t t—j

which concludes the proof of the theorem. [ |

In the next example we demonstrate the proof of Theorem 6
in order to find the size of the ball B; 1 (x).

Example 1: Assume t = 4 and w as presented in the
following table, consists of 9 runs, each of length 2. As stated
earlier, the single-deletion #-substitution ball can be received
by first deleting some bit and then applying at most 7 substi-
tutions. Thus, we begin with considering the single deletion
ball {w!, w2, ..., w9}.

=
>

j=2
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Index | w | w' w? w3 w* w’ w® w wd w’
1 0 o 0 0 O O O O o0 O
2 0 1 0 0 0 0 O O O O
3 1 1 1 1 1 1 1 1 1 1
4 1 o o 1 1 1 1 1 1 1
5 0 o 0 0 O O O O o0 O
6 0 1 1.1 0 O O O O O
7 1 1 1 1 1 1 1 1 1 1
8 1 o 0 o0 o 1 1 1 1 1
9 0 o 0 0 O O O O o0 O
10 0 1 1 1 1 1 0 0 0 O
11 1 1 1 1 1 1 1 1 1 1
12 1 o 0 0 O o O 1 1 1
13 0 O 0 0 O O O O o0 O
14 0 1 1 1 1 1 1 1 0 O
15 1 1 1 1 1 1 1 1 1 1
16 1 O 0 0 O O 0 0 o0 1
17 0 o 0 0 0O O O O o0 O
18 0

The simplest algorithm that can generate B; 1 o(w) goes
iteratively over the words wi,1 < i < 9 and each time
adds Btjo,o(w") to a set S. At the end we will have § =
B;.1,0(w). However, since we do not want to add the same
word to § multiple times, we aim to find for every i € [1,r],
the value of |B,,0,0(wi)ﬁ Ulj;l1 B,,o,o(wj)l and subtract it from
|B,,0,0(wi)|. As specified in the proof of Theorem 6, for each
i € [1,r], we need to consider at most eight previous words
(if they exist), hence, we focus on w’ and find the size of the
set

8
Broow’) N | Broow?).
j=1

We accomplish this task in the following steps.

1) First, the sets B,,ojo(wg) N Btjo,o(wg) and B,,ojo(w9) N
B,,o,o(w7) are excluded from B,,o,o(wg). It can been seen
that the union of these two sets consists of all of the words
of Hamming distance at most 3 from yq , and all of the
words of Hamming distance 4 from w® that differ from
w? in at least one of the 16-th and 14-th positions.

2) Next, Btjo,o(wg')ﬂB,’o,o(wﬁ) is excluded from B,,ojo(wg).
It can be seen that based on the first step, no word should
be excluded now.

3) B,,ojo(w9) N B,,ojo(ws) is excluded from B,,ojo(w9).
Based on the previous steps, only words that result from
4 substitutions such that two of them are in positions
10, 12 and none are in positions 14, 16 are excluded at
this step.

4) Regarding B,,o,o(wg) N B,,o,o(w“), based on Claim 2 and
the previous steps no word should be excluded.

5) B,,ojo(w9) N B,,ojo(w3) is excluded from B,,ojo(w9).
Hence, words in which there are exactly two substitutions
in positions 6, 8, one in positions 10, 12 and none in
positions 14, 16 are excluded at this step.

6) Regarding Btjo,o(wg) N Btjo,o(wz), based on Claim 2 and
the previous steps no word should be excluded.

7) Exclude words in By o.0(w”)NB;0.0(w') from B, 0,0(w?).
We observe that w! differs from w?® in positions
2,4,6,8,10,12, 14 , and 16. According to the previous
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steps, at this step we aim to exclude words satisfying all
of the following requirements.
o Generated by exactly 4 substitutions in yq.
o Identical to yq in positions 14 and 16.
o Differ from yg in at most one position among
10, 12, 14, 16.
o Differ from yg in at most two positions among
6,8,10,12, 14, 16.
o Differ from yg in at least four positions among
2,4,6,8,10,12, 14, 16.
In other words, we need to find the number of pos-
sibilities for applying substitutions in yg in positions
2,4,6,8,10, 12 such that all of the following require-
ments hold.
o At most one substitution in 10, 12.
o At most two substitutions in 6, 8, 10, 12.
o Exactly four substitutions in 2, 4, 6, 8, 10, 12.
o Two substitutions in 2, 4.
Here we note that if we reinterpret a substitution as a ”)”
and no substitution as a ”(”, then we find that the number
of the possibilities we want to count is equal to the
number of length-4 expressions among the alphabet {(, )}
containing 2 pairs of parentheses such that in every prefix
of even length the number of ”')” is less than or equal to
the number of ”(”. The number of such expressions is
equal to C3.
A direct result of Theorem 6 is given in the next corollary,
which its complete proof can also be found in [1].
Corollary7: The single-deletion single-substitution ball size
of w e {0, 1}" is

[B1,1,0(w)| = (n — 3)r(w) + 4,

for r(w) > 2 and | By 1,0(w)| =n if r(w) = 1.

Based on Corollary 7, we note that, for n > 4, the maximum
size of the single-substitution single-deletion ball is n> —3n+4
and is received only for the alternating word, while the
minimum size is n and is received only for a single run word.
The following corollary extends this observation to every
single-deletion multiple-substitution ball. The proof follows
directly from the result of Theorem 6, as it can be seen that
the larger r(w) is, the larger ’B,,l,o(w)’ becomes.

Corollary 8: The largest single-deletion ¢-substitution ball
is achieved by the alternating words and is of size

é(nl—l)Jr(n:z)Jr(n;s)
(007 e

j=2
Furthermore, the smallest single-deletion #-substitution ball
is achieved by the single run words and is of size

>("7)
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For n < t+1, all of the single-deletion 7-substitution balls are
of size 2"~!. However, if n satisfies the inequality

n—23 ! n—1-2j
() e ()
j=2

then the largest, smallest ball is achieved only by the alternat-
ing, single run words, respectively.

Lastly, the following corollary extends the ball size result
to the case of at most one deletion and at most ¢ substitutions.

Corollary9: Let w be a length-n binary word consisting of

r = r(w) runs. Then the number of words obtained by at most
one deletion and at most ¢ substitutions in w is given by

B} o(w)| =D (’ll) + (n l_ 1)

i=0 i=0

min{2,r} n—2 min{3,r} n—3
2 ()2 ()

i=2 i=3

minjz, dJ}

d n—23 { ’
2\(")-

i=4

IV. THE SINGLE-INSERTION SINGLE-
SUBSTITUTION BALL SI1ZE

For a word w € {0, 1}" consisting of r(w) runs, we define
its runs-profile vector to be a length-r(w) vector £{(w) =
(t1, ..., trw)), which specifies the length of each of the r(w)
runs in w. The runs-profile vector determines the word w up to
its complement. In this section, we find the size of the single-
insertion single-substitution ball, i.e., the ball that results from
a single insertion and at most a single substitution. This result
is proved in the next theorem.

Theorem 10: Let w € {0, 1}"* be a word with runs-profile
vector £(w) = (€1, {2, ..., {rw)). Then, the size of its single-
insertion single-substitution ball is given by

r(w)

|Bioiw)|=(n+2>-2->" tli+5)
i=1

2

Proof: Let wi,i € [l,n] be the word generated by
inserting w; after w; in w. Moreover, let w™!, w® be the
word received by inserting wi,w; at the beginning of w,

respectively. It holds that By, 1(w) = (w' :i e [—1,n]}.
Hence, the single-insertion single-substitution ball is given by

n
Biogw)= |J Broo@ = ] Broow).

z€Bo0,1(w) i=—1

which can also be expressed by the following union of disjoint
sets

n

Bioiw) = |

i=—1

i—1
Bioow)\ | Bioow’)

j=—1
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Thus, |B1,0,1(w)| can be obtained by the following sum

n

i—1
1Broa() = > |Broow)\ | Bioow)

i=—1 j=—1
i—1

Z |B10.0(w)|—|Bioow)n [ Bioow))|.

i=—1 j=—1

Since |B1,0,0(z)| = n + 2 for any word z € By,,1(w) and
since Bl,o,o(w_l) n Bl,o,o(wo) = {wjw, wiw}, then
|Bioi(w)=n+24+n+2-2

i—1

+Zn+2— Bioo@w)n J Bioow’)
i=1 j=—1

n i—1
=(n+27-2->|Bioo@)n | Bioow))|.

i=1 j=-1

Hence, it is enough to prove that

n i—1 r(w)

, , Ci(ti +5)
E B w')N B w')| = E = =
- 1,0,0( ) =~ 1,0,0( ) i_l B

In order to establish the last equation, we aim to find the
size of each of the following n intersections

i—1

Bioow) N ([ Bioow?),
j=1

where i € [1,n]. Let 0 < j; < j» < n and assume that the
J2-th bit falls in the A-th run in w. In the following claims we
consider all of the possibilities for j; and for each one we find
the value of |Bl,0,0(wj1) n Bl,o,o(wh)l. Lastly, we consider
the words w—!, w". The following property is well known by
Levenshtein [15] and will be used in our proof.

Proposition 11: By o,0(w/') N Byo0(w’2) = @ if and only
if dg(w/t, wi2) > 2.

Next, we present several claims that will be used in the
proof of the theorem. However, we leave the proofs of some
of them to Appendix B.

Claim 4: The words w/!, w/2 differ only in the following
positions and under the following conditions.

o The (j1 + 1)-st position, only if w; = wj +1.

o Position i € [j; + 2, j»], only if w; # w;_1, i.e., a new

run begins in the i-th position in w.

o The (j2 + 1)-st position.

Proof: Observe that the following equalities hold .

e w!' = = w;, where 1 <i < jj.

P= wl,wf

— 7. J —
= Wi Wiy = Wi+l

w!® = w;, where jj +2

J1
wjl+1

o w!' = w1,

i <i< .

.« Wi Wi =W,

o w!' = wi_1,w” = w1, where p+2<i<n+1.
Hence, w/!, w/2 differ in the (j» 4+ 1)-st position and in
positions in [j; + 1, jo] under the conditions stated in the
claim. [ |

Claim 5: 1If the jj-th bit falls in the (h — 3)-rd run or a

previous one, then Bl,o,o(wjl) N Bl,o,o(wfz) = 0.

= Wjp,
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Claim 6: Assume the ji-th bit falls in the (2 — 2)-nd or
(h — 1)-st run. Then, By o(w/') N By oo(w’?) # ¢ if and
only if the ji-th bit is the last one in its run.

Claim 7: If the jj-th bit falls in the h-th run,
By,0,0(w/") N By g,0(w/?) # 0.

Claim 8: For i > 1, the following statements hold.

. Bl,o,o(w_l) n Bl,o,o(wi) # () if and only if the i-th bit

falls in the first or the second run.

e B1,0.0w% N By oo(w) # @ if and only if the i-th bit

falls in the first run.

Claim 9: Assume Bl,o,o(wil) N Bl,o,o(w’é) # () where
—1 < iy < i>2<n and the i>-th bit in w falls in the 4’-th run,
then w’! can be received by some insertion to the /’-th run,
including insertion of w;, or w;, at the beginning of the
h'-th run.

To summarize, given a word w!, where —1 < i < n and
the i-th bit falls in the 4’-th run, assume that the i-th bit is the
j-th one in the A’-th run. Then the words wi/, —1<i <ifor
which By .0(w’) N By g,0(w’) # # are given by the following
list.

e Word w’ which results from an insertion of w; at the

beginning of the h’-th run.

e Word w” which results from an insertion of w; at the

beginning of the A’-th run.

« All words w’" where the i’-th bit falls in the 4’-th run in

w. Note that there are j — 1 such words.
It holds that w” differs from w’ only in the (i + 1)-st position.
Hence, B1 0,0(w”) N By ,,0(w) = {w”, w'}. Note that w” can
be received by substituting the (i +1)-st bit in w’. Furthermore,
w’ differs from w' in positions i — j + 1 and i + 1. Thus,
Bi,0w) N Bl,o,o(wi) consists of two words. The first one
is received by substituting the (i — j + 1)-st bit in w’ while
the second is received by substituting the (i 4 1)-st bit in w'.
Regarding w'” where the i'-th bit falls in the 4’-th run, it holds
that w’ differs from w' in positions i’ + 1 and i + 1. Hence,
Bl,o,o(wi/) N Bl,o,o(wi) consists of the words received by
substituting one of the (i’ 4 1)-st and (i +1)-st positions in w’.

By considering all of these intersections, it is possible to
conclude that By o(w’) N U};lfl By 0,0(w*) consists of the
word w' itself and any word received by substituting any of
the bits in section [{ — j + 1,i 4+ 1] in w’. Hence,

then

i—1
Bioow)n | Biroo@")|=1+i+1—@—j+D+1
k=—1
=j+2.
Furthermore, let a; be the position in which the k-th run
begins, i.e., ay = 1 + Zf-:]l ¢;. It holds that

n i—1
> Broo@)n | Bioow)
i=1 j=-1

r(w) ap+€r—1

—z > [Bioo@™n U Bi0,0(w’)

k=1 m=ay j=—1

r(w) ag+x—1 r(w) {x—1

—z Z m—ak+3—22m+3

k=1 m=ay k=1 m=0
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r(w) 3+6—1 r(w)

€(3+3+€—1)
Z > m Z : :

k=1 m=3

B i’ E(lr +5)

) )
which prkovles the lemma. [ ]
Next we present an example of the calculation of the single-
insertion single-substitution ball.
Example 2: Let n = 8 and w be the word presented
in the following table with its single-insertion ball {w’

ie [—1,n]).

Index w wfl wO wl w2 w3 w4 w5 w6 w7 w8
1 0] 0O T 00 0O OO O O
2 ol 0 01 00 0O0O0O0 O
3 1o o0 1 1 1 1 1 1 1
4 |11 11 10 1 1 1 11
s ol 1 1 1 1 10000 0
6 {0/ 0 00 00O T1 0 0 0
7 1/ 0 000 0O0O0 1 1 1
8 1] 1 1 1 1 1 1 110 1
9 1 1 1 1 1 1 1110

We observe that, for any i € [—1, n], |Bl,0,0(wi)| =n+2
and that we have n+2 words in the single-insertion ball of w.
Moreover, the intersection Bl,o,o(w’l)ﬁBl,o,o(wO) consists of
the two words w™!, w®. Hence, |B 0,0(w™") U By,0,0(w?)| =
2(n + 2) — 2 = 18. Furthermore, all of the following claims
hold.

o w !, wf w! and w? are words that result from insertions

to the first run.

e w !, w2, w3 and w* are words that result from insertions
to the second run.

o w2, w*, w3 and w® are words that result from insertions
to the third run.

o w*, wl, w’ and w® are words that result from insertions
to the fourth run.

o Bl,o,o(wl) n (Bl,o,o(w_l) U Bl,o,o(wo)) consists of w!
and the two words that result from substituting the
first or the second bit in w'. Similarly, By o(w?) N
(B1,0,0(w™1) U By 0,0(w®) U By g,0(w')) consists of the
word w? itself and the words that result from substituting
one of the first, second and third bits in w?.

o The words w3, w4 are of Hamming distance 3 from
the words w’, w'. Hence, when finding the intersection
B1,0.0(w') N U,— | B1, oo(wf) for i € {3,4} we need
to consider only the words w 2, and additionally w?
for i = 4. More S]i)eClﬁcally, the size of the intersection

B]jo’()(w )N U]__l B]jo’()(wj) is 3, 4 for i = 3,4,
respectively.

o The size of the intersection Bjgo(w’) N
U;;El Bl,o,o(wj) is 3, 4 for i =5, 6, respectively.

o The size of the intersection Bj oo(w') N

U,— 1 B1 oo(wf) is 3, 4 for i =7, 8, respectively.
Hence,
r(w)
1Bioow)| =20 +2)—2+ > (n+2-3+n+2-4)
i=1

=(n+2)%*—2—4(3+4)=170.
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Lastly, we note that the maximum size of the single-
insertion single-substitution ball is n> 4+ n + 2 and is recelved
for the alternating word while the minimum size is % +

2 4+ 2 and is received for a single run word. Furthermore
the following corollary extends the size of the single-insertion
single-substitution ball to the case of at most one insertion and
at most one substitution.

Corollary 12: Let w € {0, 1} be a word with runs-profile
vector £(w) = (€1, €2, ..., {rw)). Then, the number of words
obtained by at most one insertion and at most one substitution
in w is given by
- g‘j it +5)

yBiO,l(w)}=n+1+(n+2)2—2 5

i=1

V. RECONSTRUCTION FROM A SINGLE SUBSTITUTION
AND A SINGLE INSERTION

In this section we make first steps towards studying Prob-
lem 1 for combinations of errors. More specifically, we focus
on the case of single-insertion single-substitution and show

that
n—2 n—2
N,(1,0,1) = 7 7 + 4n.

Here we emphasize that for words of length n < 2,
the largest single-insertion single-substitution intersection can
be all of the space, for example Bj,0,1(0)NB1,0,1(1) = {0, 1}2
and Bj,0,1(10) N By,0.1(01) = {0, 1}*. Moreover, for n > 10,

12|22 fdn 4 1 <D+ 42 he, Ny(1,0,1) + Lis
smaller than or equal to the smallest single-insertion single-
substitution ball and for n > 3, 252 | [%52] +4n + 1 <
n?+n+2,ie., N,(1,0,1) +1 is smaller than or equal to the
largest single-insertion single-substitution ball. First, we prove
the lower bound on N, (1,0, 1) in Lemma 15 by presenting
two words for which the size of their balls’ intersection
is [%52] [%52] + 4n. Next, we prove the upper bound by
presenting a decoder that gets L” 2J |_ -| +4n + 1 different
words in Bj ,1(w) where w € {0, 1}",n > 3, and returns w.
We will also prove that this is an optimal decoder as its time
complexity is © (n%). Finally, we find it important to note that
while the largest intersection in the case of only substitutions,
deletions, or insertions, is received for words that differ on any
single bit or variations of the alternating words, here a special
behavior can be noticed as the largest intersection is received
for words that differ in their middle bits.

In this section, the notation By, (w) for a word w € {0, 1}*
will be used to denote the set of words received by exactly
a single substitution in w. Furthermore, for two words x, X,
we say that the diagonal “\( is maintained on the interval
[k1, k2], denoted by x\X, if for every bit k € [k, ky — 1],
Xk = Xp+1. Similarly, we say that the diagonal ' is maintained
on the interval [ky, kp], denoted by x X, if for every bit
k € [ki 4+ 1,k], xx = Xg—1. If kp = ky, then we say that
both of the diagonals are maintained in [k1, k2].

Before proving the lower and the upper bounds, we find
it beneficial to state for which words the intersection of their
single-insertion balls is not empty and which words are found
in this intersection. We summarize this simple observation in
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Lemma 13 and we emphasize that it can be easily extended
to discuss intersection of single deletion balls too.

Lemma 13: For two words y,y € {0, 1}, let ji, j» be the
index of the first, last bit in which y,y differ, respectively.
Moreover, let z € Boo,1(¥) N Bo,.1(¥), then one of the
following properties holds.

1) 2 = y1---¥j,—-1Y/Yj, - - ¥n and the diagonal y\/y is

maintained in [j1, j»].

2) 2 = y1---Yj;—1YjVj, - - - yn and the diagonal y 7y is
maintained in [ji, jo].

Proof: First, recall that based on [16] the largest intersec-
tion of two single-insertion balls is of size 2. Furthermore,
observe that words generated from insertions before j; in
both y,y differ in at least one position, for example j; + 1.
Hence, such pairs of insertions do not generate words in
Bo,0.1(¥) N Bo,0,1(3). The same holds for insertions in y,y
that are both before j,, both after j;, or both after j;.
Therefore, pairs of insertions in y,y that give the same word
are insertions that one of them occurred before j; while the
other after j,. Next, consider the following two sets of pairs
of insertions in y, y.

1) Insertion in y before j; and in y after jr: Let z be a
word generated from such insertions. Since the insertion
in y is after j» (i.e., after ¥},), then z;, = y;, # yj,.
Thus, an insertion in y that gives z is an insertion of y;,
exactly before y; . Similarly, the insertion after j> in y
should be an insertion of y;, exactly after y;,. Hence

Vit = Vi1 Yji+1 = Yji42s -5 Yjp—1 = Vjo»

which means the diagonal y\|y is maintained in section
L1, j2].

2) Insertion in y after j» and in y before j;: Following
the same lines as the previous case, it is possible to
conclude that in this set of insertions, there is only one
word in By 0,1(¥)N Bo,o,1(¥). This word can be generated
by inserting y; exactly before y;. Moreover, if this
word exists in the intersection then the diagonal y 7y
is maintained in section [ji, j2]. This proves the second
claim in the lemma. |

The next corollary follows directly from Lemma 13 and
determines the condition in which the intersection size of two
single-insertion balls is 2.

Corollary 14: Given two words y,y € {0, 1}" such that
[Bo,o.1(y) N Boo1(¥)l = 2, let ji,j» be the first, last
bit in which y,y differ, respectively. Then the sub-words
Yji - Yjas Yj -+ ¥j, are the alternating words.

Now we are ready to prove the lower bound on N, (1,0, 1).
The details of this proof appear in Appendix C.

Lemma 15: For n > 3,

—2([n-2
N,(1,0,1) > V : ””2 —‘+4n.

Next, we present a decoder in Algorithm 1 that gets
%J [%1 + 4n + 1 different words in By .1(w) where
w € {0,1}",n > 3 and recovers w with time complexity
@ (n?). Since such an algorithm along with Lemma 15 prove
that N,(1,0,1) = I_%J (%1 + 4n, which is ©(n?), and

since any decoder needs to iterate over all of the words in
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the worst case, then any decoder will be of time complexity
Q(n?). Hence, the decoder’s complexity is optimal.

Algorithm 1 Reconstruct

Input: Set ¥ C {0, 1)"*! of size | 52| [%52] +4n + 1

Output: Word w such that ¥ € By o,1(w)

1: if 3 <n <5 then

2:  return the word found by brute-force search

3: Decode the first, last bit w;, w, using the majority algo-
rithm on the first, last bit in the erroneous words,
respectively

4: Define the following subsets.

D Si={yeY:y=wi,ypt+1 =Wy}
2) Ss={yeY:y1=wi,ynt1 = wn}
3) Ss={yeY:yi=wi, yp+1 = Wn}
4) Sa={yeY:y1=uwi,ynt1 = wn}

s: Let §1, 55,55, S, be the set received from removing the
first and the last bit in all of the words of S1, S», S3, S4,
respectively

6: if |S]| =2 then

7. if only one word in S| begins with w; then

8

9

Let x be the word in S| that begins with
. else (both words begin with wi)
10: Let x be the word in S} with a shorter w; prefix
11:  Let z be the prefix of length n — 2 of x
12: return wizwy,
1300f (84 > |25 [%52] +4( —2) + 1 then
14:  return w; Reconstruct(Sy) w,
15: Let Mo =0, M3 = ()
16: if |S}| > O then
17: Let x be some word in S}
18: for z € Bo,1,0(x) U Bgyp(x2 x3---x,—1) do
19: if Sé C Bo,0,1(z) U w1 Bsyup(z) then
20: Add z to M;
21: if |[S5] > O then
22:  Let x be some word in S}
23: for z € Bo,1,0(x) U Bgyp(x1x2 - - - x,—2) do
24: if Sé C Bo,0,1(2) U Bgyup(z)w, then
25: Add z to M3
26: if |S5| =0 then
27.  Let z be the only word in M3
28: else if |S5| = O then
29:  Let z be the only word in M>
30: else
31:  Let z be the only word in M N M3
32: return wizwy,

We prove the correctness of Algorithm 1 in the following
theorem.

Theorem 16: For n > 3, given L%J |_"2;2-| +4n + 1
different words in Bj o 1(w) where w € {0, 1}", Algorithm 1
returns w with time complexity © (n°).

Proof: As stated in section II, it is sufficient to study the
case where the erroneous words result from a single insertion
followed by at most a single substitution. In fact, it will
be assumed in the rest of this section that the order of the
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occurrences is insertion followed by substitution. Next we
prove the algorithm’s correctness by induction.

Base case: it has been verified by exhaustive search that
for binary words of length n, where 3 < n < 5, the largest
single-insertion single-substitution balls’ intersection is of size
| 252 | [%52] + 4n. Hence, Algorithm 1 returns w correctly in
Step 2.

Induction hypothesis: given some n > 6, assume that for any
n’ where 5 < n’ < n, Algorithm 1 recovers any w € {0, l}”/

using L"/2—_2J {”/2_2—‘ + 4n’ 4+ 1 different words in Bj 0,1 (w)

with time complexity © (n'°).

Induction step: given | %52 | [“52]+4n+1 erroneous words
in By,1(w) where w € {0,1}",n > 6, we prove that
Algorithm 1 recovers w with time complexity @ (1°).

In Lemma 17, we prove that it is possible to recover the first
and the last bit of w by applying the majority algorithm on the
corresponding bit in all of the erroneous words, which is an
operation of time complexity @ (n?). Moreover, the following
statements hold.

1) If |S;] > 2, then based on Lemma 18, |S;| = 2 and
it is possible to recover the word wy - - - w,—1 in Steps
7-11 with time complexity © (n).

2) If |S4] > L%J f%} + 4(n — 2) + 1, then according
to the induction hypothesis, it is possible to recover the
word w3 - - - w,—1 using Algorithm 1 and the input set
S) with time complexity O (n?). It is important to note
that since the words in S4 have correct values in the first
and the last bits, then the words in S A result from a single
insertion and at most a single substitution in wy - - - w,—1,
ie, Sy € Bio1(wa---wy—1).

3) If |S4] < [ 552 ] [%52] +4(n—2)+ 1 and |S] # 2, then
based on Lemma 19, it is possible to recover w» - - - w;,_1
in Steps 15-31 with time complexity © (n3).

To sum up, the time complexity to recover the whole word w
is upper bounded by

0% +0m’) = 0@x?).

|
The next lemmas will complete the proof of Theorem 16.
Lemma 17: Given at least | %52 | [%52] + 4n + 1 different
words in Bj,1(w) where w € {0, 1}",n > 6, it is possible
to decode the first bit w1 using the majority algorithm on the
first bit of all of the erroneous words. The same holds for the
last bit.

Proof: Since errors in the first bit result from either
substitution, insertion , or both of them in the first bit, then the
set of words in By o,1(w) that begin with w; is given by the
union Wy By 0,0(w1 - wy) U] Boo,1(w2 - - - w,). Therefore,
there are at most |B1,0,0(w1 - - wy)| + |Bo,o,1(w2 - wy)| =
m+1)4+ (m—14+2) =2n+ 2 words that begin with wj.
Moreover, for n > 6, it holds that

202n+2) < {”ng [”gz

which means that more than half of the words begin with the
correct value w1. Hence, it is possible to recover w; using the
majority algorithm. Regarding the last bit, the claim can be
proved similarly. [ ]

—‘+4n+1,
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Lemma 18: If |S1] > 2 then |S1| = 2 and it is possible to
recover the sub-word wy w3 - - - w,—1 in Steps 7-11 with time
complexity @O (n).

Proof: Observe that |Si| = |S]|, words of S| are of length
n+1—2=n—1 and can result only by the following ways.

1) Insertion in the first bit and substitution of the last
bit of w. In this case the erroneous word in Sj is
w1 w1 w3 - - - Wy—1W, and gives the word w1 wy - - - Wy —1
in S}.

2) Substitution of the first bit and insertion in the last
bit of w. In this case the erroneous word in Sj is
w] wy -+ wyw, and gives the word w; - - - w, in Si.

Hence, at least one of the words in Si starts with w; and
IS7] < 2, which implies that [S{| = 2. Next consider the
following two cases.

1) If there is only one word in S| that begins with w;
(Step 8), then it is the word w1 w> - - - wy—1, so the word
x in Step 8 is x = wy - - - wy.

2) If the two words in S{ begin with w1, then the one with
the longer w; prefix is w; ws,---w,—1 and the word x
in Step 10 is x = w3 - - - wy,.

In both cases, taking the (n — 2)-prefix of x gives
wy w3 ---wy,—1. Finally, observe that the time complexity of
these steps is ®(n). |

Lemma 19: If |S;] # 2 and |Si] < [%5*][%%] +
4(n — 2) 4 1, then it is possible to recover wy ---w,—_; in
Steps 15-32 with time complexity @ (1?).

Proof: For a word x and a symbol y, define the following
sets

Tz, (x) = Bo,0,1(x) Uy Byup(x),
T3,, (x) = Bo,0,1(x) U Byup(x)y.

Moreover, let M}, M} be the set of all of the possibil-
ities for the word w> w3---wy—1 that can generate the
sets S5, 85, respectively. If |Si| = #,|85| = #, then
let M) = {0, 1}”_2,M§ = {0, 1}"2, respectively. Hence,
waw3 -+ - wy—1 € My N Mj. Recall that according to the proof
of Lemma 18, |S1| < 2. Hence, if |S;| # 2, then |S1] < 2.

Next, it will be proved that under the assumption |S7| < 2
and |S4] < L#J (%]+4(n—2)+1, the following properties
hold.

D [S2] 4+ 1831 =2 n+5.

2) 8, C Doy (w2 wp—1), S5 S T30, (w2 -+ - ws—1).

3) 1S5, 1851 < 2n —2.

4) If IS5 > 1,851 > 1, then My = M), = O(n), M3 =
M} = ©(n), respectively. Moreover, M>, M3 are gener-
ated in time complexity @ (n?) in Steps 17-20, 22-25,
respectively.

5) If |S5] > 1 and |S5| > 1, then it is possible to compute
the set M, N M3 in time complexity @ (n?).

6) M), N M| <1.

Here we emphasize that proving these six properties is enough
to derive the lemma’s statement. According to Property 1,
at least one of the sets S, S3 is not an empty set. Hence,
it is enough to consider the following three cases.

1) |S5] > 1,|85] = 0: According to Property 4, at the end of
Step 20, M = M}. Moreover, according to Property 6
and the fact that in this case M} = {0, 1}"~2, it holds
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2)

3)
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that |M§| < 1, hence |M3| < 1. In other words, indeed,
in this case only one word will be found in M, and it is
the only possibility for wows3 - - - w,—1. Hence, in Step 29,
Z = ww3---w,—1 and according to Property 4, it is
found in time complexity © (n3).

IS5 =0, [S5] > 1: As in the case of |S}| > 1,85 =0,
it can be proved that also here, only one word is found
in M3 and in Step 27, z = waw3 - - - Wy—_1.

|S5] = 1,185] > 1: According to Property 4, at the end of
Step 25, My = M} and M3 = Mj. Moreover, according
to Property 6, |M> N M3| < 1. Hence, there is only
one possibility for wows3 - - - w,—1 found in M N M3 and
according to Properties 4 and 5, it is generated in time
complexity @ (n3).

The six properties stated earlier may be proved as follows.

1)

2)

3)

4)

Since |S)] <2 and |Ss] < |25%] [552] +4(n —2) + 1,
then it holds that

n—2 n—2
|52|+|53|>{ 5 J[ —‘+4n+1—|51|—|54|

N
ours

2

(1)1

1=

2

=n+S5.

Words in S have an erroneous value in the first bit and

a correct one in the last bit. Therefore, such words may

be generated by one of the following ways.

o Substitution in the first bit and no insertion of w, in
the last one. Thus, the insertion occurs in wy - - - Wy _1.

o Insertion in the first bit and no substitution in the last

one. Thus, the substitution might occur in wy - - - w,—1.
Therefore,
Sy = Bo,0,1(w2 - - - wy—1) U By g,0(w1wa - - wp_1).
Since
Wwy -+ Wy—1, WIW2 - - Wy € Boo,1(w2 - wp—1),

then the right hand side of the previous equality can be
simplified to receive

/
Sy = Bo,o,1(wa - -+

= T2,w] (w2 s

wp—1) U w1 Bgup(wz - - wy—1)

Wp—1)-

The proof of S5 C T3 4, (w2 - - -
It holds that

wp—1) 1s similar.

|wlBsub(w2 T
| Bo,o,1 (w2 - -

wp—1)| =n—2
wp—1)|=n—-2+2=n.

Thus, based on property 2, |S)| = |S2] < n—2+4n =
2n — 2. A similar proof holds for |S§| < 2n—2.

Let x € ). It holds that x is generated by one
of the 2n — 2 ways specified in Bo,o,1 (w2 w,—1) U
w1 Bsyup(w2 - - - wy—1). In order to get all of the candidates
for wy ---w,_1, i.e., candidates for Mé, we delete any
bit of x or substitute a bit of x2---x,_1 as done in
Steps 17-20. For each candidate z we need to check if

5)

6)

S5 € Bo,0,1(z) U w1 Bsup(z), which can be done in time
complexity @ (n?). Thus, the total time complexity for
Steps 17-20 is

@2n —2)- 0@ =0,

and at the end of Step 20, M = M. Furthermore,
it holds that M| < |Bo,1,0(x) U Byup(x2x3 -+ - xp—1)| =
O (n). The same proof holds for 5.

Given two sets M», M3 of size ®(n), it is possible to find
the set My N M3 by going over all of the words in M>.
For each word x € M», we check if it is found in M3 by
going over all of the words in M3 and comparing them
with x in @ (n?) time. To sum up, total time complexity is

n-0mn?) = 0.

It holds that

85 € Doy (w2 wp—1), 83 € T3,0, (w2 - - - wy—1).
Since

1S2] + 1831 = 1S5] 4 151

S| (w2 - - wp—)| + 13,0, (w2 - - - wa—1)],

and since, based on property 1

[S2] + 83| = n +5,

then in order to prove that |[M} N M;| = 1, it is enough
to prove that for any two words x, ¥ € {0, 1}*~2 and any
two symbols a, f € {0, 1},
1T2,0(x) N 12,0 ()] + |T3,5(x) N T3,(X)| < |x|+ 7.
(2)

Note that

T2,4(x) N T2,4(X) = (Bo,0,1(x) N Bo,o,1(X))
U (@ Bsup (%) N aBsyp(X))
U (aBsup(x) N Boo,1(X))
U (Bo,0,1(x) N aByup(X)) ,

T3,5(x) N T3,4(X) = (Bo,0,1(x) N Bo,o,1(X))
U (Bsup (%) N Bsup (X))
U (Bsub(x) 8 N Bo,0,1(X))
U (Bo,0,1(x) N Bsup(X)B) .

It is already known by [15] and [16] that

[ Bo,o,1(x) N Bo,0,1(X)], | Bsup(x) N Byup(¥)| <2

In Lemma 27 in Appendix D we make several observa-
tions regarding the intersections

aBgup(x) N Boo,1(X), Bo,0,1(x) N aByup(X),
Byup(x) N By,o,1(X), Bo,0,1(x) N Byup(X)p.

Next, let £ = n — 2. In order to prove the inequality
in (2), for any two words x,X¥ € {0,1}, let ji, j»
be the first, last bit for which x;, # Xj,x;, # X,
respectively. The inequality in (2) has been verified by
computer program for all sequences x,Xx of length at
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most 9. For sequences x, X of length £ > 10, we consider

the following two cases.

o In x, before j; there are at least two runs or after j;
there are at least two runs. For this case, the inequality
in (2) is proved in Lemma 28 in Appendix E.

o In x, before j; there is at most one run, and after j,
there is at most one run. For this case, the inequality
in (2) is proved in Lemma 29 in Appendix F. |

Lastly, the following corollary extends the largest intersec-
tion size result to the case of at most one insertion and at most
one substitution.

Corollary 20: The size of the largest intersection of two
balls resulting from at most one insertion and at most one
substitution in distinct length-n binary words is given by

N:(l’()» 1) = Nn(l»O, 1) + NI’Z(19O’ 0)

-2

The correctness of this corollary is based on the inequality

—‘+4n+2.

N:(l’oa 1) < Nl’l(lao, 1) + Nn(l,oa O)
and the proof of Lemma 15. For n < 2,
B ,1(0) N Bf o (1) = {0, 1} U0, 1)?,

and
B} .1(01) N B} (10) = {00, 11} U {0, 1}°.

Hence, the corollary indeed holds in this case. For n > 3,
let
n—2

w = ol 100l 7'

and
w = ol ool |

Then according to the proof of Lemma 15,

|B1,0,1 (w) N By g1 (w')| = N, (1,0, 1)
. n—2 n—2 4
= 3 3 +4n.

|B1,0,0 (w) N By o0 (w)| = N,y(1,0,0) =2,

In addition, it holds that

which concludes the corollary. Furthermore, given

N:(1,0,1)+1=L"_2J [”_2

4n +3
5 2—‘+n+

words resulting from at most one insertion and at most one
substitution in a length-n binary word w, one can recover the
word w by the following step.
o If at least 3 length-n words are received, then there are
at least 3 words in By 0,0 (w). Thus, as proved in [15],
w may be recovered by applying the majority algorithm
on every bit.
o Otherwise, there are at least

SHlEs

—‘+4n+1

7145
length-(n + 1) binary words. Thus, there are at least
n—2|[n-2
il
words in Bj o, (w), which allows recovering w using
Algorithm 1.

—‘+4n+1

VI. DECODER FOR SUBSTITUTION ERRORS

In this section, it is studied how to construct a decoder
for the reconstruction problem in the substitutions case with
optimal complexity. As mentioned in Section II, it was already
established by Levenshtein that if the transmitted word belongs
to a code with minimum Hamming distance d and there are at
most ¢ errors in every channel, then N,f (t,d)+ 1 channels are
necessary and sufficient to decode in the worst case. However,
Levenshtein presented a decoder for this problem only for the
case of d = 1. Since N3(t,d) + 1 = ®(nt’r%7), the order of
magnitude of the number of bits in any subset ¥ € By o,0(x) of
size N,f (t,d)+11is ®(n”r%”1). Hence, the complexity order
of any decoder is at least this value and a decoder achieving
this complexity order will be called optimal. A decoder for
this problem was presented in [22] for all d and ¢, however
its complexity is @ (n* =), and only the case where d = 3 has
been improved in [22] to have an optimal decoder, i.e., with
complexity ®(n'~!). In this section we show how to construct
an optimal decoder for all d and ¢. For the rest of this section
it is assumed that d and ¢ are fixed positive integers and » is
large enough. Furthermore, since for every odd d, NnS (t,d) =
N;Z9 (t,d + 1) [22], it is also assumed that d is an odd integer
andt > (d —1)/2+1 (the case t = (d — 1)/2 4+ 1 has been
solved in [22]). For shorthand, N,f (t,d)+11s denoted by N; 4.

Our algorithm uses some of the ideas which were presented
in [22] for the decoder in case of d = 3. A set ¥ =
{y1,-.., yn} {0, 1}" is said to be decoded according to the
majority algorithm with threshold r such that the algorithm’s
output is denoted by z = maj, (Y), if the following condition
holds: For all 1 <i < n, let

mio=1U{j:j €[N yi=0,mi1=W{j:je[N]yji=1}l,

(so miog +m;j1 = N). If |mjo —m; 1| < 7 then, z; =7
Otherwise, if m;o > m; 1 then z; = 0 and if m; o < m; then
zi = 1.

For a code C C {0, 1}"* of minimum Hamming distance d,
we assume that it has a complete decoder Dg that can
successfully correct at most d—gl errors. If the number of errors
is greater than this value there is no guarantee on the decoder’s
success. However, a complete decoder outputs a codeword for
every input, i.e., even in case there are more than % errors,
the decoder outputs a codeword, yet it is not guaranteed to be
the correct one.

In the algorithm, the following value 7; 4 will be used for
the threshold of the majority algorithm

e
s 4 n— = d—3
T g‘ ( i )+d+1 L

It is possible to verify that 7, 4 < N; 4 for n large enough.

We are now ready to present the algorithm. For an integer ¢
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and a code C C {0, 1}" of minimum Hamming distance d,
we define an algorithm that recovers the transmitted codeword
denoted by ¢ using a subset Y C By ,0(c) of size N; 4.

The input to the decoder is a set of all N; 4 channels’ outputs

Y ={y,. ..,led} C By,0,0(c) for some ¢ € C and it returns
an estimation ¢ on c.

1) z=maj, ,(¥).

2) S={i:ie€l[n],zi =7.

3) Z={uec{0,1}" :u; =z; foralli ¢ S}.

4) Forall u € Z, ¢ =Dc(u). If Y C By 0,0(¢), output <.

The correctness of the algorithm is proved using the next
two lemmas. For 1 <i <n,lete;bee; =[{y €Y :y; #cil}l,
i.e., the number of words in Y in which there is an error in the

i-th position. It holds that, z; =? if W <e < W,

.. . 7.4+ N
and z; is in error if ¢; > Ld5—td

Lemma 21: There are at most % errors in the word z in
Step 1.

Proof: Assume to the contrary that there exists a set ¥

such that the word z generated in Step 1 contains at least d+1

errors. Assume without loss of generality that the first d+1

bits are erroneous bits. As specified above, for 1 <i < %
-4 d+1
Nt d+ Tra 2 n— —% d—1
e >— Lil= 2 )4+ —— N g1
T d+1 < i d+1 "
Therefore,
44l -4 d+1
n— = d—1 d+1
e > 2 N aTr
Seor 2 ()T
i=1 i=0
f_d+l
S (n— % d—1
> ) +—DNa
i 2
i=0
-4 d+1 -4 d+1
d+1 n—4\ d-1 n—4l
=— ) +—|Nia— . .
2 4 i 2 . i
i=0 i=0
(=4l dil
On the other hand, there are at most 3;_o? ( ;7) words
in Y that can have erroneous Values in all of the first %
—— _d+l
positions. The other N; 4 — ZI 0 ( ~,7) words can have
at most % errors in the first # positions. Therefore,
the number of errors in these d“ positions is upper bounded
by
G4 - d+l1 =4t d+1
d+1 n—4\ d-1 n—4
ZeiéT +T Nt,d_ 5
i=1 i=0 ! i=0 !
which results with a contradiction. [ |

Lemma22: For n large enough it holds that | S| < ¢- (d—f) .

Proof: Since in each of the N; 4 words in Y there are at
most ¢ errors, the total number of errors in all of the N; 4 words
is bounded by tN; .. Since every erasure requires at least

Nt qg—rt . . . . .
Std Z0d arrors in the copies of this bit, the maximum number
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of erasures in z is upper bounded by % = 2;%,
The value N; 4 satisfies
1~ d t—i d
n—
Nig = 1
= ( i ) 2 .(h)+
i=0 h=d—t+i
+1 —d Cd+l
- ( d+1 )(t d+1) +O@ T,
2
and for n large enough we have that N,y >
__ d+1
443 5075 ("~*3") This implies that
Nta _ Nt,a P d+3
Nia — 114 - 4 (—dl g\ 47
d+1 (Nfd —2i0’ ( i )
and thus |S] <7 - (42). ]

Lastly, we conclude with the following theorem.

Theorem 23: The output ¢ of Algorlthm VI is the word c.
The algorithm’s complexity is @ (n'~ =R +1) and hence it is
optimal.

Proof: From Lemma 21, since there are at most d—gl
errors in the word z of Step 1, one of the 2151 words in the set
Z of Step 3 contains at most d%l errors. Thus, the decoding
of this word in Step 4 will give the correct word ¢. We use
here the result of Lemma 16 from [22], in which ¢ = ¢ if and
only if ¥ C By 0,0(0).

The complexity of Step 1 is @(N,4) O ('~ ).
According to Lemma 22, the size of the sets S and Z is con-
stant with respect to n. Thus, the decoding in Step 4 is invoked
a constant number of tlmes and the complexity of the condition
in this step is ®(n'~ G +1) Together we conclude that the

algorithm’s complexity is © (n'~ =R +1). We assumed here that
the complexity of the decoder D¢ is O (n’ _7“) |

VII. EXTENSIONS FOR THE DECODER

Typically, the number of reads for each strand in
DNA-based storage systems is different than the value found
by Levenshtein. Since this is not a mechanism which is possi-
ble to directly control, we study its benefits more specifically,
in case there are more reads than the required minimum
number of channels, we show how to take advantage of this
redundant reads in order to construct a simpler decoder. On the
other hand, in case there are less reads than the minimum
number, it is not possible to output the correct word in the
worst case and then the decoder can only output a list of all
potential stored words. While we focus in this work on the
first case, the latter has been studied recently in [10].

The simplest decoding algorithm one can think of is the
majority decoder in which every bit is decoded by the majority
of its copies, that is, z = maj,(¥) for ¢ = 0. Note that in
case the size of Y is even, the algorithm outputs the erasure
symbol ? for bits having the same number of one and zero
estimations. In fact, this is the decoding algorithm Levenshtein
presented for the case of d = 1 and any ¢, so the number of
channels is N,f (t, 1)+ 1. This number of channels is necessary
for the success of the majority decoder even if the transmitted
word belongs to a code of any minimum Hamming distance
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d > 1. However, in this case the majority decoder only needs
to output a word with at most some k < L%J errors, as these
errors can be corrected by any decoder of the code.

In the following theorems we present bounds on the size of
the largest set for which the majority decoder outputs a word
with k 4 1 errors.

Theorem 24: For 0 < t < k, n € N large enough and a
word w € {0, 1}", there exists a set ¥ C By 0,0(w) of size

wis (LS

such that there are at least k 4 1 errors in majy(Y).
Proof: Let Y be the set that consists of the following two
subsets, Y| and Y>.

1) The set Y7 consists of all words in By 0,0(w) in which
there at least [%1 errors in the first £ 4+ 1 bits.

2) The set Y, is of size M| — |Y| and consists of all words
in B;,0,0(w) in which there are at most |_k+71-| — 1 errors
in the first k 4 1 bits.

In order to prove the theorem, it is enough to show that the set
Y is well defined and that the first k 4 1 bits in majy(Y) are
erroneous. Hence, it is enough to prove the following claims.

1) |Y1] < My, i.e., the size of the set Y; is well defined.

2) There are at least M — |Y;| words in By o 0(w) in which
there are at most [k%l} — 1 errors in the first £ + 1 bits,
i.e., the set Y> is well defined.

3) For each biti € [1,k+ 1], there are at least
in Y in which there is an error in the i-th bit.

These claims may be proved as follows.
1) The size of the set Y1, as defined in the proof, is

'Yl-l words

> ()20
=% =

>[5,

() =(2)-0)-(L) =0

then it holds that |Y|| < M
2) The number of words in B; o o(w) in which there are at
most f%} — 1 errors in the first k + 1 bits is equal to

]
ME

> (502070

Since for j

In order to prove that the set Y> is well defined, it is
enough to prove that M’ > M| —|Y|. It holds that M| =

<9(nt PH—‘) whereas M’ = 0(n [k;l—‘ﬂ). Hence, M| —

bl

|Y1] = O(n ), and hence for n large enough M’ >
M — |Y1] as required.

3) For all i € [1,k + 1], the number of words in Y; with

an error in the i-th position is equal to

> (L)z()

N
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which is exactly ’V —‘ ie., ’V%—‘ Hence, applying the

majority algorithm on each of the first £ + 1 bits would
result in an erroneous value. Finally, it can be seen that
this analysis is correct no matter which words are chosen
to be in Ys. [ |
While in Theorem 24 we showed a case in which the output
of the majority decoder has k + 1 errors, the next theorem
establishes a sufficient condition on the number of channels
which guarantees the output to have at most k errors.
Theorem 25: For 0 <t < k, n € N large enough, a word
w € {0,1}", and a set Y C By 0,0(w) of size at least

(L)zC )

j=[ 4 :
a3 ((1)-O)E( )

there are at most k errors in maj,(Y).
Proof: First, denote by c1, c» the value of

> (L)E0)

SEIN
n—k—1
()

(G5)-0)
AT
respectively. Then, M = 2c¢; + 2kcp + 1. Assume to the
contrary that there exists a set Z C By 0,0(w) of size 2¢1 +
2kcy + m where m > 1, for which there are at least k + 1
errors in majy(Z). Assume without loss of generality that the
first k41 values in maj,(Z) are erroneous. Hence, for each bit

i € [1,k+ 1], there are at least P I—‘ words in Z in which

My, £2

—

~.

Il
=}

there is an erroneous value in the i-th position. Therefore,
the total number of erroneous values in the first k+ 1 positions
in all of the words of Z is lower bounded by

w =+ ]

— (k + ey + (k + Dkea + (k + 1) [%}

Next, an upper bound M” is presented on the total number
of erroneous values in the first kK 4+ 1 positions in all of the
words of Z. It will be shown that M” < M’ which results
with a contradiction.

Let Y7 be the set of words in By 0,0(w) that have at least
[“+1] errors in the first k + 1 positions. It holds that

)
=2c| — 2,

t

t—j

k+1 n—k—

=2, (j)Z( i
w7

and hence |Y| = 2c¢1 —c2 < 2¢1 +2kcr + 1 = M,. Moreover,

Y1 contributes ¢y errors to each of the first kK + 1 positions,
thus, (k+ 1)c; errors to all of the first k+ 1 positions. Observe
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that the number of erroneous values in the first £+ 1 positions
in all of the words in Z is upper bounded by

M2 (k4 Der + (F‘ziﬂ - 1) (121 - %)),

Since

|Z| — Y1 = 2¢1 + 2key +m — (2¢1 — ¢2)
= 2k + 1)cy +m,

then,

M" = (k+ 1)c; + ([kzi—‘ - 1) 2k + De2

()

It is possible to verify that for all &k and m it holds that

([%1 - 1) Qk+1) < (k + Dk,

([%1 - l)m < (k—i—l){%—l

and hence M” < M’, which is a contradiction. [ |
Given 0 < t < k and n € N, let Ny ”(t,k) be the
minimum number of channels such that for all w € {0, 1}"
and Y C B oo(w), where |Y| > N, (t,k), it holds that
du(w, majy(Y)) < k. The next corollary summarizes the main
result of this section.
Corollary 26: For 0 <t < k, n € N large enough it holds

that N™ (1, k) = @)(nt{k%q).

As a direct result of Corollary 26, if d is odd, then for
k = %, we get that N, (1, k) = @(n’_(%w), while the
minimum number of channels by Levenshtein is N, (d, t)+1 =
@(n’_%). That is, the degree of n in the number of channels

increases by 451 — 4] = |42 .

VIII. CONCLUSION

In this paper we aim to extend the study of the reconstruc-
tion problem proposed by Levenshtein to the setup where
there are insertions, deletions, and substitutions. In order to
initiate this study, we first found the size of the single-deletion
t-substitution ball and similarly for the single-insertion single-
substitution ball. We then continued to find the largest
intersection of any two different single-insertion single-
substitution balls. Next, we presented an optimal decoder
with respect to its complexity for the only substitutions
case and lastly the error-correction capability of the major-
ity decoder was studied in case there are more channels
than the minimum required number. While significant results
are accomplished in this paper, there are still several more
open problems under this paradigm. For example, studying
the size of the ball under different combinations of inser-
tions, deletions, and substitutions and solving the recon-
struction problem stated in Problem 1 for more parameters
of t1, 1, and t3.
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APPENDIX A

Claim 1: The set T;, j € [3,2t] consists only of the words
that satisfy all of the following requirements.

1) Result from exactly ¢ substitutions in w’.

2) Identical to w' in positions i1, iz.

J

3) Result from at least ’75 substitutions in positions

i1,02,...,ij in w'.

4) Result from at most [4] — 1 substitutions in positions

i1,i2,...,ip in w', for every 3 < h < j.

Proof: Recall that while considering 77, 7>, words that
result from at most  — 1 substitutions in w’ and words that
result from ¢ substitutions in w’ such that at least one of them
is in position i; or i» are excluded from Btjo,o(w"). Hence,
Tj,j € [3,2t] consists only of words that result from ¢
substitutions such that none of them is in position i or i».
This proves the necessity of the first two requirements.

Recall that w' differs from w'~/ for j € [1,2¢] in the j
positions i1,i2,...,ij. Let z be a word that results from
applying ¢ substitutions in w' such that s of them are applied
in positions i1, i2,...,1;. Then, it holds that

dp(w'™J,z)=j—s+t—s=t+j—2s

as z is identical to w'=/ in s positions among i1,12,...,1;.
Hence, z differs from w'~/ in j — s positions among
i1,12,...,1; and another ¢ — s positions among [1,n —
0\ {itine...if)e it s > [ﬂ then
dp(w'=/,z) < t, ie, z € Bioow) N Boow ).
Otherwise, dy(w'=/,w') > ¢, ie, z ¢ Broo(w) N
B,,o,o(wi_j). This proves the necessity of the third
requirement. _

Since words in T; are not included in U{l;é B,,o,o(wi_h)
and since for every & < j, w' differs from w’~" in positions
i1,i2,...,1p, then based on the same analysis as before, words
in 7; are generated by ¢ substitutions in w' such that for
every h < j there are at most [4] — 1 substitutions in
positions i1, i2, ..., iy. This proves the necessity of the fourth
requirement.

To summarize, necessity of all of the four requirements
stated in the lemma is now proved. Lastly, we prove that the
four requirements are sufficient and we assume that z is a
word that satisfies all of the four requirements. Then, based
on the first and the second requirements, z ¢ B,,o,o(wi_l) U
B,,o,o(wi_z). Moreover, based on the third, fourth require-
ment, z € B; 00w /), z ¢ U{l;% By 0.0(w'™"), respectively.
Hence, z € Tj. [ |

Claim 3: For j € [3,2t] even, |T;| = C%fl(”‘ljf).

Therefore,

i
Proof: First we observe that words in 7; satisfy the
following two properties. _
1) Result from ¢ substitutions in w’ such that exactly %
are applied in positions iy, i2,...,7;, tWo in positions
ij—1,i; and § —2 in positions i3, i4,...,i;3,ij2. This
property can be proved using the requirements from
Claim 1. Words in 7; result from at most % -1 =

£ — 2 substitutions in iy,i2,...,ij—2, and hence by

at most % substitutions in positions iy, i2,...,i;. This
upper bound, which has to be achieved according to the
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third requirement from Claim 1, may be reached only if
there are two substitutions in positions i 1, i ;. Moreover,
words in 7; are identical to w' in positions i; and i>
and hence, é — 2 substitutions are applied in positions
03,04, ...,0j-3,1j-2. ‘

2) Result from ¢ substitutions in w' such that for every
h < j, where h is even, at most % — 1 substitutions are
applied in the h — 2 positions i3, i4, ..., i,. According
to the fourth requirement from Claim 1, it holds that
words in T; result from at most [4] — 1 = 4 — 1
substitutions in positions iy, iz, ..., iy. Moreover, there
are no substltutlons 1n positions i1 and i>. Thus, there are
at most 5—1= 2 in the h — 2 positions i3, i4, . .., ij.

According to these two properties, we conclude that in

order to find the size of T}, it is enough to find the number
of possibilities for applying % substitutions in the j — 4
positions i3, i4, ..., ij_3,;—2 such that foreach h € [3, j—2]
even, there are at most % substitutions in the 7 —2 positions
i3,1i4,...,ip. If we reinterpret a substitution as a ”)” and a
correct value as ”(”, then we see that the number of such
possibilities is equal to the number of length-(j —4) words over
the alphabet {(, )} that have % "("s and % Y"*s and satisfy
that in each prefix of even length the number of ”("’s is no less
than the number of ”)”’s. Denote the set of such words by W.
Then, there exists a bijective mapping between W and the
set of length-(j —2) expressions containing correctly matched
% — 1 pairs of parentheses. Hence,

|W] :C%H :C%,l-
Finally, note that after finding the number of such pos-
sibilities, substitutions in the other positions [1,n — 1]\

{i1,i2,...,i;} should be considered. Thus,

n—1—j
|Tj|:Ci,1 j .
7 t— 4

APPENDIX B

Claim 5: 1f the jj-th bit falls in the (h — 3)-rd run or a
previous one, then Bl,o,o(wjl) N Bl,o,o(wjz) = 0.

Proof: Assume to the contrary that Bl,o,o(wj‘) N
Bi1.0.0(w2) # @. Then, the (j; + 2)-nd bit in w falls in
the (h — 1)-st run or a subsequent one. Otherwise, at least
two runs will begin in section [j; + 2, j»], i.e., according to
Claim 4, dH(wjl, wj2) > 3, which contradicts Property 11.
Furthermore, we observe that since the (j; + 2)-nd position
falls in the (h—1)-st run or a subsequent one, then the j-th bit
falls in the (2 — 3)-rd run and the (h — 2)-nd, (h — 1)-st run
begins in the (j; 4+ 1)-st, (j; + 2)-nd position, respectively.
Therefore, according to Claim 4, dH(wjl, wj2) > 3, which
contradicts Proposition 11. [ ]

Claim 6: Assume the ji-th bit falls in the (2 — 2)-nd or
(h — 1)-st run. Then, By o(w/') N By oo(w’?) # ¢ if and
only if the jj-th bit is the last one in its run.

Proof: Consider the following two cases.

e The ji-th bit is the last one in its run. In this case
wj, # wj,+1. Moreover, at most one run begins in section

7149

[/1i + 2,j2]. Hence, according to Claim 4,
du(w/t, w?2) < 2, ie., Bioo(w/) N Bioo(w?) # 0
according to Proposition 11.

o The ji-th bit is not the last one in its run. In this case
wj, = wj+1. Moreover, at least one run (for exam-
ple the h-th run) begins in section [j; + 2, j»]. Hence,
dp(w/t, w?2) > 3, ie., Bioow/) N Bioow?) =0
according to Proposition 11. |

Claim 7: If the jj-th bit falls in the A-th run, then

B1,0,0(w’") N By 0,0(w/?) # 0.

Proof: In this case we observe that w; = wj 1, and
that no run begins in section [j; 4+ 2, j»]. Hence, according to
Claim 4, dy(w/', w/2) = 2, which means that Bl,o,o(wjl) n
Bl,o,o(wjz) # () according to Proposition 11. [ |

Claim 8: For i > 1, the following statements hold.

. B]jo’()(wfl) n B]jo’()(wi) # () if and only if the i-th bit
falls in the first or the second run.

e B1,0.0w% N Byoo(w) # @ if and only if the i-th bit
falls in the first run.

Proof: The two statements may be proved as follows.

o Let the i-th bit in w fall in the third run or a subsequent
one. Then according to Claim 4, w! differs from w!
in positions 1 + 1,¢1 + €2 + 1 and i 4+ 1. Hence,
dy(w™', w’) > 3, and thus By 00w~ )N By 0 0(w) =0
according to Proposition 11. Furthermore, if the i-th bit
falls in the first, second run, then w~' can be received by
inserting w;, w; at the beginning of the first, second run,
respectively, i.e., dg(w™!, w') < 2. Hence, Bl,o,o(w_l)ﬁ
B1.0.0(w’) # @ according to Proposition 11.

o Let the i-th bit in w fall in the second run or a subsequent
one. Then according to Claim 4, w® differs from w’ in
positions 1,¢; + 1 and i + 1. Hence, dH(wO, wi) > 3,
SO Bl,o,o(wo) N Bl,o,o(wi) = () according to Proposi-
tion 11. Furthermore, if the i-th bit falls in the first run,
then both of w’ and w® are received by insertions to
the same run. Hence, dy (w®, w’) < 2 and By 9 o(w®) N
Bioow') # 0. | | N

Claim 9: Assume Bjo(w'') N Byp,o(w?) # ¢ where

—1 < iy < i><n and the i>-th bit in w falls in the A’-th run,
then w’! can be received by some insertion to the 4’-th run,
including insertion of w;, or w;, at the beginning of the
h'-th run.

Proof: Assume Bl,o,o(wil) N Bl,o,o(w’é) #= 0. If iy >
0, then according to Claims 5 and 6, i; falls in either the
(W' — 2)-nd, (b’ — 1)-st, or the A’-th run. In case it falls in
the A’-th run then the proof is immediate. In case it falls in
the (' — 2)-nd, (W' — 1)-st run, then i; is the last bit in its
run, and hence w'! can be received by inserting w;,, w;, at
the beginning of the h'-th, respectively.

If i1 < 0, then according to Claim 8, w'l can be received

by some insertion to the A’-th run. [ ]

APPENDIX C
Lemma 15.: For n > 3,

—2([n-2
N,(1,0,1) > V2 ””2 —‘+4n.

Proof: It has been verified by a computer program that for
n=3,N,(1,0,1) = I_%J ("2;2] + 4n. Henceforth, assume
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n > 4. Let y,y’ be the word OL 2 J,O[ 2 1 respectively.
Moreover, let w, w’ be the word y10y’, y0ly’, respectively.
We prove that

n—2 n—2
|Bl,0,1(w)mBl,0,l(w/)|=\\ 5 J[ 5 —‘+4n~

Define the following sets:

S(/)()() = B1,0,0 () OOOJ’/,

S600 = ¥000 B10,0 (¥') 5

Soo1 = {y001y'},

So10 = B1,0,0 (¥) 010 By 0,0 (¥'),
So11 = B1,0,0(y) 011y,

Si00 = {y100y'},

S;()l = B1,0,0 y) 101)’/,

Sior = 101 Bioo (¥').

St10 = y110 Bi 0,0 (¥).

St = {yl111y'}.

Observe that the intersection Sy, N Sg0s S10;NS1o; consists
of the word y000y’, y101y’, respectively. Furthermore, note
that the sets S{,,US(00> S001> S0105 So11, S100, S1o; YS101> S110
and Sy1; differ in positions | 52 | + 1, | 252 | +2, | 552 | +3,
and hence are disjoint sets and of the following sizes.

|S(/)()() U S(/)/()()| =n—-2+41,
[Soo1] = [S100l = [S111] =1,

n—2 n—2
S =1 _2 s
[So10] +n —l—{ 5 HV 5 —‘

sonl = | =2 | 41
011 = ) 5

IS;OIUS{/01|:7Z—2+1,
S0l = | “22 | 41
1101 = 2 >

Hence, the union of these sets is of size

Eenlliealied

i.e., it is enough to prove that By o.1(w) N By o,1(w’) is equal
to the union of these sets.
Next, observe that

B1,0,1(w) N Byo,1(w') = U

z€B1,0,0(w)
7'€B10,0(w")

Bo,0,1(z) N Bo,o,1(2).

Since based on Lemma 13, for every two words z,7' €
{0, 1}, Bo,0.1(z) N Bo,0.1(z") = @ if and only if no diagonal
is maintained between the the first and the last positions in
which z, z’ differ, then it is enough to consider substitutions
that maintain at least one diagonal.

Let z,z' be a word generated from at most one sub-
stitution in w, w’, respectively. Moreover, if dy(z,w) =
1,dy(z',w) = 1, then assume the mi, my-th bit is the
substituted one in z, 7/, respectively. Consider the following
cases.

1) dy(z,w) =0,dy(z/, w’) = 0. In this case,

Bo,0,1(z) N Bo,o,1(z") = {y010y’, y101y'}
< So10 U Sio1 U Sor-

2) dy(z,w) = 1,dy(z/, w") = 0. In this case, one of the
diagonals is maintained if and only if one of the following
properties holds.

e my =|"5%| + 1, in this case,
Bo.0.1(z) N Bop.1(z') = {yOlOy/, yOOly/}
< So10 Y Soot-

e my = | "5% | + 2-th position, in this case,

Bo,0,1(z) N Boo,1(z") = {y011y’, y101y'}
- S101 U SYOl U Soi1.

o mp > L%J + 2, in this case,

Bo,0,1(2) N Bo,o,1(z)) = y010 Bup(y)U{y101y'}
< So10US10; U Sio1-

3) dy(z,w) = 0,dy(z/, w") = 1. In this case, one of the
diagonals is maintained if and only if one of the following
properties holds.

e my = |"5% | + 1, in this case,
Bo,0,1(z) N Bo,1(z') = {y101y’, y110y'}

o My = L%J + 2, in this case,

Bo,0,1(z) N B(),(),l(z/) = {yOlOy/, leOy/}
C So10 Y S100.

o My < L%J + 1, in this case,

Bo,0,1(z) N Bo,0,1(z') = Bsup (y) 010y’ U {y101y'}
- S()]()USim U SYOl'

4) dy(z,w) = 1,dg(z,w) = 1 and my,mp €
[[%52] + 1, [%52] +2]. In this case, one of the diag-
onals is maintained if and only if one of the following
properties holds.

a) my = |52 ]+ 1,my = | “52| 42, in this case,
Bo,0,1(z) N Bo,0,1(2") = Spoo U Sgoo U S100 U Soor
U S100 U Soo1 U So10-

b) my = L%J +2,my = L%J + 1, in this case,

Bo,0,1(z) N Bo,o,1(z') = So11 U S110 U S111
U {101y} € Sjo; U Sioy
U So11 U St10 U St11-

5) dy(z,w) = 1,dy(z’,w’) = 1 and one of my, m, is in
[|%52] + 1, [%52] +2] while the other is not. In this
case, one of the diagonals is maintained if and only if
one of the following properties holds.
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a) my =252 |+ 1,my = | 52|, in this case,
Bo,0,1(z) N Bo,o,1(z") = {y110y'} < Si10.
b) my = L%J +1,my > L"Q;ZJ + 2, in this case,
Bo,0,1(z) N Boo,1(z) = y110 By (y') U{y101y'}
C S110US]o; U STy -
Q) my = L%J +2,my = L%J + 3, in this case,
Bo,0,1(z) N Boo,1(z") = {y011y'} < Sou.
d) m = L%J +2,my < L%J + 1, in this case,
Bo,0,1(z) N Bo,0,1(z') = Byup (y) 011y'U{y101y'}
C So11USig; U ST, -

6) du(z,w) = 1,dy(z, w') =1 and my,my < |“5% | + 1.
In this case, one of the diagonals is maintained if and
only if one of the following properties holds.

a) m| = mo, in this case,

Bo.0.1(z) N Bo.0.1(z') = Bsup (y) 101y’
U Bgup (y) Oloy/ < SiOl US010~

b) my = I_%J in this case,

=2 |
Bo.,0,1(z) N Bo,o,1(z') = {0{ al llOlOy/]
U Bsup (¥) 101)’/25010US{01.

¢) m1 + 1 = my, in this case,

w2 |_
Bo,0,1(z) N Bo,0,1(z") = 0Bsup (0L : J 1) 010y’

C So1o-

7) du(z,w) = 1,dy(z/,w') = 1 and my, my > |52 | +2.
In this case, one of the diagonals is maintained if and
only if one of the following properties holds.

a) m| = mo, in this case,
Bo,0,1(z) N Bo,o,1(z) = y101 By (¥')
U y010 Bgup (¥") € S1o1YUSot0.
b) m| = L%J + 3, in this case,

n=2

LELY
Bo,0,1(z) N Bo,0,1(z") = [yOlOlO( 2 W ]
U y101 Bsub (y/) - S()l()USi/Ol.

¢) mi + 1 = my, in this case,

n=2]_
Bo,0,1(z) N Bo,o,1(z') = y010 By (0[ 2 W 1) 0

C So10-

8) dy(z,w) = 1,dy(z',w’) = 1 and one of my, my is less
than | “52 | + 1 while the other is greater than | “52 | +2.
In this case, one of the diagonals is maintained only if
mp > L%J +2and mp < |_"2;2J + 1, hence,

Bo,0,1(z) N Bo,0,1(z") = Bsup (¥) 010 Byup (¥')
U {lely’} C S010US191 U Sio;-
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Considering all of the cases above, it is possible to verify that
all of the words in the union g, U (o U Soo1 U So1o U So11 U
S100 U Sy U S1o; U St10 U S111 belong to the intersection
B1,0,1(w) N By 0,1(w"). u

APPENDIX D
Lemma 27: Let y,3 € {0,1}¢ where ¢ > 4. Let ji, j»
be the first, last index in which y and y differ, respectively.
Furthermore, let 71 be the length of the last run in y ---y;, 1
@if j;1 = 1 then r; = 0) and similarly, r; is the length of the
first run in yj,41---y¢ (if jo = € then rp = 0). Define iy, i2
to be the following values
iv=j—1-r,
ir=jo+ra+1.
The following upper bounds hold
1, yi=a

2, y1 = a and the
diagonal y 7y is not
maintained in [1, j»]

i» — j2, y1 = a and the
|130,0,1(Y)fj(ll;sula(Y)|5; diag(ﬂ1a1 y‘/ﬂs;is

maintained in [1, i —1]

1, y1 = a, the
diagonal y 7y is
maintained in [1, 3]
and broken in [ja, jo+1]

'19 Yn:==ﬁ

2, yn = f and the
diagonal y\|y is not
maintained in [, £]

yn = f and the
diagonal y\|y is

J1— i1,
1B0,0,1(») N Bsup(¥) Bl <
maintained in [i; + 1, {]
1, yp = f, the
diagonal y\|y is
maintained in [, £]

and broken in [j; —1, ji]

Proof: We prove only the upper bound on |By,,1(y) N
aBgup(¥)|, while the proof for |Bo.o,1(y) N Bsup(3) | follows
the same lines. First, it is possible to verify that the cases
given in the lemma are disjoint and include all of the possible
pairs y, y.

Consider the following cases.

1) y1 = a. In this case there is only one word in Bo,0,1(y)
that begins with a. Thus, |Bo,0,1(¥) N aBsup(¥)| < 1.
Note that such a word exists only if dy(y,y) = 1.

2) y1 = a and the diagonal y /'y is not maintained in
[1, j2], ie., for some bit 1 < k < jo, yk # Vi—1-
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Let kK’ be the first bit for which this inequality holds.
Consider the following two subsets that together compose
Bo,0,1(y) N aBsup ().

e Ri = {z : z € Boo01(y) NaBup(y),zxw = yi}
Observe that in order to receive such words, the
(k' — 1)-st bit in y should be substituted. Thus, |R;| <
Hz :z € aBup(¥), 2w = yw}l = 1.

e Ro = {z :z € Boo1(y) NaBsup(3), 2w = Yp =
Vi'—1}. Observe that in order to receive such a word
an insertion in y should be applied before the k’-th bit.
Let z be some word in R, i.e., received by some
insertion before the k’-th bit in y so it holds that
Zj+1 = Yj,- On the other hand, the (jz + 1)-st bit
in ay is equal to yj,. Hence, z and ay differ in
the (jo + 1)-st bit, which means that in order to get
z from y, a specific substitution should be applied
which is the substitution in the j-th bit. Thus, R, C
{01 V1Y) Y jot1 -+ e} ie., [Ro| < 1.

Since Bo,0,1(y) NaBsup(¥) = R1 U Ry, then [Bo0,1(y) N

aBg,p(¥)| < 2 as requested.

3) yy = a and the diagonal y 7y is maintained in
[1,i; — 1]. Note that in this case, based on the def-
inition of the diagonal y 'y, yj41 = Yjpt1 = YVj»
and y2---yj, = yi "’yjzfl. Since y; = a, then
Yi--+Yj = ayi---Yj—1. Next, we will show that
|Bo,0,1(y) N aBsup(¥)| = iz — j2 by proving that words
in Bo,0,1(y) N aBsup(y) can be received by substituting
exactly one of the bits in positions [j2,i» — 1] in ¥
and no other bit in y. Hence, we will prove that words
in Bo,,1(y) N aBsuy(y) differ from ay in the section
[j2+1,i2] and are identical to ay in sections [1, j»] and
[i> + 1, ¢+ 1]. We can prove that by the following three
claims.

o There exist i2 — j» words in Bo,0,1(y) NaBsup(¥). This
claim can be proved by observing that all of the i; — j»
words generated by exactly one substitution in section
[j>+1,i2] in @y can be also received by specific
insertions in positions [ j», i — 1] in y, i.e., these i — j»
words are in Bo,0,1(y) N aBsup(¥).

o All of the words in By,0,1(y) Na Bsus(¥) have the same
length- j, prefix as the word &y, i.e., the same length- j»
prefix as the word y. If jo = 1, then the claim holds as
all of the words in Bg o,1(y) Na Bsyup(¥) begin with a.
Henceforth, assume that j, > 1. In this case, the claim
can be proved by assuming to the contrary that there
is a word in Bo,,1(y) N aBsup(y) with a different
length- j» prefix. Such a word can be received only by
insertions before the jp-th bit in y and substitution of
one of the bits in section [1, j,—1] in y. Let z be such
a word. Then, the (j, + 1)-st bit in z, ay is equal to
Yj»» ¥j»» Tespectively, which means that z and ay differ
in the (j» + 1)-st bit. Therefore, dg (z, ay) > 2, which
contradicts the definition of Bgyp.

o If in = (41, then the words of Bg.o,1(y)Na By, (y) are
of length i5. Otherwise, all of the words in By 0,1(y) N
o Bsu»(y) have the same suffix that begins in the
(io + 1)-st bit as the suffix of y,y that begin in the
i>-th bit. This claim can be proved by assuming to
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the contrary that there exists a word in Bg,1(y) N
o B, () that has a different suffix. Such a word can
be received only by substitution in bits [i7, €] in ¥ and
insertion after the ip-th bit in y. Let z be such a word.
It holds that the i>-th bit in z, oy is equal to y;,, yi,—1.
Since after the jr-th bit, y and y are identical, and
since ip is a position in which a new run begins, then
z and ay differ in the ip-th bit. Thus, dy(z, ay) > 2,
which contradicts the definition of Bj,p.

4) y; = a, the diagonal y 7y is maintained in [1, j>] and
is broken in [ j2, jo + 1]. First, note that based on the def-
inition of the diagonal y /'y, yj,41 # V), i.e., Yjp41 =
Yj»+1 = Y¥j,. Moreover, as stated in the previous case,
Yio o Yj =0y Vjp—1 and yj, 410y = Vjy1 - Ve
Consider the following two subsets that together compose
Bo,0,1(y) N aBsup ().

e Ri = {z2:€Bo01(») NaBaup(). 2j41 =}
Observe that words in R; can be received only by
insertion of y;, exactly before y;,41 in y. However,
such an insertion would give the word ay, which
contradicts the definition of Bgp.

e Ry = {z2:€Bo01(») NaBus (). 2jp41 = i}
Observe that in order to get words in Ry,
a specific substitution should be applied in
y which is substitution of the j>-th. Hence,
Ry C{ayi Y1V Yjos1 -+ Vi), ie., [Ro] < 1.

Since Bo,0,1(y) N Bsup(¥) = R1 U Ry, then |Bo,0,1(y) N

aBsup(y)| < 1. u

APPENDIX E

Lemma 28: Given two binary words y, y of length £ > 10,
let ji, j2,1i1,i2 be as defined in Lemma 27. Assume thati; > 0
orir < {41 (i.e., either before j; there are two runs or after
Jj2 there are two runs). It holds that for every a, f € {0, 1},
1 T2,0(») N T2,a D+ 1 T3,5(0) N T35 <€+ 7.

Proof: We prove the lemma by induction.

Base case: The claim has been verified by exhaustive search
for words of length at most 9 as mentioned at the end of the
proof of Lemma 19.

Induction hypothesis: Let £ > 10. Assume that for all words
y,y of length ¢/ < ¢ for which iy > 0 or i < ¢/ + 1,
the following inequality holds

172,60 () N To,a D) + | T3,0) N T3 5(3)| < €'+ 7.

Inductive step: Let £ > 10. We prove that for length-£ words
y,y for which iy > 0 or iy < ¢ + 1, it holds that

|T26(Y) NT2,a D)+ 1T3,5(0) N T3, 5(3)| <€+ 7.

Assume to the contrary that there are o, f and two words
¥, € {0, 1} for which i1 > 0 or i» < £ + 1, however,

1T2,6(¥) N T2,a D)+ |T3,5(y) N T3,5(3)| = €+ 7.

Assume without loss of generality that i; > 0. Then, there
are at least two runs before ji, i.e., j; > 1 and y; = y;. We
show that in this case

|T2,y,(v2 - ye0) N T2y, (Y2 - - - Vo)
HTp(00--ve) NT3,8(02---ye)| = €+ 7.
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Note that y, ---yp and y; - - - yy are words of length £ — 1.
If yo---ye and y; - - - yp consist of at most one run before the
first different bit and at most one run after the last different
bit, then this conclusion contradicts Lemma 29. Otherwise,
it contradicts the induction hypothesis.

Let T,,T; be the set received by removing the first bit
in all of the words in T2 4(y) N T2,4(3), T3,5(y) N T3 4(3),
respectively. In the rest of the proof, we prove the correctness
of the following four claims.

D) Ty, € Ty (v2 - 30) N Toy (32 Vo).

2) T; S T3p(v2---ye) N T3, 532+ - Vo).

3) 1T2.0(3) N Toa() = |T5]-

4 |T3,5(0) N T35 = IT3].
By these four claims, it is possible to conclude that

(—148=C(+T7<|T2u(y) NTa(I)l
+1T3,5(0) N T35 = T3] + T3]
< Ty 2+ y0) N Tay 52+ -+ o)
+T3,5(y2---y0) N T3,5(32- - Vo)l

which results with a contradiction. We proceed with proving
the last four claims.

1) We show that for all z € T2 ,(y) N 12,4 (3), it holds that
22 2e41 € Toy (2 yO)NT2,y, (2 - - - ). Recall that
the intersection 7> 4 (y)N7T2,, () consists of the following
four subsets.

e Bo,0,1(y) N Bo,o,1(y¥): Observe that if z € Bo,0,1(y)
then z2 - - z¢+1 € Bo,0,1(y2 - - - ¥¢), and the same holds
for y. Hence, if z € Bo,,1(y) N Bo,o,1(y), then
222041 € Bo,0,1(y2 - ye) N Bo,o,1(¥2 - - - ye))-

e 0Bsup(y) N aBsup(¥): Words in this intersection are
received only from substituting the bits that differ
between y,y. Since y; = y; then such words are
identical to ay and ay in the first and the second bit
and are different from ay, ay in positions in [3, £+ 1].
Hence, if z € aByup(y) NaBg,,(y) then zp---z¢41 €
Y1 Bsup(y2 - - ye) N y1 Bsup(¥2 -+~ ye)-

e Boo.1(y) N aBgp(y): Assume that z belongs to
this intersection, then z2---z¢41 € Boo,1(y2- - ye).
Moreover, either z2---z¢+1 = Yy2:---y¢ €
Bo,0,1(2---Y¢) or z2---z2¢41 € Y1 B (Y2 ye).
Thus,

22+ ze41 € (Bo,o,1(y2+ -+ y¢) N Bo,o,1 (32 -+ ¥r))
U (Bo,0,1(y2 - y¢) N y1 Bsup(F2 -+ Vr)) -

e aBsu(y) N Bo,o,1(): If z belongs to this intersection,
then

222041 € (Bo,o,1(y2 -+ y¢) N Bo,o,1 (32 -+ 3e))
U (y1 Bsun(y2+ -+ ye) N Bo,o, 1 (32 -+ ¥e)) -

for the same explanation as in the previous case.
2) As in the proof of the first claim, in this proof we consider
the four subsets that comprise 73 z(y) N T3 4(¥). In case
z belongs to the intersection Bo.o,1(y) N Bo,o,1(¥) or the
intersection Byy,p(y)B N Bsup(¥)f, then it is possible to
prove that zp---zey1 € T3 5(y2---y0) N T3,5(¥2 - V)
in the same way as in the previous claim. Next, assume

3)
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that z € Bo,0,1(¥) N Bsup(¥)f. In this case, z2 -+ z¢41 €
Bo,0.1(32---yr). Moreover, according to Lemma 27,
z differs from y S only in bits in the run preceding jj.
Since there are two runs before j; and y;, y| are not in the
run that comes exactly before ji, then they are not sub-
stituted, i.e., z differs from y S in positions in the interval
[2,€]. Thus, z2 -+ - z¢+1 € Bsup (Y2 - - - y¢) B, which means
that zo---ze41 € Boo1(y2---ye) N Bsup(y2---yo)p.
A similar proof holds in case z € By,(y)f N Bo.0,1(3).
Here it is proved that there are no two words in 75 ,(y) N
1>+ (y) that differ only in the first bit. Assume to the
contrary that there are two words x, X € T3 4 (¥)NT2.4(¥)
that differ only in the first bit (thus removing the first bit
results in the same word x; - - - x7). Since x| # X, then
one of them is a while the other is a. Assume without
loss of generality that x; = o and X = @. According to
the definition of 75 ,(y) N T>,4(¥), we have that

x,%X € T2,4(y) = Bo,o,1(y) UaBsup(y).

Since X1 = @, then ¥ ¢ aBsup(y), i.e., X € Bo,0,1(y).

Furthermore, we have the following observations.

a) If x € Bo,0.1(y) then both x,X were received by a
single insertion to y. Since x and X differ only in
the first bit and both are generated from insertions
to the same word then, the insertions were in the
first position, i.e., x = ay,x = ay. To sum up,
in this case y = xp---x¢4+1. We will refer to this
conclusion by (*).

b) If x € aBys,p(y) then

X2 Xe41 € Boup(¥), X € Boo.1(y).

Consider the following two cases.
e y| =Yy = a, then

y:f2"'3€v£’+1 = X2 X0+,

in contradiction with x3---xp4y1 € Bgp(y). In
summary, if x € aBg,;p (¥), then y; =y = @.
We denote this conclusion by (**).

e y| =y| =, then

X2 Xp41 = X2+ Xeq1 € Bo,o.1(2 - ve),
f2"‘f(’+1 =x2--X¢+1 € Bsup(y)-

Thus, the substitution in x is in the first run of y
(because only substitutions in the first run in y can
be achieved by single insertion to y;---ye). We
denote this conclusion by (¥%%).

Now based on the conclusions above, consider the fol-

lowing cases.

a) x,X € Bo,.1(y),x,X € Boo,1(¥), then based on (*¥)

Y=X2---Xpp1 =X2- - Xpp] = Y.

b) x,X € Boo,1(y),x € aBup(y),¥ € Boo,1(9).
According to (**), yj = y; = «. Then

Yy =X Xp41 = X200 Xp4le

According to (**%*), the word xj - - - xp41 iS generated
from substitution in the first run in y. Thus, y differs
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from y by one bit in the first run, which is a contra-
diction to the fact that y,y are identical in the first
run.

¢) x,X € Boo,1(3),x € aBsup(y),X € Bo,,1(y). The
proof follows similar analysis as the case b.

d) x € aBup(y), X € Boo,1(y),x € aBup(y),x €
Bo.0,1(¥). According to (**), y; = y; = a. Moreover,
according to (***), the word xp---xp41 is received
from substitutions in the first run in both y,y. How-
ever, the first run in y, y is identical, so xp - - - xy41 is
generated from the same substitution in the first run of
both y,y. This implies that the rest of y, y is identical
too. Thus, we receive a contradiction.

4) Next, it is proved that all the words in 73, 5(y) N 73, 5()
begin with y; = y;. Recall that this intersection consists
of the following four subsets, and for each subset it is
proved that all of its words begin with y; = yi.

e B0.0.1(¥)NBoo,1(¥): Assume to the contrary that there
is a word z € Bo,0,1(y) N Bo,0,1(¥) beginning with ¥,
then such a word is generated by inserting y; at the
beginning of y,y, i.e.,, z = y;y = y,y. However,
du(y1y,51y) =du(y,y) > 0.

o Bgup(y) N Bsup(¥)B: Substitutions in this intersection
occur only in the bits that differ between y,y. Thus,
there is no substitution in the first bit.

e Bo.0,1(¥) N Bsyup(y)f: According to Lemma 27, substi-
tutions will be only in the run preceding j;, thus not
in the first bit. Hence, all of these words begin with

Y1 =y
o By (y)fNBo,o,1(y): Same explanation as for the case
BO,O,l(y) N Bsub(j")ﬂ- u

APPENDIX F

In the following lemma, for any two words y,y and any
two symbols a, f € {0, 1}, we use the following shortcuts:

Bo,0.1(y) N Bo,0,1(y) 1,1
Bsub(y) N Bsub(}v’) Sa S
o Bsup(y) N aByup(y) as,as
Bsup(y)B N Bsub(y) B SB, Sp
o Bsub(y) N Bo,o,1(y) as, I
Bo,0,1(y) N aBsup(y) L,aS
Bsup () N Bo,o,1(¥) SB, 1
Bo,0,1(y) N Bsuvs(3) 1, SB
12,6V N DM+ 1T3,5(0) N T3 5(3)|  Sum

Lemma 29: Given two words y,y € {0, 1}‘) where € > 10,
let ji, jo be the first, last bit for which the two words y,y
differ. Assume that before j; there is at most one run in y, y,
and after jp there is at most one run in y, y, then for any two
symbols a, f € {0, 1}, the following holds

|T2,6(y) N T2,a W)+ |T3,5(y) N T3,5(3)| < €+7.
Proof: First, it holds that

TZ,a(y) N TZ,(Z(}) = (I’ I) U (OCS, OCS) U (OCS, I) U (I,OCS),
T3 p(y) N T3,5(y) = (I, 1) U(SB, SP) U (SB, 1) U (1, SP).
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Hence,
Sum < 211, I +2|S, S|+ |aS, I+ 11, aS|+|SB, I+ |1, SBI.

Second, we make the following observations which will be
useful in the rest of the proof. Their proofs are omitted since
they repeat previous ideas.

Proposition 30: If j; > 1, then at most one diagonal is
maintained in the section [1, ji]. Similarly, if j, < ¢, then at
most one diagonal is maintained in the section [ ja, £].

Proposition31: Both of the diagonals are maintained in the
sections [1, j; — 1] and [j, + 1, £].

Proposition32: If j1 > 1,jo < €,y1 =y =a and y, =
y¢ = f, then Sum < 12.

Proof: According to Lemma 27, the following upper
bounds hold

|1, 1] | |S, S| | |1, aS| | laS, I | |1, SP| | |SB, I | Sum

2 | 2 | 1 | 1 | 1 | 1 | 12
|

Next let y, y be two words as stated in the lemma, and let
c1, c2 be the number of diagonals maintained in the section
[1, j21, [Jj1, €], respectively. For ¢ < 9, the lemma is proved
by exhaustive search as mentioned at the end of the proof of
Lemma 19. For ¢ > 9, we consider all of the following cases
and for each one we prove that Sum < ¢+ 7.

1) ¢; = 0,¢p = 0. In this case, based on Lemma 27,
the following upper bounds hold
|1, 1] | 1S, S| | |1, S| | laS, I] | |1, Sp| | |SB, 1] | Sum
2|2|2|2|2|2|16
2) c¢1 = 1, c2 = 0. Assume without loss of generality that the
only diagonal maintained in [1, j»] is y\.J, then y\/y
is maintained also in [ji, j»], however, it is broken in
[j2, €]. Hence, according to Proposition 31, the diagonal
y\(y is broken in [z, j» + 1]. To sum up, the diagonal
¥y\(Y is the only one maintained in [1, j2], it is broken
in [j2, j2 + 1], and no diagonal is maintained in [, €].
Therefore, according to Lemma 27, the following upper
bounds hold.

1,11 | 1S, 81 | 11,08 | S, 1] | 11, SPI | 1SB, 1| | Sum
2 | 2 | 2 | 1 | 2 | 2 | 15
3) ct = 0,cp = 1. The proof is similar to the case

of ci =1,c0 =0.

4) ¢1 = 2,c2 = 0. Observe that only one diagonal can be
broken in [j», j» + 1]. Hence, a diagonal is broken in
[j2 + 1, €], which contradicts Proposition 31. Therefore,
¥, Y, cannot satisfy ¢; = 2, ¢co = 0 and hence there is no
need to consider this case.

5) ¢1 = 0,cp = 2. The proof is similar to the case of
c1=2,cp =0.

6) c1 = 1, ¢y > 1. Consider the following cases.

a) j1 =1, jo» = £. In this case, according to Lemma 27,
the following upper bounds hold
|1, I1]1S, S|, aS]|||aS, I||I1, SBI|ISB, 1| Sum
22|2|2|2|2|16
b) j1 =1, jo < {. Assume without loss of generality that
y1 =@, y; = a. The following properties hold.
o If the diagonal y\|y is not maintained in [ji, j2],
then the following upper bounds hold
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|1, 11[1S, SI|I1, aS|||aS, 11|11, SB| + |SB, 1||Sum
2 | 2 | 1 | 2 | 4 | 15

« Exactly one diagonal is maintained in [ji, €]. This
claim can be proved as follows. According to
Proposition 30, at most one diagonal is maintained
in [j, €], i.e., ¢ < 1. Moreover, ¢o > 1. Hence,
o =1.

o If the diagonal y\|y is maintained in [j;, j2] and
not in [, £], then according to Proposition 31, it is
broken in [j> + 1, j2]. In this case, according to
Lemma 27, the following upper bounds hold

11, 11|18, SI|I1, aS||laS, LI[I1, SBI + |SB, 11|Sum

2 | 2 | 1 | 1 | 4 | 14
Considering all of these claims, it is enough to deal
with words y, y in which the diagonal y\|y is main-
tained in all of the word, while the diagonal y /'y may
be maintained only in [1, j»] and may not. Note that
since the diagonal y\|y is maintained in [j2, j» + 1],
and since yj, # ¥, and yj,4+1 = Yj,+1, then the
diagonal y 7y is not maintained in [j2, j» + 1]. Let

k = j» — j1 + 1, consider the following cases.

e k = 1. In this case y = a(@)", ¥ = a(@)" where

h>1. Let
71 = aa@(@)",
2 =aa@)",
23 = aa(@)",
u=a@a,
zs =a(@'a,
26 = a(@)a.
Then,
I, I =A{z1,22},
aS,aS ={z1, 23},
I,aS ={z1},
@S, 1 = aByy (a(a)h) .
If p =, then
SB, Sp = {z4, 21},
S, 1 ={z1,z2},
1, Sp = {z4}.
Otherwise,

SB, Sp = {zs, 26},
Sﬁal Z{ZS}a
I,Sp = {z6}.

Since, z3 € aS, I and since

a8, 1| = ‘Bsub (a(a)h)‘ — ¢,

then
|T2,0(») N T2 (3)|= 11,1 VaS, aSUaS, T1UI aS|
=(+2,
|T3,5(») N T3,5(3)|= |1, 1 USB, SBUSB, T UI, SP|
<4,

which means that Sum < ¢ + 6.
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e k = 2. In this case y = aaa”,y = ava” where
h>1. Let

71 = aﬁaah,
7 = Eaaah,
3 =oaaaa’,
74 = aooo,

Then,
I, I ={z1,22},
a$,aS ={z3,z4},
I,aS =40,
aS, 1 = aaBsyp (aah> .
If f = a, then
SB, SP = {z4, 25},
Sp, I = {z2},
1, SB = {zs}.
Otherwise,

SB, SP = {z6,27},
SB, I =1,SB=40.

Since z3 € a.S, I and since
@S, 11 = | By ()| =€ 1,
then

|T2,0(») N T2 (F)|= 11,1 UaS,aSUaS, 1UI aS|
=(+2,

T3 5NN T3, 5()|= 11,1 U S, SPUSE,TUL, S
:4,

which means Sum = € + 6.

ek >3 Inthiscase y =@ - YjVjot1 - Y, ¥ =
O--YjVjp41--ye where y; = y; = yj for
i > jp. Moreover, in this case, it holds that

oS, =y;-- 'sz—lBsub (yjz T yl’) .

Hence, |aS,I| = |BW;7 (yjz---yg)| < -2
and according to Lemma 27, the following upper
bounds hold
|1, 0S| | lasS, 1| | |1, SP| | |SB, 1
1 | {—2 | 1 | 2
Furthermore, if dg(y,y) > 3, then |1, I| < 2 and
S, S = 0, which means that

Sum 2|1, 11 +2|S, S|+ |1, 0S|+ |aS, I|
+ 11, SPI+ 1S, 1] < £ +6.

However, if dy(y, ¥) < 2, then at most one diago-
nal is maintained in section [ji, j2] as this section
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consists of at least 3 bits, i.e., y = a(a) aa’,y =
a(@)"@a’ where h,t > 1. In this case, the follow-
ing statements hold.

- aa(@)"aa’ € (aS,aS)N (@S, ).

- If p =@, then |SB, 1| < 1 and |I, SB| < 1.

- If p = a, thena(@) " aa’a € (SB, SPYN, SP).

-1,I<1.

-5,5<2.
Hence, the following upper bounds hold

11,11 | |aS,aSUaS, 1| | |I,aS]

I [ 2+¢-2—-1 | 1
If f = a, then
11,11 | IS8, SBUL SPI | ISP, I
1 | 2+1-1 | 2

Otherwise, f = a and

[, 11 | ISB, SpI | 11, SBI | 1B, 1|

1 2 1 1
Therefore, in |both of the| cases f |= o and f =a,
Sum < €+ 6.
c) j1 > 1, j» = {. The proof is similar to the case of
J1=1,5p <t

d) j1 > 1,j» < €. In this case, according to Proposi-
tion 30, at most one diagonal is maintained in each
of the sections [1, j»], [j1,€], i.e., c1 = 1,0 = 1.
Moreover, if different diagonals are maintained in each
of these sections, then according to Proposition 31,
the diagonals are broken in [j; — 1, ji], [j2, jo + 1].
Thus, the following upper bounds hold according to
Lemma 27.

\LIL]IS, SI| 11, aS| + |aS, 1| | |1, SBl + |SB, 1| | Sum
2 | 2 | 2+1 | 2+1 | 14
Therefore, it is enough to consider words for which
only one diagonal is maintained in all of the word.
Assume without loss of generality that the diagonal
¥\, is the one maintained in all of the word. Consider
the following cases.

o k = 1. In this case the words y,y have one of the
following forms.
- y=d"a@),y = a"a(@)’ where h,t > 1. Let

zZ1 = ahaﬁ(ﬁ)',
2 = d"a@a (@),
23 = aa’a (@),
74 = ahﬁ(ﬁ)ta,
z5s = a'a(@) o,

26 = a"a(@)'a.

Then,
1,1 ={z1,22},
aS,aS ={z1,23},
I,aS ={z1,22},

aS, 1 = aa" Boup (@@)').

If f = a, then

SB, SP = {z4, 25},
Sﬁ’ I = {ZS} 5
I,SB = {z4}.

Otherwise,

Sp, Sp = {z1, 26},
Sp, 1 ={z1,22},

I, SB = Bsup (aha) (@)'a.
Since

zz3eal, I,
laS, I| = |Byup (@(@)')| < -1,

and since for f =a, z6 € I, SP, and

laS, I+ |1, SB| = | Bsup (a(@)")|
+ |Bsub (aha)‘ ={+1,

then

Sum < {+5,0 =a,
Sum =(+5,8 =a.

-y = @"aa",3 = (@) "aa’ where h,t > 1.
In this case, if f = a, then the solution is
identical to the previous case when f = a. Oth-
erwise, f = a and according to Proposition 32,
Sum < 12.
e k = 2. In this case the words y,y have one of the
following forms.

h

- y=d"aaa’,y =a"

aoal. Let

21 = ahaaaat,

) = ahﬁaﬁa’,

23 =ad"aaa’,
4 = aahﬁa',
75 = o"aaa'a,
26 = d"aad'a,
27 = a"aaola.
Then,
I, 1 =1{z1,22},
aS,aS = {z3, z4},
oS, 1 = aa"@Bsu (aa'),
I,aS ={z2}.
If f =@, then

Sﬁ’ Sﬁ = {ZSa zﬁ}a
SB.1=1,58 =0
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Otherwise,

Sp, Sp = {z3, 27},
Sﬁ’ I = {ZZ} 5

1, Sp = Bsup (aha) vola.
Since z4 € 0§, I,
laS, I| = |Bsup (aa')| < € -2,
and since for f = a, z7 € 1, S,

laS, I| + |1, SB| = | Bsup (aa’)|

+ |Bous (aa)| = ¢,
then
Sum = +6, =a,
Sum <{+5,f=0a.
-y = @ea@),y = (@) "aa(@)’ where
h,t > 1. In this case, if f§ = @, then the

solution is identical to the previous case when
p = a. Otherwise, f = a and according to
Proposition 32, Sum < 12.
e k > 3. In this case, if dy(y,y) > 3, then
|1, 1] <2,|S,S| =0. Hence,

211, I+ |aS, aS| + |SB, SB| < 4.

However, if dy(y,y) < 2, then |I,I] < 1,

|S, S| < 2. Hence,
21L 1 + |aS, aS| + |SB, SB| < 6,

where this bound can be achieved only if exactly
one diagonal is maintained in [ 1, j»]. Furthermore,
note that since j; > 1, j» < ¢ and the diagonal
¥\ is the only one maintained in all of the word,
then y; = y;, and y, = yj;,. Next consider the
following cases.
- y1 = @,y¢ = f. In this case, according to
Proposition 32, Sum < 12.
- y1 = o,y = . In this case, the following
upper bounds hold
211, I+ 2|8, S|||I, aS|||aS, I|||I, Sﬂl“Sﬂ, I||Sum
6 | 0] 0 J¢-2] 2 [(+6
where the equalities |/, aS| = |aS, I| = 0 can
be proved as follows. The words in 7, a.S begin
with a, and hence can be received from y only
by an insertion of a at the beginning of y.
Howeyver, such an insertion leads to a word of
Hamming distance 2 from ay, i.e., a word that
is not in a Byyup(y).
- y1 = a,y; = B. The proof is similar to the
previous case.
- y1 = a,y, = f. In this case, observe that the
following holds.
* yi =Y =a,i < ji.
Yjii =@,y = a.
Yip =Py =P
yi=yi=pBi > o

* % ¥

[1]

[2]

[3]

[4]
[5]

[6]
[7]
[8]

[9]

[10]

(1]

[12]
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% |I,aS| < 1. This claim can be proved by
observing that any word z € I, aS satisfies
zj; = o and there is only one such word in
0. Bsyup (). Assume to the contrary that there
is a word x € I, aS such that x;, = «. Such
a word can be received only by insertion of
o at the beginning of y. Hence x = ay.
However, x ¢ aBs,,(¥) as dy(ay,ay) =
du(y,y) = 2.

* |SP, I| < 1, same proof as |, aS| < 1.

* |laS, I+ |1, 8B <€—1.

Considering all of these claims, the following

upper bounds can be derived.

2|1, 11+ 218, S|||I, aS|||aS, 11411, S,B|||S,B, I||Sum

6 1 =1 | 1 [(+7

Observe that this upper bound may be achieved

only if the following conditions hold.

* dy(y,y) = 2 and exactly one diagonal is
maintained in [ji, j2]. Otherwise, |1, 1| +
laS,aS| + |SB, SB| < 6.

% j1 4+ 2 = jp. Otherwise, |aS, I| + |1, SB| <
£—1.

Therefore, it is enough to consider words sat-

isfying these two properties. Such words are

y = a"aaaa’,y = a"awaa’ where h,t > 1.

In this case, the word aaaaao’ is counted

twice, once in aS,aS, and once in aS,I.

Therefore, the upper bound ¢ + 7 cannot be

achieved for these words too. |
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