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Abstract

We study the simple genetic algorithm with a ranking selection mech-
anism (linear ranking or tournament). We denote by ¢ the length
of the chromosomes, by m the population size, by pc the crossover
probability and by pas the mutation probability. We introduce a pa-
rameter o, called the strength of the ranking selection, which mea-
sures the selection intensity of the fittest chromosome. We show that
the dynamics of the genetic algorithm depend in a critical way on
the parameter

m=o(l—pc)(1—pu).
If m < 1, then the genetic algorithm operates in a disordered regime:
an advantageous mutant disappears with probability larger than 1 —
1/mP, where f is a positive exponent. If 7 > 1, then the genetic
algorithm operates in a quasispecies regime: an advantageous mutant
invades a positive fraction of the population with probability larger
than a constant p* (which does not depend on m). We estimate
next the probability of the occurrence of a catastrophe (the whole
population falls below a fitness level which was previously reached
by a positive fraction of the population). The asymptotic results
suggest the following rules:
o 7 =0(1—pc)(1 —par)® should be slightly larger than 1;
e pyr should be of order 1/¢;
e m should be larger than ¢1In ¢;
e the running time should be at most of exponential order in m.
The first condition requires that ¢pas +pc < Ino. These conclusions
must be taken with great care: they come from an asymptotic regime,
and it is a formidable task to understand the relevance of this regime
for a real-world problem. At least, we hope that these conclusions
provide interesting guidelines for the practical implementation of the
simple genetic algorithm.



1 Introduction

Genetic algorithms are search procedures based on the genetic mechanisms
which guide natural evolution: selection, crossover and mutation. The most
cited initial references on genetic algorithms are the beautiful books of Hol-
land [27], who tried to initiate a theoretical analysis of these processes, and
of Goldberg [24], who made a very attractive exposition of these algorithms.
The success of genetic algorithms over the years has been amazing. They
have been used to attack optimization problems of every possible kind.
Numerous variants, extensions and generalizations of the basic genetic al-
gorithms have been developed. The literature on genetic algorithms is now
so huge that it is beyond my ability to compile a decent reasonable review.
Unfortunately, the theoretical understanding of the mechanisms at work in
genetic algorithms is still far from satisfactory.

We study here the simple genetic algorithm with a ranking selection
mechanism. Ranking selection means that the selection mechanism de-
pends only on the ranking of the chromosomes according to the fitness
function. We consider mainly two popular selection mechanisms: linear
ranking selection and tournament selection. The simple genetic algorithm
operates on binary strings of length ¢, called the chromosomes. The pop-
ulation size is denoted by m. We use the standard single point crossover
and the crossover probability is denoted by po. We use independent par-
allel mutation at each bit and the mutation probability is denoted by pas.
We introduce a parameter o, called the strength of the ranking selection,
which measures the selection intensity of the fittest chromosome. For lin-
ear ranking selection with parameters 7,77, the strength of the ranking
selection o is equal to 5. For tournament selection with parameter t,
the strength of the ranking selection o is equal to t. We show that the
dynamics of the simple genetic algorithm depend in a critical way on the
parameter

m = o(l—po)(l—pu)".
Heuristically, the parameter 7 might be interpreted as the mean number
of offspring of the fittest chromosome from one generation to the next. We
prove that:

o If 7 < 1, then the genetic algorithm operates in a disordered regime: an
advantageous mutant disappears with probability larger than 1 — 1/m?,
where 3 is a positive exponent.

o If m > 1, then the genetic algorithm operates in a quasispecies regime:
an advantageous mutant invades a positive fraction of the population with
probability larger than a constant p* (which does not depend on m).

These results hold in the limit of large populations, when m grows to co.
One is naturally led to think that the parameters of the genetic algorithm



should be adjusted so that 7 is larger than 1. Yet we think that the most
interesting regime is when 7 is only slightly larger than 1. Indeed, in order
to increase 7, the mutation and crossover probabilities py; and pe should be
decreased and this would slow down the exploration of the space. However
an efficient search procedure should realize a delicate balance between the
exploration mechanism and the selection mechanism. This general idea is
present in numerous works dealing with random optimization [41, 50, 56].
Another reason is that we wish to avoid the premature convergence of the
genetic algorithm, i.e., an excessive concentration of the population on the
current best chromosome. This problem has been encountered in practice
and it is discussed in several works on genetic algorithms (see for instance
[49, 60, 61]). It seems therefore more judicious to choose “large” values
of pps and peo compatible with the condition 7 > 1. This means that the
mutation probability should be of order 1/¢; more precisely, the condition
7w > 1 implies that
lpyr +pc < Ino.

In particular, the crossover probability cannot be too large in order to
avoid the disordered regime. It has already been observed in the practice
of genetic algorithms that it is sensible to take the mutation probability
pu of the same order than 1/¢.

Another outcome of our study concerns the occurrence of a catastrophe
and the influence of the population size. Loosely speaking, a catastrophe
occurs if the whole population falls below a fitness level which was previ-
ously reached by a positive fraction of the population. A straightforward
strategy to prevent the occurrence of a catastrophe is to use “elitism”,
i.e., to retain automatically the best chromosome from one generation to
another. Yet, in the quasispecies regime, the simple genetic algorithm is
robust enough to avoid catastrophes for a very long time. We prove that,
when 7w > 1, a catastrophe occurs typically after a number of generations
which is of exponential order in m, in fact of order exp(c*m), where ¢* is
a constant depending on 7 only. With a small population size, the danger
is that a catastrophe might occur before the genetic algorithm succeeds
in finding an advantageous mutant. Thus the genetic algorithm will work
efficiently only if the population size is sufficiently large. Suppose that the
population is stuck on a local maximum. The typical time to discover an
advantageous mutant is of order pA_/[A, where 0 < A < £ and A depends on
the current population (rigorous estimates were derived in [6]). We wish
to ensure that, with high probability, this discovery will occur before a
catastrophe. So we should have

1
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m > —In—».
¢ puMm

A natural strategy would be to take m very large. Yet there is another



practical constraint: we wish to minimize the number of evaluations of
the fitness function. Therefore we aim for the smallest population size
compatible with the desired goal. To take into account these contradic-
tory constraints, we suggest that the parameters o, pc, pas, £, m should be
adjusted according to the following rules:

o 7 =0(1 - pc)(1 — par)’ should be slightly larger than 1;

e p)s should be of order 1/¢;

e m should be larger than ¢In/;

e the running time should be at most of exponential order in m.

These conclusions must be taken with great care: they come from an
asymptotic regime, and it is a formidable task to understand the rele-
vance of this regime for a real-world problem. At least, we hope that these
conclusions provide interesting guidelines for the practical implementation
of the genetic algorithm.

We provide also sufficient conditions on the fitness function f ensur-
ing that, starting from any population, the hitting time of the optimal
chromosomes is polynomial in £. We close with a condition ensuring the
concentration of the invariant probability measure of the genetic algorithm
on populations containing optimal chromosomes. This condition reads:

7 =o0(1-pc)1—pu) > 1, pMZ%, m>mg, m>clint.

Here ¢* and myg are constants depending on 7 only. This result is certainly
less relevant in practice than the previous ones, however it demonstrates the
asymptotic validity of the genetic algorithm and it is reassuring to know
that the genetic algorithm works in this asymptotic regime. The other
good news is that this condition holds uniformly with respect to the fitness
function. Hence a population of size of order £1n ¢ is enough to search an
arbitrary function on the space {0, 1 }.

By the way, the results obtained here vindicate a conjectural picture
outlined in [7]. Namely, the genetic algorithm running on a fitness land-
scape is a finite population model, approximating an infinite population
model. This infinite model presents several phase transitions, depending
on the geometry of the fitness landscape. In a way, there is a phase tran-
sition associated to each local maximum.

The results presented here have been derived with the help of ideas
coming from the quasispecies theory. In 1971, Manfred Eigen analyzed a
simple system of replicating molecules and demonstrated the existence of
a critical mutation rate, called the error threshold [17]. This fundamental
result led to the notion of quasispecies developed by Eigen, McCaskill and



Schuster [18]. If the mutation rate exceeds the error threshold, then, at
equilibrium, the population is completely random. If the mutation rate is
below the error threshold, then, at equilibrium, the population contains a
positive fraction of the Master sequence (the most fit macromolecule) and
a cloud of mutants which are quite close to the Master sequence. This
specific distribution of individuals is called a quasispecies.

Several researchers have already argued that the notion of error thresh-
old plays a role in the dynamics of a genetic algorithm. This is far from
obvious, because Eigen’s model is formulated for an infinite population
model. However there is evidence that a similar phenomenon occurs in fi-
nite populations as well, and also in genetic algorithms. In her PhD thesis
[41], Ochoa demonstrated the occurrence of error thresholds in genetic algo-
rithms over a wide range of problems and landscapes. This very interesting
work is published in a series of conference papers [40, 42, 43, 44, 45, 46, 47].
One of the most interesting and inspiring works on the theory of genetic
algorithms that I have read over the last years is the series of papers by
van Nimwegen, Crutchfield and Mitchell [54, 55, 56, 57, 58]. In these pa-
pers, the authors perform a theoretical and experimental study of a ge-
netic algorithm on a specific class of fitness functions. Their analysis relies
on techniques from mathematical population genetics, molecular evolution
theory and statistical physics. Among the fundamental ingredients guiding
the analysis are the quasispecies model, the error threshold and metasta-
bility. In the last work of the series [56], van Nimwegen and Crutchfield
describe an entire search effort surface and they introduce a generalized
error threshold in the space of the population size and the mutation prob-
ability delimiting a set of parameters where the genetic algorithm proceeds
efficiently. In a genetic algorithm, the crossover operator complicates the
dynamics and either it shifts the critical points or it creates new ones. This
phenomenon has been observed independently by Rogers, Priigel-Bennett
and Jennings [50] and by Nilsson Jacobi and Nordahl [28].

A version of the quasispecies theory was recently worked out in the con-
text of a classical model of population genetics, namely the Wright—Fisher
model [8, 10]. The Wright—Fisher model corresponds exactly to a genetic
algorithm without crossover. Let us explain briefly why quasispecies theory
is relevant to understand the dynamics of a genetic algorithm. Typically,
on a complicated landscape, the evolution of the genetic algorithm proceeds
by jumps. The population stays for a long time exploring the space around
the current best fit chromosome, until it discovers a better chromosome.
If this discovery time is very long, the process reaches a local equilibrium
and the distribution of the population looks like a quasispecies. Our goal
here is to estimate the persistence time of this quasispecies, i.e., the time
the quasispecies stays alive until it is destroyed by a catastrophe. The
persistence time depends in a complicated way on the structure of the fit-



ness landscape. The persistence time depends also on the population size.
If the population size is large, the genetic algorithm will be able to keep
an interesting quasipecies alive for a long time, long enough until a new
advantageous mutant is discovered and creates a new quasispecies. We
shall obtain a simple lower bound on the persistence time of the fittest
chromosomes by comparing the genetic algorithm with a family of simpler
processes, which are amenable to rigorous mathematical analysis.

A very interesting conclusion of [56] is the existence of a critical pop-
ulation size below which it is practically impossible to reach the global
optimum. A similar conclusion was obtained in the simpler framework of
the generalized simulated annealing [9]: within a specific asymptotic regime
of low mutations and high selection pressure, the convergence to the global
maximum could be guaranteed only above a critical population size. The
approach presented here confirms this prediction. The genetic algorithm is
very unlikely to reach the global optimum if the population size is too small.
If the population size is too large, the genetic algorithm will evolve slowly
and will require too many evaluations of the fitness function. The optimal
population size seems to depend strongly on the optimization problem. In
any case a population size of order ¢*£In ¢ should be enough to search the
space of chromosomes of length ¢ (here again ¢* is a constant depending
on 7 only).

Technically, we study the genetic algorithm within the framework of
the theory of Markov chains. It has been noted numerous times in the
literature that a genetic algorithm is conveniently modelled as a Markov
chain. Several researchers have studied genetic algorithms in this context,
here is a selection of works belonging to this line of research: [2, 4, 16,
25, 33, 34, 35, 37, 38, 39, 51, 52, 59, 61, 53]. Unfortunately, the transition
matrix is very complicated and the resulting formulas are intractable. Our
strategy is to consider a specific asymptotic regime. Twenty years ago, in
[9], an asymptotic regime corresponding to the simulated annealing was
studied. In this regime, the space {0,1}* and the population size were
kept fixed, while the mutation probability was sent to 0 and the selection
strength to oo. It was then possible to analyze precisely the asymptotic
dynamics of the population. Several other interesting results have been
obtained in this regime, in particular, the understanding of the asymptotic
dynamics helped to design potentially more efficient variants of the genetic
algorithm [48, 22, 21, 11]. Although this regime made it possible to derive
rigorous convergence results, it turned out to be irrelevant in practice,
because it is certainly not the correct regime of parameters to run efficiently
a genetic algorithm. Another interesting approach based on the Feynman—
Kac formula was developed by Del Moral and Miclo [12, 13, 14]. Several
other works have considered other asymptotic approximations on specific
fitness landscapes [3, 4, 15, 36]. Here we consider the asymptotic regime



corresponding to the quasispecies theory in a finite population, namely:
e The size m of the population goes to oc.
e The length ¢ of the chromosomes is large.

e The mutation probability is of order 1/¢.

We are able to derive various estimates in this specific asymptotic regime.
We hope that these results will be relevant in practice. The proofs use var-
ious tools from the theory of Markov chains: coupling techniques, Galton—
Watson processes, large deviations estimates, Poisson approximation. The
main strategy of the proofs is to analyze the evolution of the most fit chro-
mosomes, and more precisely the number of their descendants which are
not altered by mutation and crossover. This evolution is described by an
auxiliary Markov chain which is adequately coupled with the genetic al-
gorithm. The study of this auxiliary chain rests on several ideas which
were developed in the Freidlin—Wentzell theory and in the analysis of the
simulated annealing.

The main results are stated in the section 2. The simple genetic al-
gorithm is briefly explained before presenting the main results and it is
formally described in section 3. The remaining sections are devoted to the
proofs. In section 4, we build a coupling for the genetic algorithms starting
with different populations. In section 5, we develop stochastic bounds to
study the disordered regime. In section 6, we build an auxiliary chain and
we study its dynamics. This auxiliary chain keeps track of the evolution
of the quasispecies within the genetic algorithm. Section 7 contains the
final proofs of the main theorems. Several classical results from probability
theory are gathered in the appendix.

2 Main results

In this section, we provide a brief description of the simple genetic algorithm
and we present our main results. The goal of the simple genetic algorithm
is to find the global maxima of a fitness function f defined on {0, 1} with
values in R. The genetic algorithm starts with a population of m points of
{0,1}¢, called the chromosomes, and it repeats the following fundamental
cycle in order to build the generation n + 1 from the generation n:

Repeat
e Select two chromosomes from the generation n

e Perform the crossover

e Perform the mutation



e Put the two resulting chromosomes in generation n + 1

Until there are m chromosomes in generation n + 1

When building the generation n + 1 from the generation n, all the random
choices are performed independently. Therefore, the above algorithmic
description is equivalent to the parallel version described in section 3. Let
us describe more precisely the selection, crossover and mutation steps.

Selection. We use ranking selection, meaning that the chromosomes are
ordered according to their fitness, and they are selected with the help of
a probability distribution which depends only on their rank. In case there
is a tie between several chromosomes, we rank them randomly (with the
uniform distribution over all possible choices). We consider mainly two
popular selection mechanisms: linear ranking selection and tournament
selection. The linear ranking selection depends on two parameters n—,n"
satisfying 0 <5~ <n*, n~ + 1T = 2 and we have

selecting the (m —i+1)-thy 1/ _ .o i1
P( best chromosome ) T m (77 = )m — 1) '

The tournament selection depends on an integer parameter ¢ satisfying
2 <t < m and we have

(st (s 1)t
best chromosome mt (@ =@ -1)7).

P(selecting the (m — i+ 1)fth) 1
We introduce a parameter o, called the strength of the ranking selection.
In the cases we consider, the parameter o is equal to the limit

the selection operator chooses the best )

o= lm mx P(ﬁt individual present in the population

m—o0
For the linear ranking selection, the strength of the ranking selection o is
equal to nT. For the tournament selection, the strength of the ranking
selection o is equal to t.

Crossover. We use the standard single point crossover and the crossover
probability is denoted by pc:

P 000——011|{011——-001 . 000——011|001——111} _ Pc
100——110{001——111 100——110{011——001 -1



Mutation. We use independent parallel mutation at each bit and the
mutation probability is denoted by pas:

P(OOOOOOO — 0101000) = pi(1—pum)°.

We state next the main results. in the form of six theorems. The first
two theorems show that the dynamics of the genetic algorithm depend in
a critical way on the value of

7 = o(1—pe)(1 - pu)’.

If 7 < 1, the most fit chromosome is very likely to disappear before xk1lnm
generations. If 7 > 1, the most fit chromosome has a positive probability
(independent of m) to invade a positive fraction of the population. Heuris-
tically, the parameter 7 can be interpreted as the mean number of offsprings
of the fittest chromosome from one generation to the next.

The disordered regime. We consider the fitness function f defined by

2 ifu=1---1
Vu € {0,1}° u) =
{ } Jw) {1 otherwise
This corresponds to the sharp peak landscape. The chromosome 1---1
is called the Master sequence. We start the genetic algorithm from the
population x(y containing one Master sequence 1---1 and m — 1 copies of
the chromosome 0---0, i.e.,

Tro =

Theorem 2.1 Let m < 1 be fixed. We suppose that the parameters are
set so that £ = m and o (1 —pc)(1—par)’ = 7. There exist strictly positive
constants k, 8, mg, which depend on 7 only, such that, for the genetic
algorithm starting from xg,

the Master sequence 1---1 1
VYm > myg P | disappears from the population | > 1 — —5.
before x1nm generations m

This theorem furnishes an example where the genetic algorithm performs
poorly, even for large populations. To build this example, we take ¢/ = m
and we work with the sharp peak landscape. To prove theorem 2.1, we



shall bound from above the number of Master sequences present in the
population with a subcritical Galton—Watson process of parameter .
The quasispecies regime. We consider an arbitrary fitness function f.
We start the genetic algorithm from an arbitrary population zg. Let f§ be
the maximal fitness in zg, i.e.,

fo = max f(z0().
Theorem 2.2 Let m > 1 be fixed. We suppose that the parameters are
set so that (1 — pc)(1 — par)® = 7. There exist strictly positive constants
V*, p*, which depend on 7 only, such that, for the genetic algorithm starting
from xg, for any ¢,m > 1,

until the generation exp(V*m)
P | the population always contains a chromosome | > p*.
with fitness larger than or equal to f§

To prove theorem 2.2, we couple the genetic algorithm with an auxiliary
chain on the integers, which bounds from below the evolution of the most fit
chromosomes in the population. When 7 is strictly larger than 1, this chain
can be seen as a stochastic perturbation of a deterministic map, which has
one stable fixed point p*. Theorems 2.3, 2.4, 2.5 are obtained in the same
way, they are consequences of more refined results on the dynamics of the
auxiliary chain.

The catastrophes. We consider next an arbitrary fitness function f and
we start the genetic algorithm from an arbitrary position. For A € R and a
population x, we define N(z, A) as the number of chromosomes in « whose
fitness is larger than or equal to A:

N(z,A) = card {1 € {1,....,m}: f(z(@) > A}.
Fori € {1,...,m} and x € {0,1}, we define A(z,4) as the fitness of the
i—th best chromosome in the population x:
A(z,i) = max {N€R: N(z,\)>1i}.
We denote by X,, the population of the genetic algorithm after n iterations.

Theorem 2.3 Let m > 1 be fixed. There exist strictly positive constants
p*, c*,mpy, which depend on 7 only, such that: for any fitness function f,
any set of parameters £, pc, pys satisfying (1 — pco)(1 — par)? = =, for any
m > myg, for the genetic algorithm starting from an arbitrary population,
we have

P (Vn <exp(c*m) max f(X,(i)) > max A(X, \_p*mj))

1<i<m ~ 0<s<n

> 1—exp(—c"m).

10



It might be that p* is very small, especially if 7 is close to 1. We point out
that the sequence

is non—decreasing with respect to the time n. Thus, with very high proba-
bility, until time exp(c*m), the maximal fitness observed in the population
stays above a non—decreasing sequence. We say that a catastrophe occurs
at time n if
Xn(1)) < A X, | p* )
g, f(n() < gpax, AXe, [p"m])

This means that the maximal fitness in generation n has fallen below a
fitness level which had been previously reached by a fraction p* of the
chromosomes. In other words, a quasispecies has been destroyed.
Hitting time of optimal chromosomes. We denote by H the Hamming
distance between two chromosomes:

Vuoe {01} H(u,v) = card {j:1<j <0 u(j) #v()}.

For A € R, we define L()) as the set of the points in { 0,1 } having a fitness
larger than or equal to A:

L) = {ue{0,1}": f(u)>\}.

For A < ~, we define A()\,7) as the maximal distance between a point of
L(A) and the set L(v), i.e.,

AN A7) = in H(u,v).

Let 7* be the hitting time of the set of the populations containing optimal
chromosomes, i.e.,

™ =min {n>1:3ie{l,....,m}
f(Xn(i)) = max { f(u):ue{0,1} }}.

We give next a theoretical upper bound on the expected value of 7*.

Theorem 2.4 Let m > 1 be fixed. There exist constants c*, k*, mg, which
depend only on 7, such that: for any set of parameters ¢, pc, par, m satis-

fying
o(L—po)L—pu)' =7, pu > G, m=mo, m>clnl,

for the genetic algorithm starting from an arbitrary population, for any
increasing sequence Ay < --- < A, such that

Ao = min{f(u):uE{O,l}E}, Ap = max{f(u):ue{(),l}z},

11



we have
r—1

E(T*) < 24 H*(lnm)mQ Z(pM)—A()\k,/\kJrl) )
k=0

In the next result, we make a strong structural hypothesis on the fitness
landscape and we obtain a bound on 7* which is polynomial in /.

Theorem 2.5 Let v, A > 1. Suppose that the fitness function is such that
there exists an increasing sequence

Ao = mi <M << A < A=
St i L s

with r < ¢7 and satisfying
VkE{O,...,T‘—l} A()\k7>\k+1>§A.

Let m > 1 be fixed. There exist positive constants ¢*,mg, which depend
only on 7, such that: for any set of parameters ¢, pc, par, m satisfying

*

™= o(l—pc)(l—pm), pMZ%, m>mgy, m>cAlnl,

for the genetic algorithm starting from an arbitrary population,
E(t*) < 2+ (Inm)m20+5

Asymptotic convergence. The bounds on the hitting time of optimal
chromosomes yield simple estimates for the invariant probability measure of
the genetic algorithm. Let us recall that the invariant probability measure p
is given by
/nm _ . _ _
Vr,y € ({0,1}°) ply) = lim P(X, =y|Xo=z).

The invariant probability measure p depends on the fitness function f and
the parameters ¢, pc, par, m, as well as the selection mechanism.

Theorem 2.6 Let m > 1 be fixed. There exist positive constants c¢*, my,
which depend only on m, such that: for any set of parameters ¢, pc, par, m
satisfying

*

C

ﬂ:a(l—pc)(l—pM)Z, pM27, m>mg, m>cllnl,

for any fitness function f : {0,1}* — R, the invariant probability mea-
sure 4 of the simple genetic algorithm satisfies

p({z: 121%);1f(x(l)) = {I&?)}(ef }) > 1—exp(—c'm).

12



This result is certainly less relevant in practice than the previous ones,
since it is extremely difficult to understand the speed of convergence of the
genetic algorithm towards its invariant measure, yet it demonstrates that
the genetic algorithm is successful in this asymptotic regime.

3 The model

Let £ > 1 be an integer. We work on the space {0, 1 }¢ of binary strings of
length £. An element of { 0,1 }* is called a chromosome. Generic elements of
{0,1}¢ will be denoted by the letters u, v, w. Let m > 1 be an even integer.
A population is an m-tuple of elements of {0,1}*. Generic populations
will be denoted by the letters x,y, 2. Thus a population x is a vector

whose components are chromosomes. For i € {1,...,m}, we denote by
x(i,1),...,2(i,0)

the digits of the sequence z(i). This way a population x can be represented

as an array
z(1,1) - x(1,0)

sim,1) o z(m, )

of size m x £ of zeroes and ones, the i—th row corresponding to the i—
th chromosome of the population. Let f : {0,1} — R be an arbitrary
objective function, traditionally called the fitness function.

Mathematically, a simple genetic algorithm is conveniently modelled by
a Markov chain (X, )neny with state space ({ 0,1 }Z)m, the space of the
populations of m chromosomes. The transition mechanism of the simple
genetic algorithm can be decomposed into three steps: selection, crossover
and mutation. We explain separately each step.

3.1 Selection

We perform first the selection operation, which consists in selecting with
replacement m chromosomes from the population. To this end, we build a
selection distribution

sel: ({0,1})™ x {1,...,m} —[0,1].

13



The value sel(z,4) is the probability of selecting the i—th chromosome in
the population . We consider only ranking selection mechanisms, hence
the value sel(z,4) depends only on the ranking of the chromosomes of the
population x according to their fitness. We first define a ranking function,
which gives the rank of a chromosome in a population. Let z € ({ 0,1 }Z)m
be a population. We choose a permutation o of {1,...,m } such that

flz(e(1) < -+ < flz(a(m))).

The choice of ¢ is not unique in case of ties, when several chromosomes have
the same fitness. It turns out that the way the permutation o is chosen
affects considerably the behavior of the genetic algorithm. We choose the
permutation o randomly, according to the uniform distribution over the
set of the permutations ¢ which satisfy the above condition. The choice
of o is done independently from the other steps of the algorithm, and it is
performed again at each selection step. In particular, each time the process
returns to the population z, a new permutation ¢ is drawn independently,
and the ordering of the chromosomes will change accordingly. We define
the rank of the i—th chromosome of the population z as

rank(z,i) = o 1(i).

Thus if rank(z,i) = m, this implies that (i) has the largest fitness in
the population x, but the converse is false: when the fitness function f is
not one to one, a chromosome with maximal fitness might get a ranking
smaller than m. Once the ranking function rank(z,) is built, we need a
selection distribution Fy, on {1,...,m} to complete the definition of the
selection distribution sel(z,4). A selection distribution F,, on {1,...,m}
is simply a probability distribution on {1,...,m }. We define the selection
distribution sel(z, ) by setting

Vie{l,...,m} sel(z,i) = Fy,(rank(z,1)).

Throughout the paper, we shall make the following hypothesis on F,.

Hypothesis on F,,. There exists a cumulative distribution function F' on
[0, 1] such that
vs€[0,1]  lim_ > Fuli) = F(s).
i<sm
We suppose that F' is continuous on [0, 1], strictly increasing on [0, 1],
convex on |0, 1[ and left differentiable at 1. The value of its left derivative
at 1 is called the selection drift and is denoted by o (necessarily o > 1).
We suppose that the discrete derivative of Fj, at 1 converges to ¢ in the
following sense:

Ve>0 30>0 Ime>1 Vm>mo Vie{l,...,|ém]}

14



i i
Fom—i+1)4+- -4+ Fnp(m)—o—| < eo—.
m m
We consider two popular choices for the selection distribution Fj,,.

Linear ranking selection. This selection scheme depends on two param-
eters n~,n" which satisfy

0<n <nt, n +n" =2.

We define the linear ranking selection distribution by

(77‘ +(n" - n‘);__ll) :

1

m

Vie{l,...,m}  Fn(i)

The linear ranking selection distribution satisfies the hypothesis with

1
F(s) =n s+ 50" =n7)s*,  o=n".
Tournament selection. This selection scheme depends on an integer
parameter t satisfying 2 < t < m. We define the tournament selection
distribution by

Vie{l,...,m}  Fn(i) = %(itf(ifl)t).

The tournament selection distribution satisfies the hypothesis with
F(s) = s, o=t.

Finally, we draw independently m chromosomes from the population = ac-
cording to the selection distribution sel(z, -) to obtain the population after
selection. The stochastic matrix Pg associated to the selection operator is
defined as follows. The probability to select the population y starting from
the population z is

Ps(z,y) = H( Z sel(a:,j)).

=1 jix(§)=y ()

3.2 Crossover

After having selected m chromosomes, we perform the crossover operation.
The crossover depends on a parameter pc € [0, 1] and it acts on pairs of
chromosomes. Let us explain how the crossover operator acts on two chro-
mosomes u,v. With probability 1 — pc, there is no crossover and the chro-
mosomes u,v are not modified. With probability pc, there is a crossover
between the chromosomes u,v. We choose uniformly at random a cutting
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position k in {1,...,£—1}. A new pair (v/,v’) of chromosomes is formed,
where u’ (respectively v') consists of the first k digits of u (respectively v)
and the last ¢ — k digits of v (respectively u).

u = 000 011(011 001 . v’ = 000——011|001——111
v = 100——110|001——111 v' = 100——110|{011——001

cutting position

Mathematically, this mechanism is encoded in a crossover kernel

C:({0,13)% x ({0,139 = [0,1].

The value C’((u, v), (v, v’)) is the probability that, by crossover, the pair
of chromosomes (u,v) becomes the pair (u',v’). More precisely, we define,
for u,v two chromosomes and k € {1,...,£—1},

switch(k, u,v) = u(1) - u(k)v(k +1)---v().

The crossover kernel C' is then equal to

/

(1) () = 0 rehce

+-re card{ke{l,...,ﬁ—l}:

switch (k, u,v) = v
/-1

switch (k:, v, u) =/

We apply simultaneously the crossover operator on the m/2 consecutive
pairs of chromosomes of a population of size m. The stochastic matrix Po
associated to the crossover operator is defined as follows. The probability
to obtain the population z after performing the crossover starting from the
population y is

m/2

Poly.) = E C((l/(jém)l))’ (z(Z'%)l))).

3.3 Mutation

After having performed the crossover, we perform the mutation. The mu-
tation depends on one parameter, the mutation probability pas € [0, 1],
and it acts on a single chromosome. Let u be a chromosome. For each
ke {l,...,£}, the digit u(k) is kept unchanged with probability 1 — py,
and it mutates to 1 — u(k) with probability pas. These changes are done
simultaneously and independently. Mathematically, this mechanism is en-
coded in a mutation kernel

M ({0,1}9)% = [0,1].
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The value M (u,v) is the probability that, by mutation, the chromosome u
becomes the chromosome v, and it is given by

M(u, 'U) — p]\H}u’U)(l _ pM)ffH(u,'u) ,
where H(u,v) is the Hamming distance between u and v, defined by

H(u,v) = card {j:1<j <0 u(j) #v(j)}-

The stochastic matrix Py; associated to the mutation operator is defined
as follows. The probability to obtain the population 2’ after performing
the mutation starting from the population z is

m

Py(z,2') = HM(z(z),x’(z)) :

3.4 Transition matrix of the SGA

The fundamental cycle of the simple genetic algorithm consists in applying
successively the selection, the crossover and the mutation operators on the
population. Mathematically, the simple genetic algorithm is conveniently
modelled by a Markov chain (X,)nen with state space ({0,1})™, the
space of the populations of m chromosomes. The transition matrix Psga
of the simple genetic algorithm is defined by

va,2' € ({0,1})™  Psga(z,2’) = P(Xpp1 =2 | X, =2).

The matrix Psg 4 is simply the product of the three matrices Pys, Po, Ps,
i.e., Psga = Py PcPs, or equivalently,

vz,z' € ({0,1 }Z)m Psga(z, ') = Z Puy(z,9)Pe(y, 2)Ps(z,2') .

Y,z

4 Coupling for the genetic algorithm

Throughout the proofs, we rely on various coupling arguments. We will
couple here the simple genetic algorithm starting from any possible initial
population. We first define separately the maps for coupling the selection,
crossover and mutation.

Selection. We define a selection map
S:({0,1})" x[0,1] = {1,...,m}

in order to couple the selection mechanism starting with different popula-
tions. We first build a map Z : [0,1] — {1,...,m } which gives the rank of
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the chromosome to choose. More precisely, for s € [0,1[, we set Z(s) = ¢
where 7 is the unique index in {1,...,m } satisfying

Fo(I) 4+ Fp(i—1) <5 < Fp(1) + -+ Fp(i).

Let next z € ({0,1}¢)™ and let s € [0,1[. We define S(z, s) = j where j
is the unique index in { 1,...,m } such that rank(x, j) = Z(s). The map S
is built in such a way that, if U is a random variable with uniform law on
the interval [0, 1], then, for any population x, the law of S(z,U) is given
by the selection distribution:

Vie{l,...,m} P(S8(z,U) =14) = sel(z,1).

Crossover. We define a map

c: ({0,1}")2><{0,1}><{1,...,£—1}—>{0,1}4

in order to couple the crossover mechanism starting with different pairs of
chromosomes. Let u,v € {0,1} and let ¢ € {0,1}, k€ {1,...,4—1}
We define

switch(k, u, v) ife=1

U ifte=0

Cu,v,e,k) = {

The map C is built in such a way that, if V, W are two independent random
variables with respective laws the Bernoulli law with parameter pc and the
uniform law on { 1,...,¢—1}, then, for any chromosomes w, v, the law of the
pair of chromosomes C(u,v,V, W), C(v,u,V,W) is given by the crossover
kernel C":

’o ¢ Clu,v, VW) =u"\ _ u o
vu', v € {0,1} P(C(U,U,V,W):U’ _C((v)’(v’>)'
Mutation. We define a map
M:{0,1} x{0,1}* = {0,1}*

in order to couple the mutation mechanism starting with different chromo-
somes. Let 1,...,e¢ € {0,1} and let uq,...,u; € {0,1}. The map M is
defined by setting

M(er---egur, -+ ,ug) =m0,

where
& ifu; =0
1-— Eq if U; = 1
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The map M is built in such a way that, if U',..., U’ are ¢ independent
random variables with law the Bernoulli law with parameter py;, then, for
any chromosome u, the law of the chromosome M (u, U, ... U*) is given
by the line of the mutation matrix corresponding to w:

Vo e {0,1} P(./\/l(u,Ul,...,UZ):v)zM(u,v).

Coupling for the genetic algorithm. We will now combine the maps
S,C, M with random inputs in order to couple the genetic algorithm with
various initial conditions. We will build all the processes on a single large
probability space. We consider a probability space (£2, F, P) containing the
following collection of independent random variables:

e Uniform on the interval [0,1]: S,, n>1, 1<i<m;

e Bernoulli with parameter pys: U9, n>1, 1<i<m,1<j</{;

e Bernoulli with parameter pc: Vi, n>1, 1<i<m/2;

e Uniform on {1,...,/—1}: Wi, n>1, 1<i<m/2.

The variables having subscript n constitute the random input which is used
to perform the n—th step of the Markov chains. For each n > 1, we build
a map

@, ({0,1})™ = ({0,1}9)™

in order to realize the coupling between the genetic algorithm with various
initial conditions. The coupling map ®,, is defined by

vee ({0,119)"  @,(2) =
M(C(S(x,SL),S(x,52), VWL, UL, ... ,UL*
M(C(S(x,82),8(x, S}), V,l, W ), U2, .. Ut
M(C(S(I, Si)vs(zvsﬁ)aV7?7W72L)7U2’17 '7U7?l)’1Z
M(C(S(x,5%),8(x, 53), V2, W2), UM, ... ULt

M(C(S(a, Spr=1), S(a, i), Vi, Will?) Uun =t L Ut
M(C(S(w, ), S, Sy=h), Vi 2 Wil 2) it Ut
The coupling is then built in a standard way with the help of the sequence

(®p)n>1. Let x € ({ 0,1 }Z)m be the starting point of the process. We
build the process (X,,),>0 by setting Xo = = and

n>1 X, = &, (X, 1).

A routine check shows that the process (X, ),>0 is a Markov chain starting
from z with the adequate transition matrix. This way we have coupled the
genetic algorithm with all possible initial conditions.
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5 The disordered regime

We consider the fitness function f defined by

2 ifu=1---1
Vu € {0,1}° u) =
{ } fu) {1 otherwise
This corresponds to the sharp peak landscape. The chromosome 1---1
is called the Master sequence. We start the genetic algorithm with the
population

o —

and we wish to estimate the probability of survival of the Master sequence.
We denote by (X,,)nen the genetic algorithm starting from zy. We shall
develop bounds in the sense of stochastic domination. Let w < 1 be fixed.
Throughout the section, we suppose that ¢, pc, pys satisfy

o(1-po)(1—pm)" = 7.

5.1 Genealogy

To build a chromosome in the generation n, we select two parents in gener-
ation n — 1, and we apply the crossover and the mutation operators. Thus
each chromosome has two parents in the previous generation. With the
coupling construction, the parents of the chromosomes X,,(2i — 1), X,,(2i)
are the chromosomes S(X,,_1,58271), §(X,,—1,5%). The genealogy of a
chromosome consists of all its ancestors until time 0. We define auxil-
iary random variables in order to control the progeny of the initial Master
sequence. Forn > 1,4 € {1,...,m}, we set M,(i) = 1 if the Master
sequence appears in the genealogy of X, (i) and 0 otherwise. We denote by
M, the vector (M, (1),...,M,(m)) and we define also

The variable T, is the total number of descendants of the Master sequence
at time n. Let also N;: be the number of Master sequences present in the
population at time n:

Vn>1 Np=card{ie{l,....m}: X,(i)=1---1}.

n
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We shall next compute stochastic bounds on (T},)nen and (N;)pen. The
process (T, )neny will be controlled by a supercritical branching process,
while the process (Nf)nen will be controlled by a subcritical branching
process.

5.2 Bound on 7,

By construction, the chromosomes X,,(2i — 1) and X,,(2¢) have the same
parents, thus M,,(2i — 1) = M,,(2¢) and

m/2

Vn>1 T, =) 2M,(2i).
i=1

Conditionally on X,,_1, M,,_1, the random variables M,,(2:), 1 <i < m/2,
are independent and identically distributed. Let us estimate their param-
eter:

P(Mn(z) = OanflaMnfl) =

the selection operator selects two parents
P in X,,_1 which do not belong to
the progeny of the initial Master sequence

anh Mnfl

The number of chromosomes in the progeny of the initial Master sequence
at time n—11is T,,_1. The lowest value for the above conditional probability
corresponds to the situation where all these chromosomes are ranked best
during the selection process, therefore

2
P(M(2) = 0] X1, My-1) = (Fn(1) 4+ + Fram = To))
To go further, we need a bound on 7;,_;. Thus we define
T = inf{nzlzTn>m1/4}

and we will study the random variable T},1¢ 7 >, }. In order to incorporate
the event {71 > n} in the previous inequality, we condition with respect
to the whole history of the process as follows:

P(My(2) =1, 71 >n|Xp_1,My_1,..., X0, My)
= 1{Toﬁml/‘l,-u,Tnfl§77l1/4 }P(MR(Q) =1 ‘ anl, Mnfl, N 7X0, Mo)
= 1r oy P(Mn(2) = 1| Xno1, My1)

< 1{712n—1} <1 - (FM(l) +~'~+Fm(an_1))2> .
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Using the hypothesis on F,,, we obtain that, for m large enough, there
exists § > 0 such that

Vie {1,...,[6m]}  Fu(m—i+ 1)+t Fu(m) < 20

m

For m large enough, if 71 > n, then T,,_; < m'/4 < |6m |, whence

P(M,(2) =1, 71 >n|Xn-1,My_1,...,X0, M)

T,— T.—
S 1{T1>n1}<1_<1_20 n-l n 1.

2
) > < 1{7'127171}40- m

m

Proposition 5.1 Let (Z,,),en be a Galton—Watson process starting from
Zy = 1 with reproduction law v = 2P(40), i.e., the law v is twice the
Poisson law of parameter 40. For m large enough, we have

VTLZO Tnl{‘rlzn} = Zn.

Proof. We recall that < means stochastic domination (see appendix C).
We will prove the inequality by induction on n. For n = 0, the inequality
holds trivially, since

Tol{leo} = ZO =1.

Let n > 1 and suppose that the inequality has been proved at rank n —
1. The previous computation shows that, conditionally on Xg,My,...,
Xn—1,My—1, the law of T, 1( ; >, is stochastically dominated by the law

m 4o
QB(Ea ETn—ll{len—l }) .

There exists tp > 0 such that, for 0 < ¢ < tg, we have In(1 —¢) > —2t.
Therefore, for m large enough so that 4om=3/* < tg, we have

Ao m/2
(1 - ETnfll{nZn—l}> > exp ( - 40Tn711{712n—1}) .

By lemma C.1, we conclude from this inequality that

m 4o
ZB(EaﬁTn—ll{nzn—l}) = 2P(40Tn—11{7-12n—1}) .

Therefore, for any non—decreasing function ¢, we have

E(6(Tal{ryzmy) | Koot Mao1, o Xo, Mo ) <

Tn-a1l{si>n-1}

E(o( Y V) |Tailinzny)

k=1
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where the random variables (Y} )r>1 are independent identically distributed
with law v = 277(40), and they are also independent of the processes
(X)) nen, (Mp)nen. The conditional expectation is a non—decreasing func-
tion of Ty, _11{+ >,_1}. Taking the expectation with respect to

Xn—17 Mn—l, ) XOv MO
and using the induction hypothesis, we get

Tno1l{si>n-1}

k=1
Zn—1
< £(o( 3 ) = (ot
=1
This completes the induction step. (I

In order to exploit proposition 5.1, we shall need a bound on 7y, which we
compute next.

Proposition 5.2 There exist k > 0, ¢y > 0, my > 1, such that
1

Ym > my P(Tl<lilnm) < .
mel

neN be a Galton—Watson process as in proposition 5.1.

Proof. Let (Z,)
>0,

We have, for k
P(ri=k) = P(ﬁ >k, Ty > m1/4) = P(Tkl{rlzk} > m1/4)
< P(Z, >m"*) < m YV E(Zy) < mmY4(80)".

We sum this inequality: for n > 1,

n—1 n
—1/4 k_ . —1/4 (80)" —1
P(rp<n) <m kgzo(&r) =m 5o —1 -

We choose n = klnm, where k is positive and sufficiently small, and we
obtain the desired conclusion. O

5.3 Bound on N}

By definition, we have

m/2

Vn > 1 N = Z (1{Xn(21'—1):1~~1} + 1{X,,(2i):1-~1}) .
i=1
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Let us define, for 1 <1 < m/2,

Bn(i) = 1y x,2i-1)=1-1} T 1{ x,(2i)=1.-1} -

Conditionally on X,,_1, the variables B, (i), 1 <1 < m/2, are independent
and identically distributed. A Master sequence appearing in generation n is
either in the progeny of the initial Master sequence, or it has been created
through numerous mutations and crossover from 0 - - - 0. The probability of
the first scenario will be controlled with the help of 7, _; (the size of the
progeny of the initial Master sequence in generation n — 1). The second
scenario is very unlikely unless n is large. To control its probability, we
introduce the time 75, when a mutant, not belonging to the progeny of the
initial Master sequence, is at distance less than ¢ — v/¢ from the Master
sequence. Let us recall that H (u,v) is the Hamming distance between the
chromosomes u,v. We set

 =inf {n>1:3ie{l,....,m}
H(X,(i),1---1) < €=Vt Mu(i)=0}.

We recall that
T = inf{nZl:Tn>m1/4}.

We set also
o =inf {n>1:N;=0}.

We shall compute a bound on N;} until time 7 = min(7g, 71, 72).

Proposition 5.3 Let 7 < 1. We suppose in addition that £ = m. For m
large enough, the process

(N;:l{ T™>n })nEN
is stochastically dominated by a subcritical Galton—Watson process.

Proof. We shall estimate the law of B,,(1). The proof is tedious because
there are several cases to consider. The chromosomes X, (1), X,,(2) are
obtained after applying the crossover and the mutation operators on the
chromosomes of the population X, _; having indices

I = S(X,_1,S}), I = S§(X,-1,52).

We denote by Y7,Y5 the chromosomes obtained after crossover from the
chromosomes X,,_1([1), X,,—1(I2), i.e.,

Vi = C(Xn_1(1), Xno1(I2), V,y, W},
}/2 = C(Xn—l(IQ)7XH—1(11)7Vn1?W’r{) .
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Our goal is to obtain a stochastic bound on N;1¢;>, 1, so we need only to
consider the case where 7 > n. Thus, in the following computations, we
suppose that 75 > n. Let A > 0 be such that 7/0 > exp(—\). We have
then

T s
o(l—pc) — o
Notice that A depends only on 7/0, and not on £ or py;. By lemma C.1,
the binomial law B(¢, pps) is then stochastically dominated by the Poisson
law P(\). We will use repeatedly the bound given in lemma C.2:

(1- pM)é = > exp(—A).

t
Vi A PUM -+ UM 1) < (%) .

When using this bound, the value of ¢ will be a function of /. We will
always take ¢ large enough, so that the value of ¢ will be larger than A\. We
examine several cases, depending on whether the initial Master sequence
belongs to the genealogy of the chromosomes X,,_1 (1), X,—1(l2):

o M, 1(I) = M,_1(I2) = 0. Since 72 > n, then the chromosomes
Xn-1(I1) and X,,_1(I2) have strictly less than V0 ones, therefore the chro-
mosomes Y7, Y5 obtained after crossover have strictly less than 21/ ones.
Thus, for ¢ large enough and * = 1 or * = 2,

P(M(Y*,U,{’l,...,U}l’e) - 1---1)

e —2V1
< PUN+- U >0-2V1) < (———
< P )< (757
Therefore
0—2v1
P B,(1) >0, >n X1 < 2( e ) .
Mnfl(Il) = Mnfl(IZ) =0[M,_1 {— 2\/Z

o M, 1() =1, M,_1(I2) = 0. We estimate first the probability that
B, (1) = 2. Since 75 > n, then the chromosome X,,_1(I2) has strictly less
than /¢ ones, therefore at least one of the chromosomes Y;,Ys obtained
after crossover has strictly less than (¢ ++/¢)/2 ones. Suppose for instance
that it is the case for Y7. It is then very unlikely that a Master sequence is
created from Y7 with the help of the mutations. Indeed, for ¢ large enough,
we have

P(M(Yl,Ug»l,...,U}#) =11, H(Y;,1---1) > ({ — ﬁ)/z)

2)e )(5*\/2)/2

< P(Ué’l-l-'"—&-U,ll’e > (f—\/z)/Q) < (m
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Therefore

B,(1)=2,12>n Xn-1 2Xe \ (E—V0)/2
P ) <9 |
(Mnl( 1) = 17Mn71(I2) =0 Mnl) - (2_\/2)

We estimate next the probability that B, (1) = 1. Suppose that a crossover
occurs between X,,_1(I1), X,,—1(I2), i.e., that V;! = 1. Since 75 > n, then
the chromosome X,,_1(I5) has strictly less than v// ones. After crossover,
the probability that one of the two resulting chromosomes Y7, Y has at
least £ — /¢ ones is less than 4 / V/?. Indeed, this can happen only if, either
on the left of the cutting site, or on its right, there are at most /¢ zeroes.
The most favorable situation is when all the ones in Y5 are at the end or at
the beginning of Y5, in which case we have 2v/¢ cutting sites which lead to
the desired result. Now, if a chromosome u is such that H(u,1---1) > v/,
then

P(M(uvUrlfl,...,U}L’z):1...1)
SP(U7171+..,+U71,€>\/Z) < (:\/%)\/Z

From the previous discussion, we conclude that

b Ba)=1Vi=1n>n X,
My _1(I1) =1,M,_1(I2) =01 M,

(5 +2(52)") (Fulom) = Pl —7,0)

We consider now the case where no crossover occurs between the chromo-
somes X,,—1(1), Xn—1(I2), i.e., we have

Vi=0, Yi=X,.1(I), Ya=X, ().
‘We write

P(Bu(1) =1, My_1(I1) = 1, M, 1 (1) = 0,V,; = 0,72 > n| X, 1, My, _1)

- P(M(Xn_l(h),Ui»l,...,UH) — 1.1 A};m)
n—1

Mn—l(Il) = ]., an = 0, T2 2 n
p (M(Xn_l(IQ),Ugvl, UMY =101

M'n,—l(IQ) = Oa an = 07 T2 Z n

Xn—l

Mnfl '
We estimate the last term. Since 75 > n, then the chromosome Y, =
Xpn—1(I2) has strictly less than V0 ones. As before, for ¢ large enough, we
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have

p M(Xpo1(I2), UL, UM) =11
Mn_l(Ig) = 0, an = 0, T2 Z n

Xn—l
Mnfl

e [N
< PU 4+ + U >0-Vl) < (——
= P > ) < (e—x/é)

Thus it is very unlikely that a Master sequence is created from Y5 =

Xp—1(I2) with the help of the mutations. The most likely scenario is

that the Master sequence comes from Y7 = X,,_1(I;). We estimate the

probability of this scenario, and to do so, we distinguish further two cases,

according to whether X, (I1) is a Master sequence or not:

P (M(Xn_l(fl),U}LJ,...,UH) —1...1 Xn1> _
Mnfl(Il) =1, an =0,72>n My

P M(Xpoi (L), UL, .UM =11 X, 1
anl(]’l):l"'l, Mnfl(]’l):l, VJZO, TQZTL Mn,1
M(Xn_l(ll),Urll’l,...7U71L’e) =1---1 Xn—l
+P 1 .
Xpa(I)#1--1, My (1) =1,V, =0, 2 >n | M,
To estimate these probabilities, we make an intermediate conditioning and
we obtain
P M(Xpoy (), UL, UM) =11 Xn-1)
Xpa(l)=1---1, M, (1)) =1,V =0,mg>n | My_1 | —
P(M(1~~~1,U}l’1,...,U}l’4) :1-.-1)
P Xpno1(l1)=1---1 Xn1
My (L) =1V!=0,72>n| M,

< (1=pan)" (1 = po) (Eum(m) = Fn(m = N; ).

Indeed, the number of Master sequences present in X,,_1 is IV,;_; and the
probability of selecting a Master sequence in X,,_1 is at most (F,,(m) —
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F,,(m — N}_;)). In a similar way,

P M(anl(fl),U}L’l,...7Urll’é):1---1
Xp1(I)#1--1, My i (1) =1,V =0, 72 >n

Xn—l(Il) =U X
Y P(M@ UM, UM =1 1)P My i (I)=1]| 2nrt
Mnfl
u#l-1 Tog >N
Xpn1()#1---1 | Xy
<
< puP <Mn—1(11) =l,n=>n| M,

< pm (Fm(m) — Fp(m — Tn—l)) :
Putting together the previous inequalities, we obtain

P(B ( )—1 Mn 1(1 —1Mn 1(.[2)—0 7'2>7’L|Xn 1,Mn_1)

)
=i

< (& +222)) (- ) + (2) ™+
(1—par) <1—pc>(Fm<m>me<man_1>) a1 (Fn(m) = Fra(m =Ty 1))
o M, 1(I1) = M,_1(I3) = 1. In this case, we have
P(Mu_1(I1) =1,My_1(I2) =1,72 >n| Xn_1, My_1)

< (Fm(m) — Fp(m — T,H))2 .
In conclusion, we obtain the following inequalities:

P(Bn(l) = 257-2 >n ‘ Xn—la Mn—l) <
e =2Vt 2X\e \ (E—VD)/2
_C 4 228
(e— NZ) (z— \/Z)
P(Bn(l) = 1;7—2 >n | Xn—h Mn—l)

<
e -2V e\ Ve
Q(K_AM)E T ( jz + 4 jz) ) (Pum) = Fonlom =T, 0)

e 7\/7
)+ 20— ) (1 =) (Palm) = Fom = V)

+ 2 (Fm(m) — Fyp(m— Tn_1)> + (Fm(m) — Fy(m — Tn_l))2 .

n (Fm(m) — Fy(m - T,H))2 ,

+2(

In order to incorporate the event {7 > n } in these inequalities, we condi-
tion with respect to the whole history of the process as follows: for * = 1
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or x = 2,

P(Bn(].) =%, T Z n | Xn—la Mn—la [N ,Xo, M())
< Uron}P(Ba(1) = | X1, My_1) .
Let € > 0 be such that (14 5¢)m < 1. We use next the hypothesis on the
selection function: there exists ¢ > 0 such that, for m large enough,
1 F, F T, <1 P
{'rzn}( m(m) — m(m - n—l)) >~ {TZ’H,}E n—1 > W

Moreover, for m large enough,

n—1-

1{72n}(Fm(m> — Fp(m — N;71)> < Iirony

Thus there exists a constant ¢ > 0 such that, for m, ¢ large enough,

1 ?
I{TZW}P(BTL(I) =2 | Xn—lv Mn—l) < ﬁ + W 5
1 8 ¢
1{7'2'”}P(Bn(1) =1 | anlv Mnfl) S ﬁ + WW
2 * ¢ c 62
+ o (L4l rony Nooa (L= pa) (1= pe) + 20M —7 + —75-

We rewrite the previous inequalities in the case £ = m. First, we have, for
a positive constant c,

C

P(B.(1)=2,7>n| Xy 1, My_1,..., X0, Mp) < 7

Moreover o(1 — pps)™ > m, whence

1
vo< ——1 .
Py S n(rn/o)

For m large enough, we have therefore

1+80+2c+02 2
m2 T Jmmad T PMsa T s =

and it follows that

P(Bn(1)=1,7>n|Xu_1,Mu_1,...,Xo, M)
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Coming back to the initial equality for N, we conclude that, for m large
enough, the law of N 1¢.>,y is stochastically dominated by the sum of
two independent binomial random variables as follows:
" m 2 N m c
Nplirsny = 5(57 Eﬂ(l + 25)1{Tzn}an1> + 23(5, W) .
For m large, these two binomial laws are in turn stochastically dominated
by two Poisson laws. More precisely, for m large enough,

(1 _ %77(1 n 25)1{T2n}N;_1)m/2 > exp ( (14 36)1{7271}1\7;_1) ,
(1- cm_?’/Q)m/2 > exp(—e).
Lemma C.1 yields then that
Nil{rsny = P(r(1+3e)Ny_11{r5n1) +2P(e).

The point is that we have got rid of the variable m in the upper bound, so we
are now in position to compare N;1¢ >, with a Galton-Watson process.
Let (Y;))n>1 be a sequence of i.i.d. random variables with law P (7 (14 3¢)),
let (Y,/),>1 be a sequence of i.i.d. random variables with law P(g), both
sequences being independent. The previous stochastic inequality can be

rewritten as
N:L— 1 1{ T>n}

Nilromy = () W) +2v7,
k>1
This implies further that

Ny 1 1l¢r>n-1}

Nilgezny 2 ) (Mi+2). &
k>1

Let v* be the law of Y{ +2Y{" and let (Z;),>0 be a Galton—Watson process
starting from Zy = 1 with reproduction law v*. We prove finally that, for
m large enough,

We suppose that m is large enough so that the stochastic inequality (*)
holds and we proceed by induction on n. For n = 0, we have

Nilirsoy = 1< 25 = 1.

Let n > 1 and suppose that the inequality holds at rank n—1. Inequality (x)
yields

N;711{72n71} Z;’;fl
Nilisay = Y (W+2v)) = Y (W+2vy) = 23
k>1 k>1
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Thus the inequality holds at rank n and the induction is completed. More-
over we have

E(*) = E(Y{ +2Y{") = 7(1+5¢) < 1.
Thus the Galton-Watson process (Z}),,>¢ is subcritical and this completes
the proof of proposition 5.3. ]
We close this section with a bound on 79, which will be useful when applying

proposition 5.3.

Lemma 5.4 For m > 2 and for ¢ large enough, we have
1 1/4
P(ngglnﬁ) < 1—exp(—mexp(—£ ))

Proof. If 5 < n, then, before time n, a chromosome has been created
with at least v/¢ ones, and whose genealogy does not contain the initial
Master sequence. We shall compute an upper bound on the number of
ones appearing in the genealogy of such a chromosome at generation n.
Let us define

vn>1 D, =max {{— H(X,(i),1---1):1<i<m, M,(i)=0}.

The quantity D,, is the maximum number of ones in a chromosome of the
generation n, which does not belong to the progeny of the initial Master
sequence. These ones must have been created by mutation. Let us consider
a chromosome of the generation n+1, which does not belong to the progeny
of the initial Master sequence. The number of ones in each of its two parents
was at most D,,. After crossover between these two parents, the number
of ones was at most 2D,,. After mutation, the number of ones was at most

14
Dn+1 S 2Dn+max{ZU;,11§Z§m}
j=1

We first control the last term. Let n > 1 and let us define the event &£(n)
by

4
E(n) = {Vie{l,...,m} Vke{l,...,n} S UM < 41/4}.
j=1

We have
Plew) = (1- (S0 = 1)

31



The law of the sum Z§:1 U7 is the binomial law B(£, par). Let A > 0 be
such that 7/ > exp(—\). We have then

T
(1—pm)' =

o(l=pc) —
By lemma C.1, the binomial law B(¢, pas) is stochastically dominated by
the Poisson law P(A). Using the bound given in lemma C.2, we obtain
Ae
PEEm) 2 (1= (77)

that, for £1/4 > X,
)mn
whence, for ¢ large enough,
P(ew) = e (- mnesp (19,

Suppose that the event £(n) occurs. We have then
VEke{0,....n—1}  Dyy1 < 2Dy + 014,

> exp(—=A).

S

o1/4

Dividing by 2**! and summing from k = 0 to n — 1, we get

n—1 1/4 1/a
D”§2z:2k+1§2Z :
k=0

Therefore, if 2" < /% and if the event £(n) occurs, then 75 > n. Taking
n = (Inf)/5, we obtain the estimate stated in the lemma. O

5.4 Proof of theorem 2.1

We complete here the proof of theorem 2.1. The hypothesis of theo-
rem 2.1 allows to apply proposition 5.3. Thus there exists a subcritical
Galton—Watson process (Z,5),>0, with reproduction law v*, which dom-
inates stochastically the process (N;1f;>n})n>0. A standard result on
Galton-Watson processes (see for instance [1]) ensures the existence of a
positive constant ¢*, which depends only on the law v*, such that

VYn > 1 P(Z} >0) < exp(—cn).

Let k,c; be as in proposition 5.2. We suppose that x < 1/5, so that we
can use the estimate of lemma 5.4. We have then

P(TO >mlnm) <
P(ro > klnm, 7 < klnm) + P(N["RlnmJ >0, 7> klnm)
< P(Tl < filnm) + P(T2 < ﬁlnm) + P(anlnmj > O)
1

me1

+ 1 —exp(—mexp ( — m1/4)) + exp(—c*|kInm]).
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This inequality yields the estimate stated in theorem 2.1.

6 The quasispecies regime

For A € R and a population z, we define N(z, \) as the number of chro-
mosomes in z whose fitness is larger than or equal to A:

N(z,A) = card {1 e {1,....,m}: f(z(@) > A}.

We shall couple the processes (N(X,,A))nen, A € R, with a family of
Markov chains (Nn(t7i))n>t’ t € N. We study then dynamics of these
Markov chains. B

6.1 The auxiliary chain

Here, we couple the genetic algorithm with an auxiliary chain. For n > 1,
let Ty, : {1,...,m}? — {0,1} be the map defined by

Vi,je{l,...om} Tu(i,j) = {1 i Z(S) zm—i+l

0 otherwise
Recall that the map Z is defined together with the selection map S. In
fact, the map T, (4, j) is equal to one if the j—th chromosome chosen during
the selection at time n is among the best ¢ chromosomes of generation n.
For each n > 1, we define also a map ¥, : {0,...,m} — {0,...,m} by
setting

Vie {0,...,m}
4

zm:( — vl H UJk)

Jj=1 k=1

The map V¥, (i) counts the number of chromosomes in generation n + 1
which have been obtained by selecting a chromosome among the best
chromosomes of generation n, and for which there was no crossover and no
subsequent mutation. For any j, the map 4 — T',(¢,7) is non—decreasing,
therefore the map ¢ — W, (i) is also non—decreasing. For ¢t € N and i €

{1,...,m}, let
(Na(t, i))nzt
be the Markov chain starting from i at time ¢ and defined by

Vn >t  Npyi(ti) = U (Ny(t,1)).
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Since the map W¥,, is non—decreasing, then the coupling defined above be-
tween the chains (Nn(t,i))n>t, i€{1,...,m}, is monotone, i.e., we have
Vn>t Vi<j  Nu(t,i) < Nu(t,j).

This implies in particular that the Markov chain (N, (¢,%)),>+ is monotone
(see appendix B for the precise definitions).

Proposition 6.1 For any t € N and A\ € R, we have
Vn>t  N(X,,A) > Ny(t,N(X¢, N).

Proof. Let us fix A € R. At time ¢, there is equality. We prove
the inequality by induction over n. Suppose that the inequality holds at
time n > t. The value ¥, (N(X,,\)) is a lower bound on the number
of chromosomes in generation n + 1 which are an exact copy of one of the
chromosomes of generation n which have a fitness larger than or equal to A.
Therefore

N(Xpi1,A) > \Iln(N(Xn,)\)).

Using the inequality at time n and the monotonicity of ¥,,, we get
\I!n(N(Xn,/\)) > ‘l/n(Nn(t,N(Xt,)\))) = Nn+1( N(Xt,A)).

The induction step is completed. (I

6.2 Transition probabilities of N,

To alleviate the notation, we suppose that the Markov chain (Nn(t7 i))n>t
starts at time 0, we remove t,i from the notation and we write simply
(Np)n>o0- Let us compute the transition probabilities of (Ny,)n>0. The null
state is absorbing for the Markov chain (N,),>0. By definition, we have

m 14

W21 Now = 3 (Ealnd) (- V) TT0 - 019)

j=1 k=1

The random variable N,y is a sum of m identically distributed Bernoulli
random variables, whose parameter depends on the value of N,,. Yet these
random variables are not independent, because the crossover creates a
correlation between two consecutive chromosomes (through the variable
VnU /21 ). In order to get rid of this correlation, we first count the number
of crossover occurring in generation n, and then we sum over the indices
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where no crossover has taken place. Let B, be the random variable defined
by

m .
angf;‘/n].

The law of B,, is the binomial law B(m/2,1—p¢). Conditionally on N,, = 4,
the law of N, 1 is the same as the law of the random variable

2B,

E i
Yk B

k=1

where the variables Y}/, k € N, i € {1,...,m }, are Bernoulli i.i.d. random
variables (independent of B,, as well) with parameter

em(i) = (Fn(m—i+ 1)+ -+ Fpu(m))(1—pm)-.
Finally, we have fori € {1,...,m} and j € {0,...,m},

P(Npy1=j|N,=1) =
m/2

2 <mb/2> (1= pe)'pg*" <2]b> em (1) (1 — ()27 .

b=0

6.3 Large deviations upper bound

The formula for the transition probabilities is very complicated, so we will
study its asymptotics as m goes to oo. The goal of this section is to prove
the large deviations upper bound stated in proposition 6.4. We do not
have a genuine large deviations principle for the chain (N,)n>0, because
there is some freedom left for the parameters pc, pas, £. In order to derive
a corresponding lower bound, we would have to fix the limiting value of p¢
and (1 — pys)¢. However we wish to focus on the role of the parameter T,
and for our purpose, we need only a large deviations upper bound under
the constraint
m=o(1—pc)(1—pu).

For p € [0,1] and ¢ > 0, we define

t 1—-t

thh=+(1—-t)ln—— 0<p<1,0<t<1
P lL—p

I(p,t) = 0 t=p=0ort=p=1
400 (pef0,1},t#p)ort>1lorp>1

The function I(p,-) is the rate function governing the large deviations of
the binomial distribution B(n,p) with parameters n and p. It is standard
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that I is lower semicontinuous with respect to ¢, yet we will need a little
more, as stated in the next lemma.

Lemma 6.2 The map I(p,t) is sequentially lower semicontinuous in p, ¢,
ie., for any p € [0,1], t € RT, any sequences (p,)n>1, (tn)n>1 converging
towards p, t, we have

liminf I(p,,t,) > I(p,t).

n— oo

Proof. We need only to distinguish a few cases. For 0 < p < 1, the result
is straightforward. If p=0and ¢t > 0, or if p =1 and ¢ < 1, we check that

liminf I(py,t,) = +oo.

n—00
If p=t=0orif p=t=1, the inequality holds since 1(0,0) = I(1,1) = 0.
(Il
We define, for s €]0,1], ¢t € [0, 1],
(1-F(l—s))m t\
o(1-p) ’5) '
0<p<1-T1<B<1).

Vi(s, 1) = inf{ %1(1 —p,B) + 51(

We set also V71(0,0) = 0 and V3(0,¢) = 400 for ¢ > 0.

Lemma 6.3 The map Vi(s,t) is sequentially lower semicontinuous in s, ¢,
i.e., for any s,t € [0,1], any sequences (Sp)n>1, (tn)n>1 converging towards
s,t, we have

liminf Vi (sy,tn) > Vi(s,t).

n—oo
Proof. Let s,t € [0,1]. Let (sp)n>1, (tn)n>1 be two sequences in [0, 1]
which converge towards s, t. For each n > 1, let p,, and 3,, be such that

ngngl_ﬂ-/o-v tngﬁnglv

1—F1—s,))7m t,
211 = o) + por (L2 !

U(l _pn) ’ 577,

By compactness, up to the extraction of a subsequence, we can suppose
that there exist p, 3, ¥ such that

1
<V n7tn -
) < Vst 2

0<p<l-mw/o, t<p<1,

~ ~ t ~
lim p, = p, lim 8, = 5, lim — = 7.
n—oo0 n—o00 n—oco f3,
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Using the continuity of F' and the lower semicontinuity of I, we obtain

~ ~((1—F(1—s))7r ~>.

1
1' 3 f > *I 1_~ I
imin Vl(srmtn) =5 ( p,ﬁ)—Fﬁ o(l—p) 7

n—00
Let us denote by A the righthand quantity. We distinguish several cases:
e ¢>0. We have then 7 = t/3, whence A > Vi (s, t).

o (= O,E > 0. We have then 7 = 0, whence A > V;(s,0).

e t=0,8=0,5>0. We have then A > 17(1—p,0) > Vi(s,0).

e t=0,3=0,s=0. Obviously, A > V4(0,0) = 0.

In each case, we conclude that A > Vi(s,t). This shows that V] is lower
semicontinuous. O

Proposition 6.4 For any s € [0, 1], any subset U of [0,1], we have, for
any n > 1,

. 1 .
lim sup ElnP(Nn_H emU|N, = |[sm]) < —tlglfj Vi(s,t).

m—r oo

Proof. Let n > 1, let ¢ € {1,...,m} and j € {0,...,m}. From
lemma D.1, we obtain that, for any b < m/2,

m/2 m/2—b [ 2b N N2 ]
< b/ ) (1 —pC)bPC/2 b (]) EnL(l)J(l — €m(2))2b J S
1 2b 2b j
exp ( -m {51(1 - pe, E) + EI(em(i), %)} +4Inm + 6) .
We take the maximum with respect to b, we sum and we get

P(Npy1=j|N,=i) < (m+1)x

exp ( -m Ogrglgig/z{%fo fpc,%b> + 2%I(sm(z‘), 2%))} +41nm+6> .

We seek next a large deviations upper bound for the transition probabilities.
Let s € [0,1] and let us take ¢ = |ms|. We first consider the cases s = 0
and s = 1. For s =0, we have €,,(0) = 0 and

0 if 0€mU

P(Noyy €mU|No =0) = {1 it 0emU
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and the inequality stated in the lemma holds. Suppose that s = 1. We

have then
T

Em(m) = (1—pM)Z = m-

It follows that
P(Nyi1 € mU|N, =m) < (m+1)% exp (4Inm + 6) x
1 2b 2b 7r J
o (0 )+ B )

P ( " Ogglglrrrlz/mrenrlnl}f{Q Po + m \o(l—pc) 2b

< 1)? 41 — inVi(1,) .

< (m+1)% exp (4Inm + 6) exp ( mrtréllrjl‘/l( ,t)>
Taking In, dividing by m and sending m to co, we obtain the desired large

deviations upper bound. From now on, we suppose that 0 < s < 1. We
have

lim F,(m—|sm|+1)4+ -+ Fp(m) = 1—-F(1—5s)

m——+00
whence
em(lsm]) ~ (1—F(1—s))(1 —pm)t as m— oo,
Let us set
e(s) = (1-F(1-s)(1 —pu)t.
For any u € [0, 1], we have
1—e(s)
1—em(lsm])l”

In order to bound these terms, we suppose in addition that 0 < s < 1.
Since F is strictly increasing on [0, 1] by hypothesis, then 0 < F(1—s) < 1.
It follows that there exist v and mg(s) such that for m > mq(s),

‘I(sm(Lst),u) 71(5(3)7u)‘ < llnsmifinj)’ + ‘ln

O0<vy < Fy,(m—|sm]+1)+---+F,(m) <1—v < 1.
Let us set
A(s,m) = [1 = F(1 —s) = (Fu(m — [sm] +1) + -+ Fp(m))| .
Since, for any a < 1, any z €]0, 1],

i=rEre
S Ml—zal — 1-2’

‘%ln(l - xa)’
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we have, for m > my(s),

1—e(s) 1
In——| < —A .
’ " —Em(\_smj)‘ ~ (s,m)
Similarly, we have
‘ln £(s) ’ < lA(s,m)

em([sm])

These inequalities hold uniformly with respect to the value of (1 — pa)t.
Let now s €]0,1[ and let U be a subset of [0,1]. Collecting together the
previous inequalities, we have, for any m > mg(s),

P(Nyi1 € mU| N, = [sm]) < (m+1)*x

o ( o osﬁrg?n/zj?%%{%f(l—z?c%b) +:I(Wi)}

+4Inm + 6+ 2mA(&m)> .
v

We are now in position to replace the discrete variational problem appear-
ing in this inequality by a continuous one. Let Vj(s,t) be the function
defined before lemma 6.3. The previous inequality implies that, for any
m > mo(s),

P(Npy1 € mU| N, = [sm]) <
2
(m +1)% exp ( -m ?éill;lVl(s,t) +4lnm+6+ ?A(s,m)) .

Taking In, dividing by m and sending m to oo, we obtain the desired large
deviations upper bound. O

Proceeding in the same way, we can prove a similar large deviations upper
bound for the [-step transition probabilities. For [ > 1, we define a function
V; on [0,1] x [0,1] by
-1
Vi(s,t) = inf {Zvl (Pks Pr41) 2P0 =8, pr =1t,
k=0
pre01]for0<k<l}.

Corollary 6.5 For [ > 1, the [-step transition probabilities of (N, ),>0
satisfy the following large deviations upper bound: for any s € [0, 1], any

subset U of [0, 1], we have

1
lim sup ElnP(NnH emU|N, = |[sm]) < ftlglfj Vi(s,t).

m—r oo
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6.4 Dynamics of N,

Let us examine when the rate function V;(s,t) vanishes. Let m > 1 and
let s,t € [0,1]. By lemma 6.3, the variational problem defining V;(s,t) is
well posed, i.e., there exists p*, f* € [0,1] such that 0 < p* < 1 — /0,
t<p*<1and

(1-F(1—s))m t).

1 * * *
Vils,) = SI(L=p" 8+ B (e S

Thus Vi (s,t) vanishes if and only if

g =1 . (1—F(1—5))7r7 t
B o(l—p*) B
or equivalently
t=(1-F1-5)=.
o

We define a function ¢ : [0,1] — [0,1] by

vrel0,1]  é(r) = (1-F(1-r)=
o

The Markov chain (NV,,),>0 can be seen as a random perturbation of the

dynamical system associated to the map ¢:

20 € [0,1], VYn>1 z, = ¢(zn-1).

Since ¢ is non—decreasing, the sequence (2, )nen is monotonous and it con-
verges to a fixed point of ¢. We have supposed that F' is convex, so that
¢ is concave. Moreover we have ¢(0) =0, ¢(1) = 7/o < 1 and ¢/(0) = ,
therefore:

o If m < 1, then the function ¢ admits only one fixed point, 0, and (2, )nen
converges to 0;

o If 7 > 1, the function ¢ admits two fixed points, 0 and p*(7), and (2, )nen
converges to p*(m) whenever zo > 0.

We can even compute p*(m) for linear ranking and tournament selection:
Linear ranking selection. In this case, we have

2nt 1
(M) = 1 —(1--).
p*(m) ?7*-77*( -

Tournament selection. The non null fixed point is the solution of

* * — g
L p"(m) 44 p7(m) = —
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In the case where t = 2, we obtain
o
“(r) = — — 1.
pr(m) = —

The natural strategy to study the Markov chain (N,)p>0 is to use the
Freidlin—Wentzell theory [23]. The crucial quantity to analyze the dynamics
is the following cost function V. We define, for s, € [0,1],

Vs, t) = l11>1£ Vi(s,t) =

-1

inf inf { Zjovl(pk,pm) tpo=s,pi="t pr€[01]for0<k<i}.

Lemma 6.6 Suppose that 7 > 1. For s,t € [0, 1], we have V(s,t) = 0 if
and only if

e cither s =t =0,

eors>0,t=p*(n),

e or there exists [ > 1 such that ¢t = ¢!(s).

Proof. Throughout the proof, we write simply p* instead of p*(7). Let
s,t € ]0,1] be such that V(s,t) = 0. For each n > 1, let (pf, ... ,pf(n)) be
a sequence of length I(n) in [0, 1] such that

I(n)—1

1
pi =5 by =t D Valoipie) <
k=0
If s = 0, then necessarily pf = - = pf(n) =0 and ¢t = 0. From now on, we

suppose that s > 0. We consider two cases. If the sequence (I(n)),>1 is
bounded, then we can extract a subsequence
B(n) B(n)
(Po ye aPl(¢(n)))

such that I(¢(n)) = [ does not depend on n and for any k € {0,...,1—1},
the following limit exists:

d(n) _
o =

lim p
n—oo

Pk -
The map V; being lower semicontinuous, we have then
VkG{O,...,l—l} Vl(Pk,PkJrl):Oa

whence

Vke{oaal} pk:(vbk(p())
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Since in addition py = s and p; = ¢, we conclude that ¢ = ¢'(s). Suppose
next that the sequence (I(n)),>1 is not bounded. Our goal is to show that
t = p*. Using Cantor’s diagonal procedure, we can extract a subsequence

(pg(n)7 cee ,Pfs(((;()n)))

such that, for any k > 0, the following limit exists:

lim pf(n) = pi

n—oo

The map Vi being lower semicontinuous, we have then
Vk >0 Vi(pr:prs1) = 0,

whence
VE>0  pr = ¢"(po).

We have also V; (p*, p*) = 0. By lemma 6.3, there exist p*, 5* such that
0<p*<l-—m/o, p*<p*<1and

(1-F(1—p")n i)
o(l—p*) B/

Since p* is in ]0, 1], certainly we have 8* > 0. Let ¢ > 0. The map

(- Py 1)
o(l—p*) B~

is continuous at p*, thus there exists a neighborhood U of p* such that

Vil o7 = S1(1-p",5%) + 51 (

t»—)ﬁ*]<

VpeU  Vi(p",p) < €.

Since s > 0, the sequence (¢"(s))nen converges towards p* and ¢"(s) € U
for some h > 1. In particular,

lim pi(") = ¢"(s) € U,

n—oo

so that, for n large enough, pi(n) isin U and

n n 1
Vip*,t) < Vl(p*,pi( )) +V(pi( ),t) < €+ﬁ'

Letting successively n go to oo and € go to 0 we obtain that V(p*,t) = 0.
Let § €]0, p*/2[ and let U =]p* — 6, p* + §[. Let a be the infimum

o = inf{vl(po,pl) SpoEU,pl ¢U}
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Since V; is lower semicontinuous on the compact set U x ([0,1] \ U), then

s, p7) €U ([0,1\T)  a = Vi(pg, p7) -
The function ¢ is non—decreasing and continuous, therefore

o(U) = ¢([p* —0,p"+]) = [d(p* —6),0(p* +6)] .

Since p* is the unique fixed point of ¢ in 0, 1], then ¢(p) > p for p €]0, p*|
and ¢(p) < p for p €]p*, 1[. Therefore we have

pr—=0 < (p"—08) < p(p"+06) < pt+4.

Thus ¢(U) C U and necessarily p} # ¢(p§) and o > 0. It follows that any
sequence (pg, ..., p;) such that

-1

poeU, ZW(Pk,PkH) < o
=0

is trapped in U. As a consequence, a point ¢ satisfying V' (p*,¢) = 0 must
belong to U =]p* — §, p* + 6[. This is true for any § > 0, hence for any
neighborhood of p*, thus t = p*. O

6.5 Creation of a quasispecies

Our goal in this section is to prove a lower bound for the probability of the
creation of a quasispecies around the current best fit chromosome in the
population. The delicate situation is when there is only one chromosome
in the population which has the best fitness. This chromosome might be
destroyed or it might invade a positive fraction of the population. We will
obtain a lower bound on the fixation probability by estimating the prob-
ability that the progeny of the best fit chromosome grows geometrically.
The key estimate is stated in the next proposition.

Proposition 6.7 Let m > 1 be fixed. There exist
(50>0, p>1, c>0, mog=>1,

which depend on 7 only, such that: for any set of parameters ¢, pc, pas
satisfying 71 = o (1 — pc)(1 — par)?, we have

Vm > myg Vie{l,...,[&omj} P(Nn+1§pi|Nn:i)Sexp(—coi).

43



Proof. We recall that, conditionally on N,, = 4, the law of N, is the
same as the law of the random variable

2B,

§ i
Yk B

k=1

where the law of B, is the binomial law B(m/2,1 — p¢), the variables
Yi, k €N, ie {1,...,m}, are Bernoulli i.i.d. random variables with
parameter

em(i) = (Fm(m—i+1)+ -+ Fyu(m))(1—pm)-.
Let € > 0 be such that 7(1 — £)? > 1 and let
m m
m.e) = | F (1 =po)1—2)| +1+ 71 = pc)e.
For m large enough, we have
m
l(m,e) < Z(1=pc).

Let p > 1. We write

2B,

P(ZY,;‘ < pi)

k=1

P(Npq1 < pi| N, =1)

2l(m,e)
< P(B, <l(m,¢)) +P( Y vi< pi).
k=1

We control the first probability with the help of Hoeffding’s inequality (see
appendix E). The expected value of B,, is m(1 — pc)/2 > l(m,€), thus

P(B, <l(m,e)) < exp ( - %(%(1 —po) — l(m7a))2) .

Recall that 1 — pe > 1/0. For m large enough, we have

m m € me me
—(1—pc)— > —(1-po)=—12>———-1> —.
5 I —po)=lm,e) = S(1=pe)g =1 = = 8o
It follows that
m &2

To control the second probability, we decompose the sum into ¢ blocks
and we use the Tchebytcheff exponential inequality. Each block follows a
binomial law, and we bound the Cramér transform of each block by the
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Cramér transform of a Poisson law having the same mean
we choose for the block size

. More precisely,

o fl(m,&) o

1 (1 — pc)E

: +1J,
7

and we define the sum associated to each block of size b:

bj
Vie{l....i} Y= > Y.
k=b(j—1)+1
Notice that Y] follows the binomial law with parameters b, e,,(i). We will

next estimate from below the product be,, (i). By the choice of b and I, we
have

1 m
> = —~ (1=
b - (2l(m,€) T pc)s) :
m g
> (1 — _
l(m,e) > 5 (1 pc)<1 2),
whence m

Let §g > 0 be such that

1
do < 1(1 —pc)&‘.

Let mg > 1 be associated to ¢ as in the hypothesis on F),, (see section 3.1).
We have, for m > mg and i € {1,...,[dom] },

i

em(i) > o(1 —5)%(1 —pur)*

and we conclude from the previous inequalities that
bem(i) > (1—pe)(1—e)?0(1 —py)t = 7(1 —¢)%.
We choose p such that 1 < p < m(1 — €)?, this implies in particular that

p < E(Y]) = bem(i).
We have also that

bi < 2(m,e) — %(1 —po)e +i

< 2l(m,e) : (1 —pcle+ dom < 2l(m,e).
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We have then, using Tchebytcheff exponential inequality (see appendix E):

2l(m,e) bi
P( 3 vi<pi) < P(3 Vi< i)
k=1 k=1

< P(ZYj’ < pi) < P(Z—Yj’ > —pi) < exp(—iA*_Y{(—p)),
j=1 j=1

where A* , is the Cramér transform of —Y7. Let Y/ be a random variable
following the Poisson law of parameter be,,(i). By lemma C.3, we have

Ay (=p) =2 Alyi(=p) = pln( ) — p 4 bem(i).

P
bem (1)
The map

A*—)pln(%) —p+A

is non—decreasing on [p, +o0o[, thus

Atyu(—p) > pln (%&_)2) —ptal-e).

(1
Let us denote by ¢ the righthand quantity. Then ¢ is positive and it de-
pends only on p, 7 and e. Finally, we have for m > my, i € { 1,...,[dom] },
2l(m,e)
P( Y vi< pi) < exp(—coi)
k=1
whence

. ‘ m &> .
P(Npy1 < pi| Ny =i) < eXp(*?TQ;) + exp(—coi) .

Let n €]0, 1[ be small enough so that

2

sz (< 52) < o () (1o ()

For m > max(mg, m1) and i € { 1,..., [6om] }, we have
P(Npy1 < pi| Ny =1i)
< exp ( - n%) (1 — exp ( — 17%0)) + exp ( - m'co)
iCO
)

< exp(—n7
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and this inequality yields the claim of the proposition. ([

We define
To :inf{nZl:Nn:O}.

For § > 0, let T'(6) be the first time the process (IV,,)n>0 becomes larger
than dm:
T(¢) =inf{n>0:N,>dn}.

Proposition 6.8 Let m > 1 be fixed. There exist dg > 0 and py > 0 which
depend only on 7 such that

Ym >1 P(T(60) < klnm, 70 > T () |[No=1) > po.
Proof. Let T} be the first time the process (Ny,)n>0 hits k:
T, = inf{n>0:N,=k}.

Let &g, p > 1, ¢p, mg be as given in proposition 6.7. We suppose that the
process (Ny)n>o starts from Ny = 1. Let £ be the event:

£ = {VkE {1,...,L(50mJ} NTk-i-l >pNTk}~
We claim that, on the event £, we have
Yn < T'(dp) Npt1 > pN,, .

Let us prove this inequality by induction on n. We have Ty = 0 and
N7 > pNy, so that the inequality is true for n = 0. Suppose that the
inequality has been proved until rank n < T'(dp), so that

Vk <n Niy1 > pNy, .
This implies in particular that
Nog < N1 < ... < N, < mdg.
Suppose that N,, =i. The above inequality implies that T; = n and
Nr, 41 = Npy1 > pNp,

so that the inequality still holds at rank n + 1. Iterating the inequality
until time T'(dp) — 1, we see that

Nrigy—1 > pT )=t
Moreover Np(s5,)—1 < mdo, thus
1
T(50) < 1+ 20m%)
Inp
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Let mq > 1 and k > 0 such that

ln(mdo)

Ym > my 1+
Inp

< klnm.

The constants mq, k depend only on dg and p, and we have
P(T((so) < klnm, 19 > T((so) | Ny = 1) > P(S) .

By lemma A.2, the random variables Np, 11, k < dym, are independent. To
be precise, we cannot directly apply lemma A.2, because the Markov chain
(Np)n>o0 has an absorbing state at 0 and therefore it is not irreducible. So
we consider the modified Markov chain (N )n>0 which has the same transi-
tion probabilities as (N, ), >0, except that we set the transition probability
from 0 to 1 to be 1. The event we wish to estimate in the lemma has the
same probability for both processes. Indeed, we require that T'(dp) < klnm
and 79 > T(dp), so that the processes do not visit 0 before T'(dy). Using
proposition 6.7, we obtain, for m larger than mgy and mq,

[Somn ]
P(‘S) 2 H P(NTk+1 >pNTk)
k=1
[Somn ]
— H (1—P(N1 gpk|N0:k))
k=1
[Somn ]

H (1 — exp(—cok) ) 10__"[ (1 — exp( cok)) .

k=1

Y

The last infinite product is converging. Let us denote its value by p;. Let
also

p2 = min {P(T(§0) < klnm, 79 > T (o) | No = 1) : m < max(mg, m1) }

The value ps is positive and the inequality stated in the proposition holds
with po = min(p1, p2). O

Lemma 6.9 Let m > 1 be fixed. For any § > 0, there exist h > 1, ¢ > 0,
mg > 1, which depend only on § and 7, such that: for any set of parameters
0, pc, par satisfying m = o (1 — po)(1 — par)?, we have, for any m > mo,

P(Ny >0,...,Ny—1 >0, Ny > m(p* —6) | No = |mé]) > 1—exp(—cm).

Proof. Let § > 0. The sequence (¢™(9))nen converges to p*, thus there
exists h > 1 such that ¢"(5) > p* — §. By continuity of the map ¢, there
exist po, p1,---,pn > 0 such that pg =6, p, > p* — § and

Vk€{177h} ¢(pk—1)>/’k~
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Now,
P(Ny>0,...,Ny—1 >0, N, > m(p* —0)| No = [md]) >
P(Vke{l,...,h} Nkzmpk|No:Lm6j>.
Passing to the complementary event, we have
PEke{l,...,h=1} Np=0 or N, <m(p*—6)|No=|md])
< P(er{l,...,h} Ny, < mpp| No = Lméj)

< Z P(N1 >mp1,...,Ng—1 > mpp_1, N <mpy | No = Lm5J)
1<k<h

< Z Z P(Nk_l =14, N < mpy | No = Lmdj)

1<k<hi>mp_1

<> ¥ P(Nk<mpk|Nk_1:i)P(Nk_lzi\NO:Lméj)

1<k<hizmpr-1
< Z P(N1 <mpy | No = Lmﬂk—d) -
1<k<h

The large deviations upper bound for the transition probabilities of the
Markov chain (N,),>0 stated in proposition 6.4 implies that

Vke{l,...,h}

1
limsup — lnP<N1 <mpy|No = mek_lj)

m—0o0 m
< —inf {Vl(pk,l,t) < pk} < 0.
Since h is fixed, we conclude that

1 _ -
hmsume(er{l,...,h 1} Ne=0
m

m—o0

o WS mlr — 6] (NO = Lm5J> <0
and this yields the desired estimate. ([
With the estimate of lemma 6.9, we show that the process is very unlikely
to stay a long time in [md, m(p* — 9)].

Corollary 6.10 Let w > 1 be fixed. For any § > 0, there exist h > 1,
¢ > 0, mg > 1, which depend only on § and 7, such that: for any set of
parameters £, pc, pyr satisfying 7 = o(1 — pe)(1 — pas)?, we have, for any
m Z mo,
Yk € [mé,m(p* —98)] ¥n>0

P(méSNt <m(p*—9) for 0 <t <n|Np :k) < exp(—cm{%D.
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Proof. Let k € [md,m(p* —d)]. Let 6 > 0 and let h > 1 and ¢ > 0
be associated to § as in lemma 6.9. We divide the interval {0,...,n} into
subintervals of length h and we use repeatedly the estimate of lemma 6.9.
Let ¢« > 0. We write

P(mégNt <m(p*=9) for 0 <t < (i—i—l)h\No:k) =

> P(mdé < Ny <m(p*—6) for 0 <t < (i+1)h, Nip = j| No = k)

sm<j<(p* —6)m

= Z P(mégthm(p*—5)forOStSih,Nih:ﬂNo:k;)
sm<j<(p*—8)m

xP(méSNtSm(p*—é) forihgtg(i+1)h|Nih=j)

< > P(md < Ny <m(p*—6) for 0 <t <ih, Ny =j|No=k)
Im<j<(p*—38)m

x P(Ny <m(p* —68) | Ng = |mé])
< P(m5 <Ny <m(p*—96) for 0 <t <ih|Ny= k) exp(—cm) .
Iterating this inequality, we obtain
Vi >0 P(md <N <m(p*—9) for 0 <t <ih|Ny= k‘) < exp(—cmi) .

The claim of the corollary follows by applying this inequality with 7 equal
to the integer part of n/h. O

6.6 The catastrophe

We have computed the relevant estimates to reach the neighborhood of p*.
Our next goal is to study the hitting time 7y starting from a neighborhood
of p*. Since we need only a lower bound, we shall study the hitting time
of a neighborhood of 0. For § > 0, we define

nginf{nZO:Nn<m5}.

Proposition 6.11 Let m > 1 be fixed. For any § > 0, there exists mg > 1,
which depend only on § and 7, such that: for any set of parameters ¢, pc, pas
satisfying 71 = o(1 — pc)(1 — par)?, we have
Ym > mg Vi > [(p* — d)m] Vn > 1

P(15 <n|Nog=1) < nexp(—mV(p*—6,6) +md).
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Proof. Let i > [(p* — d)m|. The strategy consists in looking at the
portion of the trajectory starting at the last visit to the neighborhood of
p* before reaching the neighborhood of 0. Accordingly, we define

S:max{ngT(;:Nn>(p*—5)m}.

Notice that S is not a Markov time. We write, for n,k > 1,

P(T(;Sn\Nozi): Z P(T(;:t,S:5|N0:i)
1<s<t<n
= Z P(T(;:t,S:s|N0:i)+ Z P(T(;:t,S:s|N0:i).
1<s<t<n 1<s<n
s<t<s+k s+k<t<n

Let A > 1 and ¢ > 0 be associated to J as in corollary 6.10. For 1 < s <mn
and t > s + k,

P(rs=1t,5=5s|No=1)

= Z P(rs=t,8=35 Nyy1=3j|No=1)
mé<j<(p*—d)m

dm < N, < (p*—d)m .
= > P(fors+1§r§t—1 NS“*])
mé<ji<(p*—8)m

< e (- en| =37,

h
whence
Z P(ngt S’:s|N0:i) < anexp(—cmtuJ).
’ - h
1<s<n t>k
s+k<t<n

Forl<s<t<nandt<s+k,
P(rs=1t,5=5|No=1)
< Z P(rs=t,8=s Ny=j|No=1)

Jj>(p*—d)m
< Y P(Ni<ém|N,=j)
Jj>(p*—38)m
< mP(Ny—y < dm|No = [(p* —O)m]),
whence
Y Pln=t S=s|Ng=i) <
ocicar n S mP(N, < 6m|No = (5" — 8)m) ).
1<t<k
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Putting together the previous inequalities, we obtain

P(T5§n|N0:i) < nzkmexp(—cmv_hlJ)
+n Y mP(Ny <m|No=[(p*—)m]).

1<t<k

We choose k large enough so that

lim sup ;m(Zmexp(—cmV_hlJ>) < =V(p*—4,0),

m—00 >k

and we use the large deviations upper bound stated in corollary 6.5 to
estimate the second sum:

lim sup iln ( Z mP(N; < dm|No = |(p* — 6)m] )>

m
m—o0 1<t<k

< _1§1£k‘/t(p _675) < —V(,O _576)'

Therefore there exists mg > 1 such that,
Ym > my P(T§§1’L|N0:i) gnexp(—mV(p*—(Zé)—i—mé).

This proves the proposition. O

Lemma 6.12 Let V* < V(p*,0). There exists 6 > 0 such that
V(p*—46,0)—20 > V*.

Proof. Let V* < V(p*,0). Let £ > 0 be such that V(p*,0) — 4e > V*.
For § > 0, we have

We bound next V(p*, p* — §) and V(4,0):

V(p*,p* —9) < I((l_F(i_p*))ﬂ»ﬂ*—@ = I(p*,p" —9),

V(5,0) < I(w,o) < -l (pM»

(2 g

and the righthand terms go to 0 when § goes to 0. Thus we can choose
4 > 0 such that

0 < e, V(0,0) < e, Vip*,p*=9) < €.
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We have then
V(p* —6,0) —26 > V(p*,0) =26 — 2 > V*

and the lemma is proved. O

Corollary 6.13 For any V* < V(p*,0), there exist § > 0 and mg > 1
such that

Ym > myg P(15 > exp(mV™*) | Ng = [(p* — 0)m]) > 1 — exp(—md).

Proof. Let 6 > 0 be associated to V* as in lemma 6.12. We apply
proposition 6.11 with § and n = exp(mV™): there exists my > 1 such that

Ym > my P(15 < exp(mV™*) | No = [(p* — 0)m]) < exp(—md).
This is the desired inequality. O

For § > 0, let T(p* — J) be the first time the process (N,)n>0 becomes
larger than (p* — &)m

T(p*—0) =inf{n>0:N,>(p"—0)m}.

Proposition 6.14 Let m > 1 be fixed. For any § > 0, there exist k > 0
and p; > 0, which depend only on 7 and §, such that: for any set of
parameters £, pc, pas satisfying 7 = o(1 — pe)(1 — pas), we have

Ym > 1 P(T(p*—d)gnlnm’Nozl) > 1.

Proof. Let k,dy be given by proposition 6.8. Let § > 0 be associated to
V* as in corollary 6.13. We suppose in addition that § < 9. We have

P(T(p* —6) < 2klnm|No=1)
kInm

> Y Y P(T(p* = 0) < 26lnm, T(8) =k, Ny =i| No =1)
k=1 i>md

klnm

= Z ZP (p* =9) <2/<;1nm‘T =k, Nk:i)
k=1 i>md

x P(T(8) =k, N, =1i| Ny =1)

klnm

= Z ZP (p*—=9) <2xlnm — k|Nofz)
k=1 i>mé
x P(T(6) =k, Ny, =i|No=1)
> P(T(p* —6) < klnm| Ny = [md]) P(T(6) < klnm| Ny =1).
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Let h > 1, ¢ > 0 as in lemma 6.9. We suppose that m is large enough so
that kIlnm > h. Using again the Markov property, we obtain
P(T(p* = 6) < klnm| Ny = [md]) >
P(N1>0,...,Ny_1>0,N, >m(p* —68) | No = [mé])
> 1 —exp(—cm).

Putting together the previous inequalities, and using the inequality of
proposition 6.8, we conclude that for m large enough,

P(T(p* —6) <2klnm|No=1) > (1 —exp(—cm))po.

This implies the result stated in the proposition. O

Corollary 6.15 Let m > 1 be fixed. For any V* < V(p*,0), there ex-
ists p* > 0, which depends only on V* and 7, such that: for any set of
parameters £, pc, pyr satisfying 7 = o(1 — po)(1 — pas)?, we have

Ym > 1 P(10 > exp(mV™) | No=1) > p*.

Proof. Let V* < V(p*,0). Let 6 > 0 and mo > 1 be associated to
V* as in corollary 6.13. Let £ > 0 and p; > 0 be associated to § as in
proposition 6.14. We write

P(79 > exp(mV™) } No=1) >
P(10 > exp(mV*), T(p* —0) < klnm|Nog=1) >

Z P(19 > exp(mV*), T(p* — 0) < klnm, Ny(p—sy =1i| No = 1)
i>(p*—8)m

> Z P(7o > exp(mV™*) | Ny(pe—g) = i, 70 > T(p* — 0))
1>(p*—d)m

P(Nrp(pe—sy =i, 10 > T(p* = 8), T(p* —0) < klnm | Ny = 1)
> P(ro = exp(mV”) | No = [(p* — 8)m])
xP (10 >T(p* = 6), T(p* —6) <klnm|Ny=1).
Since 79 > 75, we have by corollary 6.13 that for m > my,
P(1o > exp(mV*) | No = |(p* = 9)m]) > 1— exp(—md),
whence, by proposition 6.14,

P(19 > exp(mV™)

No=1) > (1 —exp(—md))p: .

For m < myg, the above probability is still positive, and we obtain the
desired conclusion. U
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7 Proof of theorems 2.2, 2.3 2.4, 2.5, 2.6

7.1 Proof of theorem 2.2
Let fi be as in theorem 2.2. By proposition 6.1, we have
Vn>0  N(Xn, fg) > Na(0,1).

Let V* > 0 be such that V* < V(p*,0). By corollary 6.15, there exists
p* > 0, which depends on 7 and V* only, such that

Ym > 1 P(Vn <exp(mV*) N,(0,1) > 1) > p*.

This yields the conclusion of theorem 2.2.

7.2 Proof of theorem 2.3

We apply proposition 6.1 with n = ¢, starting time s, A = A(XS7 Lp*mJ).
By definition of A,

N(Xo A(X, [p'm])) = Lp*m],
therefore
vVt > s N(Xt,A<XS,Lp*mJ)) > Nt(s, Lp*mJ).
If for some time t > s, we have

max f(X,(i)) < A(X;, [p*m]),

1<i<m

then
N (X, A(Xs, [p"m])) = 0,

and from the previous inequality, we conclude that Ny (s, Lp*m]) =0. Yet
P(Ny(s,|[p*m]) =0) < P(ro<t—s|No=[p*m]).

Let V* > 0 be such that V* < V(p*,0). Let 6 > 0 as in lemma 6.12. By
proposition 6.11, there exists mg > 1 such that, for m > my,

P(rp<t—s ’ No = [p*m]) < (t—s)exp(=V*m).
We sum this inequality over s,t such that s < t < exp(V*m/4) to obtain
< * . *
P(Ht <exp(V*m/4) 1I§n{?§nf(Xt(Z)) < Orgg;ctA(Xs, Lp mj))

< Z (t —s)exp(=V*m) < exp(=V*m/4).
0<s<t<exp(V*m/4)

This proves theorem 2.3.
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7.3 Proof of theorems 2.4, 2.5

For E a subset of ({ 0,1 }e)m, we define the entrance time of the genetic
algorithm in F as

T(E) =inf {n>0:X,€E}.

For A € R and k& > 1, we define L(\ k) as the set of the populations
containing at least k& chromosomes with a fitness larger than or equal to A:
LK) = {:1: e ({0,1})™: Az, k) > )\}.

Recall that the quantity A(), ) is defined just before theorem 2.4.

Lemma 7.1 Let 7 > 1. Let V* < V(p*,0). There exist positive constants
0, k*, mg which depend only on 7 and V* such that

YA <7y Vzge LA (p"—d)m]) VYm >mg
* K" —
P(T(L(’y, L(p" —0)m])) > ?(lnm)mQ(pM) AGW) | Xo = xo) <
&5 (Inm)m?(par) ~2M exp (—mV*).
Proof. Let m# > 1. Let V* < V(p*,0). Let § > 0 and mg > 1 be
associated to V* as in corollary 6.13. Let p; > 0 be associated to ¢ as
in proposition 6.14. Let us fix A < v € R. By the very definition of
A(A, ), any chromosome in L(A) can be transformed with at most A(\,~)

mutations into a chromosome of L(¥), and the corresponding probability
is bounded from below by

(pM)A(/\ﬁ/)(l _pM)Z—A(/\ﬁ) )

Let x¢ belong to L()\, 1). The population x(y contains at least one chromo-
some belonging to L(A). By estimating the probability that this chromo-
some is selected, that there is no crossover on it, and that it is transformed
by mutation into a chromosome in L(7), we obtain that

P(X1 € L(~,1) |XO = xo) > F(m)(1 _pc)(pM)A(A,v)(l _ pM)E—A()\,'y) )

The hypothesis on F,,, (see section 3.1) implies that, for m large enough,
F,,(m) > o/(2m). Since we have also 7 > 1, then

1
P(Xy € L(y,1)| Xo = ) > %(pM)A(A,“/) )

Suppose next that X; belongs to L('y, 1). Then the population X; contains
at least one chromosome in L(vy), hence N(X;,v) > 1, and by proposi-
tion 6.1, we have

Yn >1 N(Xn,7) > N,(1,1).
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Thus, by proposition 6.14, there exist £ > 0 and p; > 0 such that, for any
T € L('y, 1), and any m > 1,

P(r(L(v, [(p* — 0)ym])) < klnm + 1| X1 = 21)
> P(T(p*—6) §mlnm—|—1|N1 = 1) > pr.
Combining the previous bounds, we get
Vo € L()\, 1)

P(r(L(7, L(p" = 0)m])) < klnm +1]Xo = 20) > p1 ﬁ(PM)A(A’"’) .

We decompose {1,...,n} into subintervals of length [xlnm + 1| and we
use the previous estimate: we obtain that for any z¢ € L(A, 1) and n > 1,

P(r(L(X 1)) > n, 7(L(y, [(p* = 6)m])) > n| Xo = z) <

(1 —n 21 (pas) (M)) hmn:wr 1JJ .

Let next zo € L(X, [ (p* —&)m]). We use proposition 6.11 and the previous
estimate: there exists mg > 1 such that, for n > 1,

P(T(L(’y, [(p* — 6)mJ)) >n | Xy = zo) < P(T(L()\ l)c) <n | Xo = zo)
+P(7(L(A 1)) >n, 7(L(y, [(p* = 8)m])) > n| X = z)

* 1 n
< mexp (= mV*) e (=g (a0 [ Lt ).

We choose

* 1
* = 8kV n= fn*(lnm)m2(pM)7A()\’7)
D1 2

KR

and for m large enough, we obtain the estimate stated in the lemma. [

Let now Ay < --- < A, be an increasing sequence such that
Ao = min {f(u):ue{O,l}E}, Ar = max {f(u):ue{(),l}z}.

Let m > 1, V* < V(p*,0) and let 6, k*, mg as given by lemma 7.1. We write

< Z( (e, L(o" f§)mJ))fT(L()\k_l,L(p*—é)mj)D.
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Thus, for any starting population zy, we have

% T
* K - 1
P(T < 7(lnm)m2 kil(pM) Ak-1.2%) | Xo = xo) >

P(Vk e{l,...,r} (L " = )m))) = (L1, L(p" = )m)))
< S (nm)m?(par) A | Xo = o)

To control this last probability, we use repeatedly the Markov property and
the estimate of lemma 7.1. Finally, we obtain

* K* - - 3
P(T < ?(lnm)mQ I;(pM) A(Ap—1,Ak) ’XO _ 1.0) >

> H (1 - H*(lnm)mz(pM)*A()"“‘l’A’“) exp ( — mV*)) .
k=1

We complete now the proof of theorem 2.4. We suppose that m > ¢*¢1In/¢
and that py > ¢* /€. Since A(Ag—1, A;) < £ for any k, we have for m large
enough

VEe{l,...,r} &5 (Inm)m?(par) ~APMe-12) < exp (2m/c*).

We take ¢* such that 2/¢* < V*/2 and we obtain, for m large enough,

P(7 < mmym?® S (par) S04 | Xo =
k=1
2@
> (17exp(me*/2)> > %

The bound on the expectation of 7* is a consequence of this estimate and
lemma A.3. This completes the proof of theorem 2.4.

We complete next the proof of theorem 2.5. The proof is a variant of
the previous argument. We take ¢* such that

4 " 2y
v ¢ T VA
We suppose that m > ¢*Aln/ and that pyr > ¢*/¢. Let k € {1,...,7}.
Since A(Agp—1, Ar) < A, we have for m large enough,
k¥ (Inm)m?(ppy) ~AR =12 < (Inm)m?0® < exp (2m/c").

It follows that

* *

>k, >

P(T* < %(lnm)mzfﬁA ’XO = :r()) > (1 —exp(— mV*/Q))[Y >

N =

We conclude as before with the help of lemma A.3.
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7.4 Proof of theorem 2.6
Let V* < V(p*,0) and let § > 0 as in lemma 6.12. Let

A = max { f(u) :ue{0,1}"}.

We apply the estimate on the invariant measure given in lemma A.1 with
the following sets:

V=AW [(p" —0)m]), G =A0N,1)".
We obtain

1(G) < sup P(r¢ <7v | Xo==x) sup E(rv | Xo=y).
eV yeG

Let x € V and n > 1. We have
P(rg <mv|Xo=1) < P(ra<n|Xo=2z) + P(n<71c <7v|Xo=1).

We estimate separately each term. Let i = N (z,A*). Then i > |(p* —6)m|
and

P(rg <n|Xo=2) = PAk<n N(XpA)=0[Xo=z).
From proposition 6.1, if Xg = x, we have
VE>0  N(Xp,A*) > Nu(0,1).
Applying proposition 6.11, we obtain, for m large enough,
P(rg <n | Xo=1z) < P(ro<n | No =1i) < nexp(—mV™).

For the second term, we remark that, on the event {n < 7¢ < 7 }, we
have that

VEe{l,...,n} 1 < Ng(0,1) < [(p*—d)m].

We use proposition 6.14 and we decompose { 1,...,n } into subintervals of
length xInm + 1 to conclude that

P(ﬂ<TG<Tv|X0:1‘) S (1—p1)L#:rH-1J

Putting together the previous inequalities, we have, for n > 1,

P(re < 1v ‘ Xo=1z) < nexp(—mV*) + (1 —pl)L#MJ .
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We take n = m? and we conclude that, for m large enough,

P(TG < Ty f Xo = x) < 2m? exp(—mV™).
Let next y € G. Using the bounds obtained in theorem 2.4 with » = 1 and
A = /¢, we have

VyeG  E(r*|Xo=y) < 2+ (Inm)m® (par) .

Inspecting the proof of theorem 2.4, we see that we have in fact proved
this estimate for 7y (this is a little stronger since 7 > 7*). Thus, for
py > /€, m > c*flnl and m large enough, we have

w(G) < 2m? exp(—mV™*) x (2 + &*(Inm)m? (pM)*é)
< mSexp ( —llnpy — mV*) .

We choose ¢* large enough in order to obtain the conclusion of theorem 2.6.

A Markov chains

We state here some results on Markov chains with finite state space which
we use in the main proofs. In the sequel, we consider a discrete time Markov
chain (X¢);>0 with values in a finite state space £ and with transition

matrix (p(z,y))syee.

Invariant probability measure. If the Markov chain is irreducible and
aperiodic, then it admits a unique invariant probability measure p, i.e., the
set of equations

ply) = > w@)p,y), yeE,
zel
admits a unique solution.

Representation formula. Let us suppose that the Markov chain (X;);>0
is irreducible and aperiodic. Let p be the invariant probability measure of
(Xt)i>0. Let V be a non-empty subset of £. We define

TV = min{nZl:XnEV}.
We have then, for any subset G of &,

Ty —1
1

n(G) = — [ dute) B( > 10X | Xo=2).

This formula can be found in the book of Freidlin and Wentzell (see chap-
ter 6, section 4 of [23]), where it is attributed to Khas'minskii, and in the
book of Kifer [30, 31].
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Lemma A.1 For any subsets V, G of £, we have

w(@) < sup P(TG < Ty | Xo = x) sup E(TV |Xo = y) )
eV yeG
Proof. From the representation formula for the invariant measure, we
obtain that

’val

w(G) < sug E( Z la(Xk) ‘XO = x) .
ze Py

Let us try to bound the last expectation. We denote by E, the expectation
for the Markov chain starting from z. We have

val val
Bo( D 16(X0) = B D lroeriTxrg=y Y. 1a(Xi)

k=0 yeG k=0

val
= Z Ey( Z 1g(Xk))PZ(TG < Ty, X.,—G = y)
yeG k=0
< Z Ey(TV)Pz (TG <17v, XTG = y)
yeG
< sup E, (TV) P, (TG < TV) .

yeG

Taking the supremum over x € V', we obtain the inequality stated in the
lemma. O

For x € &, we define
T(z) =inf {n>0:X, =x}.

Lemma A.2 Let k£ > 1 and let z1,...,x; be k distinct points of £. The
random variables X7(;,)41,-- - X7(z,)+1 are independent.

Proof. We do the proof by induction over k. For k = 1, there is nothing
to prove. Let k£ > 2 and suppose that the result has been proved until rank
k—1. Let x1,...,x, be k distinct points of £. Let y1,...,yx be k points
of £. Let us set

T = min{T(xi):lgigk}.
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Let us compute

P(X7@)+1 =Yt Xr(ap)41 = Uk) =
Z P(X1@)+1 = Y15 X1(@)+1 = U, T = T(3))

1<i<k
= Z P(X1(a)41 = Y15 s X111 = Uk | T = T(2:)) P(T = T(x;))
1<i<k
= Y P(Vj#i Xrw)t1 =y X1=yi|Xo=x;)P(T =T(x;))
1<i<k
= Z plai, y)P(Vj # i Xr,)+1 =y | Xo =) P(T = T(x;))
1<i<k

We use the induction hypothesis:
P(Vji#i Xpwy+1 =yl Xo=y) = Hp(ivj,yj)-
j#i
Reporting in the sum, we get

P(Xq(ay41 = Y15 Xr(a)11 = Uk) =

= > 11 plajy)P(T=T(:) = ] plasiu).

1<i<k 1<j<k 1<j<k
This completes the induction step and the proof. O
Lemma A.3 Let 7 be a stopping time associated to the Markov chain
(X1)i>0. If there exists an integer k and 3 positive such that
Ve el P(r<k|Xo=z) > 8,

then we have
Ve e & E(T|X0:.’£)§

|

Proof. Reversing the inequality, we have
Ve €& P(r>k|Xo=2) < 1-5.

Since the bound is uniform with respect to z, we prove by induction on n
that
Veef Vn>1 P(r>nk|Xo=z) < (1-p8)".
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We compute next the expectation of 7 as follows: for x € &,

[e'S) oo k—1
E(r|Xo==) =Y P(r>n|[Xo=12) <> > P(r>ik+1| X, =z)
n=0 i=0 I=
<N kP(r>ik| Xo=2) < S k(1—B) < g
i=0 1=0
as requested. O

B Monotonicity

We first recall some standard definitions concerning monotonicity and cou-
pling for stochastic processes. A classical reference is Liggett’s book [32],
especially for applications to particle systems. In the next two definitions,
we consider a discrete time Markov chain (X,,),>0 with values in a space
E. We suppose that the state space £ is finite and that it is equipped with
a partial order <. A function f : £ — R is non—decreasing if

Ve,y € € z<y = flx)<f(y).

Definition B.1 The Markov chain (X,,),>0 is said to be monotone if, for
any non—decreasing function f, the function

re€— E(f(Xn) | Xo =)
is non—decreasing.

A natural way to prove monotonicity is to construct an adequate coupling.

Definition B.2 A coupling for the Markov chain (X,,)n>0 is a family of
processes (X7),>o indexed by x € &, which are all defined on the same
probability space, and such that, for z € &, the process (XZ),>0 is the
Markov chain (X,,)n>0 starting from Xy = z. The coupling is said to be
monotone if

Ve,y €& r<y = ¥n=>1 Xy < XY,

If there exists a monotone coupling, then the Markov chain is monotone.
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C Stochastic domination

Let p,v be two probability measures on R. We say that v stochastically
dominates p, which we denote by u < v, if for any non—decreasing positive
function f, we have u(f) < v(f).

Lemma C.1 Let n > 1, p € [0,1], A > 0 be such that (1—p)™ > exp(=\).
Then the binomial law B(n,p) of parameters n,p is stochastically domi-
nated by the Poisson law P()) of parameter \.

Proof. Let X;,...,X, be independent random variables with common
law the Poisson law of parameter —In(1 — p). Let Y be a further random
variable, independent of Xy, ..., X,,, with law the Poisson law of parameter
A —nln(l — p). Obviously, we have

Y+Xi+-- 4+ X, > min(Xy,1)+ -+ min(X,,1).
Moreover, the law of the lefthand side is the Poisson law of parameter A,

while the law of the righthand side is the binomial law B(n, p). O

Lemma C.2 Let A > 0 and let Y be a random variable with law the
Poisson law P(\) of parameter A. For any ¢t > A, we have

PY >1) < (%)t

Proof. We write

)\kft

)\k
P(Y >t) = Zﬁexp(—)\) = o exp(—A)\
k>t k>t ’
tk—t Ae t
< i t< (2=
< 3 et < ()

Let Y be a random variable following the Poisson law P(A). For any ¢ € R,
we have

© Gk

Ay (t) = mE(exp(tY)) = In (Z % exp(—A + kt)) = A(exp(t) — 1).
k=0

For any a,t € R,

Aoy (t) = Ay (at) = A(exp(at) —1).
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Let us compute the Fenchel-Legendre transform A, . By definition, for
r €R,

Ay (x) = ilelﬂg (tx — A(exp(at) — 1)) .

The maximum is attained at t = (1/«) In(z/(A)), hence

Niy(@) = Sl (=) = 2+

Lemma C.3 Let p € [0,1] and let n > 1. Let X be a random variable
following the binomial law B(n,p). Let Y be a random variable following
the Poisson law P(np). For any a € R, we have A} > A%,

Proof. For any t € R, we have
Ax(t) = mE(exp(tX)) = nln (1 —p+pexp(t)) < np(exp(t) —1).
For any a,t € R,
Aax(t) = Ax(at) < np(exp(at) —1).

Thus, taking A = np, we conclude that

vt e R Aoax(t) < Aoy (2).
Taking the Fenchel-Legendre transform, we obtain

VeeR  Aly(a) > Aly(a)

as required. O

D Binomial estimate
We recall a basic estimate for the binomial coefficients.

Lemma D.1 For any n > 1, any k € {0,...,n }, we have

! k -
I+ kIn 4+ (n— k) In " < 2lnn +3.
. n

. El(n — k) n
Proof. The proof is standard (see for instance [19]). Setting, for n € N,

¢(n) =Inn! — nlnn + n, we have

n!

= nlnn—n+¢(n)— (kInk—k+¢(k))— ((n—k)In(n—k)— (n—k)+¢(n—k))
—E 4 60m) — 6(k) — Bl — B).

n

k
= k"~ (n—k)
n— (n—k)In
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Comparing the discrete sum Inn! = 3", , -, Ink to the integral fln Inzdx,
we see that 1 < ¢(n) <Inn+ 2 for all n > 1. On one hand,

p(n) — ¢(k) — ¢(n—k) < Inn,
on the other hand,
o(n) — (k) —p(n—k) > 1—(Ink+2)—(In(n—k)+2) > =3 —2Inn

and we have the desired inequalities. O

E Exponential inequalities
Hoeffding’s inequality. We state Hoeffding’s inequality for Bernoulli

random variables [26]. Suppose that X is a random variable with law the
binomial law B(n,p). We have

YVt < np P(X <t) < exp(— %(np—t)Q).

Tchebytcheff exponential inequality. Let X;,..., X, bei.i.d. random
variables with common law p. Let A be the Log—Laplace of u, defined by

VieR  A(t) =In (/ exp(ts) d,u(s)) .
R
Let A* be the Cramér transform of p, defined by

vz € R A (z) = ilé]g (tx — A(2)) .

We suppose that p is integrable and we denote by m its mean, i.e., m =
Jg ®du(x). We have then

Yo > m P(%(X1+~~+Xn) > x) < exp (—nA*(z)).
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