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Abstract

The problem of the order of the fluctuation of the Longest Common Subsequence (LCS) of
two independent sequences has been open for decades. There exist contradicting conjectures
on the topic, [1] and [2]. In the present article, we consider a special model of i.i.d. sequences
made out of blocks. A block is a contiguous substring consisting only of one type of symbol.
Our model allows only three possible block lengths, each been equiprobable picked up. For
i.i.d. sequences with equiprobable symbols, the blocks are independent of each other. For
this model, we introduce a random operation (random modification) on the blocks of one
of the sequences. In this article, for our block model, we show the techniques to prove the
following: if we suppose that the random modification increases the length of the LCS with
high probability, then the order of the fluctuation of the LCS is as conjectured by Waterman
[2]. This result is a key technical part in the study of the size of the fluctuation of the LCS
for sequences of i.i.d. blocks, developed in [3].

1 Model and main results

In general trough this paper, X and Y will denoted two finite strings over a finite alphabet
Y. 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 of X and Y (denoted simply by LCS of X and Y,
or only LCS when the context is clear enough) is a common subsequence of X and Y of max-
imal length. For a motivation on why to study the LCS problem, the reader can look at [3, 4].

Let [ > 0 be an integer parameter. Let Bxi, Bx2,... and By, Bys,... be two ii.d. se-
quences independent of each other such that:

P(BXZ' =] - 1) = P(BXi = l) = P(BXZ‘ =[]+ 1) = 1/3

P(By; =1—-1)=P(By;=1)=P(By; =1l+1) = 1/3.
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We call the runs of 0’s and 1’s blocks. Let X*° = X;X5X3... be the binary sequence so
that the i-th block has length By; where X; is choosen 0 with probability 1/2 or 1 with
probability 1/2. Similarly let Y*>° = Y1Y2Y35. .. be the binary sequence so that the i-th block
has length By; and Y7 is choosen 0 with probability 1/2 or 1 with probability 1/2.

Example 1.1 Assume that X1 = 0 and Bx1 = 3, Bxo = 4 and Bx3 = 2. Then we have
that the sequence X*° starts as follows X = 000111100 --- meaning that in X°° the first
block consists of three 0’s, the second block consists of four 1’s, the third block consists of two
0’s, etc.

Let X denote the sequence obtained by only taking the first n bits of X°°, namely X =
X1X9X3...X, and similarly Y = Y1Y5Y3...Y,,. Let L,, denote the length of the LCS of X
and Y, L, := [LCS(X,Y)|.

The main result of [3, 4] states that for [ large enough, the order of the fluctuation of L, is
n:

Theorem 1.1 There exists ly so that for all | > Iy we have that:
VARI[L,] = ©(n)
for n large enough.

In [3, 4] the authors showed that theorem 1.1 is equivalent to proving that “a certain random
modification has a biased effect on L,,”. This is a technique with similar approches in other
papers (for instance see [5], [6]). So the main difficulty is actually proving that the random
modification has typically a biased effect on the LCS, which for the block model is connected
to a constrained optimization problem [3, 4]. This random modification is performed as
follows: we choose at random in X a block of length [ — 1 and at random one block of length
[ + 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 [ + 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 [. 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 y/n. This is the content of the next theorem:

Theorem 1.2 Assume that there exists € > 0 and o > 0 not depending on n such that for
all n large enough we have:

P ( E[L, — Ln|X,Y] > ¢ ) > 1 — exp(—n®). (1.1)

Then,
VARI[L,] = ©(n)

for n large enough.



The above theorem reduces the problem of the order of fluctuation to proving that our ran-
dom modification has typically a higher probability to lead to an increase than to a decrease
in score. The main result of this article is theorem 1.2.

A very useful tool we often use is the Azuma-Hoeffding theorem. The following is a ver-
sion of it for martingales (for a proof see [7]):

Theorem 1.3 (Hoeffding’s inequality) Let (V,F) be a martingale, and suppose that there
erists a sequence ay,ao, - of real numbers such that

P(’Vn — Vn_1| S Cln) =1

for all n. Then:

n

PV~ Vol 2 v) <2exp{ — 507 /S a?) (1.2)

=1

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

Corollary 1.1 Let a > 0 be constant and V1, Vs, ... be an i.i.d sequence of random bounded
variables such that:
PV, ~EVi]| <a) =1

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

2
P(’M —E[Vi]| > A> < 2exp <—2A2 n> (1.3)
a

2 Random modification effect in the fluctuation

We are going to prove theorem 1.2 which states that VAR|[L,] = ©(n) holds if there exist
€, > 0 not depending on n such that:

P ( E[L, — Lo|X,Y] > ¢ ) > 1 — exp(—n%). (2.1)

for all n large enough. We have omitted some of the proofs for shortness reasons, but all the
details can be looked at [4].

Note that if Z is a random variable with VAR[Z] = O(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 ([6],
lemma 3.2) goes as follows:

Lemma 2.1 Let ¢ > 0 be a constant. Assume that g : R — R is a map which is everywhere
differentiable and such that for all x € R we have:

dg(x)
dx

> c.



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

Lemma 2.2 Let e,m > 0 be constants and f : Z — 7 be a map such that for all z1 < zo the
following two conditions hold:

zo—z12>2m= f(z2) — f(z1) > =(22 — 21) (2.2)

ool o

3B>0: 22—z <m= flz2) — fz1) < P22 — 21) (2.3)
Let B be a random variable such that E[|f(B)|] < +oo. Then:

2|
=~

€2 (e/8+ B)m
VAR[(f(B)] > (1 - 166VAR[B]) VAR([B] (2.4)

Proof. Let h : Z — Z 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

) = (L8 0= st

m

) e = ) + 1k

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 2.1 for ¢ = ¢/8. Then:

VAR[h(B)] > gZVAR[B] (2.5)

We want to estimate the distance between the random variables h(B) and f(B). First, we note
that from 2.2 and by the definition of i, the following inequalities hold for km < B < (k+1)m:

€

(B — km) + f(km) < J(B), h(B) <

(B — (k+1)m)+ f((k+1)m)

ool m

looking at conditions 2.2, 2.3 and the inequalities above we get

h(B) = (B < |g(B—km)+ f(km) — £(B— (k+ 1m) + f((k+ m)|
< gm (e Dm) = f(km)|
< ()

and by using the last inequality above:

VARIF(B) ~ h(B)] < (& + 8) m?. (2.6)



Since f(B) = h(B) + (f(B) — h(B)) we can apply triangular inequality and find:

V' VAR[f(B)] > \/VAR[h(B)] — \/VAR[f(B) — h(B)],

hence we have:

VAR[(f(B)] > VAR[A(B)] - 2y/VAR[A(B)] - \/VAR[f(B) — h(B)]
_ VAR (1 _,V/VAR[(B) - h(B)])

VAR[L(B)]

Finally, applying the inequalities 2.5 and 2.6 to the last inequality above, we get:

€ (e/8+ B)m
VAR[(f(B)] > — (1 - 166\/\W[B]> VAR[B]. ®

D

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 \/n.

2.1 Random modifications and the variables (7,7, R)

Let N; denote the number of blocks in X of length [, whilst N;_1, resp. N1 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 (2.7)
Z = Nl _Nl—l _Nl+1 .
R = n—(IN+{(4+1)Ng1+{(—-1)Ni_q) (2.9)

Note that when we know the values of (T, Z, R) we can determine the values of N;_1, N; and
Ny as a linear function by using the definitions of 7', Z and R as follows:

N_1(T, Z, R) 20+1)/4 —1/4 - —(n—R)/2
N(T,Z,R) | = 1/2 1/2 < 7 ) + 0 (2.10)
N1 (T, Z, R) —(21—1)/4 —1/4 (n— R)/2

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

Example 2.1 Let us consider the sequence X = 000111100011001 forl =3 andn = 15. We
see that Nj_1 =2, Ny =2 and Njy1 =1, hence T =5,7Z = —1 and R =1. Also, the block 1
at the end of X has length strictly smaller than | — 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 Bx1 = 2, Bxg =
3,Bxs =4,Bx4 = 3,Bxs = 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
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block in X*° corresponding to Bxg 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_1 = 2, Ny = 2 and Nj41 =1,
then T =5 and Z = —1. We take this convention on R, even if the definition 2.9 is not the
exact one, because of the simplifications later during the computation of the joint distribution
of Ni—1, Ni, Ni41.

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 = vg) and obtain the numeric value wy. The couple (vg,wp)
has joint distribution £(V,W). 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 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 simulated, the one
corresponding to V' = vg. In this manner, we get (vg, w(vg)). This couple has the distribution
L(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 (¢, z,r) non-random values,
we simulate X conditional on (7', Z, R) = (t, z,7). The resulting string is denoted by X .
and has thus distribution

L(X(t,z,r)) = ['(X | (T, Z, R) = (t,Z,’I”) )
Let L, (t,z,7) denote the length of the LCS
Ln(ta 2 T) = |LCS(X(t,z,r)a Y)|

We assume that the simulation of the string X(; ., is done independently of (7', R, Z) and
of Y. In this manner, we get that L, (T, Z, R) has same distribution as L, = |[LCS(X,Y)|.
So to prove that VAR[L,] = ©(n), it is enough to prove that

VAR([Ln (T, Z, R)] = O(n). (2.11)

We saw at the beginning of this section (see lemma 2.1 and 2.2), 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 O(n). It is easy to see that VAR[Z] = ©(n) (see
also lemma 2.8). Hence to prove 2.11, it is enough to show that with high probability the
(random) map

z+ Ly(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,r)) as well as the desired
linear increase of the map z — L,(T,z, R). This is achieved by simulating X(t,2r) In the



following way: for a given value (¢,7), so that P((T,R) = (t,7)) # 0, we take a left most
(left most to be defined later) value zy and simulate a string with distribution equal to the
conditional distribution of X given (T, Z, R) = (t, zo, 7). That resulting string is denoted by
X(t,20,-)- 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(; ., ,y and turn them both
into length [. The resulting string is denoted by X . 44,). Then, we choose at random in
X(t,2044,r) @ 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 is denoted by X(; . 15 ,). We keep repeating
this same operation to obtain the sequence of strings

X(tvzo,T)’X(t,zo-&-il,'r)? X(t,Z0+8,7‘)7 ceee (212)

For each value of (¢,r) with P((T, R) = (¢,r)) # 0 we obtain two finite sequences of strings:
first 2.12 and then

X(t,z0+2,r)7X(t,zo+6,r)a X(t,z0+10,r)a s

by a similar procedure. Namely, after X; . 19, 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 biased 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, (T, 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 2.6 and proposition 2.2). In other words, since the random modification has a bi-
ased positive effect, the map z — 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 modifi-
cation, the strings X, ,,) have the right distribution, i.e. the distribution of X conditional
on (T, Z,R) = (t,z,r). This is proved in lemma 2.5.

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. How-
ever, this bias holds with high probability for X and not for X .,). When we look at the
conditional distribution of X given (7, Z, R) = (t, z,r), we divide by the probability

P((T,Z,R) = (t, 2,1)). (2.13)

The string X(; ., has distribution of X conditional on (7', Z, R) = (t, z,7). So for the biased
effect to have large probability also for X(; .,y (and not just for X), we need the probability
2.13 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 = D7 x Dy (see
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definition below 2.16) and prove that any possible value (¢,z) € D, x D; has polynomially
bounded probability (see lemma 2.4).

Let us now give all the details:

Proposition 2.1 Given ¢ > 0 there exist constants 1 < ki, ks, ks < k* all not depending on

n but on € such that:
N, N, N,
p < 1| k:1> ( | o k2> <’ I+1 —

T

for every n large enough.

< k:3> >1—c (2.14)

We will need later the following lemma:

Lemma 2.3 There exists ¢ > 0 not depending on n such that:

P(Te[%—c\/ﬁ,%—i—c\f} Ze[———c\f +chzo.9 (2.15)

Let D denote the domain

D—[——c\f —l—c\f} [ " n——+cf} (2.16)
and let
Dy = [ﬁ—c\/ﬁ,@+c\/ﬁ}
Dy = [———c\f +cf]
hence,

D = Dr X Dg.
Given (t,z) € D such that (T, Z) = (t, z) we have
lel(t, Z) + Nl(t, Z) + Nl+1(t, Z) =t.

The probability for a realization of N;_1, N; and Ny is given by:

_ B B (N2t 2) + Ni(t,2) + Niga(t,2) (1)
P(T=t,Z=2,R=r) = ( Nia(t2) Ni(t, 2) NH:r(t,z) >(3> -P(Bx1 >7)

t! 1\ !
N2 N ) N 82))] (3) PBxa =)
(2.17)

where the probability P(Bx; > r) = P(R = r) is due to the convention of R described in the
example 2.1. Finally, due to 2.10, for any ni,ns,n3 € N the conditional joint distribution

P(Nl_l(T, Z, R) =N, Nl(T, Z, R) =na, Nl+1(T, Z, R) = ns3 | R = 7“)

is multinomial.



Lemma 2.4 There exists kg > 0 not depending on n (but depending on c) such that for every
(t,z) € D and r <1+ 1 for which the probability P((T, Z, R) = (t, z,7)) # 0, we have that:

P((T, Z,R) = (£, 2,1)) > %

for every n large enough.

Note that for any variables X and Y we have (see for example [8])
VAR[Y] = E[VAR]Y|X]] + VAR[E[Y| X]] > E[VAR[Y|X]]. (2.18)

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 2.15 and 2.18 to find

VAR[L,] > E[VAR[L,|O]] > VAR[L,|O = 1] - P(O = 1) > 0.9VAR[L,|O = 1]  (2.19)

Next for every (¢,z) in D and r < [ + 1 we are going to simulate the random variable L,
conditional on (T, Z, R) = (t,z,r). We denote the result by L, (¢, z,7). In other words, the
distribution of L, (¢, z) is equal to

L(Ly(t,z,1)) = L(L,|(T, Z,R) = (t, z,7)).

Let (Tp,Zp) denote a variable having the distribution of (7', Z) conditional on the event
(T,Z) € 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 (T, Z) € D. Hence, we get
VARI[L,|O = 1] = VAR[L,(Tp, Zp, R)] (2.20)
By using 2.18, we find
VARI[L,(Tp, Zp, R)]] > E[ VAR|[L,(Tp, Zp, R)|Tp, R] ]. (2.21)

Note that for L, (Tp, Zp, R) to have the same distribution as L,, conditional on (T, Z7) € D
and on R = r, the variables L, (t,z,7) do not need to be independent of each other. We are
next going to explain how we simulate the variables L, (¢, z,7) 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(t,z,r)7 Y)‘

Next, let us describe how we simulate X(; . ) based on what was roughly explained at the
beginning of subsection 2.1. Given ty € Dp the most left element in Dy and r9 < [ — 1,
we are going to simulate X, . ,,) for 2 € Dz only if P((T, Z,R) = (to,2,70)) # 0. We
simulate X . ) 80 that it has distribution L( X|(T, Z, R) = (to, 20,70) ). Next, we simulate
X(to,z0+2,70) by choosing in X, with the same probability, a block of length [ —1 either a block
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of length [ +1 and change its length to [. The next realization we simulate is Xz, - 14 4) 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(t0720+4i,7“0) ci=1,2,...}

with our usual random modification and later

{X (10,20 244im0) 11 =1,2,...}

just starting with X .42,,) and performing our usual random modification to get each
X (t0,2046,r0)» X (t0,20+10,70) > X (t0,20-+14,r0)» €tC. Both inductions run untill indexes i, resp. ig,
satisfying:

20+ 4ip < —%Jrc\/ﬁ = i< n

vn—1
2

20+ 2+ 4if, < —%—i—c\/ﬁ = i<

For simplicity, let us call zg, 21 = 20+ 2, 20 = 20 +4, ..., zq all the values which Z takes. After
we have simulated Xz, - o) X(t0,21,70)1 -+  + X (0,24,00) W€ fiX t1 = fo + 1 and repeat all the
procedure again starting with the simulation of X, ., »,). We keep taking t5 < 13 <i4... all
natural numbers in D7 to finish all the simulation of {X( ... : t € D7, 2 = 20,21, - ., 24}
Once we have finished with that, we take ;1 < [ — 1 natural number and do all the simulation
above starting with X .,y only if P((to,20,71)) # 0. Finally, we obtain the complete
sequence {X(;.,) : t € D,z = 29,21,...,24, 7 = 0,...,1 — 2}, where each (,z,7) has
probability P((7, Z, R) = (t, z,7)) # 0.

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

Lemma 2.5 Assume that Xy . ) is distributed according to
LX|(T, Z,R) = (t,z,7)).

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

L(X|(T, Z,R) = (t,z +4,7)).

Proof. Because of our linear equation system 2.10, we have that conditioning on T, 7, R
is equivalent to conditioning on (N;—1, N, Niy1). As mentioned, X(, .,y denotes a string of
length n, having the distribution of X conditional on (7,7, R) = (t,z,r). We denote by
X(t,zm) the string we obtain by performing our random modification on X .,y. In other
words, X (t,2,r) 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 (n1,n2,n3) be the number of
blocks of length [ — 1, [ and [ + 1 corresponding to (¢, z,7). In other words, ni, ne and ns
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are given by the linear system of equation 2.10 when N;_1; = ny, N; = ng, Nj11 = n3 and
T=t 7=z R=r. We have

P(Ni1 =ni,Na=n9, N3 =n3|T=t,Z=2,R=r) = 1.

The distribution of the random string X(, ., is the uniform distribution on £"(t, z, 7). Here,
&"(t, z,r) denotes the set of strings of length n, which consists only of blocks of length [ — 1,
[ and [ 4 1, such that the total number of blocks is ¢, whilst the number of blocks of length
I minus the number of blocks of length [ — 1 and [ 4+ 1 is z. We also request that the rest
block at the end has length . We can describe £"(t, z, r) equivalently as the set of all strings
consisting exactly of nj blocks of length [ — 1, ny blocks of length [ and n3 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(; .,y is such that the number of blocks of
length [ — 1, [ and [ 4 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:
ny +ng +ng\ (2.22)
n1 nNg N3 '

When we apply the random modification, the variable T' stays the same, the variable Z in-
creases 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 ap-
propriate set of strings, we have the following: for proving that X (t,2,r) has distribution of X
conditional on (T, 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 £" (¢, z + 4, r).
Hence, the number of blocks in & of length I — 1, [, resp I + 1 is ny — 1, no + 2, resp. nz — 1.
The probability .

P(X(t,z,r) = j)

can be calculated as follows: if we only know &, 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 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 & after the random modification.
There are hence ng - (g — 1) such strings (here, ng = ny + 2, so that ny denotes the number
of blocks of length [ in ). The probability, given X(, .,y = z, that the random string turns
out to be Z is equal to 1/(ny - n3). 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 ng blocks of
lenght [ + 1, there is exactly one which needs to be changed into length ! in order to obtain

the string . Hence,
o ~ 1
P(X(tr) = 8X 0y = 2) = (2.23)

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

- ~ ~ 1 ni +ng 4 n3\ '
P(X(t,z,r) = JZ) = Z P<X = .I'|X = x)P(X(t,z,r) = (13) = Z < ! 2 3)

ny-n nyng N
veEnr vegne 1T 1 M2 N3

(2.24)
The last equation above was obtained using 2.23 and 2.22. Note that the sum on the most
right of equation in 2.24, is a sum of (ng + 2)(n2 + 1) equal terms. This leads to

—1
PRy =) - (20020 (0

ny-ng ny na n3

The formula on the right side above does not depend on Z. Hence, this proves that X (t,2,7)
has the uniform distribution on the set of strings (¢, z +4,r). But the uniform distribution
is the distribution of X conditional on (7, Z, R) = (t,z + 4,r). That is, we have proven that

E(X(t,r,z)) =L(X|(T,Z,R) = (t,z +4,7)),
which finishes this proof. [ ]

Note that we have seen what happens with the variables T, Z, R after our random modifica-
tion, 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 (¢, z, ) such that P((T, Z, R) = (t, z,7)) #
0. For any € > 0 let Uy',.(¢) denote the event that the map

Dz - N : 2z Ly(t, z,7)

is increasing with a slope of at least €/8 on a scale ¢y In(n) where co > 0 is a large constant
not depending on n. More precisely, U/,.(¢) is the event that for any 21,22 in Dz, with
z9 — z1 > ¢caIn(n) we have

Ly, (t,z9,7) — Ly (t, z1,7) > (22 — 21)€/8.

The event U’ (€) has large probability because we assumed that inequality 2.1 holds. Hence
2+ Ly(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) == ﬂ Uty (e).

teDp, r<l+1

Lemma 2.6 Given ¢ > 0, take o from inequality 2.1 (theorem 1.2) and co to be big enough
but not depending on n, for example co > §—8 depending on €. Then, there exists a constant
ki« > 0 not depending on n but on o and on co such that:

ks

P(U™(e) < — (2.25)

[\

for n large enough, provided 2.1 holds.

12



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(t,2,r)- More precisely, let U(; , . (€) be the event that

(t,z,7)
E[ Ln<t, z + 4, 7’) — Ln(t, 2, r)’X(t,z,r)7 Y ] > € (226)
Let
U(e) == (N Up.me).
(t,z)eD, r<i+1
hence

PUSE) S 3 PR ). (227)

(t,2)eD, r<l+1

Note that inequality 2.1 provides a bound for the probability that the conditional expected
increase of LCS due to our random modification not being larger or equal to €. That prob-
ability bound is exp(—n®). The only problem is that the bound is for X and Y whilst the
event Z/{&Z’T)(e) is for X(; .,y and Y. By going on to conditional probability we must multiply
the probability by P((T, Z, R) = (t,z,r)). Hence we find

exp(—n®)
(T, Z,R) = (t,z,7))

P < 5 (2.28)
We can next use the lower bound on P((T, Z, R) = (t, z,r)) provided by lemma 2.4 for all
values (¢,z) € D and r <1+ 1 to inequality 2.28 and obtain

1
PUE. 1 (€) < AL exp(—n*). (2.29)
0

which still gives an exponentially small bound in n. Applying now 2.29 to inequality 2.27,

we obtain 12
4
PU™(e)) < < . n?
ko

- exp(—n®). (2.30)

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 {29, 21, 22, ..., 24} be the set for the admissible values of Z. For fixed t € Dp and
r <141, we are going to define L (t,z) inductively for z € {29, 21, 22, ..., 24}. Let us define
L (t,z,r) := Ly(t, z,7) for every z € {29, 21,22, ...,24}. Given Z € {29, 21, 22, ..., 24 — 4} let
us define L} (t,Z + 4,7) as follows:

Ln(t,z2+4,r) if U (€) hold for all 5 € {20, 21,...,%}

Li(t,5+4,7) =
nlt: 2 +4,7) {L;(t,i,r)—}—e otherwise

Note that when the event U™ (e) holds, then L, (t,z,r) and L} (¢, 2,r) are identical for all
t€ Dr,r <l+1and z € {20,21,...,24} Let V{!.(¢) be the event that the map

Dy - N : zw— Ly(t z,r)

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

13



Let V" (€) be the event

V(e) := ﬂ Vi, (e).

teDp, r<i+1

Hence by using proposition 2.2 we have that:

PV )< > PO < DY 2T <dlen®T (2.31)

teDy, r<l+1 teDy, r<i+1

where 7 = 6252. When U"(€) holds then V" (¢) and U"(e€) are equivalent. Hence

U™(e) NV (e) € U™ (e)

Hence by using 2.30 and 2.31 we get:

41c?
P(U™(e)) < PU™(€) + P(V™(e)) < 5 —+n® - exp(—n) + dlen®7 (2.32)
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.

Taking co > % we have the following bound for the exponent:
05—717<-2
therefore we can bound Ale
4len®57T < - (2.33)
Also, we have that:
n?exp (n™*) < % (2.34)

holds for n large enough. So, by using 2.33 and 2.34 in 2.32 we can finally bound:
P(U™(e)) < PU™(€)) + P(V™(e)) < 4lc*En® - exp(—n®) + 4len®5T

1
D~
(4lc*éq + 4lc) - -

A

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

Proposition 2.2 Given ¢ > 0, let V', (¢) denote the event that the map z ~ L*(t,z,7) is
increasing with a slope at least €/8 on a scale caIn(n). Givent € Dy, r <l+1 and z1,29 € Dy
such that zo — z1 > caIn(n) we have the following inequality:

P (Vgﬁ(e)) <2n7 7

€2 cy

where T = 352 -
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Proof. Let z1,29 € Dy such that z; < 2z9. In order to simplify the notation, let us assume
that zo — 21 can be dived by 4 and denote % =m € N. Let zy be the most left point of
Dz. Given € > 0, let us remember that V', (€) is the event such that the following inequality

holds: .
L*(t,z9,7) — L*(t,21,7) > 3

Now let us define the filtration §g C §1 C - - - C §m as follows:
Si =0 (X(to0m) Xttzrr)r - s Xtz i) 3 Y)
fori=1,...,m. Let us denote
ei=FE[L(t,z1 +4(i +1),7) — L} (t, 21 + 4i,7) | §i]

and define a martingale My, M1, ..., M,, with respect to the filtration g C F1 C --- C Fm
as follows:

M() = L:(t, 21, T)
My — M; = L:L(t, 21 —|—4(7,—|— 1),7’) —LZ(t,Zl +4i,7") —e;
fori =1,...,m. By definition of the map z +— L} (¢, z,7) 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) (¢, 21 + 4i,7) ]

is at least € which implies that the following inequality

€; > € (235)
is satisfied almost surely for every 0 = 1,...,m. We can write the increase of the map
z +— L (t,2) in terms of the martingale My, ..., M,, in the following way:

m—1
L*(t, 29,7) — L*(t,21,7) = My — Mo+ > _ € (2.36)
=0

Now, we are ready to estimate the probability of V{'f(e):
POVE) = P (L (bar) — Lt z,r) <

m—1
(by equality 2.36) < P (Mm — My + e < 2(22 - z1)>

(by 2.35 and z3 — 21 =4m) <



At this point we want to use Azuma-Hoeffding inequality 1.3. For this, we note that for every
t=1,...,m we have

P(|Mip1 — M;| <1) =1

since € < 1 and we take v = £(z2 — 21) for writing down:
€ v?
P<Mm_MO < _§(22—21)> < 2€Xp —%

2
(by using 23 — 21 =4m) = 2exp <—§2(22 - 21)> (2.38)

Combining together 2.37 and 2.38 we finally have:

2

P (Vi) < 20w (-5l - )

from where, after taking zo — 21 < ¢ In(n), we have:

2 2e
P (Vi5(e)) < 2exp <—61n(n)> =2n " m

which finishes the proof M

Note that by law of total probability E[ VAR[L,,(Tp, Zp, R)|Tp, R] ] is equal to :
P(U"™(€))E[ VAR[Ln(TD, Zp, R)|Tp, R] [U"(e)]+P(U™(€))E[ VAR[Ly.(Tp, Zp, B)|Tp, R] |U™(€)],
for every e > 0 and hence:
E[ VAR[L,(Tp,Zp,R)|Tp,R] ] > P(U"(e))E[ VAR[L,,(Tp, Zp, R)|Tp, R] |U"(¢)] (2.39)
Now, conditional on the event U"(€) holding, we have that the random map:
Dy - N : zw Ly(t, z,r)

has a slope of at least €/8 on a scale of czIn(n) (as in proposition 2.2) for any ¢ € Dy and
r <1+ 1, then:

29— 21 > coln(n) = Ly(t, z0,7) — Ly(t, 21,7) <

29— 21 < coln(n) = Ly(t,ze,7) — Lp(t, z1,7) <

hold. Hence, conditional on U™(¢), we can apply lemma 2.2 and obtain:

VAR[L,(t, Zp, R)|Tp = t, R = r, U™ ()] > —
[En(t, Zp, B)Tp ()] e\/VAR[Zp|Tp = t,R = 1]

(=]

¢ <1 16— /8F Yesln(n) ) VAR[Zp|Tp = t, R = 1]

(2.40)
The next results give us an uniform bound for VAR[Zp|Tp =t,R =r| for all t € Dr.
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Lemma 2.7 There exists a constant K > 0 not depending on n such that:

(Zp =2+ 4[Tp =t, R r)<1+— (2.41)

1
P(ZD:Z|TD:t,R:T) - \/ﬁ

<

_K
Vn

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

Lemma 2.8 There exists a constant C' > 0 not depending on n such that:

VAR[Zp|Tp =t,R=7r]>C-n

for every t € Dp, r <1+ 1 and for every n large enough.

Using the bound in lemma 2.8 we get the following inequality:

(e/8 4+ 2)ca In(n) (e/84+2)cy In(n)
(1 - 166\/VAR[ZD|TD — = T]> > <1 -6 e > > 0.5 (2.42)

for n large enough. Using inequality 2.42 above with inequality 2.40 we find:

2
VAR|[L,(t, Zp, R)|Tp = t, R = r,U™(¢)] > ;—4 0.5- VAR[Zp|Tp =t, R =r].

Using again lemma 2.8 we find that the left side of the above inequality is larger than %ﬁgn
and hence:

E[VAR|L,(Tp,Zp,R)|Tp,R] |U"(€) ] > —n (2.43)
We can now combine inequalities 2.19, 2.20, 2.21, 2.39 and 2.43 to obtain:

Ce?
n
1000

VAR[Ln] = P(U"(¢))

and plugging in the lower bound for P(U"(€)) obtained in 2.25 (lemma 2.6) we get:

062 k*
AR[L,] > 1=
VAR ]—1000"< n2)

with k. > 0 is the constant from lemma 2.6. This expression is a lower bound of order ©(n)
for VAR[L,]. Hence, we have finished proving the statement of the result in theorem 1.2.
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