On the Probabilistic Longest Common
Subsequence Problem for Sequences of
Independent Blocks

Dissertation zur Erlangung des Doktorgrades

der Fakultat fur Mathematik
der Universitat Bielefeld

vorgelegt von

Felipe Torres

Marz 2009



Gedruckt auf alterungsbestandigem Papier nach DIN ISO-9706



Contents

-

Introduction
1.1 The LCS history . . . . . . . . ...

2 Main Ideas
2.1 Aim and definitions . . . . . . . .. ...

3 Left out blocks in an optimal alignment
3.1 Combinatorics of the left out blocks . . . . . . . . .. .. ... ..
3.2 Maximum number of left out blocks . . . . . . . . .. .. ... ..

4 High probability events
4.1 Number of blocks as renewal process . . . . .. .. .. ... ...
4.2  Left out blocks in an optimal alignment . . . . . . . .. ... ...
4.3 Proportion of blocksin X andY . . ... ... ... ... ...,
4.4 Number of blocks for an optimal alignment . . . . . . . . ... ..
4.5 Cut blocks at theend . . . . . . .. .. ... .. L.
4.6 Optimal events . . . . . . . .. ...
4.7 Positive expected change in the score . . . . . . . ... ... ...

5 Random modification & fluctuation
5.1 Random modifications and variables (7,2) . . . . .. .. ... ..

6 Solution of the Optimization Problem
6.1 Parametrical solution . . . . . . . . ... ... ... ...
6.2 Numerical solution . . . . . . . .. . . ... ... ... ...
6.2.1 Thebasicform . .. ... ... ... ... ... ......
6.2.2 The simulation form . . . .. . ... ... ... ... ...
6.2.3 The entropy form . . . . .. ...

A Proof of Theorem 2.1.3

21
21
25

27
28
31
35
36
39
42
48

54
26

77
78
80
81
81
82

85



ACKNOWLEDGEMENTS

This thesis not only respresents the end of hard graduate studies but also the
testimony of a challenging adventure in a foregin country full of unexpected si-
tuations, sad and happy moments, multiple chances for knowing new people,
new fascinating places and new ways of doing Mathematics. I want to dedicate
this work and the whole experience to my family, fundamental and unconditional
support, [ am proud to be motivated by them.

The list of people who somehow had contributed to this thesis is large to show
it up here in detail, though I would like to begin sincerely thanking my advisors
Prof. Friederich Goetze and Ph.D Heinrich Matzinger who always trusted me
and belived in me and my work.

The International Graduate College (IGK) and all the people involved on it from
Germany and from China took me in, made me feel like at home and gave me all
the advantages of a cooperation between Germany and China, turning my Ph.D.
time in Bielefeld into a rich experience which inherited me a legacy I will try to
keep alive, not only in academic terms. My complete gratitude to this program,
to the whole IGK-team and to the whole Chinese-side team (CAS and GUCAS).

I would also like to thank the economic support from the Collaborative Research
Centre 701: Spectral Structures and Topological Methods in Mathematics, espe-
cially for financing me a trip to Atlanta to finish this thesis and in general for all
the additional support in other academic activities.

Finally, but not less important, thanks to all secretaries, my dear friends, my
friends and the friends of my friends who helped me since the very beginning (for
example, to look for a place to live in) until the very end. The day after day was
easier with you around.



Chapter 1

Introduction

Let X and Y be two binary random strings of length n independent of each other.
Let L, denote the length of the Longest Common Subsequence (LCS) of X and
Y. In general the order of magnitude in n of VAR[L,] is not known. So far,
Matzinger and his collaborators had been able to prove that VAR|[L,] has order
O(n) in few cases [15, 16, 18, 19, 20]. In this thesis, we prove the same result for a
model which is not low entropy. Previous cases were all low entropy models. The
model for the distribution is an i.i.d. sequences of blocks, where blocks are words
consisting only of one symbol. In the present case all the blocks have length [ —1,
[ or [ + 1 with probability 1/3 for a given integer parameter [ > 5. We reduce
the problem of proving that VAR|[L,] = ©(n) to showing that a function under
an entropy constraint does not go below zero. The method which we develop
could be used for many other more complex cases whenever one pattern tends
to influence the LCS score in a biased way. Also, a natural question is what
happens if one has a more realistic situation than i.i.d, like Markov chains of
words for instance (DNA models). This thesis partially answers this question
since the model considered is one particular example of Markov chain of words.
More general cases with more possible words are still open for future research
though the techniques shown here give us new tools for approaching them.

1.1 The LCS history

Let X and Y be two finite strings over a finite alphabet >. A common subsequence
of X and Y is a subsequence which is a subsequence of X as well as of Y. A
Longest Common Subsequence (LCS) of X and Y is a common subsequence of
X and Y of maximal length.

Example 1.1.1 Let us consider the DNA-alphabet ¥ = {A,G,C,T}. In Bioin-
formatics, an usual problem is to decide if two sequences are related, which means
that they evolved from a common ancestor. If they are related, they should look
similar. Biologist try to determine which parts are related by finding an alignment
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6 CHAPTER 1. INTRODUCTION

which aligns the related parts. Let us consider two sequences v = ACGTAGCA
and y = ACCGTATA. If we compare them letter by letter the great similarity
does not become obvious:

v| |[A|C|G|T|A|G|T|A]

1.1.1
vy [A[CCIG[T[A[CA (L11)

The reason is that some letters “got lost” so that they are present only in one of
the two sequences. When we align without leaving any gaps for those lost letters,
we mostly align non-corresponding letter pairs. It is better to use gaps and to
allow aligning a letter with a gap. Then the letters which are present only in one
of the two sequences get aligned with gaps. A good alignment is provided by:

v [A|C] |G|T|A|G| |T|A]

1.1.2
y[TA[CTCG T Al [T [4] (112

We now see a much better coincidence between the two sequences. We displayed
in 1.1.1 and 1.1.2 two possible alignments between x and vy, 1.1.1 without gaps
and 1.1.2 with gaps. From here on, and throughout this thesis, we only allow
alignments which align same letter pairs and letters with gaps. This kind of
alignments are useful when the evolution process only looses letters (there is no
mutations). So, when we speak about an alignment, we automatically assume
that it only aligns same-letter-pairs or letters with gaps. Fach such an alignment
defines a common subsequence. The number of aligned letters will be sometimes
refered to as alignment-score. An alignment aligning a maximum number of letter
pairs is called an optimal alignment. The Common Subsequence defined by an
optimal alignment is hence a LCS. For example, the alignment 1.1.2 defines the
common subsequence z = ACGT AA, which consists of the pair of matched letters:

| |Alc| |G|T|AlG| |T]A
y| [A|C[C|G|T|A] |C] [4 (1.1.3)
S [A[C] |G[T[A A

In the alignment 1.1.3, the sequence z = ACGTAA is a common subsequence of
X and'Y with maximal length, therefore a LCS of x and y.

Longest Common Subsequences are used in computational biology and linguis-
tics (among other areas) to recognize when strings are similar. A relatively long
LCS indicates that the strings are related. How long does the LCS need to be
to imply relatedness? In the direction of an answer, one could try to understand
the typical behavior of the length of the LCS. But even the asymptotic behavior
of the LCS of two independent random strings of length n is one of the major
open problems in probability theory.

Assume now that X = X1 X5... X, and Y = YV1Y5...Y,, are two i.i.d. strings
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independent of each other over the same finite alphabet 3. Let L, denote the
length of the LCS of X and Y. Using a sub-additivity argument, Chvatal-Sankoff
[6] prove that the limit
. E[L,]
~v:= lim
n—oo  n

exists. The constant v depends on the distribution of X; and Y;. However until
the date the exact value of v is not known in even such simple cases as when
one has two equally likely symbols. Neither it is known in general if VAR[L,,] is
of linear order in n. There exists conflicting conjectures on that topic: Water-
man [10] thinks that VAR|[L,] = O(n) and Chvatal-Sankoff thought they were
observing in their simulation that VAR[L,] = ©(n*3). The order conjectured
by Chvatal-Sankoff would be similar to the situation in the Longest Increasing
Subsequence (LIS) of a random permutation problem where the fluctuation is of
order third root of the expectation.

Chvatal-Sankoff [6] derived upper and lower bounds for v, and similar upper
bounds were found by Baeza-Yates, Gavalda, Navarro and Scheihing [7] using
an entropy argument. These bounds have been improved by Deken [23], and
subsequently by Dancik-Paterson [24, 25]. For sequence with many equiproba-
ble letters (i.e. when ¥ is large) Kiwi, Loebl and Matousek [8] determined the
asymptotic value of 7. Arratia-Waterman [11] derived a law of large deviation
for L, for fluctuations on scales larger than /n. In [9], Steele was able to prove
that there exists a constant ¢ > 0 not depending on n such that VAR[L,] < cn.
The LCS-problem can be formulated as a last passage percolation problem with
correlated weights, moreover Alexander [12] proved that E[L,]/n converges at a
rate of order y/logn/n by using first passage percolation methods.

One of the only cases where for first/last passage percolation models the asymp-
totic order of the fluctuation is known is for Longest Increasing Subsequence (LIS)
of a random permutation of natural numbers (see Baik, Deift and Johansson [26]
and also Aldous and Diaconis [27]). The LIS problem is asymptotically equivalent
to a special last passage percolation process on a Poisson graph. Furthermore,
the LIS problem can be formulated as a special LCS problem: the LIS is the LCS
of two sequences where one is a sequence of randomly permuted numbers and the
other is the sequence of increasing integers.

In [26] Baik, Deift and Johansson denoted [,, as the length of the LIS of a random
permutation drawn from the symmetric group S,, with the uniform distribution.
They proved that the centered and scaled expression
l, —2y/n
/6
converges in distribution as n — oo to the so called Tracy-Widom distribution.
The Tracy-Widom distribution was first obtained by Tracy and Widom [26] in
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the framework of Random Matrix Theory where it gives the limit distribution
for the (centered and scaled) largest eigenvalues in the Gaussian Unitary En-
semble of Hermitian matrices. The problem of the asymptotics of [,, was first
raised by Ulam [28]. Substantial contributions to the solution of the problem
have been made by Hammersley [30], Logan and Shepp [29], Vershik and Kerov
(Vershik/Kerov 1977 Soviet math dokl).

After the break through of Baik, Deift and Johansson [26] on the LIS prob-
lem it was natural to try to use these techniques to tackle the LCS-problem, but
for most situations it has not yet worked to adapt those methods to solving the
LCS-problem.

However, Matzinger and his collaborators have been able to develop and to pub-
lish a set of new techniques [15, 16, 18, 19, 20] which allow to determine the order
of the fluctuation for the LCS in several special cases of X and Y. In all this cases
the order of the fluctuation of VAR[L,,| is ©(n). For giving a short description of
those cases above, let us call a random binary sequence X = X;X5---X,, to be
a Bernoulli sequence if P(X; = 0) = P(X; = 1) for every i = 1,...,n. We have
that:

e in [15] the sequence X is a Bernoulli sequence and Y is a non-random
periodic sequence.

e in [16] the sequence X is a Bernoulli sequence and Y is an i.i.d. random
sequence over a 3 — symbols alphabet.

e in [18] both sequences X and Y are Bernoulli sequences but they are aligned
by using a score function which gives more weight when aligning ones than
aligning zeros.

e in [19] the sequences are i.i.d. and one symbol has much smaller probability
than the other. That is a case where the considered sequences have low
entropy.

Nevertheless, the most basic situation of i.i.d. sequences with equiprobable sym-
bols remains open. The techniques go together with a deep understanding of the
path structure of the optimal alignments.

The LCS-problem has received a lot of attention also because LCS and the re-
lated optimal alignments are some of the main tools in computational biology
and string treatment (see for example [2], [1, 5, 10]).



Chapter 2

Main Ideas

2.1 Aim and definitions

Let [ € N be a parameter. Let Bxi, Bxo,... and By, Bys,... be two i.i.d.
sequences independent of each other such that:

P(Byxi =1 —1)=P(Bx; = 1) = P(Bx; = [+ 1) = 1/3
and
P(By;=1—-1)=P(By;=1)=P(By; =1+1) =1/3.
We call the runs of 0’s and 1’s blocks. Let
X*=X1XX5. ..
be the binary sequence so that the ¢-th block has length Byx;. Similarly let
Y =YYoY;3. ..

be the binary sequence so that the i-th block has length By;.

Example 2.1.1 Assume that X; = 1 and Bx1 = 2, Bxs = 3 and Bxs = 1.
Then we have that the sequence X starts as follows X*° = 1100010 - - - meaning
that in X°° the first block consists of two 1’s, the second block consists of three
0’s, the third block consists of one 1’s, etc.

Let X denote the sequence obtained by only taking the first n bits of X*°:
X =X1XX5... X,
and similarly
Y =Y1Y5Y;3...Y,.

Let L,, denote the length of the LCS of X and Y, L,, := |[LCS(X,Y)|. The main
result of this paper states that for [ large enough, the order of the
fluctuation of L, is n:
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Theorem 2.1.1 There exists ly so that for all l > ly we have that
VARI[L,] = ©(n).

We show that the above theorem is equivalent to proving that “a certain ran-
dom modification has a biased effect on L,”. This is a technique with similar
approches in other papers (for instance see [16], [19]) . So the main difficulty is
actually proving that the random modification has typically a biased effect on
the LCS.

We choose at random in X a block of length [ — 1 and at random one block
of length [ 4 1. This means that all the blocks in X of length [ — 1 have the same
probability to be chosen and then we pick one of those blocks of length [ — 1 up
and also that all the blocks in X of length [ 4+ 1 have the same probability to be
chosen and we pick one of those blocks of length [ + 1 up. Then we change the
length of both these blocks to I. The resulting new sequence is denoted by X.
Let L, denote the length of the LCS after our modification of X. Hence:

L, == |LCS(X,Y)].

If we can prove that our block length changing operation has typically a biased
effect on the LCS than the order of the fluctuation of L, is \/n. This is the
content of the next theorem:

Theorem 2.1.2 Assume that there exists € > 0 and o > 0 not depending on n
such that for all n large enough we have:

p ( B[L, — Lo|X,Y] > ¢ ) > 1 — exp(—n2). (2.1.1)

Then,
VAR|[L,] = ©(n).

The above theorem reduces the order of fluctuation problem to proving that our
random modification has typically a higher probability to lead to an increase than
to a decrease in score. Note that our random modification can change the score
by at most one unit. Hence, we always have:

L, — L,| < 1. (2.1.2)

In theorem 2.1.3 we reduce proving 2.1.1 to showing that a minimizing problem
has a positive solution. The minimizing problem is on a 9 dimensional space but
in chapter 6, by using Lagrange multiplyers, we are able to further reduce it to a
parametrized 3 dimensional problem. We numerically and graphically verify that
the positive minimum condition in chapter 6 is already verified for [ > 5. This
implies that VAR|[L,] = ©(n) already for | = 6.
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Let us next look when the random modification introduces an increase or a de-
crease.

Example 2.1.2 Let us look at a situation where | = 3. Let us take two sequences
x = 00110011110000111 and y = 0011100001100001111. An optimal alignment
(in the sen of the Example 1.1.1 ) would be:

z | |olol1]1] |o]oO 1[1]1]1]o]ololo]1|1]1

y | Jojof[1[1[1][0]0[0f0[1]1 olo[o]of1[1]1]1

LCS| [0[0[1[L1] [0]0 11 0(o[0]0[1[1]T
(2.1.3)

In this example no block gets left out completely. By this we mean that no block
1s only aligned with gaps. The first block of x is aligned with the first block of y.
The second block of x is aligned with the second block of y. By this we mean that
all the bits from the second block of x are either aligned with bits of the second
block of y or with gaps and vice versa. We have that the second block of the
LCS s hence obtained from the second blocks of x and y by taking the minimum
of their respective lengths. In our current special example, we have that for all
1=1,2,...,6, the i-th block of X gets aligned with the i-th block of y. We could
represent this idea visually by viewing the alignment as an alignment of blocks in
the following manner:

x | [00[11 [00 |1111|0000] 111
y | |00|111[0000 |11 | 0000 | 1111 (2.1.4)
LCS| [00[11 |00 [11 |0000 | 111

Let us next analyze what is the expected change when we perform our random
modification. In x there are exactly 3 blocks of length | — 1 = 2. These are the
first three blocks of x. The first block of x of length 2 is aligned with a block of y
of length 2, the second one with a block of length 3 and the fourth with a block of
length 4. Hence, when we increase the length of the first block of length 2 of x by
one the score does not increase. When we increase the second or third, however,
the score increases by one unit. Each of these blocks has the same probability 1/3
to get drawn. Hence, the conditional expected increase due to the enlargement of
a randomly chosen block of length 2 in this case, is equal to 2/3. In our random
modification we also choose a block of length | + 1 and decrease it to length l. In
our example, there are two blocks in x of length | +1 = 4. These blocks are the
fourth and fifth block of x. The fourth block is aligned with a block of length 2
whilst the fifth is aligned with a block of length 4. Hence, when we decrease the
length of the fourth block we get no change in score whilst when we decrease the
fifth we get a decrease by one unit. Each of the two blocks have same probability
to get drawn. This implies that the expected change due to decreasing a randomly
chosen block of length 4 is equal to —1/2. Adding the two changes, we find that
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for x and y defined as in the current example, the conditional expected change is

equal to:
E[L, - L |X::M/:]:g—1:1 (2.1.5)
no S TYTE T T -
In our example we have siz aligned block pairs leading to the following set of pairs
of lengths:

{(2,2);(2,3);(2,4); (4,2); (4,4); (3,4)}.

Let p;; designate the proportion of aligned block pairs which have the z-block
having length ¢ and the y-block having length j.

Example 2.1.3 For our example above we have:

D22 P23 P24 % % %
P32 P33 paa | =1 0 0 ¢ (2.1.6)
Paz P43 Pad ¢ 0 3
With this notation, equality 2.1.5 can be written as:
B[ Ly—L |X =2,V =y > — DM TP Pt
Di-10-1 T Pi-10 + Di—10+1  Pig1i-1 + Dir1g + Prvtist
(2.1.7)

The inequality 2.1.7 holds if there exists an optimal alignment a of z and y leaving
out no blocks, and having a proportion p;; of aligned block pairs such that the
x-block has length i and the y-block has length j (for every i,5 € {{ —1,1,{+1}).

Typically, for large n, the optimal alignment will not be like in the example above,
but there will be blocks which are left out, which implies also that some blocks
are aligned with several blocks at the same time. Let us check an example.

Example 2.1.4 Let x = 00110011100011000 and y = 00001111000011000. In
this situation the LCS is equal to LCS(x,y) = 000011100011000 and corresponds
to the following optimal alignment:

z [010]1]1/0]0]1|1]1 0(00 111(0(0]0
y |00 0j0j1]1]1/1
LCS|{0|0 001|111 0(00 111]0(0]0

o
(@)
(@)
(@]
—
—
(e
o
o

(2.1.8)

which in block representation would be:

x | 001100 | 111 | 000 |11 | 000
Y 0000 | 1111|0000 | 11| 000 (2.1.9)
LCS| 0000 | 111 | 000 |11 |000

In the last alignment above we see that the first block of y is aligned with the first
and third block of x. This implies that the second block of x is “completely left
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out”, which means all its bits are aligned with gaps. The other blocks are aligned
one block with one block: the fourth block of x is aligned with the second block of

y, whilst the fifth block of x is aligned with the third block of y. Finally the last
blocks of x and y are aligned with each other.

In everything that follows, the proportions p;; will only refer to the block pairs
aligned one block with one block. Hence, in the alignment 2.1.8, the first three
blocks of = and the first block of y do not contribute to {p;;}: -

Example 2.1.5 In the last example above there are 4 block-pairs aligned one
block with one block. The corresponding pairs of block-lengths are:

(3,4); (3,4);(2,2);((3,3)

Hence for the alignment 2.1.8, we find psa = 2/4, pao = 1/4, ps3 = 1/4 and
pij = 0 for all (i,7) ¢ {(3,4),(2,2),(3,3)}. We will denote by g1, resp. o, the
proportion of left out blocks in x, resp. in y. In the alignment 2.1.8, in the
sequence x there is one left out block from a total of 7 blocks. This implies that
q = 1/7. There is no left out block in y so that g = 0. In section 3.1, we will
see that typically, for n large enough, q1 and qs can be taken as close to each
other as we want to. When q = q2 we denote the proportion of left out blocks
by q. When we choose a block of length | — 1 in x to increase its length we will
have to consider the probability that the block is not aligned one block with one
block. In the alignment 2.1.8, there are 4 blocks in x of length | —1 = 2. The first
three are not aligned one block with one block: the second is left out, whilst the
first and the third block are aligned with the same block of y. Hence in 2.1.13 the
proportion of blocks not aligned one to one among the blocks of length 2 is 3/4.
On the other hand, the blocks of length | +1 =4 in x are all aligned one to one.
So, for the alignment 2.1.8, we have that the proportion of blocks not aligned one
to one among the blocks of length 4 s 0.

Using some combinatorial arguments in section 3.1 we will see that typically the
proportion among the blocks of = of length [ — 1 which are not aligned one block
with one block is not more than 9¢. Similarly for the blocks of length [ + 1 in «
one gets a bound 3¢ for the proportion of blocks aligned with several blocks of y
or left out. We can rewrite the lower bound on the right side of inequality 2.1.5,
taking also into account the left out blocks. Assuming that there is an equal
proportion of blocks ¢ which are not aligned one to one in x and in y we get the
following lower bound for the conditional expected increase in the LCS:

Di-10 + Pr—1,+1 (1—9¢)— Pi+1,+1 (1—=3¢)—3¢ (2.1.10)
Pi—10-1 tPi—10 + Di-1,41 Di+1,-1 + Pi+1,0 + Pi+1,i+1

The above lower bound for the conditional expected increase in LCS holds as-
suming that the following conditions holds:
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e There exists an optimal alignment leaving out exactly the same proportion
q of blocks in X and in Y. For that optimal alignment a, let {p;;};; denote
the empirical distribution of the aligned block pairs, so that p;; = Pij(a).

e There is exactly the same number of blocks in X and in Y.

e In X, each block lenghts [ — 1,1,1+ 1 constitutes exactly 1/3 of the blocks.
Same thing in Y.

The above conditions do not typically hold exactly but only approximately. We
first look at this somehow simplified case before looking at the general case (for
the general case, see the proof of theorem 2.1.3). Let us next explain how we
get the bound 2.1.10 for this somehow simplified case (also, the reader should
compare it to the version 2.1.7 with no gaps). Assume next that we have an
optimal alignment a with given empirical distribution {ps;}; jeqi-110413 of the
aligned block pairs and leaving out in both sequences x and y a proportion g of
blocks. What is now the effect of our random change on the score of the alignment
a? First let us look at the randomly chosen block of length [ — 1 which gets its
length changed to [. If that block is aligned with a block of length [ or [ + 1 the
alignment gets increased by one unit. So, conditional that the randomly chosen
block of length [ — 1 is a block aligned one to one, we get that the probability of
an increase is equal at least to:

Di-1,0 + Pi—1,1+1
Di-10-1 + Di—10 + Pi—1,+1

Now, if the randomly chosen block of length [ — 1 is aligned with two or more
blocks, then we also get an increase by one unit. If the chosen block however is
aligned with a block of Y which is aligned with several blocks of Y (let us call it a
polygamist block), then we have no increase. The same happens if the block is not
aligned with a block of Y. There are at most a proportion of 3¢ blocks which are
not aligned with any block or aligned together with polygamist block of Y. There
are about a proportion of 1/3 blocks of length [ — 1. Hence among the blocks of
length [ — 1, there is a proportion of at least 1 — 9¢ which are aligned one block
with one block or aligned one with several. Hence we get that the conditional
expected change due to changing the randomly chosen block of length [ — 1 to [
is equal at least to:

Pi-1,0 + Pi—1,1+1
Di-10-1 + Pi—10 + Pi—1,1+1

(1—9q). (2.1.11)

Similarly we can analyze the effect of the randomly chosen block of length [ 4 1
which gets reduced to length [. If the block is aligned one block to one block and
the length of the aligned block of Y is [ + 1 then the score can get reduced by
one. If the block is aligned with a block of Y of length [ or [ — 1 the score does
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not get reduced. Hence, given that the block of length [+ 1 chosen is aligned one
block to one block, the conditional expected change is not less than:

B Piri1i+1
Pit1,0-1 + Piv1g + Di1,i+1

On the other hand, when the chosen block of length [ 4 1 is aligned with several
blocks of Y then the score goes down by one unit. There are at most a proportion
q of blocks of X aligned with several blocks of Y. So, among the blocks of length
[ 4 1 this represents a proportion of at most 3q. Hence we get that at worst the
expected change due to changing a random block from [ 4+ 1 to [ is equal to:

- Pl (1-3¢) - 3q (2.1.12)

Di+1,-1 + Pi+1,0 + Pi41,0+1

Putting 2.1.11 and 2.1.12 together we get that the expected conditional change
of the alignment score is bounded below as follows:

P11+ P-4 (1—-9q) — lactiad (1—3q) =3¢

E[AL.|X,Y] >
Pi-1,0—1 t Di—1,0 + Pi—1,1+1 Pi+1,0—1 + Di+1,0 + Dit1,i+1

where AL, denotes the change in score of the alignment a due to the random
modification of X.

Then, to prove inequality 2.1.1 in theorem 2.1.2, it is thus sufficient to show
that for all optimal alignments a of X and Y, expression 2.1.10 is positive and
bounded away from zero with high probability. Hence the next question is how
can we prove that typically, for large n, expression 2.1.10 is larger than a positive
constant not depending on n?

Example 2.1.6 Let us return back to the example of alignment 2.1.8. That
alignment left out only one block, and that was the second block of X. We could
now proceed in a different order. We could first decide which blocks get left out
before generating the random sequences X and Y. The resulting alignment is
in general not optimal. On the other hand, such an alignment has the property
that the block pairs aligned one to one are i.i.d. This is a very nice property
for large deviation estimations, for instance. Let us give an erxample. Assume
we request that the only left out block is the second block of X (as in alignment
2.1.8). Assume we redraw X and Y and obtain X = 00111001100011000 and
Y = 00011110000111000. Then we get as alignment and Common Subsequence
(CS) the following:

zloloj1|1l1]olo]1]1 ojojo| |1]1] |o]o]o
y |00 0 [1[1[1[1][o]ofofo[1][1[1][0]0]0 (2.1.13)
cs|ofo o] 1]t ojofjo] Jr[t] Jofo]o




16 CHAPTER 2. MAIN IDEAS

which can be represented as an alignment of blocks by:

x | 0011100 | 11 | 000 | 11 | 000
Yy 000 1111 { 0000 | 111 | 000
CS 000 11 | 000 | 11 | 000

In this case we use the term of common subsequence instead of the longest com-
mon subsequence because we are leaving a block out of the alignment, if we do
not leave it out we might get a longer common subsequence (which does not
happen in this case neither but might happens in the general case). So, in this
last example, before drawing X and Y, we know that the fourth block of X gets
aligned with the second block of Y and this aligned pair builts the second block
in the CS. The length of the second block of the CS has thus length equal to
min{ By, Bys}. Similarly, before even drawing X and Y, we know that the fifth
block of X gets aligned with the third block of Y. Hence, we have that the pair of
lengths in the second block pair is (Bxs, Bys) whilst the third block of the CS has
length min{Bxs, Bys}. Note that (Bxy, Bys) is independent of (Bxs, Bys) and
Bx, is independent of Bys whilst Bys is independent of Bys. The distribution
of each of the blocks By, Bys, Bxs and Byg is unchanged, they take value [ — 1,
[ or [ + 1 with equal probability 1/3. Hence, (Bx4, By2) can take any of the nine
values in the set {(i,7)]i,j =1 —1,1,1+ 1} with probability 1/9.

When we specify an alignment by deciding which blocks we leave out before
drawing X and Y, the aligned block pairs are “almost” i.i.d. Why do we say
“almost”? In the above example (Bxy, By2) and (Bxs, Bys) are i.i.d. and not
just close to be i.i.d. On the other hand, block By in the case 2.1.8 is no longer
in X if the first, third and fourth blocks get each increase by one unit. In this
sense the blocks are not completely independent. But since we take n large this
is only a minor effect. We will take care of this detail in section 4 and until then
pretend that the aligned block pairs are i.i.d.

Note that for each alignment a defined by specifying which blocks we left out be-
fore drawing X and Y, the empirical distribution of the aligned blocks is random.
We write { Pjj(a)}i jeqi—1,,141} for this empirical distribution. Thus, P;;(a) denotes
the proportion of aligned block pairs where the block of X has length ¢ and the
block of Y has length j. Given a non-random distribution {pi;} jecqi-1,413 we
can ask what is the probability for the empirical distribution to be equal to the
{pij}i;- The answer is, since the block pairs are close to i.i.d, the distribution is
close to a multinomial distribution:

Di—1,1—11" Pr—,n” o P P an” 9
(2.1.14)

P ( Pj(a) = pij,Vi,j € I ) = ( " ) (1)”
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where n* designates the total number of aligned block pairs (here we act as if
that number would be non-random). By using Stirling, the expression 2.1.14 is

approximately equal to:
e(In(1/9)+H (p))n* (2.1.15)

where H(p) designates the entropy of the empirical distribution:

Hp)= > pyin(1/py).

ije{l—1,L,1+1}

A question arises: for a given aligned block pairs distribution {p;;}, is it likely
that there exist an alignment with that distribution and having a proportion ¢ of
left out blocks? Let A(q) denote the set of alignments leaving out a proportion ¢
of blocks. Let A denote the event that there exists an alignment in A(q) having
its empirical distribution equal to {p;;}. An upper bound for the probability
P(A) is given by the number of elements in A(q) times the probability 2.1.14. By
using 2.1.15, this product is close to:

|A(q)] - e/ +HE)N" (2.1.16)

But the size of the set A(q) is approximately equal to e*7(9"/! since there are
about n/l blocks. Hence, expression 2.1.16 is approximately equal to:

e(2H(a)n/D)+(n(1/9)+H (p))n* (2.1.17)

If we want the event A to not have exponentially small probability in n, we need
the logarithm of 2.1.17 to be non-negative, which leads to the condition:

2H(q) + (1 — 44)(In(1/9) + H(p)) = 0, (2.1.18)
where we used as lower bound on n* the number (n/l)(1 — 4q).

We can now explain how we prove that typically, for all optimal alignment, ex-
pression 2.1.10 is larger than a positive constant not depending on n. For this we
simply need to find a ¢y so that we can prove that the optimal alignment leaves
out at most a proportion of ¢ < ¢y blocks and then show that expression 2.1.10
is bounded away from zero under condition 2.1.18 for ¢ € [0, .

Let F"(q) be the event that any optimal alignment of X and Y leaves out at
most a proportion g of bocks in X and leaves out the same proportion ¢ of blocks
in Y. In more details, given ¢ > 0 and an optimal alignment a of X and Y in
F™(q), we can count the number of blocks that are left out (not used in a) and
divide this number by the total number of blocks in X to obtain ¢, and also
divide this number by the total number of blocks in Y to obtain ¢y, then we
know that ¢; < ¢ and ¢, < q.
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Example 2.1.7 Let us take again the case where X = 00111001100011000 and
Y = 00011110000111000, then we have as before the following common subse-
quence (CS) represented in an alignment:

X |10{0(1|1{1{0/0|1]1 0(00 1)1 0100
Y 100 0 1{1}1|1{0{0|0}|0Of1|1}{1({0|0]O0O
CS|0|0 0 1)1 0(00 11 01010

and represented as an alignment of blocks by:

X | 0011100 | 11 | 000 | 11 | 000
Y 000 1111 | 0000 | 111 | 000
CS 000 11 | 000 | 11 | 000

Let us compute ¢; and qo in this case. For X we have a total of 7 blocks and only
1 block is left out in the alignment, so q = 1/7. For'Y we do not have left out
blocks so g = 0. Then given q > 0, this alignment belongs to F"(q) if and only
ifq=1/T<qand g2 =0<q.

The next theorem says that if we can bound expression 2.1.10 away from zero
under condition 2.1.18, then we have typically the desired bias for E[L,,— L, | X, Y]
the conditional expected increase in score:

Theorem 2.1.3 Assume that there exists qo € [0,(1/3)[ such that the following
mainimazing problem:

. —11+ Dpi—
min ( Di—11 T Pi-1,+1 (1—9q) — Dit1,14+1 (1—3¢) — 3q>
Di—10-1t DPi—10 + Pi—1,1+1 Dit1,0-1 t Pis1g + Pig1i+1
(2.1.19)

under the conditions:

€ [0, o], Zpl 15 = ((1/3) —0)/2, Zpl-i-l] > ((1/3) —q0)/2  (2.1.20)

me 1,pi; > 0,¥i,j €1 (2.1.21)
2H(q) + (1= 4q¢) (In(1/9) + H(p)) > 0 (2.1.22)

has a strictly positive solution. Let this minimum be equal to 2¢ > 0. Then we
have that:

p ( E[L, — Ln|X,Y] > ¢ ) >1— e — P(F"(qy)) (2.1.23)

where B > 0 is a constant not depending on n.



2.1. AIM AND DEFINITIONS 19

The last theorem above reduces proving condition 2.1.1 to a minimizing problem.
Note that this minimizing problem depends on the parameter ¢o. Also, if the
probability to have less than go gaps is not a likely event, that is if P(F™(q)) is
not small, then 2.1.23 is useless. To be able to use the above theorem, we first
need to find a gg such that P(F"¢(qo)) is small. Having such a ¢, we try to show
that the minimizing problem above has a strictly positive solution. If we succeed
in proving that, then we get the likely biased effect of the random modification
(inequality 2.1.23) which, according to theorem 2.1.2, implies the fluctuation or-
der VAR[L,| = O(n).

The probability P(F"°(q)) depends on the parameter . In chapter 3.2, we show
how to find upper bounds on the proportion of left out blocks. In general, for [
larger, the bounds gets better. Actually the bounds even converge to zero as [
goes to infinity. As ¢ goes to zero, expression 2.1.19 gets close to 1/3 on the do-
main. That is why the minimizing problem in theorem 2.1.3 has a strictly positive
solution when [ is large enough. Next we are going to prove formally that from the
last theorem 2.1.3 it follows, for [ large enough, that we have VAR[L,] = O(n).
In other words, we prove that theorem 2.1.3 and theorem 2.1.2 implies theorem
2.1.1. Here comes the proof:

Proof. We suppose that F"(qy) has exponentially small probability for any
fixed g > 0 provided [ is large enough (see section 3.2 and 4.2). In section 4 we
will show how large [ should be depending on ¢y but not on n. The conditions in
theorem 2.1.3 are satisfied when gy > 0 (hence ¢ < go small enough) is taken small
enough. Let us explain why. First note that inequality 2.1.22 can be written:

H(p) > 229

> T, +1In(1/9) (2.1.24)

When ¢ goes to zero, then H(q) also goes to zero and so does 2H(q)/1 —4q. But
we have that H(p) is always less or equal to In(1/9), with equality iff all the p;;’s
are equal to 1/9.

It follows that by taking ¢ > 0 small enough, we get condition 2.1.24 to imply
that the distribution p;; gets as close as we want to the equiprobable distribution.
On the other hand, when ¢ goes to zero and all the p;;’s converge to 1/3, then
the quantity

Di-1, + Pi—1,1+1 (1—9g) — Di+1,0+1 (1—3¢) — 34,
Di-10-1 + Di—10 + Di—1,1+1 Di+1,1—1 + D1, + Pit1,i+1

converges to 2/3—1/3 = 1/3 > 0. This shows that by taking gy > 0 small enough
we get that the minimizing problem in theorem 2.1.3, has a strictly positive
solution. So, assume that gy > 0 is such that the following two things hold:

e ["°(qp) has exponentially small probability in n.
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e The minimizing problem in theorem 2.1.3, has a strictly positive solution.
Call this solution 2¢, where € > 0.

By theorem 2.1.3, we then have that inequality 2.1.23 holds. But since F™¢(qo)
is exponentially small in n, we get that the expression on the right hand side of
inequality 2.1.23 is smaller than exp(—n®) for all n and @ > 0 not depending on
n. This implies that condition 2.1.1 in theorem 2.1.2 is satisfied. Then theorem
2.1.2 implies that:

VARI[L,] = ©(n). [ ]



Chapter 3

Left out blocks in an optimal
alignment

3.1 Combinatorics of the left out blocks

Example 3.1.1 Let X = 0011100 and Y = 0001100. The LCS is 001100. This
corresponds to the following alignment:

X |[lolo| |1]1]1]0]0
Y [[o[olo[T[1] [0]0 (3.1.1)
LCS| [ofo] [1]1] [0]0

In this example, the first block of the LCS has length 2. It is obtained from the
first block of X and the first block of Y. The first block of X has length 2 whilst
the first block of Y has length 3. The length of the first block of the LCS 1is equal
to the minimum of these two numbers. In this kind of situation we say that the
first block of X is aligned to the first block of Y. Similarly the length of the second
block of the LCS is the minimum of the lengths of the second block of X and of Y .
We say that in this alignment the second block of X gets aligned with the second
block of Y. Finally the third block of X gets aligned with the third block of Y to
yield the third block of the LCS. In this present example no block of X orY got
left out completely: every block “contributed” some bits to the LCS. All the blocks
are aligned one block of X with one block of Y. Fach such pair of aligned blocks
1s responsible for one block in the LCS.

In some other cases, some blocks of X and Y are completely left out. Let us look
at such a situation.

Example 3.1.2 Consider X = 00100000111 and Y = 00000100011. The LCS
would be 000000011. The LCS corresponds to the alignment:

X ||ololt]o]olo| [olo| [1]1]1
Y [|0o]o] [o]ofo[t]o[o0f0][1]1 (3.1.2)
LCS| (oo [o]ofo| [ofo| [1]1

21
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In the last example above we have that the second block of X and of Y are totally
left out and do not contribute to the LCS. We say that these blocks are left out
blocks. The last block of X and the last block of Y “get aligned” together to
yield the last block of the LCS. We say that this is an aligned block pair or also
that these two blocks are aligned one block to one block. One way of thinking
about the LCS defined by the alignment 3.1.2 above is as follows: we first decide
which blocks we leave out in X and Y. Then from the two obtained sequences,
we align block by block without leaving out any blocks. So the alignment 3.1.2
can be seen as the alignment in which we leave out the second block of X and the
second block of Y. This gives then the modified sequences X* = 0000000111 and
Y* = 0000000000011. Then we align X* and Y* block by block. The common
subsequence we obtain has its i-th block having length equal to the minimum of
the length of block 7 of X* and of Y*. In this example we have that the first and
the third block of X get aligned with the first and third block of Y. By this we
mean that in both sequences the first and third block are made into one block
and these blocks are then matched. We will be able to prove that in the case we
study here this is untypical: for optimal alignment we will only have one block
aligned with several at the same time, but not several with several.

Let us look at one more example.

Example 3.1.3 Let X = 001001111 and Y = 000011011. The LCS is 00001111.
This corresponds to the alignment:

X |]oloft]olo|1]1] |1]1
Y [ oo [ofo[t][1]of1]1 (3.1.3)
LCS| [o]o] Jolo[1[1] [1]1

Here the second block of X s left out. Hence the first and the third block of X
get aligned with the first block of Y. Similarly the fourth block of X gets aligned
with the second and fourth block of Y. The third block of Y is left out.

This situation will happen in optimal alignment: one block aligned with several
blocks of the other sequence.

Assume that we know for an alignment a which blocks are left out. Assume that
X*, resp. Y* denotes the modified sequence X, resp. Y where we left out the
specified blocks. Let Z denote a common subsequence defined by the alignment
a. The alignment must then align all the blocks of X* with the blocks of Y* one
to one, otherwise there would be more left-out blocks. Hence, the first block of
X* gets aligned, then the second block of X* and so on. If the alignment wants
to stand a chance to be an optimal one (and hence Z to be a LCS) for each pair
of aligned blocks from X* and Y™ aligned to one another, it needs to extract a
maximum of bits of each such pair. Hence, for every i = 1,2,...,5 we have that
the length of the block number i of Z must be equal to the minimum between



3.1. COMBINATORICS OF THE LEFT OUT BLOCKS 23

the length of the i-th block of X* and the length of the i-th block of Y* (here
j denotes the number of blocks in Z.) Hence, since we are interested in LCS’s
(and hence in optimal alignments) we will only consider alignments defined in
the following manner: first we define exactly which blocks get left out. Second
we align the resulting sequences X* and Y* one block with one block. The next
lemma says that in our setting an optimal alignment cannot align several blocks
with several blocks.

Another useful fact is that for optimal alignments we do not need to consider
adjacent left-out blocks except maybe at the end of the sequences. But in section
4 we prove that only a small percentage of bits could be left out at the end of X
and Y in an optimal alignment. Hence, the practical implication is that we only
need to consider left out blocks at least separated by one non-left out block. Let
us first explain what we mean by adjacent left out blocks between aligned blocks:

Example 3.1.4 Take x = 11001100 and y = 00001100. Let us align as follows:

(3.1.4)

We see a typical situation where the second and third block of z in the alignment
above get left out (i.e. entirely aligned with gaps). These two blocks are adjacent
and they are comprised between aligned blocks (i.e. in our example they are
comprised between the first and fourth block of  which are “aligned”, by aligned
we mean aligned with another block hence not entirely aligned with gaps). The
next lemma below states that for our LCS problem (i.e. optimal alignments) the
kind of situation we face in the current numerical example 3.1.4 can be discarded.
The reason is as follows. In the current example y; gets aligned with x;. Now
instead align y7 with x5 and keep all the rest of alignment 3.1.4 identical otherwise.
Then by doing this you have not decreased the score but have destroyed the
situation of two adjacent completely left out blocks. The next lemma shows
what we explained in our example in a rigorous way:

Lemma 3.1.1 There exists an optimal alignment of X andY having no adjacent
left-out blocks between aligned blocks.

Proof. View an alignment as a finite sequence of points in N x N so that if x;
gets aligned with y;, then (7, 7) is a point in the set representing the alignment.
Introduce for two alignments a,b € N x N the order relation a < b iff all @ contains
the same number of points as b and if we numerate in both sets the points from
down left to up right then the i-th point a; = (aiz, a;y) of a and the i-th point
b; = (biz, biy) of b satisty a;, < b;, and a;, < by, for all ¢ < |a|. Here |a| designates
the number of points in a. Take now an optimal alignment which is minimal
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according to the relation <. That optimal alignment satisfies the property of not
having several adjacent left out blocks between aligned blocks. [ ]

Next we show the relation between left out blocks at the end of each sequence
and the total left out blocks in each sequence:

Lemma 3.1.2 Let z,y € {0, 1}" be two sequences of length n. Let the number of
blocks of x, resp. y be denoted by ni = (n/l)+ Ay, resp. ny = (n/l)+Ay. Assume
that |Aq], |Az] < A. Assume also that a is an alignment of x and y which does
never leave out adjacent blocks except maybe a contiguous group at the very end
of x and of y. Let 61 > 0 denote the proportion of blocks which are entirely left
out at the end of x, resp. y, among all the blocks of x, resp. y. Let qi, resp. qo
denote the proportion of blocks left out in x, resp. in y. Then we find that:

AIA
01— o] < 1561 — da] + — (3.1.5)

Proof. Let z*, resp. y* denote the sequence we obtain after we removed the
blocks which are completely left out by a. Since there are no other completely
left out blocks, we have that the number of blocks in z* must be equal to the
number of blocks in y*. Note that for every left out blocks which has no adjacent
left out block the number of blocks is reduced by 2. for the adjacent left out
blocks at the end, for each left out block there is one block less. Since there are
no adjacent left out blocks except the adjacent blocks at the end, we get that the
number of blocks of x*, resp. of y* is equal to

ni(l—2(q —d1) + 1)), (3.1.6)
resp.

n3(1 —2(g2 — d2) + d2))- (3.1.7)
Taking the difference of 3.1.6 and 3.1.7 and dividing by (1/2n), we find

blA
q1 — g2 = 1-5<52 - 51) + T (3.1.8)
where
2b=1— 2(q1 — 51) + 51) — (1 — 2((]2 - (52) + 52))

we see that b is always smaller than 4 which ends the proof. [ ]

Lemma 3.1.3 For | > 4 any optimal alignment of X and Y does not align
several blocks in X with several blocks in'Y .

Proof. Let us explain the idea behind through an example. Let us take x =
0001111000111100000 and y = 0001111000001110000 two realizations of X and
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Y, respectively, with [ = 4. An alignment using all blocks of x and y in block

representation becomes:

x| [000] 1111 | 000 | 1111 |00000
y | |000 | 1111 [ 00000 | 111 | 0000 (3.1.9)
LCS| [000 | 1111 | 000 | 111 | 0000

Let us now suppose that we leave out the second block of x and the second block
of y, then the alignment in block representation looks like:

T 0001111000 | 1111 | 00000
Y 000111100000 | 111 | 0000 (3.1.10)
LCS 000000 111 | 0000

One clearly sees that in alignment 3.1.10 we lost the entire block of 1’s of length
4 and we did not gain any new aligned symbol, so the LCS decreased on 4 units
compared to alignment 3.1.9. In this particular example, the neighbour blocks
of the left out block in y had all together at least as many symbols (8 zeros all
together) as the neighbour blocks of the left out block in x had all together (6
zeros). In general we could gain at most 2 new symbols from the neighbour blocks
of the left out block but we always loose at least [ — 1 symbols leaving a block
out and aligning its neighbours together instead. The other blocks do not get
involved in the change on the score. Hence, when one leaves out a block and tries
to align the neighbour blocks together the LCS changes in 2—(I—1) = 3—1[. Then
for blocks of length [ > 4, to align several blocks with several blocks decreases
the LCS rather than to increase it. H

3.2 Maximum number of left out blocks

The first key question is the percentage of blocks which are at most left out in
an optimal alignment. Since the blocks have length [ — 1, [ or [ + 1 with equal
probability 1/3 the expected block length is [. Hence, the expected number of
blocks in a sequence of length n is about n/l. Now let us define the limit:

E[L]

n

(3.2.1)

v = lim
Hence, the number of bits in the sequence X (and also in the sequence Y') which
are not used for the LCS is about (1 — v;)n. Every block we leave out means at
least [ — 1 non-used bits. Hence, the number of left out blocks for long sequences
can typically not be much above:

(I —y)n
I—1
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This represents typically a proportion of:

(I —=~)n/(l—1) 11—

n/l 1= (1/1)

from the total number of blocks. Hence we find that the proportion of left out
blocks in the optimal alignment is typically close or below the following bound:

]__
T (3.2.2)

Let us next find a simple lower bound for ; which we can use in expression
3.2.2. Assume we choose an alignment which leaves out no blocks. The typical
score of such an alignment gives a lower bound for ~;. In this case the common
subsequence defined by such an alignment has its i-th block having length:

Bi = min{BXi, Byz}

where Bx; (resp. By;) is the length of the i-th block of X (resp. Y). Recall
that By; (resp. By;) has uniform distribution on the set {{ — 1,[,1 + 1}. The
distribution of the minimum above is as follows:

P(B;=1-1)=5/9,P(B;, =1)=3/9,P(B;=1+1)=1/9.
The expected length is thus:

BB =20~ 1)+ 504 (4 1) =1~ (3.2.3)

Nej

Since there are about n/l blocks, the score aligning all the blocks gives thus about

a score of: A
n
~.EIB] = 1 - —
; ELBi ”( w)’

> (14
M= o)

The last inequality together with the bound 3.2.2 implies that the proportion of
left out blocks should typically not be much above the following bound:

so that we obtain:

1—(1—(4/90)  4/9
-/ -1 (3:2.4)

Another similar approach is to get a lower bound for 7; by simulations. As a
matter of fact we have for any n that E[L,]/n is a lower bound for 7;. By
Montecarlo we can find an estimate of E[L,]|/n and a very likely lower bound .
We then replace in inequality 3.2.2 v; by 7.
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High probability events

Let 6 > 0 be a parameter not depending on n. We will define a number of events
related with the combinatorial properties of the optimal alignments, called C™,
D™(6), G"(d) and J"(4). In the following we will prove that these events have
high probability for n large. By high probability, we mean a quantity which is
negatively exponential close to one in n. It will turn out that this is true for
the above events for any parameters ¢ > 0 not depending on n. Also we will
prove that F(q) has high probability for n large in the same sense as above but
restricted to some values of q.

A very useful tool we use often is the Azuma-Hoeffding theorem. The following
is a version of it for martingales (for a proof see [14]):

Theorem 4.0.1 (Hoeffding’s inequality) Let (V,§) be a martingale, and suppose
that there exists a sequence ay, as,--- of real numbers such that

P(‘Vn — Vn71| S Cln) =1
for all n. Then:

PV, — Vo| > ) §2€Xp{—%v2/ia?} (4.0.1)
=1

for every v > 0.
We also will use a corollary of the above theorem, for some intermediate bounds:

Corollary 4.0.1 Let a > 0 be constant and Vi,Vs,... be an i.i.d sequence of
random bounded variables such that:

P(|V; — E[Vi]| < a) =1

for everyi=1,2,... Then for every A > 0, we have that:

.« .. 2
p < ‘u _EW)| > A) < 2exp (_2A_2 . n) (4.0.2)
a

n

27



28 CHAPTER 4. HIGH PROBABILITY EVENTS

4.1 Number of blocks as renewal process
For k > 0 let us define the sum of the length of the first k£ blocks in X as:
Sy = Bxi+ -+ Bxy
Let us define the number of blocks used in a sequence of length ¢ in X as:
N = max{k >0:5; <t} (4.1.1)
Note that there might be at the end of X a block which has length smaller than
[ — 1. Since this is at most one block it plays little role and we will not mention

it every time, only when it is relevant (the same will apply to Y in what follows).

Due to the standard theory of renewal processes, for every k,¢ > 0 the following
relation holds between the two random variables defined above:

NY¥>ke SX <t (4.1.2)
In the same way we define for Y the same variables as before:

Sy = Byi+-+ Byy
NY = max{k>0:S5) <t}

where still the relation NtX >k & S,f < t, for every k,t > 0 holds true.

Let C™ be the event that the number of blocks in X and in Y lies in the in-

terval
n n
I, = |- — no'ﬁ, -+ no%o|

l l

Lemma 4.1.1 There exists a constant by > 0 depending on | such that:
P(Cmc) S 86—b1~n0‘2

for every n > 0 large enough.

Proof. It is easy to see that:
C,={N¥ecL}yn{N eI} (4.1.3)
It is sufficient to compute directly P({NX € I,,}¢):

PNY € ,}¥) < P (Nf < % - n0'6> 4P (N}f > % + n°~6) (4.1.4)
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Now let us compute each expression separately. Let m; := H — no'ﬁw be an
auxiliar variable. We have at the beginning:

x_" o6
P(Nn <T-m )
(by using NX > k& S <t) = P(SX Zn)

N
sy
2
X
A
&

2
(by 4.0.2 with P(|By; — ] < 1) =1) < 2exp (-ﬁ (i - z) )(4.1.5)

Now we need to bound m; in order to get the right order for moderate deviations.
Let us start looking at the following:

2 2
<£—l) > 12(L—1) ,byusingmlg%—no'ﬁ—i—l

) 2
> I — 1!
l— 5zt
2
>

2
14 1\? 1
pE (1 — n0-6) e L) (4.1.6)

li 1 Y ! 2 1> .
1m — — —
n—o0 n0-6 1— # + 1l_1 4

Hence for n large enough, the expression on the right hand side of 4.1.6 is larger

than [*/(4n°®) so that:
n 2 /4
— 1) > 4.1.7
(=-1) = o (417

Also, for n > 0 large enough we can take:

v

We have:

n n
-2

Finally we can use 4.1.7, 4.1.8 in 4.1.5 to get:

2
X n 0.6 mq n
< — — <

13
~35° n0~2) (4.1.9)

0.6 n 21
> = — .
n +1_21+1 2l(1+ ) (4.1.8)
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for n > 0 large enough. For the other term, let my := H + nO‘GJ be an auxiliar
variable and do the same as before. We have at the begining:

p (N,f‘ > % +n0~6> < P(NX >my)

(by using N¥ > k< S¥ <t) = P(S,,, <n)

2
(by 4.0.2 with P(|By1 — | <1) =1) < 2exp (-% (ﬂ - z) )(4.1.10)

Now we need to bound ms in order to get the right order for moderate deviations.
Let us start looking at the following:

2 2
n n
() = 7 (s 1) v < 000

2
1
2
i)
n0-4

2
[ 1
— | — 4.1.11

where the very last inequality was obtained by assuming n large enough and

noticing that:
2
. 1 1
lim ; > —
n—oo \ 1+ 53 4

Also, for n > 0 large enough we can take:

_ " O.6J s
Mo h -] > 2 (4.1.12)

Finally we can use 4.1.11, 4.1.12 in 4.1.10 to get:

2
P (fo > E+n°‘6) < 2exp (—@ <£ —l) )
l 2 \mgy

l3
< 2exp (—1—6 -n“) (4.1.13)

Then combining 4.1.4, 4.1.9 and 4.1.13 we obtain:

3
P({N;¥ € I,}*) <4 exp (—n‘“ : ;)—2)
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and by symmetry we finally get:

l3
P(Cr) < 8 exp (—n0'2 : §>

for every n > 0 large enough. Taking b; = % > 0 the proof is finished. W

4.2 Left out blocks in an optimal alignment

Let F"(q) denote the already defined event that any optimal alignment of X and
Y leaves out at most a proportion g of blocks in X as well as in Y.

Lemma 4.2.1 For any q satisfying q > ﬁ, we have that there exists B > 0
such that:

P(F™(q)) < e

for all n. Note that here q does not depend on n and also 3 > 0 does not depend
onn but onl and q.

Proof. For the proof we need two events. Let § > 0 and let A"(d) be the event
that the two strings X and Y both have more than n/l—dn blocks. Let K™ denote
the event that when we align the first [(n/l) — on| blocks of X and Y without
leaving out a single block, the score for these aligned blocks is above expectation
minus d(n/l). Recall that in the formula 3.2.3 we computed the expected length
of B; as:

E[Bi]:l—g

where B; = min{By;, By;} each i = 1,2,.... Hence K" is the event that the
following inequality holds:

(/1)1 N T ;
> mx(1-g) | -on] o}
— 9) | z

Now we find that when both events A™ and K™ hold, then:

Lo (1= 2V 2 Zsn| — o™,
9) 11 l

which is the same as saying that the number of unused (not used for the LCS)
bits are less or equal to:
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Since each block has length at least n — 1, this then implies that the number of
left out blocks (left out by an optimal alignment) is at most the last bound above
divided by (I — 1). As a proportion of the total number of blocks in X and Y,
this gives the following upper bound:

i (=) [F-0] 40 a -2 (- sm) 4y
(0 = 1)((n/1) = én) - (L =1)((n/1) = dn)
w1(—n) +4 (2 — )
(L = 1)((n/1) — dn)
4 dnl + dn/l

o0 —1) T U=1)(n/l) —on)

4 14102
= ou-n*° ((z (1= 5[)) (4.2.1)

where we used that by A"(9) the number of blocks in X and Y is above (n/l)—dn
(here 6 < 1/1). In other words, we have just proved that when we take ¢ to be

equal to:
4 14102
— 44
91 —1) (I —1)(1=461)
then,
A"(S)NK"(S) C F"(q)
and hence:

P(F"™(q)) < P(A™(5)) + P(K™(9)).

Note that holding [ fixed and letting 6 > 0 go to zero, we find that ¢ (%)

goes to zero. This implies that for any ¢ satisfying

T (4.2.2)

there exists 0 > 0 such that:

141 4
(a=na=m) <1~ si=7 (129

For given ¢ satisfying 4.2.2, let thus 6 > 0 be such that inequality 4.2.3 is satisfied.
In that case and with that choice of ¢ and 6 > 0 we get that:

P(E™(q)) < P(A™(5)) + P(K"(9)).

So to prove that P(F"¢(q)) has exponentially small probability in n, it is enough
to show that P(A™(§)) and P(K™¢(J)) have both exponentially small probability
in n for any 0 > 0 not depending on n. This is going to be proved (for any § > 0)
in the next two lemmas.
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Lemma 4.2.2 For every 0 < § < % there exists a constant bs > 0 depending on
0 and | but not on n, such that:

P(A™(0)) < 4e~ 27
for n large enough.
Proof. With our definitions on renewal processes, we can re-write A™(J) as

follows:
A"(5) = {Ngf > % - 5n} N {NnY > % - 5n} (4.2.4)

=,

Then let us compute directly, setting m = H -0

(st o) <

P X
(by using N* > k& S <t) = P(Sﬁz
P

(by 4.0.2 with P(|By; — 1| <1)=1) < 2exp (—% ( - 1)2) (4.2.5)

From one side we have that:

n 2 nl ? _ n

2
o —Lr
1—-16+1
2 2
= 12(15_£> ;z
n 1—[(54—5
262 1/ 1 \°
> 2. - 2.
= 4(1—15) (4.2.6)

for n > 0 large enough, where the last inequality is due to:

2
1\’ 1 252 1/ 1\
i _ _ - - > L2
JE&(M n) (1—z5+%> =4 4(1-15)

From the other side we also know that:

mZ%—&n:n(1—5> (4.2.7)
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Then by using inequalities 4.2.6 and 4.2.7 in 4.2.5 we get:

P (Nf < ? —(5n> < 2exp (—% (% —l>2)

1362
< — B —— 2.
2exp< n 5201 l(S)) (4.2.8)

Finally by symmetry and using 4.2.8 we get:

f«AMﬂﬂ>§4em9(—”'§i%§?5)

which ends the proof by taking

1352

= >0. m
2(1-1) "

2

Lemma 4.2.3 For every 0 < § < % there exists a constant bs > 0 depending on
0 and l but not on n such that:

P(Knc((s)) S 6—b3~n
for n large enough.

Proof. First let us remember again that

where B; = min{ By, By;} for each i = 1,...,n. Now, after setting an auxiliar
variable m := [} — dn], we can write:

P(K"(5)) < P (%iB < <z - g) - 5%)

VA
)—U
VR

AN
)
@
b
o
| |
= ool
7N
—_
I | o
Sl
~_
[\
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4.3 Proportion of blocks in X and Y

Let X™ be the sequence X taken up to the m-th block. Similarly, let Y™ be
the sequence Y taken up to the m-th block. Let D,,(d) be the event that the
proportions of blocks in X™ and Y™ of length [ — 1, [ and [ + 1 are not further
from 1/3 than §. Let D™(§) be the event:

D) = () Dw(3)

meln
where we defined the interval I,, = [n/l —n%% n/l 4+ n%%].

Lemma 4.3.1 For every 6 > 0 we have that:
1, (1+36)
21

P(D"(5)) < 208 (Hl—%)

for n large enough.

Proof. Let B be the set of all possible blocks in X™ (or in Y), namely:

B = {blfla bl7 bl+1}

where b; denotes a block of length i. Let Wi, W5, ... be i.i.d. random variables
on B with distribution:

pii=PW,=10)=1/3  everyi=I1—1,0,l4+1and k> 0.

Let Zy, Z,, ... be new random variables in {0,1}? such that for j > 0 and i =
[l —1,1,1 + 1 the components are defined as follows:

(Z5); = { 0 otherwise

Then we can see that Wi, Wy, ... has the same distribution as Bxi, Bxsa,... (or
as By, Bys,...) and then for m > 0 the expression:

Zl_|_..._|_Zm
m

is the empirical distribution of X™ (or of Y™). Then for ¢ = (q1, g2, g3) € R} we
know that (from [13]; chapter 2):

Zi+t 7 7
p L:<
m

a2 ) <@ (4.3.1)

qs3
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for every given m > 0, where
D11 a2 Py ©
r(q) = —————.
ql‘hq2q2q3q3

Given ¢ > 0, for ¢5 = (1/3+40,1/3 +0,1/3 + ) we get by replacing in 4.3.2:

1+30
. 1
@ = (135)

(4.3.2)

and later by using 4.3.1:

1/3+06
i+t 2
P(Ds8) < P T2 [ 34,
m 1/3+6
1 (14+36)m
< _ 4.3.3
< (7m) (139
Finally by using 4.3.3 we can write down:
1 (1+38)m o 1 (1438) (n/1—n-6)
P(D"(0)) < —— < 2 P ——
( ())—n;(u?)a) = (1+35>
o 1 n(%—ﬁ)(l—&-fﬂé)
= 2
" (1 + 35)
e 1 I (1+435)
< 2
= (1 n 35)
where the very last inequality is due to:
1 1 S 1
T

for n large enough. [ |

4.4 Number of blocks for an optimal alignment

Recall that NX (resp. NY) is the number of blocks in X (resp. in Y) having
lenghts in {l — 1,1,1 + 1} as in expression 4.1.1. Let G™(J) be the event that the

following inequality holds:
Y

Nn
Wﬁl—i-&

Lemma 4.4.1 For every § > 0 there exist two constantsl by, bs > 0 depending on
[ and on § such that:

P(G(5)) < 2e~0m"? 4 ge=bon®

for every n large enough.
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Proof. Let us denote o := 2 + n%5. Now computing directly we obtain:

~

P(G™(0)) = PN (

IN -+
st
= =
e

IA
&)

(4.4.1)

=
=
IA
N———
_|_
|
=
Vv
L

since P(NY <
0.

" ) < 1. Let us work on each term as before. First, let us define
my = H +n

a
GJ and write down:

P(NY >a) < P(N) >my)
(by using N} > k< Sy <t) = P(S), <n)

SY
_ P( m?—lgﬂ—l>
mo mo

(by 4.0.2 with P(|By; — 1| <1)=1) < 2exp (—— (ﬁ - z) 2)(4.4.2)

Now we need to bound ms in order to get the right order for moderate deviations.
Let us start looking at the following:

2 2
n n
(1) = 7 (s 1) v < 00

1 2
> I? ——1
1+m

2
I 1
n0-8 1+#

l4

108 (4.4.3)
where the very last inequality above holds for n large enough since:
2
. 1 1
lim ; =1>-
Also, for n > 0 large enough we can take:
Mo L L] > (4.4.4)
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Finally we can use 4.4.3, 4.4.4 in 4.4.2 to get:

2
P(Nfl/>a) < 2€Xp<—@ <£—l))
2 mo

3
< 2exp <—i—6 ~n0'2) (4.4.5)

for n > 0 large enough. In the same way, calling m = (LW we have:

P(NY < &
L )

P
(by using N¥ > k< S <t) = P(SX>n
P

IA

(by 4.0.2 with P(|By, — | < 1) =1) < 2exp (—— <E . z)2> (4.4.6)

Now we need again to bound m in order to get the right order for moderate
deviations. Let us start looking at the following:

n 2 (1+9)n ? . "
(=) = (s 1) by g < 555 (5 0

2
l2<1+cl5 _1>
1+
2
210
1+ ¢4

2
*(1+9)? 1
n0-8 1+ #

*(1+9)?
4n0-8

v

v

(4.4.7)

where the very last inequality holds for n large enough since:

2
. 1
lim ; =1>
n—00 1+m

Also, for n > 0 large enough we can take:

AN

mzL(HL)%z ! % (4.4.8)
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Finally we can use 4.4.7, 4.4.8 in 4.4.6 to get:
2
P(NY <2 ) < 2 —T<£—l>
("_1—1—5) - exp( 2 \m
B+
< 2exp (—g : nO‘Q) (4.4.9)

for n > 0 large enough. Combining inequalities 4.4.5 and 4.4.9 in 4.4.1 we have:

P(G™(5)) < P (NX < i) +P(NY > a)

" T 140
3 31
< 2exp (_i_ﬁ : n0‘2> + 2exp (—% : n0‘2> (4.4.10)

from where we can take the constants

13

by = 1_6>O
Bl+6
b5 %>O

and finish the proof. ®

4.5 Cut blocks at the end

Let J"(6) denote the event that the proportion of left out blocks at the end of
X or Y in any optimal alignment is at most a proportion ¢ of the total number
of blocks in each of these sequences. As all events before, we want to prove that
J™(d) has high probability to happen for every § > 0 provided n is large enough.
We need an extra definition and a previous lemma in order to show the high
probability of J"(4).

For an integer number s € [1,n] we denote:
L3 = |[LCS(X1 X X, YiYa - - V)| (4.5.1)

Lemma 4.5.1 Given 6 > 0, there exists a constant ¢, > 0 not depending on n
but on & such that:
E[L, - L¥™"] >¢,-n (4.5.2)

for every n > 0 large enough.

Proof. Given n > 0 and ¢t € [—1,1] let us define the number v(t,n) > 0 as
follows:
’}/(t, TL) — E[ |LCS(X1 e Xn+nt> 3/1 e Yn—nt)H

n
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This number (¢, n) is a kind of extension for the Chvatal-Sankoff constant v (see
[6]), or more precisely in the case of our paper an extension of 7; defined as in
expression 3.2.1. An extended motivation for this definition can be found in [21].
For any fixed ¢ € [—1, 1] it is known that (t,n) converges as n — oo (see [12] or
[21]), let us denote that limit by

~(t) == lim (¢, n).

The speed of convergence to that limit is also known due to theorem 2.1 in [12].
This theorem says that there exists #; > 0 a constant not depending on n such

that: o1
< n(n)

[y(t,n) =) < NG (4.5.3)

for any fixed t € [—1, 1] provided n > 0 is large enough. On the other hand, it is
known that the map t € [—1,1] — ~v(¢) € [0,1] is concave and symmetric in the
origin (see [21]). Hence, for every t € [—1, 1] we have

7(0) > ~(¢) (4.5.4)

Let us set an auxiliar variable n* as follows:

J
Y= 1—=
wimn(1-3)

Note that with the last definition, the inequality
nln(n)
=+v/nIn(n) > vn* In(n*) = ———= 4.5.5
o = V() 2 Vi Inn) = (455

holds due to /- and In(-) being increasing functions. By using the previous defi-
nitions, the inequality for the speed of convergence 4.5.3, the concave inequality
4.5.4 and inequality 4.5.5 (following this order), we can write:

E[L, — L' = n~y(0,n) —n*y (t*,n")

> (30) = ) e (50 + 25D

~ n*In(n")

v

= (= - o (M5 )
> (0= () - 26"
nd~(0) nln(n)

> 1y (4.5.6)
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where the very last inequality above holds for n large enough, since

i (%lhi%» —0< MT@)

To finish the proof we take ¢, = MT(O). [ |

Now comes the main result of this section which establishes the high probability
of the event J"(J):

Proposition 4.5.1 For every § > 0, there exists a constant 8 > 0 not depending
onn but on 0 such that:

P(J"¢(8)) < 270"

for every n > 0 large enough.

Proof. With the notation as in 4.5.1 we write:

P(J™(8)) < 2P(|JLCS(X; - Xy sn, Y1+ Y,)| — L, >0)
= 2P(LV"" —L,>0)
= 2P(LY" — L, —E[L"°" — L,] > E[L, — LY°"])(4.5.7)

Let us define
M, (6) := Lv " — L, —B[L¥ " — L, ]

It is not difficult to see that M, (J) is a martingale with respect to the filtration
Sn = o{(Xk, Yr) : kK < n} and that My = 0. The following inequality also holds:

[ M (8) = My, 1 ()] < 4

for 6 > 0 with probability 1. So, we can use the theorem 4.0.1 (Azuma-Hoeffding
inequality for martingales) with a; = 4 and v = E[L,, — L?7°"] to estimate:

2
P(Ly " — L, — B[} — [,] >v) < 2exp(— v )
- 4n

2-4
El L _Ln—5n 2
= 2exp (—E( [ Ln 1 ]> )
8 n

2
(by 4.5.2 and ¢, from lemma 4.5.1) < 2exp (—C* n>

Taking 0 = % > ( finishes the proof. [ ]
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4.6 Optimal events

In theorem 2.1.3, q represents the proportion of left out blocks in X and in Y. In
reality, typically, the proportion of left out blocks in X will not be exactly equal
to the proportion of left out blocks in Y. Because of this, ¢; will designate the
proportion of left out blocks in X and ¢, will designate the proportion of left out
blocks in Y. We will have that ¢; can be made as close to ¢» as we want to by
taking a large n. Now we need to rewrite all our conditions as in theorem 2.1.3
with ¢; and ¢ instead of q.

Let us define the following events:

o Given any my, ma, q1, @2, 1let Eny, my.01.00(€) denote the event that there is no
optimal alignment of X™ with Y™2 leaving out a proportion of ¢; blocks
in X™ and a proportion of g, blocks in Y2 and such that:

H(q1)+H(go)+(1—max{q1+3q2,3¢1+¢2}) (In(1/9) + H(p)) < —e. (4.6.1)

e Let E"(¢) be the event :

EY )= () Emmsaelo): (4.6.2)

m1,m2€l™,q1,q2

If 6 designates the difference between ¢; and ¢o, then note that the system

. { Di—10 + Pi—1041 ( 3q1 )
min l—— ]+
Pi—1i-1 + Pi—1g + D141 (1/3) =4¢

B (1 B J+ 2((]1 - 5)) Di+1,0+1 149 }

(1/340) ) by +piona + o 2 (A/3) =0
1 — 2] < 260
H(q) + H(qz) + (1 — max{q: + 3¢2,3q1 + ¢2}) (In(1/9) + H(p)) > 0
(4.6.3)

converges to the conditions in theorem 2.1.3 when § goes to zero (when ¢; is as
close to g, as we want to by taking a large ¢;). Note also that replacing ¢; and
g2 by ¢ and taking 6 = 0 in the minimized function and in the last inequality of
4.6.3, they become equal to 2.1.19 respectively 2.1.22. If the minimizing problem
in theorem 2.1.3 has a strictly positive solution 2¢ and if expression 2.1.19 is less
than e, this implies that 2.1.22 must be smaller than a —e; for €5 > 0 (we are
assuming that 2.1.20, 2.1.21 and 2.1.22 hold). The next lemma shows that the
same holds true for the system 4.6.3 if we take § small enough.
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Lemma 4.6.1 Assume there exists 0 < qo < (1/3) and ¢ > 0 such that for
all {pij}i; and q € [0, o] satisfying all the conditions 2.1.20, 2.1.21 and 2.1.22
in theorem 2.1.83, we have that expression 2.1.19 is larger or equal to 2¢; (in
other words, the condition that the minimizing problem in theorem 2.1.3 has a
strictly positive solution 2e; is satisfied). Then, we have that there ezists 3 > 0
and 6o > 0 such that for all {pi;}ijcu—1,10413 and q1,q2 € [0,q0] and § € [0, 0]
satisfying 2.1.20 and 2.1.21, we have that if |q1 — q2| < 28 and if

Pi-10 + Pi—1,441 (1 3q1 )
- +
Di-10-1 + Di—10 + Pi—1,+1 (1/3) — do

(1 do +2(q1 — 50)) Dit1,14+1 ¢ 1+ do
_(1_ gy — 0 <
(1/3 4 do) Pir1i-1 + Pry1g + Dig1ist (1/3) — b

(4.6.4)
then
H(q1) + H(q2) + (1 — max{q1 + 3¢2,3q1 + ¢2}) (In(1/9) + H(p)) < —e3 (4.6.5)

Proof. We are going to do the proof by reductio ad absurdum (reduction to
the absurd). Assume for this that for all (p;;); er and ¢ € [0, qo] satistying all
the conditions 2.1.20, 2.1.21 and 2.1.22 in theorem 2.1.3 we have that expression
2.1.19 is larger equal to 2¢;. Assume that the rest of the lemma would not hold.
Then for every 6 > 0 (as small as we want) we could find a vector p:

ﬁ:: (pl—l,l—lapl—l,b <o oy Pl41,1415 915 G2, 5)

such that the components satisfy |¢g1 — ¢2| < J, and the components of j satisfy
2.1.20, 2.1.21 whilst inequality 4.6.4 is satisfied and we can take the expression

H(q) + H(qz) + (1 — max{q; + 3¢2,3q1 + ¢=}) (In(1/9) + H(p)) (4.6.6)

as close to zero as we want. Hence there exists a sequence pi,pa,...,p:, ... of
such vectors with notation:

P(t) == (Pr—1=1(); Pi—12(t)s - - Pig141 (1), 1 (1), q2(2), 0(2))

so that for each t € N the vector p(t) satisfies all the conditions 2.1.20, 2.1.21 and
4.6.4, whilst

tlggo lq1(t) — q2(t)] =0

and expression 4.6.6 converges to zero as t goes to infinity.

The vectors p(t) are contained in a bounded domain and hence in a compact
domain. This implies that there exists a converging subsequence. Hence there
exists an increasing map 7 : N — N so that p(7(t)) converges as t goes to infinity.
Let the limit be denoted by

ﬁ:: (pl_Ll_l;pl—l,la <o oy Pl41,1415 491, G2, O)
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We have that ¢ = ¢o, so let us denote ¢ = ¢ = ¢q. We find that our limit
satisfies all the conditions 2.1.20, 2.1.21. Furthermore, at the limit expression
4.6.6 becomes equal to zero. Replacing then ¢; and ¢ in 4.6.6 by ¢, we find that
condition 2.1.22 is satisfied. finally since for our sequence p(m(t)), we have that
4.6.4 is satisfied, by continuity it must also be satisfied for the limit. Hence, noting
that at the limit ¢; = ¢ = ¢ and § = 0, we get that expression 2.1.19 is less or
equal to €. This contradicts our assumption, since our limit vector satisfies all the
conditions2.1.20, 2.1.21 and 2.1.22 and should thus have expression 2.1.19 larger
equal to 2¢;. Hence, we have that when all the conditions 2.1.20 and 2.1.21, are
satisfied and when § goes to zero then expression 4.6.4 should be bounded away
from zero. This means that for 6 > 0 small enough and when all the conditions
2.1.20 and 2.1.21 are satisfied, we have that there exists e, > 0 so that 4.6.4 is
less or equal to —es. [ |

Let us now show that event E,,, m,.q.4.(€) holds with high probability.

Lemma 4.6.2 Assume that there exists 0 < gy < (1/3) and €; > 0 such that for
all {pi;}i; and q € [0, qo| satisfying all the conditions 2.1.20, 2.1.21 and 2.1.22 in
theorem 2.1.3, we have that expression 2.1.19 is larger or equal to 2e,. Then, for
every € > 0 there exist a polynomial w(n) > 0 and a constant ¥ > 0, both only
depending on | such that:

P(E™(e)) < w(n)e "
for every n large enough.

Proof. Let @ denote an alignment of the X™ and Y"™2. Hence a consists of two
binary vectors @ = (dx, dy) the first one having length m; and the second one
having length ms.

Hence @, € {0,1}™,ady € {0,1}™* when the i-th entry ay; of @x is a 1 that
means that the i-th block of X,,, is discarded (entirely aligned with gaps)by the
alignment @, otherwise the i-th block of X is not discarded. Similarly when
ay; = 1 then the i-th block of Y™ is discarded. Here we use the same way
of defining alignment as explained before in the first section: we specify which
blocks get entirely discarded and then align the rest block by block. Doing so
and assuming that the alignment @ is not random, we get that the aligned block
pairs are i.i.d.. For the lengths of aligned block pairs we have nine possibilities
each having the same probability. Hence, given the alignment a, the empirical
frequencies of the aligned block pair lengths is simply a multinomial distribution.
Let p = {pij}ijeqi-1,,14+13 be a (non-random) probability distribution. Let Eq(p)
denote the event that the empirical distribution of the aligned block pairs by the
alignment a is not p.

From what we said we have that the probability P(E¢(p)) is equal to the proba-
bility that a 9-nomial variable with parameter m* and all probability parameters
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equal to 1/9 gives the frequencies given by p. Here m* designates the number of
aligned block pairs by a. Hence, we get

- 1\
- _ il 4.6.7
( a(p)> (m*pl—Ll—l m*pl—l,l . m*pl—i-l,l-‘rl) (9) ( )

a a!
ap...ax)  ayl---ag

is the multinomial factorial coeflicient. Let us define

m*
B(p) = < )
») Di—1,1—1M* pr_1,m* ... pPry1ggm*
M(p) = 1T s

PiE{PI—1,1—15-\Pi4+1,14+1}

Ho) = X ) = (5] 668)

Pi€{PI—1,1-1,Pl+1,141}

where

note that B(p)- (M (p))™ is the probability distribution of a multinomial random
variable with parameters m* and vector (m*p;_1,-1,...,m*pi41,41). Hence

B(p)- (M(p))™ < 1. (4.6.9)

Then, by using 4.6.9 we can bound expression 4.6.7 as follows:

s0)(5)" = s uoy ()"
< ()

~ exp (lm (%) + H@)} m) (4.6.10)

On the other hand, we have at least (1 — max{q; + 3¢2,3¢q1 + ¢2}) min{my, ms}
aligned block pairs. Let us give an intuition for this. There are three situations for
aligning a fixed block in X with blocks in Y. First, when we align one block in X
with one block in Y one to one, the resulting length contributing to the LCS is the
minimun between their lenghts, so at most if all the blocks of X and Y are aligned
one to one then we will have at most a contribution of min{my, my} aligned blocks
pairs. Second, when we align one block in X with several blocks in Y then we
at least leave ¢ - m; blocks in X. Third, when know that we cannot align two
adjacent blocks in X with the same block in Y, then we leave at least 2¢; - m,
blocks in X also. In total, in the worse case, looking first at blocks in X, we are
leaving (3¢ + g2) min{my, mo} blocks in both sequences X and Y. Similarly, but
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looking first at Y, we can leave (3¢2 + ¢1) min{m;y, ms} blocks in both sequences
X and Y. Finally, at least we have (1 — max{q; + 3¢2,3¢1 + ¢2}) min{my, ms}
aligned block pairs due to the considerations above.
Since my, mo € I, this gives the lower bound for m*

m* > (1 —max{q + 3¢, 3¢ + q2}) - ((n/1) —n"%). (4.6.11)
and hence together with the bound 4.6.10, we obtain

P((ES(p)) < exp ( (In(1/9) + H(p))(1 — max{gs + 3a2. 3 + g:})((n/1) — n®) )
(4.6.12)
Let A, msqi.q. denote the set of all alignments aligning X™ with Y™ and
leaving out a proportion of ¢; blocks in X™' and a proportion of ¢ blocks in
Y™2_ In other words, the set A, m,.q.0 1S the set of all elements @ = (dx, dy)
of {0,1}™ x {0,1}™ for which |dx| = ¢ym; and |dy| = gamas.
Let Py, .4 denote the set of those distributions p (for aligned block pairs, hence
on the space @ ={(l -1, —1),(l—1,1),...,(l+ 1,1+ 1)}) for which inequality
4.6.1 is satisfied and which are possible in our case. Before we continue with the
proof, let us look at an example:

Example 4.6.1 Assume we look at binary strings of length 5. Then there can be
0,1,2,3,4 or 5 ones. Hence, the empirical distribution for side one when we flip a
coin exactly five times can only be 0, 20%, 40%, 60%, 80% or 100%. In general
for a string of length n and k symbols, there are no more than (n+ 1)k~1 possible
empirical distributions (see [13], Lemma 2.1.2 (a)). In the case above we have
an empirical distribution for m* aligned block pairs. For each block pairs there
are 9 possibilities. Hence, there are no more than (m* + 1)® possible empirical
distributions. However m* is not known. It could potentially take on any value
between 1 and (n/l) + n®®. Hence, we find that for the number of empirical
distributions we need to consider the following upper bound:

(n/1) +n") - ((n/1) +n°® +1)® < ((n/1) + n®® +1)°.

Let us continue with the proof. We have that:
m Eu(p) = By ma 02 (€)
A€EAm | ,my,q1,92,Pe.ar a0
and hence:
c C
P(ES, o (€) < Z P(ES(p)). (4.6.13)
CLGAml,mQ,ql,qz 7pepqulv‘12

By using 4.6.12, the inequality 4.6.13 above becomes:

P(Egy myara(€) < Y exp ((I(1/9) + H(p)(1 — max{q + 3g2,3q1 + g2})((n/1) = n"°) ) .

(LEAWM ,M2,41,492 7p€p€=‘11“12
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Note that the number of alignment considered in the sum on the right hand side
of the last inequality above can be bound as follows:

my

el = [
AL ami(1 —q1)mi ) \gama(1 — g2)mo

(eﬁ“(l —lql)l‘“)ml (CJ?(l —1Qz)1‘q2>m2
= exp(H(q1)m1 + H(g2)m2)

< exp(H(g) + H{g2)ym?)
< e ((Hla) + H@)((n/) +n®%))  (46.14)

where for ¢ = 1,2 we denote

H(q) =q¢In(1/q)+ (1 —q)In(1/(1 — q)).

The number of distributions in P, 4 we need to consider is (as explained
above) less or equal to ((n/l) + n%% + 1)°. Combining all of this we find that
P(E¢ (€)) is less or equal to:

mi1,m2,q41,92

exp((H (q1)+H (g2))((n/1)+n%°))-bexp ( (In(1/9) + H(p))(1 — max{q: + 3a2, 31 + a2})((n/1) = n) ).

where b := ((n/l) +n%® +1)°. In other words, we found that:

n

P(E7,, maq1.00(€)) < bexp ( 7 (H(q) + H(gz) + (In(1/9) + H(p))(1 — max{g1 + 3¢z, 3q1 + ¢2}) +7) )
(4.6.15)

where the rest term 7 is equal to:

r=In""(H(q) + H(g) — (In(1/9) + H(p))(1 — max{q + 3¢2,3q1 + ¢2}))
being bounded as follows:

[l < In~ ([ H (q)] + [H(g2) + (| In(1/9)] + [H(p)])) = In~"(3 + [ In(1/9)]).

Note that 7 is bounded from above by a constant times n~%* where the constant
does not depend on [, g1, g2, p. Hence for n large enough:

r<e/2 (4.6.16)

Note also that in the sum 4.6.13, we only took distributions p € P, 4, hence
satisfying inequality 4.6.1. This implies that in the bound 4.6.15, we can assume
that inequality 4.6.1 holds. This then implies

P(E- (€)) < bexp (%(—e +r) ) (4.6.17)

mi,m2,q1,92
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Assuming now that 4.6.16 holds, we obtain:

P(ES, oo (€)) < bexp (%(—e/z) ) (4.6.18)

Note that the bound on the right side of the last inequality above is negatively
exponentially small in n, since b is an expression which is only polynomial in n.
Using the equation 4.6.2, we obtain:

P(Enc<€>> < Z P(Ercnl,mmm,fh(e))'
mi1,m2€l",q1,q2
Applying inequality 4.6.18 to the last inequality above, we obtain:
P(E™(e)< > bexp (%—E/z) ) . (4.6.19)
m1,m2€l",q1,q2

Note that when m is given, the number of possibilities for the number of left out
blocks in X™ is at most m;. Hence, for given m; we have that ¢; can take on
at most m; values. Similarly for given my we have that ¢, can take on at most
my values. But m; and my are less then (n/l) + n%5. Also, both m; and m, are
in I,, hence they can take on at most 2n%® values. This implies that in the sum
4.6.19, the number of terms is bound above by the expression:

((n/l) + n0'6)2 Ant?
This upper bound applied to inequality 4.6.19 yields:
P(Enc<6)) <b ((n/l) + n0.6)2 4nt? exp (%(—6/2) ) . (4.6.20)

which is the negative exponential upper bound we where looking for. [ |

4.7 Positive expected change in the score

Let us recall the events that we have proven to have high probability:

e (™ is the event that the number of blocks in X and in Y lies in the interval

I, = [% — 08, % I nO.G} .

e D™(6) is the intersection

D"(8) = [ Dum(9),
mely,
where D,,(9) is the event that the proportion of blocks in X™ and in Y™
of length [ — 1,1 and [ + 1 are not further from 1/3 than §, where X™
(resp. Y™) denotes the sequence X taken up to the m-th block (resp. the
sequence Y* taken up to the m-th block).
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e ["(q) is the event that any optimal alignment of X and Y leaves out at
most a proportion ¢ of blocks in X as well as in Y.

e G"(9) is the event that the following inequality holds:
NY
N_,f( <149

where NX (resp. NY) is the number of blocks in X (resp. in Y) having
length in {l — 1,{,14 1}.

e FE"(e) is the intersection

E"(e) = m By maya.a:(€)

m1,m2€ln ;q1,q2€[0,1]

where Ep,, my.q.0(€) 1S the event that there is no optimal alignment of X™
with Y2 leaving out a proportion of ¢; blocks in X™ and a proportion of
g2 blocks in Y™ and such that:

H(q) + H(g2) + (1 — max{q1 + 3g2, g2, 3¢:})(In(1/9) + H(p)) < —e2

where €5 > 0 depends on €, 6y and ¢y and comes from lemma 4.6.1, X™
(resp. Y™2) denotes the sequence X taken up to the m;-th block (resp.
the sequence Y* taken up to the mo-th block) and H(p) denotes the entropy
as in 4.6.8 for an alignment.

We can now formulate our combinatorial lemma based on those events:

Lemma 4.7.1 Let us consider the constants qg, €1,00 and €3 from lemma 4.6.1.
Assume that C™, D"(8y), F"(q0), G"(d0) and E™(e2) all hold. Then, we have that

E[L, — L[ X, Y] > &

Proof. For any z,y € {0,1}" let L(x,y) denote the length of the LCS of x
and y. Let now z,y € {0,1} be any two realizations so that if X = z and
Y =y, then the events C™, D"(d), F"(qo) and E"(e3) all hold. Let a be a left
most optimal alignment of x and y. Let T denote the sequence x on which we
performed our random changes. That is 2 is obtained by selecting a block of
length [ — 1 at random and changing it to length [ and also selecting a block of
length [ 4+ 1 at random and reducing it to length [. Let z* be the sequence we
obtain by applying to x only the first one of the two random changes. That is
x* is obtained be increasing the length of a randomly chosen block of = of length
[ —1 to length . So, we start with x. Then we apply the first change and obtain
x*. Then in z* we choose a block of length [ + 1 at random, decrease it by one
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unit to obtain .

For all i,j € {{ — 1,1,1 + 1}, let p;; denote the proportion of aligned block pairs
with lengths (7,7) in the alignment a of x and y. Let ¢y, resp. ¢o denote the
proportion of blocks not aligned by a in z, resp. in y. Let p/ ; denote the
proportion of blocks which get aligned by a one block to one block, among all
blocks of x of length 1 — 1. Let p/!, denote the proportion among all blocks of x
of length [ — 1 which are aligned with several blocks of y. Finally, let p/’! denote
the proportion among the blocks of length [ — 1 in x which are left out or are
together with other blocks of z aligned with the same block of y. Note that when
we increase by one unit a block in this third category, then in general the score
does not get any increase. On the other hand, assume that the block of x length
[ — 1 chosen randomly and increased by one unit, is aligned one block with one
block. Then if this chosen block is aligned with a block of length [ or [ + 1 the
score is going to increase. Let GGj_; 1 be the event that the block of length [ — 1
chosen is aligned one block with one block. From what we said it follows that:

Di-1, + Di—1,1+1

P(L(z*,y) = L(z,y) = 1| Gio1p) = '
(L( ) (2, y) | Gi11) Di—1—1 + Di—1 + D141

Note that by only adding a bit the score cannot decrease, so that the last in-
equality above means:

Pi-1,0 + Pi—-1,1+1
Pi—10-1 +Pi—1; + Di-1,041

E[L(z",y) — L(z,y) | Gi-11] > (4.7.1)
When the block of length [ —1 chosen and increased is aligned with several blocks
of y at the same time, then we will always observe and increase of one unit. This
yields:

E[L(z",y) — L(z,y) | Giov11] = 1, (4.7.2)

where G_; ;1 denotes the event that the chosen block of length | — 1 is aligned
with several blocks of y. By law of total probability we find thus:

P10+ Pr-1,+1
u +P(Gi_1.11)
Di—10-1 t+Pi—10 + Di-1,+1

P10 + Di—1,1+1
> (1 —=P(Gia ’ :
( ( 1)) Di—1,—1 + Pi—1g + Di—1,141

E[L(m*vy)_[’(xayﬂ > P(Glflyl)

where G_; 177 denotes the event that the block of length I — 1 chosen is left out
or aligned to the same block of y at the same time as other blocks of . The last
inequality above yields:

Di—1,1 + Di-1,1+1

E[L(z*,y) — L(z,y)] > (1 — p' ‘
[ ( ) ( )] ( l 1>pl—17l—1 + Di-1, +pl—1,l+1

(4.7.3)

Note that the proportion of left out blocks in x is ¢;. There can not be two
adjacent blocks of = aligned with the same block of y (this is so because a is an
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optimal left most alignment, see lemma 3.1.1). So between blocks of x aligned
with the same block of y, there is at least one left out block of x. Hence the
maximum proportion of blocks of x, which are aligned at the same time as other
blocks of x to the same block of y, can not exceed twice the number of left out
blocks of . This yields a lower bound equal to 2¢;. This is as a proportion among
all blocks in x, but we are interested in the number as a proportion of the total
number of blocks of length [ — 1 of z. So, we get as lower bound 2¢; /p;_1, where
pi—1 is the proportion of blocks of  which have length [ — 1. Adding the blocks
in & which are left out and the blocks which are aligned with several blocks of vy,
we get:

pﬁig-iﬂn (4.7.4)

Pi—1

By D™(do), we have that p,_1 > (1/3) — dg, so that together with 4.7.4, we obtain:

3¢
117

< —.
pl—l — (1/3) . 50

By using the above inequality in 4.7.3 we obtain:

X Di-1,0 + Pi—-1,1+1 ( 3q1 )
E[L(z*,y) — L(z,y)] > ’ ’ 1——B ) 4715
" y) @y) Pi—10-1 + Pi—10 + Di-1,+1 (1/3) — o ( )

Next we are going to investigate the effect of decreasing a randomly chosen block
of length [ + 1 by one unit. The score can decrease when the selected block of x
of length [+ 1 is aligned with a block of length [+ 1 of y. If it is aligned with one
block and that block has length [ or [ — 1, then there is no decrease. This leads
to:

~ * Pi+114+1
BIL@Ey) = L@, 9)lC] 2 Pi1i—1 + Piy1g + D1
where G411 denotes the event that the block of length [ 4 1 chosen is aligned
one block with one block. When the selected block of = of length [ 4 1 is aligned
with several blocks of y then the score decreases by one unit. When the selected
block of length [ 4 1 in x is left out or is aligned at the same time as other blocks
of x to the same block of y then there is no decrease. This leads to:

- " Pi+1,1+1
E|L(z,y)— L(x", > —P(G : —-P(G , (4.7.6
[ (7,y) ( y)] ( Hl’l)pm,z-l F Prent + Pirtist ( l+1,H) ( )

where G117 denotes the event that the selected block of length [ 4 1 is aligned
with several blocks of y at the same time. Let p;.; denote the total proportion
of blocks of length [ 4+ 1 among all blocks of z. Let p;;1; denote the proportion
among all blocks of x of length [ + 1, of blocks which are aligned one to one.
There is a proportion of ¢ totally left out blocks in x. At most a proportion
do are at the end of the alignment a contiguous group of left out blocks. That
means, (assuming q; > &), the proportion of left out blocks in x which are not
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adjacent to another left out block of x is at least ¢; — dg. Going with each left out
block which is not adjacent to another left out block, there is at least one adjacent
block which is aligned together with several other blocks of x to the same block
of y. This gives a lower bound for the blocks of # which are not aligned one block
to one block of dy + 2(¢1 — dp). This is taken as a proportion among all blocks of
x. This gives among all blocks of length [ + 1 a proportion of at least:

do + 2(q1 — do)
(1/3+44d)

since by the event D"(dy) we know that among all blocks of x the proportion of
the blocks of length [ + 1 is less than (1/3) + . Hence,

B do +2(q1 — do)
(1/3+ do)

P(Gprg) < 1 (4.7.7)

Next let us note that we can give an upper bound for the number of blocks of
x aligned with several blocks of y. Since we never have several blocks aligned
with several blocks, we have that the number of blocks of = aligned with several
blocks of y is not more than the total number of left out blocks of y. This is so
because between two blocks aligned with the same block there is always at least
one left out block. The proportion of left out blocks in y is ¢o. but this is taken
as proportion among all the blocks of y. Since the total amount of blocks in x
and y could not be exactly the same, that number can get slightly changed when
we report it as proportion of the total number of blocks in z. Let p;;1 denote the
proportion among the blocks of  which are of length [ 4+ 1. We have thus that
the probability to select a block of length [ 4+ 1 of x which is aligned with several
blocks of y is less or equal to

421V,
P(Gii1.11) < DNE (4.7.8)
By the event D"(dy) we have
1
Pi+1 2 37 do (4.7.9)
and by the event G™(dy) we have
No

Applying now 4.7.9 and 4.7.10 to 4.7.8, we find

1+ 6o

P(Gii01) < ¢ (1/3>—_50

(4.7.11)
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Finally, using inequalities 4.7.11, 4.7.7 in 4.7.6 we get:

~ do +2(q1 — 50)) Pi+1,+1
E[L(Z,y) — L(z", > —(1- ’
L(@,9) (=)l ( (1/3 + do) Piti—1 + P+ Prtiet
1+ 09
—Qqy ————— 4.7.12
LRV e
Using inequalities 4.7.5 and 4.7.12 together we find:
E[L(Z,y) — L(z,y)] > E[L(Z,y) — L(z",y)] + E[L(z",y) — L(x,y)]
S Di—1, + Pi—1,+1 (1 3@ )
WA R o N A | (1/3) — 0o
B <1 0o+ 2(q1 — 50)> Dit1,141
(1/34+00) ) Pravi—1 + Dig1g + D141
1+ 9o
gy —— Y 4.7.13
")~ dy T

Note next that we can apply lemma 3.1.2 with A = n%® because of C" and
1,05 < 0 thanks to E™(dg). Hence we find that:

4In06

|1 — qa] < 1.5|d0| +
n

We assume that n is large enough so that:

1 — q2] < 2|0y

With the last inequality holding, we get from lemma 4.6.1 that if inequality 4.6.4
holds, then 4.6.5 should be satisfied. By the event E™(ey), we have that 4.6.5
can not be satisfied. Hence, the inequality 4.6.4 cannot hold, which implies that
the expression on the left side of 4.6.4 is larger or equal to €;. Together with
inequality 4.7.13, this implies that:

E[L<j>y) - L(l’,y)] > €. n



Chapter 5

Random modification &
fluctuation

In this chapter, we show that the biased effect of our random modification implies
the fluctuation order ©(n). In other words, we are going to prove theorem 2.1.2
which states that VAR|[L,] = ©(n) holds if there exist ¢, « > 0 not depending on
n such that:

P(E@n—LAXJ126>;3L—mM—MW (5.0.1)

for all n large enough. Note that if Z is a random variable with VAR[Z] = ©(n)
and f is a map which tends to increase linearly, then for W = f(Z), we also have
the order VAR[W] = ©(n). The map f can be even a random map but must be
independent of Z. The exact basic result ([16], lemma 3.2) goes as follows:

Lemma 5.0.2 Let ¢ > 0 be a constant. Assume that g : R — R is a map which
15 everywhere differentiable and such that for all x € R we have:

@) o,

de —
Let B be a random variable such that E[|g(B)|] < +0c. Then:
VAR[g(B)] > ¢* - VAR|[B].
In the present context, we need a slightly different version:

Lemma 5.0.3 Let e,m > 0 be constants and f : Z — 7Z be a map such that for
all z1 < z9 the following two conditions hold:

@—mZmif@%ﬁ@ﬁzg@—m (5.0.2)
A30>0: z0—21 <m= f(22) — f(z1) < P22 — 21) (5.0.3)
Let B be a random variable such that E[|f(B)|] < +oc. Then:
e st Bm
VAR[(f(B)] > 5 (1 16€ VAR[B]) VAR|[B] (5.0.4)

o4
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Proof. Let h : Z — 7Z be a map defined from f as follows: for a given z € Z
choose k > 2 such that z € [km, (k + 1)m] and compute

1) = (L0 ) o)

m

) e = k) + )

then h(z) is just the linear interpolation of f(z) in [km, (k 4+ 1)m]. It is easy to
see that h satisfies the conditions of lemma 5.0.2 for ¢ = ¢/8. Then:

2

VAR[h(B)] > g—4VAR[B] (5.0.5)

We want to estimate the distance between the random variables h(B) and f(B).
First, we note that from 5.0.2 and by the definition of h, the following inequalities
hold for km < B < (k+ 1)m:
€
8

looking at conditions 5.0.2, 5.0.3 and the inequalities above we get

(B km) + f(km) < f(B),h(B) < S(B = (k+1)m) + J((k + L)m)

h(B) = F(B)| < |<(B—km)+ f(km) = (B = (k+ 1)m) + f((k+ L)m)
< gm (k- 1)m) = f(km)|
< ()

and by using the last inequality above:
VAR[f(B) — h(B)] < <§ + ﬁ)2 m?, (5.0.6)
Since f(B) = h(B) + (f(B) — h(B)) we can apply triangular inequality and find:
V'VAR[f(B)] > /VAR[I(B)] — /VAR[f(B) — h(B)],

hence we have:

VAR[(f(B)] > VAR[M(B)] - 2y/VAR[:(B)] - /VAR[f(B) — h(B)]

— VAR[h(B)] 1 — 2\/VAR[f(B> _ h(B)]
VAR[L(B)]

Finally, applying the inequalities 5.0.5 and 5.0.6 to the last inequality above, we
get:

D

€2 (e/8+ B)m
VAR[(f(B)] > — (1 — 16TR[B]> VAR[B]. =

Hence to prove that VAR|[L,] = ©(n), we try to represent L, as f(Z) where f
is a random map which tends to increase linearly on a certain scale and Z is a
random variable having fluctuation of order y/n.
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5.1 Random modifications and variables (T, Z)

Let N; denote the number of blocks in X of length [, whilst N;_q, resp. N4
denote the number of blocks of length [ — 1, resp [ + 1 in X. Let us define the
following three random variables:

T = N +N_1+ N (511)
ZJ = Nl - lel - Nl+1 (512)
R = n—(IN+(+1)Npx+(I—1) Nis) (5.1.3)

Note that when we know the values of (T, Z, R) we can determine the values of
N;_1, N; and N4, as a linear function by using the definitions of 7, Z and R as
follows:

N+(T,Z, R) (20+1)/4 —1/4 7 —(n—R)/2
N(T,Z,R) | = 1/2 1/2 ( 7 ) + 0
N1 (T, Z, R) —(21—-1)/4 —1/4 (n— R)/2

(5.1.4)
The variable R represents what is left in X after the last block of length [ — 1,1
or [+ 1.

Example 5.1.1 Let us consider the sequence X = 000111100011001 for I = 3
and n = 15. We see that N;_1 =2, Ny =2 and Nyy1 =1, hence T' =5,7 = —1
and R = 1. Also, the block 1 at the end of X has length strictly smaller than
I — 1 which also means that R = 1. In this case is easy to interpret what R is
since the last block in X has length strictly less than | — 1. Let us see a different
situation. Let us take again | = 3 and now consider Bx; = 2,Bxs = 3, Bx3 =
4,Bxy = 3,Bx5 =2,Bx¢ =4, ... such that X*° = 001110000111001111--- Take
n = 16 so that X = 0011100001110011. Here the last block of X has length
[ — 1 = 2 which should imply (using the point of view of the last situation) that
R = 0. But, notice that the block in X*° corresponding to Bxe was cut when we
took X. In this case, we say that the last block in X corresponds to the rest so
R = 2 and therefore Ni_y = 2, N; =2 and Nj;1 = 1, then T =5 and Z = —1.
We take this convention on R, even if the definition 5.1.3 is not the exact one,

because of the simplifications later during the computation of the joint distribution
Of Nl—17 Nl7 NH-I'

Let us roughly explain the main idea behind this subsection. Assume that we
have a random couple (V, W) which can take on a finite number of values only. We
also assume the joint distribution £(V, W) to be given. To simulate (V, W), we
could first simulate V' using the marginal law £(V'). We would obtain a numeric
value vg. Then, we could simulate W using the conditional law L(W|V = vy) and
obtain the numeric value wy. The couple (vg, wp) has joint distribution L£(V, ).
Another less efficient possibility is to simulate for each (non-random) value v that
V can take, a value for W with distribution L(W |V = v). Call the numeric value
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w(v). Then, we would simulate V' with distribution £(V') and obtain a numeric
value vg. Then, for W we would take among all the values which we have si-
mulated, the one corresponding to V' = wvg. In this manner, we get (vo, w(vy)).
This couple has the distribution £(V, W) and this does not even require that we
simulate the different w(v)’s independently of each other. Only, V' needs to be
simulated independently of the assignment v — w(v).

We are going to do the above simulation scheme with V' being (T, Z, R) and
W being the rest of the information in (X,Y’). More precisely, for all possible
(t,z,7) non-random values, we simulate X conditional on (7,7, R) = (t,z,7).
The resulting string is denoted by X, .,y and has thus distribution

L(Xzm)=LX | (T,Z,R) = (t,z,1) ).
Let L,(t,z,r) denote the length of the LCS
Ln(t, Z, 7") = |LCS(X(,&7Z7T), Y)|

We assume that the simulation of the string X .,y is done independently of
(T, R, Z) and of Y. In this manner, we get that L, (7, Z, R) has same distribution
as L, = |LCS(X,Y)|. So to prove that VAR[L,] = ©(n), it is enough to prove
that

VAR|L,(T, Z,R)] = ©(n). (5.1.5)

We saw at the beginning of this section (see lemma 5.0.2 and 5.0.3), that when
we transform a variable having variance of order ©(n) with a map which tends
to increase linearly, then the resulting variable has variance of order ©(n). It is
easy to see that VAR[Z] = O(n) (see also lemma 5.1.6). Hence to prove 5.1.5, it
is enough to show that with high probability the (random) map

2z L,(T,z,R)

tends to increase linearly (on the appropriate scale and on a domain on which Z
typically takes its value). That means, we need to show that we can simulate the
values L, (t, z,7) in such a manner to get the desired distribution L(X|(T, Z, R) =
(t,z,7)) as well as the desired linear increase of the map z +— L, (T, z, R). This is
achieved by simulating X, ., in the following way: for a given value (¢, 7), so that
P((T,R) = (t,r)) # 0, we take a left most (left most to be defined later) value
2o and simulate a string with distribution equal to the conditional distribution of
X given (T, Z, R) = (t, z0,7). That resulting string is denoted by X ., . Then,
we apply the random modification to X, ., ,). This means, we choose one block
of length [ — 1 and one block of length [ + 1 at random in X ., ,) and turn them
both into length /. The resulting string is denoted by X; .,14,). Then, we choose
at random in X . 14,) a block of lenght [ — 1 and a block of lenght [ + 1 and
turn them both into length I. The new string which we obtain in this manner



58 CHAPTER 5. RANDOM MODIFICATION & FLUCTUATION

is denoted by X .,48,). We keep repeating this same operation to obtain the
sequence of strings

X(t,zo,’r‘)v X(t,z0+4,7")7 X(t,zo—l—&?")? DR (516)

For each value of (¢,r) with P((T, R) = (t,r)) # 0 we obtain two finite sequences
of strings: first 5.1.6 and then

X(t,zo+2,7“)7 X(t,z0+6,r)a X(t,zO+10,T)7 ceee

by a similar procedure. Namely, after X(; . 42, is generated with distribution X
conditional on (T, Z, R) = (t,z + 2, R), the subsequent strings are obtained by
applying sucessively the random modification tilde, which chooses at random in
the string a block of length [ — 1 and a block of length [ + 1 and turn them both
into length [.

Recall that in this section we assume that our random modification has a bi-
ased effect of € > 0 on the LCS, so that with high probability

E[L,— L, | X,)Y | >e

Hence, it follows that the map z — L,(7T,z, R) tends with high probability
to increase with slope close to € on a constant time scale Inn (the constant
must be taken large enough though, see lemma 5.1.4 and proposition 5.1.2). In
other words, since the random modification has a biased positive effect, the map
2+ L,(T, z, R) behaves like a random walk with drift e. The only thing which
remains to be proved is that with our scheme of using the random modification,
the strings X .,y have the right distribution, i.e. the distribution of X condi-
tional on (T, Z, R) = (t, z,r). This is proved in lemma 5.1.3.

We have so far summarized the idea which explains why the biased effect of
the random modification implies VAR[L,] = ©(n). There is one more detail
which we should mention and which makes notations a little more difficult. To
prove that z — L, (T, z, R) tends to increase linearly we use the biased effect on
the LCS for the random modification. However, this bias holds with high proba-
bility for X and not for X .,). When we look at the conditional distribution of
X given (T, Z, R) = (t, z,7), we divide by the probability

P((T, Z,R) = (t,2,7)). (5.1.7)

The string X, ,) has distribution of X conditional on (T',Z,R) = (t,z,7). So
for the biased effect to have large probability also for X ., (and not just for X),
we need the probability 5.1.7 to not be too small. To assure this, we will restrict
ourselves to “typical” values for (T, Z, R). We will consider only values for (T, Z)
which lie in an interval D = Dy x Dy (see definition below 5.1.19) and prove
that any possible value (¢,2) € D, x D, has polynomially bounded probability
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(see lemma 5.1.2).

Let us now give all the details:

Proposition 5.1.1 Given € > 0 there exist constants 1 < ky, ko, ks < k* all not
depending on n but on € such that:

Nii— 3 N — 3
P(|—=3| <k P 3t
(P =n). # (P

for every n large enough.

n

Nipr —
Vn

< k3) >1-—e€
(5.1.8)

Proof. We will prove the result only for N, in the positive case, namely

N, — 2
P( 1\/531 < kQ) >1—¢ (5.1.9)

since the technique is the same for all the other cases and for N; 1, N1 as well.
Given a, 3,7, m,n > 0, let us define the following events:

Alaem) = {a 4+ +6n < T +avm)
B(3,n) = {Nz—1+Nz+Nl+1 S%*’ﬁ\/ﬁ}

C(m,n) = {NZS %+7r\/ﬁ}

where the random variables &; are defined as

6= {

0 otherwise

Now to prove 5.1.9 is the same as to find m depending on € but not on n such
that:
P(C(m,n)) >1—¢ (5.1.10)

for every n large enough. For given «, § we define

m* = %—i—ﬁ\/ﬁ

. _ B 1
7T—3—|-Ozl+ﬁ

Taking m*, 7* as before we have that:

£1+...+£m*_%*+a1/m* n *
= N, < —
N+ N+ Ny < 2+ 8y Sy TV
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which is equivalent to the inclusion
A(a,m*) N B(B,n) C C(r*,n).
Hence, proving 5.1.10 is equivalent to finding a and 3 depending on € such that:
P(Cn*,n)) < P(A°(a,m")) + P(B(3,n)) < e (5.1.11)

For this we will use a special version of Chebichev inequality: let U be a random
variable, then for every positive constant u we have

p ( U — E[U]| > u\/VAR[U] ) < % (5.1.12)

For the event A(a, m*) we have, that taking a = 1/2/(3¢) and using 5.1.12 the
following inequality holds:

S+ & 1 o €

P(A° N=P|——"-"--—=-> < - 5.1.13
(o) —p (SE e 2y 2 ) <8 (5.113)

To choose 3 in the event B(f,n) such that P(B(3,n)), we will use the same
techniques as in the previous chapter. Let m := 7 + B+4/n be an auxiliar variable.

Recall that N-X is the total number of blocks in X defined in 4.1.1. We have

P(B(An) < P(N=T+5vn)
(by using N¥ > m < S% <n) < P (S <n)
X
= P<S_m_l§£_l>
m m

(by 4.0.2 with P(|Bx; — 1| <1)=1) < 2exp

which finally says

1362
P(B¢(B,n)) < exp (—T n) . (5.1.14)
Then, taking  such that
PEY <€
exp 5 ") =7
for n large enough, in 5.1.14 we have
P(B°(3,n)) gg (5.1.15)

Combining 5.1.13 and 5.1.15 in 5.1.11, we finish the proof with ks = 7*. R

We will need later the following lemma:
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Lemma 5.1.1 There exists ¢ > 0 not depending on n such that:

P(TE [?—c\/ﬁ,%—kc\/_} Z € [———c\/— —l—c\/_]) >0.9 (5.1.16)

Proof. Given any ¢ > (0 we have that:

N;_ N+ Npg1— 2 N,_4—2 N — N i— D2
P 1-1+ N+ Nig1 — 3 < 35" < p -1~ 3 1~ 3 1T gpr
NG Vn vn vn
Ny — .
< 3-Pl|—=|>k"| <3 (5.1.17)
Vn
Ny — N;_1 — N = N — 2 & — Nj_ — N,
p l -1 1+1 + 3 S 3kt < p 1= 3] 4|3 -1 3 Ll g
NG vn v vn
Ny — 35 .
< 3P > k") < 3e (5.1.18)
vn

both inequalities hold due to proposition 5.1.1. Then, it is not difficult to see
that

P({T¢ [?—%*\F,%Jrsk*\/ﬁ]} {Z¢ [———311: ﬁ——+3k f} }) < 6¢

from where the proof is complete with ¢ = 3k* and e = 1/60. ®

Let D denote the domain

D= ——c\/_ —i—c\/_] [———c n, ———|—c\/_} (5.1.19)
and let
Dy = [E—c\/ﬁ E+C\/ﬂ
D, = [—%—c n———l—c\/—]
hence,
D = Dy x Dy.

Given (t,z) € D such that (T, 7) = (t, z) we have
Nii(t, 2) + Ni(t, 2) + N (L, 2) = ¢

The probability for a realization of N;_;, N; and N;, is given by:

B B B B Nia(t, 2) + Ni(t, 2) + Niga(t, 2) 1\*
P =tZ=zk=r) = ( Nia(t,2) Nit,2) N (t,2) ) (§> P(Bxi > )

t! 1 t
(N8, 2))! (N8, 2))! (N (8, 2)! <§> -P(Bx1>7)
(5.1.20)
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where the probability P(Bx; > r) = P(R = r) is due to the convention of R
described in the example 5.1.1. Finally, due to 5.1.4, for any nq,no,n3 € N the
conditional joint distribution

PN, 1(T,Z,R) =n1, N(T, Z,R) = ny, N1 (T, Z,R) =n3z| R =)
is multinomial.

Lemma 5.1.2 There exists ko > 0 not depending on n (but depending on c) such
that for every (t,z) € D and r < I+ 1 for which the probability P((T, Z, R) =
(t,z,7)) # 0, we have that:

ko
n

P(T,Z,R) = (t, z,7)) >

for every n large enough.

Proof. In all what follows, we always suppose that every expression in factorial
numbers is an integer number. As we saw in 5.1.20, given (¢, z) € D we have the
following expression for the probability P((T, Z, R) = (t,z,7)):

¢! 1\’
PUT.20) = (t207) = o () PUBx > 1)

where for simplicity ny := Ni_1(t, z,7),n9 := Ni(t, 2,7),n3 := Nyy1(t, 2,7). Now
we will develop the expression in order to find a lower bound. Let us keep in mind
that in all what follows ny + ny + n3 = t. Consider the Stirling’s approximations:

o= Vor- ittt (1 +0 (%))
n;! = V2m- n?#% e <1 +0 <i))

n;

for i = 1,2,3. For r < [+ 1 natural number, note that P(Bx; > r) > 1/3 since
when r < [ — 1 then P(Bx; > r) = 1, otherwise P(Bx; > r) = 2/3. With all

above, we may write:

#! 1\°
P(T,Z,R) = (t,z,1)) = ol nglal (g) -P(Bx1 >7)

1
3t pttg et

1
— 2. (140
enz . ¥t 2ema 3

ni+i
2m-ny e ™ -n 3

3=t t+s 1
- n1+% n2+% n3+% (1 +0 (Z))
6m - n . n

1 2 3

—t n1 n9 n3 %
- &6 () G Gam) (ol
6 \ ng Ng N3 n1 No N3

A%

n2+%
2

i)

)
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which says that:

- () () () (o) (0 ()

(5.1.21)
Recall that ¢ € Dr implies
t> % NG (5.1.22)
and that, from lemma 5.1.1 the following inequalities hold almost sure
nlggjuk\/_ ngg%Jrk*\/ﬁ, n3<§+k;*\/_ (5.1.23)

for every n large enough. So, by using 5.1.22 and 5.1.23, equality 5.1.21 becomes

e = SRR (JT%f(”O(%))’

1 c T _
B 320\/ﬁ+— (]_ \;_ﬁ < _ \/_lﬁ ) 1 . (]_ cn
1

6mn <1+3 l)3k* —i—&\/:—f

3k* N 3
< L\ T _
e (&) oyt (s
- 67Tn 3k*] 3k* 1 + gkzl k*] g
()" (1%
So we get:
3k™v/n N 3
2e/m+ 3 - 1— <L\ 7T (1--<
P((T, Z,R) = (t,2,1)) > - L (=) Vi ( f)g 1+o(t
6mn AN I\ 1+ S\kFZ 3671 2 n
(1+ %) (1+22) .
But we have the following inequalities for the limits:
3k*/n —3ck*1
cl .
li 1— — — ,—3ck™l
w0 ( ﬁ) = 2
7\ 3k*v/n
lim 1+3kl RTL < 9
n— \/ﬁ
_aN\T c
lim ! vn e (eH3E) > e” ()
n=0 \ 1+ 251 B - 2
%
cl
(1-%)

3
|
=]
/N
[a—y
+
w
|w
N
[S1)
N | =

N—
w
?Z
——
w SIS
VR
—_
+
Q
VR
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Hence, by using these last inequalities and \/n > 1 in 5.1.24 we have:

320+% l 1
P((T> Z7 R) = (t’ 2 T)) Z 96T e3ck*l+c+3k*79k*2l ) E

for every n large enough. Therefore, taking

2c+% l
ko 5

T 967 Bk ot 3k — 9k

proves the result. M

Note that for any variables X and Y we have (see for example [22])
VAR[Y] = E[VAR]Y|X]] + VAR[E]Y | X]] > E[VAR]Y'|X]]. (5.1.25)

Let O be the random variable which is equal to one when (7', Z) is in D and 0
otherwise.
We can now use inequalities 5.1.16 and 5.1.25 to find

VAR|L,] > E[VARI[L,|O]] > VAR[L,|O =1]-P(O =1) > 0.9VAR|L,|O = 1]
(5.1.26)
Next for every (¢,z) in D and r < [ 4+ 1 we are going to simulate the random
variable L,, conditional on (T, Z, R) = (t, z,r). We denote the result by L, (t, z, 7).
In other words, the distribution of L, (¢, z) is equal to

L(L,(t,z,r)) = L(L (T, Z,R) = (t,z,7)).

Let (Tp, Zp) denote a variable having the distribution of (7', Z) conditional on
the event (7,7) € D. We assume that all the L, (¢, z,7) are independent of
(Tp, Zp). Then, we get that

Lo(Tp, Zp, R)

has same distribution as L,, conditional on (7, Z) € D. Hence, we get
VAR[L,|O = 1] = VAR[L,(Tp, Zp, R)] (5.1.27)
By using 5.1.25, we find
VAR|L,(Tp, Zp, R)|] > E[ VAR|L,(Tp, Zp, R)|Tp, R] ]. (5.1.28)

Note that for L,,(Tp, Zp, R) to have the same distribution as L,, conditional on
(T,Z) € D and on R = r, the variables L,(t, z,7) do not need to be indepen-
dent of each other. We are next going to explain how we simulate the variables
L,(t,z,r) a bit more in detail as before. We simulate a string X .,) having the
distribution of the string X conditional on the event (T, Z, R) = (t,z,7). Then
we put

Ln(ta Z, T) = |LCS(X(tyz7r), Y)|
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Next, let us describe how we simulate X, .,y based on what was roughly explained
at the beginning of subsection 5.1. Given ty € Dy the most left element in Dp
and ry < [ —1, we are going to simulate X, ., for z € Dy only if P((T, Z, R) =
(to, 2,70)) # 0. We simulate X4, ., ) so that it has distribution £( X|(T, Z, R) =
(to, 20,70) ). Next, we simulate X o42,) by choosing in X, with the same
probability, a block of length [ — 1 either a block of length [ 4+ 1 and change its
length to [. The next realization we simulate is X4, 044, by choosing in X,
with the same probability, a block of length [ — 1 and a block of length [ + 1
and change their lengths to [ (this is our usual random modification). Then by
induction we simulate

{X(to,20+4i,ro) r=1,2,... }
with our usual random modification and later

{X(to,20+2+4i,r0) i=1,2,...}

just starting with X, .12, and performing our usual random modification to
get X (19,2046,r0)» X (to,204+10,r0) s X (to,20+14,r9), €tC. Both inductions run untill indexes
1o and g, resp., satisfying:

20+ 4ig < —%—Fc\/ﬁ ~ iy <n

1
2o+ 2+4if < —%+c\/ﬁ = z';‘;g\/z

For simplicity, let us call zg, 21 = 20+ 2, 20 = 20+ 4, . . ., 24 all the values which Z
takes. After we have simulated Xy 2o .r0)» X(t0,21,70)s - - + » X (to,2a,m0) W€ fix 11 = to+1
and repeat all the procedure again starting with the simulation of X, ., ,,). We
keep taking t, < t3 < t4... all natural numbers in D7 to finish all the simulation
of {X(t2rg) 1t € Dp, 2 = 20,21,...,24}. Once we have finished with that, we
take r < [ — 1 natural number and do all the simulation above starting with
Xto,20,m) only if P((to, 20,71)) # 0. Finally, we obtain the complete sequence
{X@zm 1t € Dp,z = 20,21,...,2a, 7 = 0,...,1 — 2}, where each (t,z,r) has
probability P((T, Z, R) = (t, z,r)) # 0.

We need to verify that this operation give us the equiprobable distribution. This
is the content of the next lemma:

Lemma 5.1.3 Assume that X .,y is distributed according to
LIX|(T,Z,R)=(t,z,1)).

Choose at random (with equal probability) in the string X ., a block of length
[+ 1 and |l — 1 and modify them to have both length . Then the resulting string
has distribution

LIX|(T,Z,R) = (t,z+4,1)).
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Proof. Because of our linear equation system 5.1.4, we have that condition-
ing on T, Z, R is equivalent to conditioning on (N;_1, Nj, Njy1). As mentioned,
X(t,.) denotes a string of length n, having the distribution of X conditional on
(T, Z,R) = (t,z,1). We denote by f((t,m) the string we obtain by performing our
random modification on X . ,). In other words, X (t,2,) is obtained by choosing a
block of length [ +1 and a block of length [ —1 at random in X, .,y and changing
them both to length [. Let (ny,ns,n3) be the number of blocks of length [ — 1,
[ and [ + 1 corresponding to (¢, z,7r). In other words, ny, ny and ng are given

by the linear system of equation 5.1.4 when N;_1 = ny, N; = no, Njy1 = ng and
T=1t27=z R=r. We have

P(N1:nl,Ngan,Ng:ng\T:t,Z:z,R:r):1.

The distribution of the random string X .,) is the uniform distribution on
£"(t,z,r). Here, £"(t,z,r) denotes the set of strings of length n, which consists
only of blocks of length [ — 1, [ and [ + 1, such that the total number of blocks is
t, whilst the number of blocks of length [ minus the number of blocks of length
[ —1and [+ 1is z. We also request that the rest block at the end has length r.
We can describe £"(t, z, ) equivalently as the set of all strings consisting exactly
of ny blocks of length [ — 1, ny blocks of length [ and ng blocks of length [+ 1, no
other blocks allowed except a rest block at the end which has length strictly less
than [ — 1. In other words, the random string X . ) is such that the number of
blocks of length [ — 1, [ and [ + 1 is determined, only the order in which these
blocks appear varies. Among others, each possible realization for X, .,) which
has non-zero probability has the same probability:

(m + Mo + ’I’L3> -t (5 1 29)

n1 nNg N3

When we apply the random modification, the variable T" stays the same, the vari-
able Z increases by 4 and the variable R stays the same.

Since the distribution of X conditional on (7', Z, R) is the uniform distribution
on the appropriate set of strings, we have the following: for proving that X(t,z,r)
has distribution of X conditional on (7, Z, R) = (t,z + 4, r) it is enough to show
that its distribution is the uniform distribution on £"(t,z + 4,r). For this, let &
denote a (non-random) element of £"(t, z 4+ 4, r). Hence, the number of blocks in
Zoflength I — 1,1, respl+1isny — 1, ny + 2, resp. ng — 1. The probability

P(X(t,Z,T) = j:)

can be calculated as follows: if we only know Z, any block of length [ of Z could
be the block which had lenght [ — 1 and has been turned into length [ by the
tilde operation (choosing blocks at random and changing their lenghts). Same
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thing for the block which had length [ + 1. But when we know these two blocks,
then the string before the random modification is uniquely determined. Let x
be such a string which could lead to z after the random modification. There are
hence 7y - (g — 1) such strings (here, ny = ny + 2, so that ny denotes the number
of blocks of length [ in #). The probability, given X .,) = x, that the random
string turns out to be 7 is equal to 1/(n - ng). As a matter of fact, among the n,
blocks of lenght [ — 1, there is exactly one which needs to be randomly modified.
Similarly, among the n3 blocks of lenght [ + 1, there is exactly one which needs
to be changed into length [ in order to obtain the string . Hence,

) ) 1
P(X(t,r,z) = x‘X(t,z,r) = $) =

. 5.1.30
E— ( )
Let £ denote the set of all strings which could lead to ¥ if we apply the random
modification to them. We saw that there are (ns +2)(ng + 1) elements in the set
™. By law of total probability, we have

1 (m + N +n3>_1

P X =) = P X =z|X =2)P(X = =
( (t,Z,T) x) Z ( $| x) ( (t,Z,T’) x) Z nl . n3 nl n2 ng

xegn* xeé’n*

(5.1.31)
The last equation above was obtained using 5.1.30 and 5.1.29. Note that the
sum on the most right of equation in 5.1.31, is a sum of (ng + 2)(n2 + 1) equal
terms. This leads to

. 2 1 !
P(Xapy = ) = 220D (e na)
ny - N3 n1 No N3

The formula on the right side above does not depend on z. Hence, this proves that
X(t,-r) has the uniform distribution on the set of strings £"(¢,z + 4,r). But the
uniform distribution is the distribution of X conditional on (T, Z, R) = (t, z+4,r).

That is, we have proven that

ﬁ(X(th)) = ﬁ(X|(T, Z, R) = (t, z+ 4,7”))7

which finishes this proof. [ |

Note that we have seen what happens with the variables T, Z, R after our random
modification, let us see what happens with the length of the LCS after our random
modification. In what follows, we always consider a triplet of values (t, z,7) such
that P((T, Z, R) = (t,z,7)) # 0. For any € > 0 let U/".(¢) denote the event that
the map

Dy =N : 2z L,(t,z,r)

is increasing with a slope of at least €/8 on a scale ¢y In(n) where ¢y > 0 is a large
constant not depending on n. More precisely, U/, (¢) is the event that for any
21,29 iIn Dy, with z5 — 27 > ¢oIn(n) we have

L(t, z0,7) — Ly(t, 21,7) > (20 — 21)€/8.
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The event U}, (¢) has large probability because we assumed that inequality 5.0.1
holds. Hence z +— L,(t, z,r) can be viewed somehow as behaving like a random
walk with drift e. In the next lemma we will show this looking at the event U™ (e):

U'e):= [ Ule).

teDp, r<l+1

Lemma 5.1.4 Given € > 0, take o from inequality 5.0.1 (theorem 2.1.2) and cy
to be big enough but not depending on n, for example co > f—g depending on €.
Then, there exists a constant k., > 0 not depending on n but on o and on cy such
that:

5

P(U™(e)) < — (5.1.32)

3w|

for n large enough, provided 5.0.1 holds.

Proof. We are going to define an event U(e) for any € > 0. Let U, . ,(€) be the
event that the expected conditional increase is larger than € when we introduce
the random change into X, . ). More precisely, let L{(” (€) be the event that

t,z,r)
E[L,(t,z4+4,7) — Ly(t, 2,7)| X(t20), Y | > € (5.1.33)
Let
U (e) :== ﬂ U&Z’r)(e).
(t,2)eD, r<l+1
hence

PU™ () < > PU, (). (5.1.34)

(t,z)eD, r<l+1

Note that inequality 5.0.1 provides a bound for the probability that the con-
ditional expected increase of LCS due to our random modification not being
larger or equal to e. That probability bound is exp(—n®). The only problem
is that the bound is for X and Y whilst the event U (€ is for X, and
Y. By going on to conditional probability we must multiply the probability by
P((T,Z,R) = (t,z,r)). Hence we find

y exp(—n*)
PUGH ) = ST Z R = (o))

(5.1.35)

We can next use the lower bound on P((7, Z, R) = (t,z,r)) provided by lemma
5.1.2 for all values (t,2) € D and r < [+ 1 to inequality 5.1.35 and obtain

1
P(U(Ti,cz,r)(ﬁ)) < o exp(—n*). (5.1.36)
0
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which still gives an exponentially small bound in n. Applying now 5.1.36 to
inequality 5.1.34, we obtain

4l

PU™(€)) < T n” - exp(—n®). (5.1.37)
Which is an exponentially small bound in n. Note that when the event U™ (e)
holds, we have that z — L,(t, z,r) behaves like a random walk with drift e. Let
us formalize this. As before, let {zg, 21, 20, ..., 24} be the set for the admissible
values of Z. For fixed t € Dy and r < [ + 1, we are going to define L’ (¢, z)
inductively for z € {z9,21,22,...,24}. Let us define L(t,z,7) = L,(t,2,7)
for every z € {zy,21,22,...,24}. Given Z € {29, 21, 22,...,2q¢ — 4} let us define
L (t, 2+ 4,r) as follows:

Ly(t,z+4,r) if U, (e) hold for all s € {z0,21,..., 2}

Note that when the event U"(¢) holds, then L, (¢, z,7) and L% (¢, z, ) are identical
forallt € Dr, 7 <l+1and z € {20, 21, .., 24} Let VI’ (€) be the event that the
map

Dy =N : zw— Lt z,1)

is increasing with a slope of at least €¢/8 on a scale ¢; Inn.

Let V"(¢) be the event

V'(e) = ﬂ Vi(e).

tGDT, r<l4+1

Hence by using proposition 5.1.2 we have that:
POV () < > PVMe) < D 277 <dlen®™ T (5.1.38)
teDT, r<l4+1 tGDT, r<l4+1

2

where 7 = 552, When U"(€) holds then V"(e) and U"(¢) are equivalent. Hence

UM(e) NV (e) C U"(e)
Hence by using 5.1.37 and 5.1.38 we get:

4lc?
P(U™(e)) < PU™(e)) + P(V™(e)) < - n? - exp(—n®) + 4len®> " (5.1.39)
0
To show that the last inequality gives us a rate of convergence to zero as a constant
divided by a polynomial in n, we try now to get a closed form for the inequality
supposing extra information for the involved constants.
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Taking ¢y > f—S we have the following bound for the exponent:

05—7< -2
therefore we can bound
4len® T < %C. (5.1.40)
Also, we have that:
n? exp (n’o‘) < % (5.1.41)

holds for n large enough. So, by using 5.1.40 and 5.1.41 in 5.1.39 we can finally
bound:

P(U™(e)) < P(U™(e)) + P(V™(e)) < 4lcPén?* - exp(—n®) + 4len®>7
1
2~
< (4lctey + 4le) - =

for n large enough, which ends the proof with k, = 4lc?kq + 4lc. [ |

Proposition 5.1.2 Given € > 0, let Vi, (¢€) denote the event that the map z
L*(t, z,r) is increasing with a slope at least €/8 on a scale coIn(n). Givent € Dr,
r <l+4+1 and z1,20 € Dy such that z, — z; > coIn(n) we have the following
nequality:

P (Vi<(e)) <2n7"

€2 ¢y
32

where T =

Proof. Let 21,2, € Dy such that z; < z5. In order to simplify the notation, let
us assume that 2o — 21 can be dived by 4 and denote 2% = m € N. Let z be
the most left point of Dy. Given € > 0, let us remember that V}'.(¢) is the event
such that the following inequality holds:

L*(t,z9,7) — L*(t, z1,7) >

co| m

Now let us define the filtration §o C §; C -+ C §,, as follows:
gi =0 (X(t,zo,r)a X(t,z1,7")7 s 7X(t,zl+4i,r) ) Y)
fori =1,...,m. Let us denote
e;=FE[L(t,z1 +4(i+ 1),r) — L (t, 21 + 4i,7r) | §i]

and define a martingale My, My, ..., M,, with respect to the filtration §y C §; C
<o+ C §m as follows:
My = Li(t,z,7)
Mi-‘,—l - Mz = L:;(t, Z1 + 4<Z + 1), T) - L:;(t, z1 + 47:,7") — €;
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for i = 1,...,m. By definition of the map z — L} (¢, z,r) we have an expected
increase of at least € every time z gets increased by 4, so that the expected increase
of

E[L;(t,z1 +4(i+1),r) — L} (t, 21 + 4i,7)]

is at least € which implies that the following inequality

e > e (5.1.42)
is satisfied almost surely for every 0 = 1,...,m. We can write the increase of the
map z +— L*(t, z) in terms of the martingale My, ..., M,, in the following way:

m—1
L*(t,z9,7) — L*(t, 21,7) = M,, — Mo+ Z e; (5.1.43)
i=0

Now, we are ready to estimate the probability of Vi (e):
P(Vi(e) = P (L*(t, 29,1) — L*(t, z1,7) < 2(22 — 21))
1

(by equality 5.1.43) < P (Mm — M, + e; < ¢ (29 — zl)>

(by 5.1.42 and 2, — 2z = 4m) < P <Mm My <

At this point we want to use Azuma-Hoeffding inequality 4.0.1. For this, we note
that for every ¢ = 1,..., m we have

P(|Mi = M;[ < 1) =1

since € < 1 and we take v = g(z2 — 21) for writing down:
p (M My < —<( )) < 9 v
m— Mo < —=(z9 — 2 < 2exp | —=—
‘ g P\ om

2
(by using zo — 23 =4m) = 2exp (—%(zz - zl)) (5.1.45)

Combining together 5.1.44 and 5.1.45 we finally have:

P (Vi5(0) < 200 (~ (e~ )
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from where, after taking zo — 21 < cpIn(n), we have:

€ co

2 2
P (Vt"f(e)) < 2exp (—63% ln(n)> =920 m

which finishes the proof H

Note that by law of total probability E[ VAR[L,(Tp, Zp, R)|Tp, R] | is equal to :
P(U"(e))E[ VAR[L,(Tp, Zp, R)|Tp, R] |U"(¢)|4+P(U"(¢))E] VAR[L,,(TD, Zp, R)|Tp, R] |[U™(¢)],
for every € > 0 and hence:

E[ VAR[L.(Tp, Zp, R)|Tp, R] ] = P(U™(€))E[ VAR[L,(Tp, Zp, R)|Tp, R] |U"(€)]
(5.1.46)

Now, conditional on the event U"(e) holding, we have that the random map:
Dy - N : z+— Ly(t, z,7)

has a slope of at least €/8 on a scale of ¢y In(n) (as in proposition 5.1.2) for any
t € Dp and r <[+ 1, then:

hold. Hence, conditional on U™(¢), we can apply lemma 5.0.3 and obtain:

2 2yl
VAR[Lo(t, Zp, R)|Tp = t, R = 1, U (e)] > & (1 16— /8 Dealn(n)
6\/VAR[ZD|TD = t,R = 7’}

) VAR[ZD|TD = t,R = 7“]

(=}

(5.1.47)
The next results give us an uniform bound for VAR[Zp|Tp = t, R = r] for all
t € Dr.

Lemma 5.1.5 There exists a constant K > 0 not depending on n such that:

K _P(Zp=z+4Tp=tR=r) K
1-—< <1l4+ — 5.1.48
Vi " PZp=:Tp=tR=1) = " n (5.1.48)

for every (t,z) € D, r <1+ 1 and n large enough.

Proof. Note that from 5.1.4 we can get the following relations:

Nl,1<t,2+4,7’) = Nl,1<t,2,7") -1
Nl<t,2’+4,7“) Nl(t,Z,T)+2
Nipi(t,z+4,r) = Nyga(t,zr)—1
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therefore we have an explicit formula for the joint probability by using the above
last relations and 5.1.20:

P(Z=z44T=t,R=r) _ Ni_1(t, z,7)Niya (t, z,7) >0 (5.1.49)
P(Z=zT=t,R=r) (Ny(t, z,7) + 1)(Ny(t, 2z,7) +2) — o

By using 5.1.8 we can bound the expression in 5.1.49 as follows:

(% B kl\/ﬁ) (% T k3\/ﬁ) < Nl—l(t7 Zvr)Nl+1(t’ 2 T)
(2 +1+ko/n) (2 4+2+k/n) — (Nilt,z,7) +1)(Ni(t, 2,7) + 2)
(3 + k1vn) (5 + ksv/n)
(5 + 1= kav/n) (5 +2 — kav/n)
(5.1.50)

By using the following inequalities for logarithm :

3
_g In(l —z), for0<xz<05

In(l+z) < =z, forxz>-1 (5.1.51)

IN

we have on the right hand side:

by (rvm) _ (0) (R

Jn

Ik Ik

= exp [m (1+7nl +1n(1+3—\/7_f)
—21n <1 — —3”“2)
n
150k* 150k*
< <1
< oo | 0| <1+ 4 R
150k*

<1 5.1.52
< 1+ NG +€ ( )

after considering the rest form for a Taylor expansion of the function f(z) =e
and £ = % as follows:

1)
)

*\ 2 *
e < (151k*) ox (15lk ) ..

R(€) = - N
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for n large enough and a given precision ¢, and on the left hand side:

(b (kv (1-38) (- 3%)

(& +14kovn) (2 +2+key/n) ~ <1+3%>2
= exp {ln <1—%> +In (1—%)
—2In (1 + Silj%)}
> exp {—%] >1- % (5.1.53)

Finally, taking K = 15lk* we have our desired result combining 5.1.52, 5.1.53 and
5.1.50 for any given ¢ > 0. H

Lemma 5.1.6 There exists a constant C' > 0 not depending on n such that:
VAR[ZD‘TD == t, R = 7‘] Z C n

for everyt € D, r <1+ 1 and for every n large enough.

Proof. Since 5.1.48 is satisfied we have that Zp takes almost surely the same
value on Dy conditional on Tp = ¢, R = r. More in details, given (¢,z) € D,
r <!+ 1and k € Z such that z + 4k € D, we can write down

P(Zp=z+44k|Tp=t,R=7r)=P(Zp=z|Ip=t,R=r)-a;-as---a; (5.1.54)

where the notation is

PZp=z+4(k—i)+4Ip=t,R=r)
P(ZD:Z+4<I€—Z)’TD:75,R:T)

a; =

for every ¢ = 1,..., k. By using 5.1.48 there exists K > 0 such that:
1 K <a; <1+ K
N vn

for every n large enough and every ¢ = 1, ..., k which means:
K\" K"
1 — ) <ar-ao-ar<[1+—
(1-7) soaas ()

K\* P(Zp=z+4k|Tp=t,R=r) K\"*
1-—) < <(1+= 1.
( \/ﬁ) S T Plp—dlo=tR=r) -\ m (5.1.55)

and finally:
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Moreover, when n is large enough, we have better bounds from 5.1.55:

3K P(Zp = 2+ 4k|Tp = t, R = r) K
_ k) < < —k .
P < 2N ) =T PUp=2Tp=t,R=r) - P\ /& (5.1.56)

due to inequalities 5.1.51, which means that for n large enough Zp has the same
probability of taking two values which are 4k far away from each other. This only
can happen if VAR[Zp|Tp = t, R = r| is at least of order n. More precisely, let
us take 0 > 0 such that:

1
p <|ZD ~EBlZp|Tp =t R=1]| 2 o ’ Tp=tR= r) <5 (5.1.57)

by using Chebyshev inequality 5.1.12 where 07 = \/VAR[Zp|Tp =t, R =1r]. If
we suppose 0z < 45\/5\/5 then 5.1.57 tells us that:

p (|ZD CEB[Zp|Tp=t,R=1]| > 45%( Tp=tR= 7‘) <5 (5.1.58)

But at the same time 5.1.56 also tells us that:

- <_3K5_ ?;Kk> _ P(Zp =z +4(6\/n+k)|Tp =t, R =)
2’ a/n' )= Pp=z+4aklIp=t,R=1) N
(5.1.59)
for every z € Dy and k € Z such that z + 4(6y/n + k) € Dy. In particular for
z =E[Zp|Tp =t, R = r| we have:

< exp <K5 + Kk:)
n

3K 3K P(Zp =E[Zp|Tp =t,R = 7] + 4(5\/n + k)[Tp =t, R =)
exp| —0— ——=k | <
2 2\/ﬁ P(ZD:E[ZD|TD:t,R:T]+4k’|TD:t,R:’f‘)

< exp (K5 + %k)
n

which says that when we choose 6 > 0 small enough the probability of taking
values which are 40+/n far away is the same for n large enough, showing a con-
tradiction with 5.1.58. Finally we can take C' = 166° for a choosen § depending
on the precision we want to have in 5.1.58. [ |

Using the bound in lemma 5.1.6 we get the following inequality:

(/84 2)caIn(n) (/84 2)cy In(n)
<1 - 166\/VAR[ZD\TD =t,R= 7’]) - (1 T ) =09

(5.1.60)
for n large enough. Using inequality 5.1.60 above with inequality 5.1.47 we find:

2

VAR([L,(t, Zp, R)|Tp = t, R = r, U™ ()] > 2—4 0.5- VAR[Zp|Tp = t, R = 7).
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Using again lemma 5.1.6 we find that the left side of the above inequality is larger
than

Ce?
@n
and hence: )
E[ VAR|L,(Tp, Zp, R)|Tp, R] |U"(¢) | > %n (5.1.61)

We can now combine inequalities 5.1.26, 5.1.27, 5.1.28, 5.1.46 and 5.1.61 to obtain:

Cé?
n
1000

VAR[L,] = P(U"(¢))

and plugging in the lower bound for P(U"(¢)) obtained in 5.1.32 (lemma 5.1.4)

we get:
Ce? k.
VAR|L,] > 1——
[Ln] 2 1000”( n2>
with k, > 0 is the constant from lemma 5.1.4. This expression is a lower bound
of order ©(n) for VAR[L,]. Hence, we have finished proving the statement of our
main result in theorem 2.1.1.




Chapter 6

Solution of the Optimization
Problem

We have so far shown in section 5 that a likely biased effect of the random
modification leads to the desired order VAR[L,] = ©(n). This means that if

E[L, — L, | X,Y] > (6.0.1)

holds with high enough probability, then the desired fluctuation order VAR[L,] =
O(n) follows. Theorem 2.1.3 allows to prove the high probability bias for the
random modification as in 6.0.1. More, precisely according to theorem 2.1.3,
the bias 6.0.1 follows as soon as the minimizing problem in theorem 2.1.3 has a
solution greater or equal to 2e¢. For the bias 6.0.1 to be have high probability
(see 2.1.23), one needs to take the input variable gq in the optimization problem
to be such that with high probability there is not more than a proportion ¢y of
left out blocks in the optimal alignment. This means that we need F™(qo) to
have exponentially small probability in a fractional power in n. Note that the
whole system depends on [ only through gy = ¢o(1). One simple upper bound for
the number of left out blocks is 4/(9(1 — 1)) (see 3.2.4). We can take gy equal
to 4/(9(1 — 1)) and then check if the optimization problem in theorem 2.1.3 has
a strictly positive solution. If yes, then it follows that VAR[L,] = O(n). We
have already explained that if we take [ large enough (and hence gy = go(l) small
enough) then the optimization problem in theorem 2.1.3 has a strictly positive
solution and hence VAR[L,] = ©(n) for [ large enough (see the proof of 2.1.3).
The goal of this section is to verify numerically, that this already holds for [ not
too large. We actually find that linear order for every [ > 5, i.e.

VAR[L,] = ©(n), V1> 5.

To prove this we simply have to check that for [ > 5 the optimization problem in
theorem 2.1.3, namely

. —11+pi—
min ( P11 T Pi—1,1+1 (1 _ 9q) B Pit1,14+1 (1 _ 3q) B 3q>
Pi—10-1 T Pi—1; + Di—1,0+1 Dit1,—1 + Div1g + Prg1i+1

7
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under the conditions

€ [0, g, Zpl 1> ((1/3) — q0) /2, mej > ((1/3) = q0)/2

Zpij =Lpy;=20,Vi,jel

2H(q) + (1 — 4¢) (In(1/9) + H(p)) = 0

has a strictly positive solution. Again, we need a bound for gy. We also use a
better bound than 4/9(1 — 1)) which is obtained by Montercarlo simulation (see
subsection 6.2.2).

One important thing about the minimizing problem is that when we take ¢
smaller, the constraint becomes stricter and the objective function increases.
Hence, we can replace in the objective function and the constrain ¢ by qo.

6.1 Parametrical solution

We are going to transform the minimizing problem into a problem with a linear
objective function by introducing two help variables x; and xo. We would like to
use the so called Lagrange method. As a first approach to do so, for fixed [ and
q = qo, let us re-write the minimization problem above in an equivalent linear
version parametrized by ki, ko > 0 as follows:

min  F(p) := apia + apis — Bpss — 3qo

Gi(p) =pu+p2tpz—r = 0 (6.1.1)
Go(p) ==pa1 +psa+pa3z— k2 = 0 (6.1.2)
3
Z Dij — 1 =0
ij=1
-pij < 0
H(p) := —2H(q0) — (1 — 4qo)(In(1/9) + H(p)) < O (6.1.3)

where the simplified notation is the following:

Di—11-1 Pi-11 DPi-1,1+1 P11 P12 P13
Dii-1 D Dii+1 = P21 P22 P23
Pi+1i-1 Pi+1l Pi41,1+1 P31 P32 P33
1—9(10
a g
K1
1—3(]0
g = —=

Rg
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Note that the straight forward relation between the variables in our simplified
notation and the variables in the orginal problem. When we read conditions
6.1.1 and 6.1.2 we get:

K1 = D101+ D10 T P14

Ko = Di+1i-1 T P+ + D1+

We consider the conditions

Zpl 1> ((1/3) = q0)/2 me] > ((1/3) = q0)/2

as inside an optimal region for the parameters x; and ko described by the in-
equalities:
1/3 = qo
2
The idea behind this scheme is to reduce the complexity of computing the optimal
conditions for the matrix p since the original expression

< K1,k <2/34qo

. —11+Dpi—
min ( Di—11 T Pi-1,41 (1—9q) — Di+1,1+1 (1—3¢) — 3q>
Di—1,—1 + Di—1 + Pi—1,+1 Dit1,0—1 + Dig1g + Prg1i+1

is non-linear in (p;;); ;. We will only consider 6.1.1,6.1.2 and 6.1.3 as active con-
strains for the computation of the gradients in the Lagrange formulation, the rest
of the constraints will be considered especifically to reduce the degree of freedom
through the computations.

Now we start the Lagrange method. Let us compute the gradients:

1 1 1

(aGl) 000

Wij ) 4 000

000

(8G2) 000

Ipij / 35 111
oK 1 1 Inp;y Inp Inpp
<8 ) = (1 —4q) I 1 |+ | Inpy Inpy Inpos
Pij /) ij 11 Inps; Inpzs Inpss

1
1
1
0 o «
F
(g): 0O 0 O
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Then the Lagrange optimal condition for the lagrange multipliers A for H, n; and
1o for G and G respectively is

oOF OH 0G 0G5
5 =\ +m + 12
Pij /) ij 8]71‘]‘ ij Ip i/ ij Ip ij / ij

which leads to the following expressions for (p;;);; as functions of A, 7y, s :

s “n -1
—= —_1 — M
po = o (5l 1) =

o — o
D12 = P13 = €xp (—)\ 771)—1)20Cy me=t

(1 —4go
1-— K1 — K2
P21 = P22 = P23 = T::d
—T)2 —my —1
= e - - 1 — 2
P31 = P32 exp (/\(1 — 4q0) > c e
—B =m0 —B—n —1
—= - - 1 — n2
D33 €xp (/\(1 — 4%) c €

where ¢ := exp( X . Here, to determine the constant d we used that all the

1
1—4q0)>
{pij}ij sum up to one,

K1+ 3d + Ko = 1.
In matrix notation the optimal form of p looks like:
cMme=t o mel  comme—l
p= d d d (6.1.4)

cme=l el mBm2p—1

Note that 7,7, can be expressed both in terms of k1, ks and c¢ in the following
way by using expressions 6.1.1, 6.1.2 and the positivity and normalized conditions

on (pij)ij:

In 21
142c>
= —— 6.1.5
T Inc ( )
In 52¢;
2+c— P
= —-—— 6.1.6
2 nc ( )

6.2 Numerical solution

For a numerical solution, we should decide between having a difficult expression
for p as a function of (K1, ko, ¢) after replacing 7y, 1o from 6.1.5, 6.1.6 in the opti-
mal form 6.1.4 or having a more simplified expression for p as a function of more
parameters (K1, K2, ¢, m1,72) but performing an extra searching for the values of
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N, 2.

We prefer to use the second strategy since the expression in the first case is
higly implicit for the method of numerical solution implemented in MATLAB
which could lead to less accuracy in the results.

We will proceed in detail as follows: let us fix the constants [ > 0 and k1, Ko
for now on. In general we will consider that ¢ depends on [, so we compute q.
The parameter ¢ depends on the multiplier A which is related to the inequality
of the entropy 6.1.3 then we determine ¢ looking at the entropy condition:

cM(l+mlne)+2¢ "1 —(a—m)lnc) +2¢ ™1 +nlne) +
2H
P14 (B4 ny)Ine) + 3deln(1/d) + e - (1—(5110) + 1n(1/9)) =0
— 2qo
For each value of 0y, 79 we get a ¢ = ¢(m, 1m2) solution of the equation above. This
solution is obtained by using in MATLAB the routine fsolve which basically uses
an optimization method to find the zeros of an non-linear function.

With that ¢ we compute the updated values of 1, n; as a function of ¢ by using
expressions 6.1.5, 6.1.6. After that we use expression 6.1.4 for writing down the
last form of p* = p(n,n;). Then we perform our searching of i € (a, 1] and
ns € (—0,1] such that: min{F(p*)} > 0, since we would like to fullfill the condi-
tion VAR[L,] = ©(n). Finally the next iteration is to pick up another value of
K1, ko and repeat the same as before. At the end we will have an optimal value
for k1, ke, let us denote them k7, k3.

In order to have more realistic results we will study three types of dependency of
q on [, namely the basic form, the simulation form and the entropy form.

6.2.1 The basic form

As in equation 3.2.4 we consider ¢ to be:

4
ol — 1)

do =

The numerical results for the minimum, in this case, are shown in table 6.1.
6.2.2 The simulation form
We consider ¢ to be:

-1
where v, = lim,, o E[L,]/n is the value of the Chvatal-Sankoff constant [6] for
X,Y being two sequences of uniformly i.i.d blocks. It is not difficult to prove

qo
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! p* Flp*) | Hp*) | ¢
0.191 0.2255 0.2255
10 0.072 0.072 0.072 0.1257 | 0.948 | 0.0494
0.0613 0.0613 0.0194

Table 6.1: solution values for [ = 10, ...,20 taking the basic form for q.

that ~; exists due to a sub-additivity argument. We also simulated ~; by using a
home made script in MATLAB. The numerical results for the minimum, in this
case, are shown in table 6.2.

L] p* Fp*) | Hp) | ¢
0.1778  0.239 0.239
5109131 0.0295 0.0295 0.0295 0.3609 | 0.7803 | 0.0217
0.106 0.106 0.0439

Table 6.2: solution values for [ =5, ..., 20 taking the simulation form for q.

6.2.3 The entropy form

Let Wy, Ws, ... be a sequence of i.i.d variables with distribution:
PW;=1-1)=5/9,PW;=1)=3/9,P(W; =1+4+1)=1/9

for e = 1,2,... Hence W; is distributed like B; the minimum of two independent
blocks of X and Y. We argued in section 3.1 that we only need to consider
alignments where there are no left out blocks next to each other. In the part
combinatorics we already noted that we never have several blocks of X aligned
together with several blocks of Y. Note also that when in an alignment we specify
the left out blocks in a non-random manner, then the aligned block pairs become
independent of each other. They also are independent of the polygamist blocks
and their families. We consider here alignments with all of those above properties.
Hence if we have n] blocks aligned one block with one block and n; polygamist
blocks aligned with several blocks, then we have that the score of an optimal
alignment, under this properties, behaves at least like:

Wi+ Wo+ .o+ W + (1= 1)ns.

With ¢y blocks missing we have in the alignment at least a proportion (1 — 3¢o)
of blocks aligned one to one and at most a proportion of gy polygamist blocks.
Hence, we have at least (n/l)(1 —3¢o) blocks which are aligned on block with one
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block and at most (n/l)gy polygamist blocks, then the score of such an optimal
alignment behaves at least like:

n
W1 + ...+ W?(l—iﬁqo) + (l — 1)7Q0 (621)

On the other hand, note that typically for large n the LCS is close to y;n. Hence,
if an alignment with ¢q left-out blocks should not be optimal we would need the
sum 6.2.1 to be close to yn or above:

n
W1 4+ ...+ W%(l—iiqo) + (l — 1)7(]0 2 ’yl n (622)

Assuming that we leave out a proportion ¢y of blocks, there are about e?/(@)n/!
ways of specifying which blocks are left out in the alignment. Hence for ¢q to
not get excluded as candidate for the proportion of left out blocks in an optimal
alignment, we need that the probability for the sum 6.2.2 times e*(®)"/! must
have exponentially small probability. If we denote

n
mo= (1_3%)7

c o= (l=1)go — I
' 1-— 3q0
) 3 1
— : —te (2 (-1t O i L 41y
k(l,c) - In |:I}IZI(I)1{€ (96 +9€ +9€ )H ,

we should verify that:

7(1-3q0) m
P ( I3 (l 1) l qo ’Yl n) (& P <m 2 3 C O &

i=1

< o(—hle)+ 20y,

is an exponential small bound, which holds if:

2H(q)
l

—k(l,c) + <0 (6.2.3)
Note that (I, ¢) above comes from a large deviation approach. Based in this way
of thinking and given [,~, we consider ¢q to be a solution of the inequality 6.2.3.
Here we need to solve an extra minimization problem associated to computing
k(l,c). The numerical results for the minimum of F(p), in this case, are shown
in table 6.3.

Finally, we compare in figure 6.1 the minimun values of F(p) taking the basic,
simulation and entropy forms for g with values [ = 6, ...,30. We clearly see that
the so called entropy form is the most accurate one in reaching F'(p) = 0.
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L w P Fp*) | Hpp") | ¢
0.1785 0.2398 0.2398

5109131 0.0279 0.0279 0.0279 0.3983 | 0.7486 | 0.017
0.1062 0.1062 0.0457

Table 6.3: solution values for [ =5, ..., 20 taking the entropy form for q.

Obiective function for different forms of q

Figure 6.1: values of the objective function using the basic,

form for qq.

length of blocks |

simulation and entropy



Appendix A

Proof of Theorem 2.1.3

Chapter 4 contains all the lemmas and definitions needed for the proof of theorem
2.1.3. We already have a rough idea why theorem 2.1.3 holds: we found for the
expected score increase

E[L, — L,|X,Y] (A.0.1)

a lower bound, given by the expression 2.1.10:

Di-1, + Pi—1,1+1 (1—9g) — Dit1,0+1 (1—3¢) — 34,
Di—10-1 + Di—1 + Pi—1,+1 Di+1,-1 + Pi+1,0 + Di+1,+1

where {p; ;}:; denotes the empirical distribution of the aligned block pairs in an
optimal alignment. We also found that only the distributions satisfying 2.1.18
are likely to happen. So, if the expression 2.1.10 is bounded from below by 2e
under the condition 2.1.18, then it is likely that for all optimal alignments, the
expression 2.1.10 stays above 2e. This gives a lower bound of 2¢ for the expected
increase. In reality, we will only get a likely expected increase of € instead of 2e.
The reason is that to stay on the safe side, we consider that the expression on the
left hand side of inequality 2.1.18 needs to be smaller than a negative quantity
—ég < 0 (in order to have an unlikely corrresponding alignment) instead of just
being smaller than 0.

The main problem with the above simplified description of the proof is that to
obtain the lower bound 2.1.10 we had to make assumptions which do not exactly
hold. These assumptions are the following;:

1. We assumed that the propotion of left out blocks in X and in Y is the same.
In reality, it is not exactly the same. We denote instead by ¢, resp. ¢s the
proportion of left out blocks in X and in Y.

2. We assumed that the proportions of blocks in X for the different lengths
[ — 1,1, + 1 are exactly equal to 1/3. We assumed the same for Y. In
reality, these proportions are typically of order ©(1/y/n) away from 1/3. In

85
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section 4.3, we define D™(4) to be the event that all these proportions are
not further from 1/3 than 4.

3. We assumed that the number of blocks in X and Y are exactly equal. In
reality, there is typically a difference of order O(y/n). In section 4.4, we
define G"(9) to be the event that the number of blocks in X is not way
bigger than the number of blocks in Y. More precisely, G™(9) is defined to

be the event that .

N;; 5
ng—'—’

n

where NX, resp. NY | is the number of blocks in X, resp. Y.

In the proof of lemma 4.7.1, it is shown that when D"(§) and G™(§) hold, then
the expression

Pi-1,0 + Pi-1,04+1 (1 3q1 )
— -
Di-10-1 T Pi-10 + Di—-1,1+1 (1/3) =0

Dit1,1+1 0+ 2(q1 —9) ¢@(1+0)
— — — (A.0.2)
Dit+1,0-1 + Di+1,0 + Pry1i+1 (1/3) =9 (1/3) =46

bounds from below the expected increase E[L,—L,| X, Y] instead of the expression
2.1.10 (here {p;;};; is the empirical distribution of the aligned block pairs of an
optimal alignment). When we consider different proportions of left out blocks in
X and Y, then the expression on the left hand side of 2.1.22 is replaced by the
following expression:

H(q1) + H(g2) + (1 — max{q: + 3¢2,3¢1 + ¢2}) Z pij In(1/3) + H(p)
i jefl—1,L1+1}
(A.0.3)
To prove theorem 2.1.3, we assume that there exists ¢y > 0 such that the minimum
in theorem 2.1.3 under the constrains of theorem 2.1.3 is bounded from below by
2¢ > 0. We need to prove that with high probability, if F"(gp) holds then the
expected increase in score is larger than e, i.e.

E[L, — L,|X,Y] >«
Take the additional condition
@1 — q2| <26 (A.0.4)

Note that with this additional condition, when § — 0 then the expression A.0.2
converges to the expression 2.1.19 in theorem 2.1.3. Also, the expression A.0.3
converges to the expression on the right hand side of inequality 2.1.22 in theorem
2.1.3. So, by continuity, we get that for § > 0 small enough “the conditions A.0.3
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and A.0.2” behave similarly to the conditions in theorem 2.1.3. More precisely,
there exists 9y > 0 such that: if |¢; — 2| < 200, 0 < q1,q2 < o and [d| < &g, then

H(q1)+H (g2)+(1-max{q1+3q2, 3¢1+¢2}) > pyln(1/3)+ Hp) | > —e
igefl—1,1,1+1}
(A.0.5)
implies that
Di—1, + Pi—11+1 (1 . 3a ) n
Di-11-1 + Pi-1,1 + Pi-1,+1 (1/3) =4
_ Pit1,141 ( C 0+ 2(q + 5)) ~ (149) (A.0.6)
Di+1,-1 + Pi+1,0 + Dit1i+1 (1/3) =9 (1/3) —4¢ o

is larger than e (we also assumed that conditions 2.1.20 and 2.1.21 of theorem
2.1.3 hold). In other words, the fact that the minimizing problem in theorem
2.1.3 has a lower bound 2¢ > 0, implies that when we take 6 > 0 small enough
then, under constrain A.0.5 and | — 2| < 26, the expression A.0.6 must be
larger than e. This is proved in lemma 4.6.1.

Alignments for which condition A.0.5 is not satisfied are unlikely to happen. Ac-
tually, the probability that an alignment does not satisfy A.0.5 is about e ™™ €,
where m* designates the number of aligned block pairs. In section 4.6, we define
the event E™(ey), which states that there is no optimal alignment not satisfying
A.0.5. In the same section, we prove the high probability of this event. The next
question is how do we get the condition |g; —g2| < 2Jy to be satisfied? The answer
is the following: in section 4.5, we define the event J"(d) which states that the
proportion of left out blocks at the end of X and Y is less than 4, for any optimal
alignment. Also, in section 4.1, we defined the event C™ which states that the
numbers of blocks in X and in Y are not further from n/l than n®%. In section
3.1, lemma 3.1.1 shows that we need to consider only optimal alignments which
do not leave out adjacent blocks between aligned blocks. For such alignments,
we get by lemma 3.1.2 that when the events I"™ and J"(J) both hold, for n large
enough we have then the following: for any optimal alignment not leaving out
adjacent blocks between aligned blocks, we have

1 — q2] < 20. (A.0.7)

Next, we were showing that when all the events F"(qo), D™ (), G™(d0), J™(dp),
C™ and E™(ey) hold, then

E[L, — L,|X,Y] > e

For this, let a be an optimal alignment of X and Y leaving out no adjacent blocks
between aligned block pairs. Let ¢, resp. ¢ designate the proportion of block
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left out by @ in X, resp. in Y. Let P, (a) denote the empirical distribution of
the lenght of the aligned block pairs by a. Then, as mentioned, when D"(dy)
and G™(dp) hold, then the expression A.0.2 is a lower bound for the expected
increase E[L, — L,|X,Y]. For this, take p;; in A.0.2 equal to P;;(a) and § equal
to dg. When the event F™(qo) holds, then every optimal alignment has less than
a proportion ¢y of left out blocks in X as well as in Y. Since a is an optimal
alignment, this implies that ¢;, g2 < go. Now, assume that "™ and J"(dy) both
hold. As explained, by lemma 3.1.2, this implies that |¢g; — ¢2| < 209. The last
inequality together with ¢, ¢ < ¢o imply that the expression A.0.6 is larger than
€ if A.0.3 is larger than —e, (this is how we had defined dy in the first place). But
by the event E™(e;), we have that all optimal alignments satisfy that A.0.3 is more
than —e;. Hence, the expression A.0.6 is larger than e if the event E"(e2) holds.
Note that we have argued the following: when D"(dy) and G"(dg) hold, then
the expected increase E[L,, — L,|X,Y] is bounded from below by the expression
A.0.6. But, with E™(es), J"(d0), F™(qo) and I™ all holding, the expression A.0.2 is
larger than e. Summarizing, we have just shown that when all the events F"(qp),

D™(6g), G™(d0), J™(d0), C™ and E"(e2) hold, then
E[L, — L,|X,Y] > e

Hence,
P( E[Ln - Ln|X7 Y])

is not less than

1= P(F"(g0)) — P(D"(d)) — P(G™(85)) — P(J"(6)) — P(C") — P(E"(e)).

(A.0.8)
We can now apply the bounds for the probabilites P(D™¢(dy)), P(G™(dy)), P(C™),
P(J™(do) and P(E™(ez)) which we obtained in section 4, to A.0.8. These bounds
are:

e In section 4.1, we obtain P(C™¢) < 8" where by > 0 is a constant only
depending on [.

e In subsection 4.3, we show that

n 1
P(D™(5)) < 2" [ —1 e
- 1430

e In section 4.4, we show that
P(G™(6p)) < de b

where bg > 0 is a constant only depending on [ and dj.
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e In subsection 4.5, we show that
P(J"(6y) < e 'm
where 6 > 0 only depends on [ and dy.
e In the proof of lemma 4.6.2, we prove that
P(E™(ey)) < w(n)e ™"

where ¥ > 0 is a constant only depending on [ and §y and w(n) is a poly-
nomial in n.

With the above bounds, we find that if 0 < 3 < 0.2 does not depend on n, then
P(D"™(8)) + P(G"(do)) + P(J"(0)) + P(C™) + P(E™(e2)) (A.0.9)

is smaller than e~ for n large enough. Or alternatively, taking 0 < < 0.2
small enough but not depending on n, we have that the expression A.0.9 is smaller
than e for all n. Applying this to the bound A.0.8, yields:
P(E[L, — L,|X,Y] > ¢ > 1-P(F"(g)) —e ™
where > 0 does not depend on n. This finishes the proof of theorem 2.1.3. ®

)
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