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Introduction

Charles Darwin was a keen observer. He analyzed animal breeders, their methods, their results.
In his masterpiece On the Origin of Species [17], he recognized that Nature was actually a
gigantic breeder, giving a definition of the concept of natural selection. Indeed, Charles Darwin
was not a great mathematician: “I have deeply regretted that I did not proceed far enough
at least to understand something of the great leading principles of mathematics, for men thus
endowed seem to have an extra sense [18]”. There are no equations in the Origin of Species. The
one problem that the naturalist did not solve concerned the mechanism that could maintain
diversity in a population for natural selection to operate. It is interesting to note how the
answer was present in the same years, as Gregor Mendel, Austrian monk and botanist, was
making his experiments on plant inheritance, using statistical techniques to confirm his results.
Mendel’s work had already been published [63], but not in English, and remained for years
ignored in the Annals of the Brno Academy of Sciences.

Only in the 1900s a simple mathematical equation was formulated, today recognized as one
of the fundamental principles of evolution under sexual reproduction, the Hardy-Weinberg law
[42] (independently found by the British G.H. Hardy and the German physician W. Weinberg):
Mendelian inheritance does lead to maintenance of genetic diversity under random mating.
Mendelian genetics and Darwinian evolution were unified in the new discipline of mathematical
biology in the early twentieth century, when Fisher, Haldane and Wright produced the modern
evolutionary synthesis [27, 39, 94]. Through their work, fundamental concepts of evolution,
selection, and mutation were for the first time embedded in a precise mathematical framework.

This thesis, on the footsteps of these pioneers, focus on population dynamics, the branch
of mathematical biology that studies the composition of populations as dynamical systems
and the biological and environmental processes driving them. We present some classical de-
terministic models of population dynamics and introduce the selection equation (replicator
dynamics) and the quasi-species equation for mutations (see Chapter 1), that presuppose mu-
tations occurring at a homogeneous rate. After that, we recall concepts of Probability theory
(in Chapters 2 and 3) as point processes and stochastic integrals, which will be used in the con-
struction of the models in Chapters 4, 5 and 6. Those models start from the assumption that
mutations must be modeled as rare events that, through jumps, can change the frequencies in
the population. We show in this introduction the fundamental steps.

The first principle of population dynamics is widely regarded as the EXPONENTIAL LAW
OF MALTHUS proposed in the book An Essay on the Principle of Population [55]|, where the
author predicts a difficult future for humanity, assuming that there is an exponential growth of
individuals, but linear growth of food resources. This book was an inspiration for Darwin, who
brought it with him when he embarked on the Beagle. The variation in time of the number
of individuals of a population indicated with x(¢) is linked to a growth rate R, obtaining the
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simple equation & = Rx.

The initial exponential growth of a population sooner or later slows down, and we can
consider the rate R as a linear function of the population z, i.e. k(1 — z). This choice leads
to the LOGISTIC EQUATION (P.F. Verhulst [92]):

The next step is to assume that more than one species can interact with each other, as a
dynamic between prey and predator, as done by Alfred Lotka and Vito Volterra [54]:

T = (Q*By)ﬂ?’
z(0) = 29 € RT,
y(0) = yo € R

where the number of the prey and the predator is indicated respectively by the functions z(t)
and y(t). The parameters « and v takes into account the Malthusian growth of prey and
predator, 8 and J are the interaction terms.

A step further in the development of population dynamics for Evolution occurs when Taylor
and Jonker [88] introduced the REPLICATOR DYNAMICS, a system that describes the evolution
of the frequencies of individuals interacting with each other. Assume a population divided into
D types with frequencies 1, ...,zp, we have then a dynamic for z(¢) on the symplex S”.
The rate of increase of the i-th type @/z is equal to the difference between the reproductive
success of an individuals, i.e. the fitness ®;(z), and the average fitness of the population,

O(x) = 2:Pi(x).
These choices lead to the replicator equation, that can model the essence of selection and
adaptation:
i = i (Di(x) — ®(x)), (1)
1=1,...,D.

The path of the replicator dynamics crosses in the second half of 1900 that of a branch of
mathematics just born and that initially did not seem to have points of contact with Biology,
i.e. Game theory.

Game Theory is a mathematical theory born in the first half of 1900s that, as their creators
John von Neumann and Oskar Morgenstern intended |71, 67| is able to study situations, called
games, where behavior of players (that can be individuals, societies) in strategic and economic
decisions is considered. Game theory was further developed by John Nash [69]. At the basis
of this theory is the concept of rational decision-maker, i.e. individuals that are able to make
decision that maximize an expected advantage, or utility. Take as example the PRISONER’S
DIiLEMMA where two criminals are accused of committing a crime and, after the arrest, are
divided in two different cells, without the possibility of communicating; two choices are given:
betray by testifying that the other committed the crime, or remain silent. Fach pair of choices
made by the criminals provides a certain gain, a greater or lower number of years in jail. The
payoff can be represented using a matrix U:
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where the rows represent the choices of the first player (betray, remain silent), the columns the
choices of the second, while the values are the gain of the first player, based on the strategies
chosen by both. Choosing the best strategy to adopt according to the different payoffs is the
subject of game theory. Interactions of this kind occur in various fields of knowledge such
as Economics, Social Sciences and Philosophy. It was John Maynard Smith that successfully
applied the theory of games to Biology. As he himself says |57|, “paradoxically, Game Theory
is better applied to Biology than to economic behavior, to study which it had been invented”.
According to Maynard Smith the concept of fitness and adaptability fits perfectly with the
utility function of Game Theory, and there are many examples in which biological behaviors
acquire a deeper sense in the light of this theory. Take the behavior of some armed species,
such as stags, that in the face of a conflict for food, territory, or a companion, engage in a fight
that rarely results in a physical confrontation, reducing often to a series of conventional rituals.
This behavior can be explained by a game, called Hawks and Doves. Suppose there are only
two possible behaviors in the population: the first type of stags is aggressive (Hawks) and will
look for the physical fight whenever possible, they will fight until exhaustion if necessary. The
second type of stags is peaceful (Doves) and will tend to avoid the struggles, face to face with
another peaceful they begin a simulated ritual battle until one goes away, face to face with an
aggressive always run away [44]. This game, as the one presented above, can be represented

by a payoff matrix:
G-C G
u=("3 G, ©)
0 3
where G > 0 is the gain after a fight, C' > G is the cost a Hawk pays after losing a physical

fight. When we combine the Replicator Dynamics (1) with GAME THEORY, writing the fitness
as linear functions of an appropriate payoff matrix,

O(x) =Uz, @ (z) = - Ux,

we can dynamically explain what is about to happen: in a population composed almost entirely
of Doves, a few Hawks would increase in number because, meeting only peaceful animals, have
a gain almost equal to G. In a population of aggressive Hawks, on the other hand, it would
be the Doves to win, because their fitness would remain the same while the Hawks would lose
fighting with each other. The system leads the population to converge towards the point of
equilibrium with a fraction of Doves equal to % The solution of the equations is often given
by a dynamic that converge to some stable equilibria, that are evolutionary stable, i.e. formed
by a population that is resistant to the occasional appearance of invasive minorities.

One of the limitation of the replicator dynamics is the fact that it does not take into
account mutations. During replication of a genome, mistakes can happen, and those mistakes
are one of the driving forces of evolution. Then, we deal with models that involve mutations,
starting from the classical QUASISPECIES DYNAMICS, proposed by Manfred Figen and Peter
Schuster [85]:

3)

ip = (O — @) xp + S0, Pimaa,
k=1.....D.



CONTENTS 7

This equation is a variation of the replicator dynamics, with added terms given by the matrix
M = (muk)ik=1,.. D, effective mutations matrix. The new terms describe the effect of muta-
tions on the dynamics: individuals of type ¢ can mutate and turn into individuals of type k,
according to a rate ®;m;; > 0; on the other hand, the frequency of a given type k can decrease
when individuals of that type mutate, ®myr < 0.

In this thesis, we want to highlight how mutations occur at a different time scale than
selection, in rare and random moments. For this reason, most of the models presented explain
the biological mutation processes using stochastic terms. In particular, point process are used
to model the mutation jumps, so, to introduce them, the definition of Poisson random measure
is necessary. We provide here a construction for such a measure, so as to immediately give it
an intuitive interpretation:

Fact. [50] Lel (E,v) be a measurable space, with v a o-finite measure.

e Suppose v(E) < +00. Define X\ := v(E) and let (Ty,)nen be the jump times of a homo-
geneous Poisson process on RY, with intensity \. Let (én)nen be independent random
variables, identically distributed, uniform on (E,v). Then, a Poisson random measure

N (ds,d€) on RT x E can be expressed as

N (ds, dg) =) o7, (ds)dg, (d€); (4)

neN

When the measure v(E) is finite, we can think a Poisson random measure as a sequence of
random points (T}, &,) in the space Rt x E. The values in RT are occurrences of a homogeneous
Poisson that has intensity v(F). For each event T), there is a value &,, uniformly sampled in
E, with measure v (see Figure 1 for a visual representation of the construction of N/).

A stochastic differential equation with jump terms can be therefore formulated in the
following form:

t t
Xt:X0+/0 b(Xs,s)ds—l—/O /EK(XS_,g)N(ds,df).

and we can write:

| [ KXo @sa = 3 K 6

n: Tp<t

a point process, therefore, evolves deterministically according to the function b, up to the first
time 7. At that moment a jump occurs, and the function K is evaluated in the point (77, &;).
After that moment, the system continues to move according to the deterministic term, until
the subsequent time 75, and so on.
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Figure 1: Visual representation of the construction of a Poisson random measure N on R™ x E/
(with v(F) < o0). The jump times T,, n € N are from a homogeneous Poisson process; the
succession of independent marks &,, n € N are uniform on E. The function K acts on the
space RT x E, i.e. on the pairs (T},&,), n € N.

Another classic example of a random process is the one studied by Robert Brown in
1827, i.e. Brownian motion. Once properly formalized, it is possible to include it in the
theory of differential equations. Brownian motion is described by the Wiener process Wi,
a stochastic process, continuous almost surely, with independent increments distributed as
Gaussian random variables. Starting from the Wiener process, it is possible to define the
concept of diffusive stochastic differential equation:

t t
&=%+/M&@m+/ﬂ&@mg
0 0

for 0 <t < T. The drift term b represents the deterministic motion of the system, while
the diffusion coefficient o models the random perturbations due to a Brownian motion. As
mentioned, jump processes will be used to model mutations, while Brownian motion will model
the physical movement of individuals in space.

In the subsequent models we are interested in describing the solutions of stochastic differ-
ential equations in terms of deterministic quantities, such as expected values or probability
density. It is possible to obtain this results using particular partial differential equations, the
Kolmogorov equations (backward and forward). The connection between S.D.E.s and these
P.D.E.s is the infinitesimal generator of a stochastic process, a partial differential operator
that encodes information about the process. The infinitesimal generator of the process X; is
the differential operator A, defined on suitable functions u(x) by:

o E(u(Xy)) - u(x)
Au(z) = }E}% . :

Fact. Let X, the solution of a stochastic differential equation with diffusive and jump terms
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on R":
¢ t t
X = Xo +/ b(Xs, s)ds —|—/ o(Xs,s)dWs -l—/ / K (X,-,&) N(ds, df).
0 0 0 JE

Then the generator A takes the form L+ T, where:

Cu(w) = 3 g (2)bil) + % Sty () [007], (0),
i=1 oy

Tu(z) = [E [l + K (2, )) — u(z)] v(de).

The generator is used in the Kolmogorov backward or Feynman-Kac equation (which de-
scribes the evolution of the expected value of the a process) and its L? adjoint is used in the
Kolmogorov forward or Fokker-Planck equation (which describes the evolution of the proba-
bility density functions of the process). The expected value of a process X at time ¢, starting
from the initial deterministic value x,

u(e,t) = E (R(X (0)e” HAXO x(0) = 2),
can be represented as the solution u(x,t) of the Feynman-Kac equation

{ut(m,t) = Au(z,t) — Az)u(z,t), t>0
u(z,0) = h(x),

when h is the identity function and A = 0. Assuming that the process X; has density o(x, t),
o0 is a solution of the equation

()

or = Ao, for (z,t) € R? x (0,00)
o(t =0) =gy, forz e R?

where A* is the adjoint in L? of the generator of the process, and go(z) the density of Xj.

The model in Chapter 4, presented in [4, 3], is a generalization of the replicator mutator
model (3) and is a starting point for the two successive models, in Chapter 5 and 6. The main
idea is to transform the deterministic term of mutation into a stochastic jump process for the
variable X;, which in rare and random moments brings the type ¢ to mutate and transform
into the type j:

{th = Xo + [y ar(Xs)dt + D itk Jo vk Xi_dNF — D itk Jo Wi X5 dNEL (6)
k=1,....D

The functions agx(X) = (®4(X)— ®(X)) X* are the term of the replicator dynamics with
k=1,...,D. The processes Nt““ model a mutation with a fixed ancestor ¢ and a descendant
of a single different type k, with intensity that depends on the genetic distance between the
type ¢ and the type k but also from the selection: the higher is the fitness ®;(z;-), the more
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types i will reproduce, more often the offspring will suffer mutations ([4]). For this reason the
processes have non homogeneous stochastic intensity Az ®;(X, ). The proportion between the
descendants of individuals of type ¢ showing the type k after a mutation is constant and equal
to vk € (0,1]. Intuitively, the population evolves, starting from time 0, in a deterministic way,
according to the law given by a, until the first mutation takes place, i.e. the first jump occurs,
at time 1. At each mutation event, a random variable selects which of the D genomes mutates,
and in which of the remaining D — 1 it transforms. The probability that the jump from ¢ to j
is chosen proportional to the quantity A;;®; (th—>' After the selection of the pair (i,j), the

actual mutation occurs and the proportion ~;;x; of individuals of type i is transformed into
individuals of type j. From this point the dynamic is deterministic, with altered proportions,
until the following jump.

Starting from model (6), we can obtain Feynman-Kac equations for the expected values:

Owug(z,t) = a(z) - Vug(z,t) + Zug(z,t), ze€ 8" t>0
uy(z,0) =y, xe S,

with the generator of the jump process Z:

Tu(w,t) =Y \i®i(x) [u(e + vijai(e; — ei), 1) — ul(x, 1)].
i#]
In the simplest case, with two species and constant fitness, we can reduce the number of
variables, zg = 1 — x, x1 = x, and write

{&gu + (CI)() — q)l) (1 — l‘)a}axu = Mo folou + MZiu, =€ [O, 1} >0 (7)

u(z,0) =z, z € [0,1]

where
Tou(x,t) = u(x +v(1 — x),t) — u(x, t),

Tiu(z,t) = u(x — yz,t) — u(z,t).

The function u represents the expected value E (z(t)|z(0) = z). We can compare (7) to an
equation of homogeneous transport linked to the replicator mutator (3) and understand that
the expected value of the population quantity of the stochastic equation is greater than or
equal to that of the deterministic case, therefore rare mutations increase the survival oppor-
tunities of the lower-fitness species. The next step is to consider an extension of this model,
that takes into account a factor not sufficiently highlighted in previous models, the presence
of a spatial heterogeneous environment, in which the population can move.

In Chapter 5 we expand the stochastic model presented in [4] to take into account how
the natural environment can modify the interactions between individuals, changing the fitness
functions; results presented have been collected in article [5], published in 2017. To intro-
duce heterogeneous environment we increase the observed variables so that the status of the
population is described by a pair (x,y): as before x € SP stands for the composition of the
population, each x; being the fraction of individuals of a fixed type, while the new variable
y € RY stands for the position of the population in the physical N-dimensional space, or can
be seen as an external parameter that can change fitness values over time.
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Example. Take the two strategy game Hawks vs Doves (D = 2), with the payoff matrix U
as in (2). In this new model, we assume that the cost for fighting can depend of y, C' = C(y),
with the function C' designed so that at y < 0 the cost lowers and the environment becomes
favorable to the Hawks. Otherwise if y > 0 environment is more favorable to Doves, with the
cost of the fight that increases.

The population z evolves according to replicator dynamics with rare mutations (6):

xt—$0+/ $57ys d8+/ /K 71157 (dSadé-)v

where the function a € R has the fitness allowed to depend from the position y, so that
ap(z,y) = 23(®(z,y) — ®(z,y)) ask=1,...D.
Example. The fitness functions for Hawks (z1) and Doves (z2), are respectively
O = (G—-Cy)x1/2+ Gra, P2 = Gaa/2,

then the replicator dynamics (reducing the coordinates only to z € [0, 1], fraction of Hawks)
is

t=xz(l—2)(P1—P2)=x(1—2)(G—-C(y)x) /2.

The environmental variable y changes according to a diffusion with drift:

t t
Yt :y0+/ U(l'syys)ds_‘_/ U($S,y5) dWs,
0 0

where v € RY stands for the wvelocity of the population, ¢ is an N x N matrix and W,
is an N-dimensional Brownian motion, describing the random component of the movement.
Notice that both the drift and the diffusion may depend on the frequency vector x, allowing
retro-actions of population on the environment itself.

Example. In the Hawk vs Doves game, we can take the deterministic velocity field as v = v(x),
assuming that, when the concentration of Doves is high (x ~ 0) the population tends to move
towards the positive y, favorable for the majority, towards the negative y when = ~ 1.

In general we are facing the following model:

.Tt—.IQ—f—/ l’&ys d8+/ /K 7y87 (d57d§)7
(8)
Ut :ZJO+/ (:Usays) d3+/ (l'Says) dWs,
0 0

of which we are interested in studying the macroscopic function o(z,y,t) € [0,1], measuring
the probability of finding a population distribution 2 € SP in the position y € RV at time
t. For instance, we may be interested in understanding, at time ¢ > 0 the probability of
having a high proportion of individuals of a certain type 4, or the probability of finding a high
proportion of individuals of type i near at the origin.

To obtain a law that describes the evolution of the function g, we calculate initially, in
line with the arguments of the model (6), the Feynman-Kac equation of the process, then we
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compute £*, the dual operator in L? of the infinitesimal generator. It turns out that, if go(z, )
is the probability density of the random pair (z¢,yo) describing the initial distribution of the
population, and if the solution (z,y;) to (8) has a sufficiently smooth probability density
o(z,y,t) for t > 0, then it solves the Fokker-Plank integro-differential equation:

d

N
0o — % hkz—1 8§hyk ((aat)hkg) + div, (ea) + divy (ov) = ; T (®;0) (©)

Q(J:‘, Y, 0) = QO(xa y)v

in the closed set (x,7) € S x RY and ¢ > 0. However, there is no reason to expect that the
density function is smooth enough, due to the point process modeling mutation. We therefore
choose to write the Fokker-Plank equation formally and then to settle it in the framework of
viscosity solution theory. This approach has the advantage of asking very few a-priori regularity
and producing well-posed solutions even in this degenerate elliptic, integro-differential case.

A further problem is with operators J;*, which are not continuous with respect to . We
therefore switch to another problem which is set into all R” x RV and is continuous, extending
properly the fitness functions ®;, the drift v, the diffusion ¢ in a bounded smooth way to all
RP x RY and Concerning the initial datum gy, it can be extended as gy = 0 outside S x RN .
Then we solve the following problem:

N d
Oro — %h;I aShyk (00" )nko) + dive (ea) + divy (0v) + co = ; T (®io) (10)

)

o(r,y,0) = oo(,y),

for (z,y) € RP x RY and t > 0. In view of these remarks, we define a solution of the
problem (9) in the symplex S” as a function that solves (10) but that has limited volume,
o(t) € LY(RP x RY) and o(t) > 0 for t > 0. In these conditions, if the support of the initial
datum gq is contained in S x RY_ it can be shown as well that then also the support of o(t)
is contained in S x RY. The following result then holds:

Theorem. Assume that ®;,v € CH(RP x RN), o € C>1(RP x RYN) are bounded together
with their derivatives, with ®; > 0 and 0 > ¢ > 0. Take o9 a Lipschitz-continuous, bounded
function whose support is compact and contained in the interior of SP x RN such that oy > 0
and [[ godzdy = 1. Then there exists a unique viscosity solution to (10). Moreover o(t) €
LY(RP x RN) and o(t) > 0 for all t > 0.

In the final part of Chapter 5 we provide numerical simulations concerning the two strate-
gist game Hawks vs Doves, as presented in the above examples. We perform various simulations
for the probability density obtained both by a Monte-Carlo method starting from the stochas-
tic system (8), and by a finite difference scheme based on the Fokker-Plank equation (9). We
show how equilibrium of the standard replicator-mutator dynamics can be disrupted by the
effect of either random motion or mutations. In some particular cases, the environment itself
allows for the survival of the least aggressive species, as we can see in Figure 2, where the
probability density o(t) is shown. In the simulation we have “fair mutations”, that is, muta-
tions do not favor one strategy in particular. In the figure, with a red line it is represented
the expected value of Hawks for ¢ — oo in absence of mutations, with a blue line the same
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expected value for ¢ — oo in the presence of mutations. In that case

5

lim Elxy] ~ -,

t— 400 9
then the expected value of the proportion of Hawks for ¢ — 400 is lower than the one without
mutations, that is 2/3; we see that including the physical space can favor the persistence of

Doves.

t=1.709 t=7.1777

N\
0.8 1 0.8 NN

0.6 0.6

041 ] 041 —— \)

02r ] 02k

08

0.6

0.4

02F ] 02k

Figure 2: Point-type mutations plus deterministic and Brownian motion, The vector = evolves
according to the game Hawks vs Doves with G function of . The red line represents the initial
value of Hawks and the expected value of Hawks for ¢t — oo in absence of mutations. The blue
line is the same expected value for ¢ — oo in the presence of mutations. Brownian motion has
o = 0.2, the parameters of the jump process are A2 = Ao; = 0.2, v19 = 721 = 0.1, that is one
tenth of the population mutate each jump and we have “fair jumps”.

The model presented and analyzed in the following Chapter 6 is based on model (6) with
rare mutations, but adds the two main concepts of difference between genotype and phenotype
and potentially infinite genome space. The GENOTYPE is the set of characteristics that define
an individual, encoded in the DNA, the information of an organism, replicable and modifiable
due to the random processes of mutations. A “type” of individuals in this model is a group that
shares the same genotype. Each genotype expresses a very specific PHENOTYPE, and the same
phenotype can be the expression of several different genotypes, on which natural selection
acts. The main forces of Evolution, that are selection/adaptation and mutation, act then at
different levels: the environment select the fittest individuals, acting on the phenotype, seen
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in contest as a function of the selective pressures, while the source of evolutionary novelty,
mutation, acts instead by randomly modifying the genotypes, producing new and never seen
before ones.

Genotypes. In Nature, a genome can, in the first instance, be represented by a sequence of
finite length of nitrogenous bases, or a finite string of elements in the alphabet {A,C,T,G}.
Mutations can alter the individual bases, leaving the length intact, or modify for instance
the code in a more substantial way, through deletions or insertions of bases. In this case the
space of the genomes is represented by all the possible strings of finite length in the alphabet
{A,C,T,G}, that has infinite elements, i.e.

U {4,c.1.6y".

neN

In general, we define the POTENTIAL GENOME SPACE as a set G, countable, whose elements
g are the GENOMES. The unknown variable of the complete model, N, indicates a population
of genomes, a vector (infinite) that contains in position k& € N the number n* of individuals
of genotype gi. Only a finite set of genomes are present in the population, therefore only a
finite number of elements is greater than zero (Figure 3). Formally:

Definition. In the space of all sequences of scalars N = (nl, ook .), n* € R such that

n* = 0 except for finitely many n, let Sp° be the subset of the successions with compact

support:
S’ = {N: (nl,...,nk,...> ;P > 0VEk; an < 4o0; D = Hk‘ nk>0}‘ <+oo}

A POPULATION OF GENOMES is an element N € Sg°.

G

ébl Giq gi:a Giy Gis

Figure 3: Starting from a genome space G, a population of genomes NN is defined: the genomes
are shown, with their number. Only a finite number of genomes have number not null.
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Phenotypes and Selection. Similar to the genotypes, a POTENTIAL PHENOTYPE SPACE
is a set F, whose element f € F is a phenotype. Each genotype in G express a phenotype,
therefore the two spaces G and F are linked. Such connection is given by a function, the
GENOTYPE-PHENOTYPE MAP (GP) [36, 1]:

GP:G— F.

A G P map is not injective, because different genotypes may generate the same phenotype. The
set of genotypes that produce a given phenotype is called the Neutral Space of that phenotype.

The space of the phenotypes F is different from that of genotypes G, and we want that
selection acts only on the phenotypes. Selection can not distinguish two individuals that
have the same phenotype, even if they have different genotypes; a phenotype is associated
to a genotype through the GP-map, and a fitness function is to be defined associated to a
phenotype. See Figure 4.

Figure 4: The phenotype-genotype map G P allows genotypes in G to express phenotypes in F,
and it is non-injective. Fitness function ® acts exclusively on the phenotype space, ignoring

g.

Given the concepts of genotype, phenotype and fitness, it is possible to reformulate the
equations of the replicator dynamics (1) for a population of genomes N.

First of all, model (1) studies densities of individuals (or assume the population constant
in number). Since we want the mutation process leading to the formation of small groups of
individuals, of very small absolute number (see next paragraph), we need to transform the
Replicator dynamics into an equation for the number of individuals. This, following [44], can
be done knowing that the Replicator dynamics for d types is equivalent to a Lotka-Volterra
system with d — 1 types. The next step is to add a term of logistic growth, then to rewrite the
equations to take into account the space Sg°. Overall, the differential system (1) is generalized,
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for all g € G, with Ny € Sg°, as:

t
Ny = Ny +/ a(Ny)ds, (11)
0

EL(N) = ZJ':!IJ'GQ n Jig;€9 n

keN

Mutation process. The model (11) without mutations is unnecessarily complex, since the
presence of infinite space is irrelevant if an initial group of genomes Ny can not explore G.
Mutation is the force that generates new genotypes, consequently increasing the dimensionality
of the problem. Intuitively, we want the evolution of initial number of genotypes to change only
according to selection and adaptation (the deterministic term given by a), until a mutation
happens. A mutation will occur randomly in the population, with a temporal frequency
proportional to the total number of individuals. When a mutational event occurs, a small
group of individuals of a given genotype transforms into a new group, with a genotype similar
to that of the progenitors. After the mutation, the process increase in dimensionality, and
continue to evolve deterministically until the next mutation.

o A mutation event occurs. The process is based on a non-homogeneous Poisson of intensity
proportional to the number of individuals in the population A = A(N). The jumps
happen therefore with frequency proportional to the number of individuals.

o [dentification of the mutants. Mutations occur “blindly” by randomly selecting a small
group of individuals with a fixed genome. The choice is proportional to the frequency of
the different types in the population at the time of the mutation.

e Choice of the new genome. Once the genome that changes has been selected, it explores
the space G, changing in a new element of G, which is “near” to him. If we imagine to
follow the evolutionary history of a genome, we would see it moving between one vertex
and another of a graph on G x G, “Evolution is a trajectory through sequence space [73]”;
so we define, fixed g € G, the probability II;; that, if a mutation involves g, it will
mutate in h € G. The choice of the new genome must therefore take into account the
graph on G, shown in Figure 5
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Iiyi, = My (1)

G

1L,
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Figure 5: Example of graph on the genome space G. The arrows have the weights II;; and
represents mutation jumps.
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Combining the deterministic term (11) and the stochastic one (14) we can formulate the
complete process, whose existence and uniqueness is proved at the end of Chapter 6.

{M:M+ﬁﬂ%%ﬁﬁhKW@@N@W&t>o (13)

NUES[EO.

Using the construction (12) for the jump process, and a finite difference algorithm for the
deterministic equation, it is then possible to implement the system numerically (13). An
example, able to summarize the main characteristics of the model, is given by the Fibonacci
GP-map ([36]):

By imposing these characteristics to the jump process, we obtain:

t
Nt:N0+/ /K(NS—,z,u,U)N(ds,d(z,u,v));
0o JE
where the mark space F is RT x [0,1] x (G x G) and K has the following form:

K (N, z,u,v) = 1[0,/\(1\/)](75) Z {1Ik(N)(u)1{a(k)}><g(U)7k (nk, U)} . (14)
keN

As stated in (4), if we let (T},),,cy be a homogeneous Poisson process with intensity Aoz :=

max(A(N)), and we define three collections of independent random variables, (zn),cy ~

Unif (0, Amaz), (Un)peny ~ Unif(0,1), and (U%) o Unif {a(j)} x G), then we can
€

)

rewrite the jump process as
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e a genome in G represents a simplified DNA string, in which the nitrogenous bases are
reduced from four to two, 0 and 1. When a mutation occurs in the genome, the string
can have a punctual mutation, i.e. an element chosen randomly within it changes from
0 to 1 or vice versa; the string can have an insertion, i.e. a 0 or a 1 is added into the
genome, in a random position;

e A genome g of length L, g € {0, 1}L, expresses a phenotype f € F, which is a binary
string of length shorter than L, obtained in the following way:

— starting with the first digit the sequence is considered “coding” until a “stop codon”
is encountered,

— after the stop codon the sequence is considered “non-coding”.

See Figure 6.
read direction
—

stop codon
stop codon

1001011 =
1001011 101011
| Il | 11

coding non-coding coding non-coding

these sequences
represent distinct
/ phenotypes \

1001011 101011

Figure 6: Three examples of genotype sequences, which map two different phenotypes in the
Fibonacci genotype-phenotype map. Reading from the left the sequence is regarded as “coding”
up to the first occurrence of the “stop codon” sequence 11. Thereafter the sequence is regarded
as “non-coding”. FKach possible coding sequence represents a different phenotype, whereas the
non-coding sequence leaves the phenotype entirely unaffected. Figure by [36].

It is then possible to define fitness functions on the phenotypes, and show how the presence
of a structure in the genotype space can change the trend of the process.

In conclusion, in Chapters 5 and 6 we present the two main and innovative models of
population dynamics with random mutations. In the first, published in the article [5], the
presence of a heterogeneous environment, capable of influencing fitness functions, changes
the relative proportions of individuals. In particular cases the physical space can favor the
persistence of low fitness strategy. The second presents the evolution over time of a population
of genomes described by a system of ordinary stochastic differential equations. The importance
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of the difference in action between mutations, which modify the genotypes, and selection,
which through fitness functions changes the proportions between phenotypes, is underlined.
The presence of a potentially infinite space of available genomes makes sure that variants of
individuals with characteristics never seen before can be generated.

To study the relationship between genotype and phenotype, in this thesis the choice was
made to have functions as GP-map, so that each genotype can express a single phenotype; this
assumption is a simplification of reality, as there exists situations in which a single genome can
give rise to different phenotypes, e.g. due to different environments. A further development
could then concern an expansion of the concept of GP-map. Another path of research could
create a link between the two models, presented imagining the influence of a heterogeneous
environment in the genotype and phenotype model; we could therefore obtain a model in
which various populations, interacting with each other through gene exchanges, give rise to
emigration and invasion of more fitted individuals.

In Chapter 9, we present the article A new restart procedure for combinatorial optimization
and its convergence (|83]), written after a collaboration with G. Sebastiani, that deals with
combinatorial optimization, probability and numerical simulation. Although not directly re-
lated to previous differential models, many algorithms are inspired by biological phenomena,
such as the Ant Colony Optimization, or the Genetic Algorithms:

e ANT COLONY OPTIMIZATION [23] simulates the behavior of an anthill in optimizing the
path that connects nest and food. Given a search domain, like the Hamiltonian cycles
on a graph, a certain number of ants are released and start to explore it. During the
exploration, each ant releases a trace of pheromone, which highlights the path it has
made, and which is able to attract the other ants. Initially, a certain number of ants
is placed. Then, in each construction step, each ant moves, based on a probabilistic
decision, to a point of the search domain it has not yet visited. This probabilistic choice
is biased by the pheromone trail. Ants prefer paths which are close and connected by arcs
with a high pheromone trail. After all ants have completed the tour construction, the
pheromone trails are updated, first by lowering them by a constant factor (evaporation)
and then by allowing the ants to deposit pheromone on the path they have visited. If a
path is not chosen, its associated pheromone trail decreases exponentially; this enables
the algorithm to “forget” bad choices over time. The better the ant’s tour is, the more
pheromone is received. In general, paths which are used by many ants and are shorter
will receive more pheromone and therefore will more likely be chosen in future iterations
of the algorithm.

e GENETIC ALGORITHMS [65, 82| are inspired by the theory of Evolution, simulating
replication, mutation, crossing-over and selection. Genetic algorithms have been used by
many researchers as a tool for search and optimization. A finite collection of “genomes”
(the candidate solutions) is given in a model “world”, and a fitness function on this
collection is defined, which has to be maximized. Usually, the number of genomes is
very large prohibiting a complete search. Genetic algorithms provide a probabilistic way
to conduct a search in the space of genomes, given a suitable encoding of the candidate
solutions is strings of symbols. A genetic algorithm comprises three phases: mutation,
crossover and fitness selection. These are applied cyclically and iteratively until some
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condition is satisfied. The model most commonly investigated is the genetic algorithm
with a binary alphabet, where genomes take the form of bit strings.

The article proposes a new iterative procedure to optimize the restart time of a meta-heuristic
algorithm to solve combinatorial optimization problems. Solving a combinatorial optimization
problem (COP) generally consists in finding an element, in a finite research domain, that
minimizes a fitness function. The typical example of COP is the Traveling Salesman Problem
(TSP), i.e. finding the shortest path that connects a given number of points, or cities. Even
if a solution of a COP always exists, finding it often requires a very high computational cost.
Two different search algorithms can be used: exact or heuristic.

Those of heuristic nature guarantee an exact solution only if infinite time is available,
or a suboptimal solution in finite time. The article deals with meta-heuristic algorithms
(MHA), which are heuristic algorithms independent of the particular COP considered. These
algorithms therefore present a methodology for solving a problem, without specifying the
problem in detail. Genetic algorithms and Ant Colony Optimization are of this type.

A natural problem concerns the convergence of this meta-heuristic algorithms. Given
their stochastic nature, they can be studied by probability theory; unfortunately, even when
convergence is guaranteed, algorithms are often too slow to be used in practice. It is in this
contest that the restart procedure is used, which consists in repeating a very high number
of times independent instances of a given MHA, randomly initialized. The best solution,
among those produced, is chosen. With fixed available computational resources, the problem
is to understand how many independent instances to produce, and how long to run them. In
the article a new algorithmic procedure for the restart is proposed, and then it is applied to
instances of (TSP), with hundreds and thousands of cities. As the basic algorithm, Ant Colont
Optimization is used (in a version called Max-Min Ant System).
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Figure 7: A TSP instance with 532 cities. The estimated failure probability as function of
time for the standard Ant System (thick line) and the Restart Procedure (thin line). The
time axis is in logarithmic scale. The failure probability of the Restart Procedure decreases
by several orders of magnitude compared to the standard algorithm.
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Using the new procedure we can show how the failure probability decreases by several orders
of magnitude compared to the standard algorithms (see Figure 7), for equal computational
cost. Therefore, given a certain computation resource, by applying this procedure, we are
far more confident that the result obtained is a solution of the problem analyzed. Further
developments of this procedure could regard preserving its performance and decreasing the
computational cost, working with the control parameters along the iterations.
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Chapter 1

Evolutionary games

1.1 Population dynamics

Population dynamics is a branch of ecological mathematics that studies, through ordinary
differential equations, the interactions between species in an ecosystem and the evolution (in
mathematical sense) of their density over time. In natural ecosystems, thousands of different
species interact by creating the complex structure of the biosphere, making it difficult, if not
impossible, to provide an all-encompassing mathematical description. In the following we will
analyze classical and simple models for the study of one or more populations that, as a first
approximation, consider the effects of the struggle for the exploitation of resources (such as
food) and of the competition between different species living in the same environment.

Malthusian growth model. The simplest model for a single species is the one proposed
by Thomas Robert Malthus in the early 1800s, In his book An FEssay on the Principle of
Population [55] the author predicts a difficult future for humanity, assuming that there is an
exponential growth of individuals, but linear growth of food resources. Let R the growth
rate of a population, due to factors such as the abundance of food and the average number
of offspring, and suppose that this rate is constant. We can then formulate an equation for
the quantity &/z, which represents the variation in time of the number of individuals of a
population indicated with x(¢) and obtain the Malthusian growth equation

T = Rux,

which has the solution z(t) = eff’zg, where xg is the amount of initial population. The
behavior of such a solution is trivial, with an exponential growth for R > 0, a decrease until
extinction for R < 0, a constant population for R = 0.

Despite the simplicity of the model, Malthus’ work, mainly a treatise on sociology and
economics, inspired Charles Darwin and Alfred Wallace in the development of the theory of
natural selection. The Malthusian growth for R > 0 can be used as a first approximation for
the analysis of the dynamics of a population that invades a new territory in the absence of
constraints that limit its expansion, factors that, eventually, become increasingly important,
limiting the speed of growth.

23
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Logistic growth. The initial exponential growth of a population sooner or later slows down,
as there are fewer resources for each individual and therefore a lower growth rate. In the
simplest case we can consider this rate decreasing linearly as a function of x, that is k (1 — z) .
We are assuming in this case that the value 1 is the carrying capacity of the population, which
can not grow further. This choice leads to the logistic equation, first named by P.F. Verhulst
[92]:

= kx(l —x),

z(0) =z > 0.
The behavior of the solution is easy to analyze; the problem can be integrated, has x = 0 and

x = 1 as equilibriums and the explicit solution is:

zoekt

T 1 —xo (1 —ekt)’

x(t)

Assuming a small initial density x¢ and a positive growth rate k, an initial sudden increase in
density occurs, followed by a gradual slowdown, with x(¢) that reaches the carrying capacity.

Lotka-Volterra. Different models consider the interaction between several species in the
same environment; among them the classical example is the system proposed indipendently
by Vito Volterra and Alfred Lotka in 1920s |54, 93|. Volterra, in the years following the First
World War, finds himself analyzing the dynamics of predator and prey among the fish caught
in the Adriatic Sea. The amount of predators had increased considerably compared to previous
years. The war had naturally influenced fishing in those years, but Volterra’s question is how
and why there had been a more favorable increase in predators rather than prey. The dynamic
of the system proposed considers two populations, one of prey, one of predators and build a set
of differential equations. The density of the prey is indicated by the function z(t), while with
y(t) we indicate that of predators. It is assumed that the growth rate of the prey population,
in the absence of predators, is given by a Malthusian growth, with parameter «, positive.
The growth rate decreases linearly as a function of the density of predators y. Predators are
based on the abundance of prey to live and, in the absence of them, the function y decreases
exponentially by a factor —y (with v positive). However, the growth rate of predators increases
linearly with respect to the amount of prey x. The Lotka-Volterra system reads:

T = (Oé - By) z,
35(0) =9 € ]R"‘,
y(0) = yo € RT.

The system, that has RT™ x RT as an invariant set, admits two distinct equilibria, one trivial
with (zo0,y0) = (0,0) and the other
v «
('TanO) = <5a ﬁ) :

Because of the function U(x,y) = vlogz — dx + alogy — By is constant on the solution of
the equation, the dynamics is periodic; the density of prey and predators will oscillate, with
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amplitude and frequency of the oscillations depending on the initial conditions. Thanks to
this model, Volterra is able to give an answer to the problem of the Adriatic Sea: fishing
reduces the rate of increase of the prey and it augments the rate of decrease of the predators.
The average density of predators becomes smaller, the prey’s one larger, than the unperturbed
state: ceasing to fish leads to an increase of predators and a decrease of prey.

1.2 Game theory

Game theory was created, as a unique field, by John von Neumann in 1920s with the paper
On the Theory of Games, followed by the book with Oskar Morgenstern in 1944 [71, 67].
They wanted a mathematical theory that was able to study human behavior when strategic
and economic decisions were to be considered. Infact, Game Theory deals in general with
mathematical techniques to analyze situations, called GAMES, in which two or more individuals,
called PLAYERS, make decisions that influence their own and others’ fitness. Players are always
supposed to be rational decision-makers, i.e. able to make decisions that maximize their
expected fitness. Game theory was further developed by John Nash in 1950, who in his PhD
thesis [69], defined what is now called Nash equilibrium.

To illustrate the kind of problems that the theory tries to treat we can consider a classic
and well-known example since 1950, the PRISONER’S DILEMMA.

Two criminals are accused of committing a crime. The investigators arrest them both and
close them in two different cells, preventing them from communicating. Each prisoner is given
the opportunity either to betray the other by testifying that the other committed the crime,
or to cooperate with the other by remaining silent. The offer is:

e if one betrays, but the other remains silent, the betrayer avoid the penalty and is set
free; the other will however be sent 5 years in prison;

e if both criminals each betray the other, they will have a penalty discount and will both
be sent 4 years in prison;

e if they remain silent, both will be sent 2 years to prison, because they are incriminable
exclusively for minor offenses.

Suppose the two promised to remain silent in case of arrest. They are now locked up in
two different cells and wonder if the promise will be kept on the other. There is therefore a
dilemma: to betray or not to betray. Game theory helps us solve these kinds of problems.

Definition 1. A normal form game is given by:

e a finite set G of players (in the above dilemma are the two prisoners);

e a finite set of pure strategies S1 X ... x .Sg that players can implement. We are interested
in S; = S for every 1, j, i.e. when each player draws from the same set of strategies .S,
of cardinality |S| (the two criminals can betray or remain silent);

e for each player in G a fitness function, or payoff

UZ-:Slx...xSG >—>R,
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(for each of his choices, the criminal risks more or less years in prison). Note that the
function U; does not depend only on the behavior of the player ¢ but also from the
strategy that the others implement.

A game between two players can be represented by a payoff matrix U/, with the number of
rows equal to the number of possible strategies S, with u; ; payoff of a player who uses the i
strategy against one of strategy j. In the case of two player strategies one has:

s1, strategy sg9, strategy

player 2 player 2
4 {
s1, strategy player 1 — Uil U1 2
so, strategy player 1 — U1 U2,2

or
Y- M1 vz )
U211 U22
Once a game has been modeled, we can try to find out which strategies represent plausible

outcomes, assuming players are rational and pursuing their own interests. We can now give
the concept of of Nash equilibrium.

Definition 2. A pure Nash equilibrium of a game with G players is a set of strategies 51,. .., Sg
such that
UZ'(§17 .. .,§G) > UZ'(§17 cey Sy ,5@)7

for each player ¢ = 1,...,G and for each choice of strategy s; € S;.

The interpretation is as follows: if a game accepts at least one Nash equilibrium, each
player has at his disposal at least one strategy from which he has no interest in moving away if
all the others do not change their strategy. In fact, if the player ¢ plays any other strategy at
his disposal other than 5;, while everyone else continues to play with 5;, it could only worsen
its utility or, at most, leave it unchanged. So if players reach a Nasgh equilibrium, no one
can improve their result by modifying only their own strategy, and is therefore bound to the
choices of others. Since this applies to all players, however, if there is Nash equilibrium and
it is unique, it represents the solution of the game, as none of the players have an interest in
changing strategy.

Example. The prisoner’s dilemma can be studied with a payoff matrix U for the strategies
C strategies (cooperating) and D (defectors) in the form

R S
(7 7)
If they both cooperate they get a benefit of R (reward); if both betray, everyone receives
P (punishment); if one of the two cooperates and the other betrays, the cooperator gets S
(payoff of the stupid) while the betrayer gets T' (temptation payoff). Parameter are sorted with
T > R > P > S. The strategy (C,C) is the one that guarantees the greatest gain (the least

total number of years in prison) but it is not a Nash equilibrium. If one of the two, convinced
of the honesty of his companion decides to betray, avoid the penalty, and condemn him to
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many years in prison. The game admits a unique Nash equilibrium, the strategy (D, D), where
are both defectors, choice that causes more damage to both than the alternative (C,C) but
which guarantees less risk and fewer years in prison for the individual. The dilemma is a
very interesting game also at the biological level, so much so that in the articles Prisoner’s
dilemma in an RNA wvirus and Escape from Prisoner’s Dilemma in RNA Phage ®6 [90, 91],
it is explained how more viruses that infect the same cell generate conflicts, the creation and
the intracellular diffusion of viral products and their consequent sharing, allowing the creation
of cooperation and selfishness behaviours: a viral genotype that synthesizes large quantities
of products is actually cooperating, on the contrary a genotype which synthesizes it less, but
which develops the ability to subtract most of the shared product, is a defector /selfish. In the
articles a slightly different payoff matrix is proposed, equivalent to the previous one,

1 1— S1
1+s9 1-—c¢ ’
with all the constants positive. In this way

1—51,
1+s9>1>
— C.

With ¢ the cost of the interaction between two selfish people is indicated, with s1 the cost paid
by a cooperator for colliding with a selfish, with s the selfish gain on that same occasion.

In a game for two agents (1 and 2) and two pure strategies (S and S2) the parameters to
obtain a pure Nash equilibrium can be calculated. We consider the generic payoff matrix:

a b
c d )’
e The pair (1,1) is a pure Nash equilibrium if a > ¢;

e The pair (2,2) is a pure Nash equilibrium if d > b;

e The pair (1,2) is a pure Nash equilibrium if b > d and ¢ > a, the same for the couple
(2,1), in fact, applying the definition,

However, a game does not always admit a single pure Nash equilibrium, and not always an
equilibrium exists at all, as in the following example, the popular game Rock-Paper-Scissors.

Example. We take into account the three players game, with three pure strategies R (Rock),
P (Paper) and S (Scissors), with payoff matrix U

The game is perfectly symmetrical, with every strategy that is better against one and worse
against the other: none of them is a pure Nash equilibrium.
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Players have no way to “interpolate” between their actions: the selection is between a pure
strategy s;, or a different strategy s;. This constraint can be relaxed by allowing players to
select a probability distribution on the choices. For example, a player could select the strategy
s; with probability 1/3 and the action s; with probability 2/3 (in general, it could select the
strategy s; with probability p; > 0, provided that Y p; = 1). Such strategies are mixed, in
contrast to the deterministic or pure strategies and are uniquely determined by the distribution
p= (pi)i:L...\ s|» with p; probabiliy to play the strategy s;; they are therefore usually indicated
with the vector. The concept of mixed Nash equilibrium can therefore be defined:

Definition 3. A set of mixed strategies mi,...,mg is a Nash equilibrium if no player can
unilaterally improve his expected utility by switching to a different mixed strategy, so it is
a set of strategies myq, ..., mqg such that, for each player ¢ = 1,...,G and for each choice of
mixed strategy m; of that player:

Ui(ml7"‘7mG) > Ul(mlu y Mgy e o e 7mG)'

Since mixed strategies are a generalization of pure ones, it is not difficult to show that every
pure Nash equilibrium is also a Nash equilibrium. The inverse is not true and in fact there
are games without pure equilibrium but which admit mixed equilibria. Indeed, much more
is true: every finite game admits at least one Nash equilibrium, and this is the fundamental
result that John Nash presents in his PhD thesis [69].

Example. The previous game Rock-Paper-Scissors admits a mixed Nash equilibrium, one in
which both players choose the strategy p = (1/3,1/3,1/3) that is, they randomly choose one
of the three pure strategies. Consider for example player 1 and check that when player 2 uses
strategy p, the former has no incentive to play strategies other than p. If the second player
uses p and the first uses ¢ = (¢1, g2, ¢3), the expected payoff for player 1 becomes

1 1 1
i L= (=1 C (41
a3 0) + a1 3 (- +a 3 (+1)+
1 1 1
| i (=1
a3 (+1) + g2 3 0) + g2 3 (=1)+
1 1 1
(=1 (] L -
3 (=1) + g3 3 (+1) + g3 3 (0)=0

So the expected utility u; (¢,p) is 0, regardless of the choice of ¢1,q2,q3. The same is true
when player 1 chooses ¢ and player 2 chooses p. Since when both players choose the mixed
strategy p, the utility is uy (p, p) = ua (p, p) = 0, then p is a Nash equilibrium:

Ul (ﬁ?ﬁ) Z Ul (Q7p) )

Uz (p,p) = U2 (p,q) -

1.3 Evolutionary games

Game theory is applied in various fields of knowledge such as Economics, Social Sciences and
Philosophy and can also be successfully applied in the study of Evolution. An example of
behavior that tends to maximize a payoff can indeed be found in Darwinian selection models:
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in a universe where increasing disorder is a physical law, complex organisms (including social
organizations) can survive only if they behave in a way that tends to increase their chances
of survival and reproduction (|8]). Then an argument on evolutionary selection suggests that
individuals tend to maximize the expected value of some measure of natural survival and
reproductive fitness, otherwise they are replaced ([57]).

The theory of evolutionary games is born as an application of the theory of games to
Biology. It was John Maynard Smith, professor of biology at the University of Sussex, who
introduced the notion of evolutionarily stable strategy and successfully applied the theory
of games to evolution. As he himself says in the introduction to his book FEwolution and
the Theory of Games [57|, paradoxically, game theory is better applied to biology than to
economic behavior, to study which it had been invented. There are two reasons that justify
this assertion: the first is that the theory requires that there exists a utility function, which
in human applications could turn out to be an artificial concept, whereas in biology one can
associate it with Darwinian adaptability, the reproductive success of an individual or of a
certain genotype. The second and perhaps most important reason is that in seeking the
solution of a game the concept of human rationality is replaced by evolutionary selection. The
advantage, says Maynard Smith, is that there are various reasons to expect the population
to evolve towards stable states while there are many doubts about the rationality of human
behavior.

Before going into the details of the meaning of evolutionarily stable equilibrium and its
connection with the Nash equilibria, we must review the way in which we understand game
theory. As mentioned, in traditional game theory we refer to the cognitive abilities of the
players, we assume that the players are rational decision makers, who are able to understand
that they are playing and are consciously trying to maximize their payoff, trying to predict the
opponent’s moves; these facts are used to justify why players should choose strategies that give
rise to Nash equilibria. The theory of evolutionary games, on the other hand, starts from a
very different concept, it assumes that players are individuals with inheritable strategies coded
in their genome, and that they have no control over the strategies they use and generally do
not even know they are players. Individuals reproduce and are subject to the forces of natural
selection, so in general an individual will always implement the same strategy and it is the
entire population that changes the type of strategy over time, moving towards more suitable
strategies, clashing with many other individuals and repeating the same game over and over
again.

History of ritual struggles, Hawks vs Doves

A phenomenon that shows the power of game theory in biological field is that expressed with
the name Hawks and Doves (game introduced by Maynard Smith and Price in 1973 [60]),
and starts from a consideration of zoological nature: despite almost all the complex animals
(including us) have bilateral symmetry, as if the left side of the body had been created by
mirroring the right, the males of the violinist crabs of the genus Uca have one of the two
claws larger than the other. In everyday life the overdeveloped claw is a handicap for the
crustacean, forced to live with such an encumbrance. About the social interactions between
males, the violent clashes that would justify possession of such a powerful weapon are a very
rare event, while almost all comparisons by territory and mating result in ritualized struggles
in which the giant claw is shaken up and down rhythmically and they never pass to action
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except in extreme cases; in those moments, however, usually the more peaceful of the two gives
up almost immediately. Why did violinist crabs develop such ritual struggles if they have such
big claws? The most aggressive animals could simply attack mercilessly at the expense of the
peacemakers, win most of the clashes and transmit aggression to offspring. Why are not they
all aggressive?

Suppose there are two behaviors (strategies) in the colony of Uca, aggressive and peaceful:
during a fight the aggressives soon get tired of the ritual dances, and attack the opponents
without mercy; face to face with another aggressive, they fight until exhaustion. The peacefuls,
on the other hand, tend to avoid the struggles; face to face with another peaceful they begin
a simulated ritual battle until one goes away; face to face with an aggressive always run away.
Usually the term Hawks is used to refer to the aggressives, Doves for the peacefuls. Whatever
the reason for the fight, the contenders are faced according to the following payoff matrix for
the Hawks and Doves strategies [44]:

G=C
u:( 2 )
0 g

Winning a fight increases the fitness by a quantity G > 0 (Gain); losing a physical fight gives
a price to pay in terms of fitness equal to C' (Cost). The cost C' is chosen greater than the
gain G; abandoning the fight does not produce variations in the fitness. Then,

o If two Doves meet, they perform ritual dances, then one retires. The winner gets G, the
loser nothing, and on average their fitness increase by G/2;

e A Dove that meets a Hawk escapes by not getting anything, the Hawk takes everything
for itself, earning G,

e A Hawk that meets a Hawk attacks it, fights until one of the two gives up. The winner’s
fitness increases by G, while the loser’s loses C, with an average of (G — C')/2 (the price
to pay for losing a physical battle is greater than the gain, so the average in this case is
negative and results in a loss of fitness).

This game has no pure Nash equilibrium, because in a population composed almost entirely
of Doves a few Hawks would dominate because, meeting only peaceful animals, have a gain
almost equal to G. In a population of aggressive Hawks, on the other hand, it would be the
Doves to win, because their fitness would remain the same while the Hawks would lose fitness
fighting with each other.

Over time, evolution leads to a balance with a mixed population of &, value for which
the fitness of the Hawks is the same as the Doves, solving the problem of ritual struggles:
paradoxically, if the animals are very heavily armed and therefore a physical battle would
lead to serious damage (C is very large), the G/C ratio it is very small and therefore the
population at equilibrium consists of many Doves and a few Hawks. In the case of the Uca,
the big claw is synonymous of great damage during a fight and then eventually a peaceful
population has evolved, that use to simulate struggles, a social custom in which to show
others the disproportionate limb to remember that a possible fight would not lead to anything
good.
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Evolutionary stable strategies

We reformulate the language of game theory in terms that we use in the evolutionary case
[44]:

e An individual’s strategy is a complete action plan for every situation that may arise; this
completely determines the behavior of the player, that is the actions that the individual
takes at any moment of the game, for every possible game history up to that point. A
strategy consists of possible moves and probability distributions on those moves, which
represent how often every move is implemented.

e A pure strategy defines a specific move or action that the player follows in every possible
situation in the game. A pure strategy gives a complete and deterministic explanation
of how a player plays his game. The set of a player’s strategies is the set of strategies
that are available to that player. In the game of Hawks and Doves an individual who
has the pure Hawk behavior always attacks every individual he finds.

e A mixed strategy is a probability distribution on pure strategies, allowing the player to
choose a pure strategy based on a given probability distribution. In this context, mixed
strategies have a more natural interpretation: an individual who plays Hawks and Doves
with strategy, for instance, (1/2,1/2) randomly chooses, with the same probability, what
behaviour to implement in each of the fight he faces.

We assume that the fights take place between two individuals, that we have a game with N
pure strategies S1,...,Sy and that a player can use mixed strategies; these consist of playing
S1, ..., SNy with probability ¢, ...,qn, with ¢; non-negative and with sum equal to one. A
strategy is therefore a point ¢ in the simplex

N
=1

The elements of the canonical basis of RV in the form e; = (0,...,1,...,0) represent the pure
strategies, particular mixed strategies in which with probability 1 is chosen the strategyS;. Let
u;; be the payoff for a player who uses pure strategy R; (represented by e; € Sy) against a
player using pure strategy R; (the point e; € Sy). The matrix with NV rows and N columns
U = (u; ;) is the payoff matrix. If U is the utility function we therefore have that

U(RZ',R]‘) = €; ~Z/[6j = um-.

An individual with pure strategy R;, against an individual with mixed strategy ¢ € Sy has
utility function equal to

U(Ri,q) =e;-Uqg = (Uq), = Zuz',j%“
j

The payoff of a player with mixed strategy p against one of mixed strategy ¢ is
Ulp,q) =p-Ug=Y_ u;pig;-
0,3

The concept of Nash equilibrium in this context has a different interpretation,
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Definition 4. A strategy p € Sy is called (symmetric) Nash equilibrium if it is the best
answer to itself, that is if for each strategy p € Sy, p # D,

p-Up <p-Up.
If equality is not valid, the equilibrium is strict.

Note that in this formulation we do not have a couple of strategies as in the traditional
definition, but a single element of Sy, we are imagining that the whole population adopts the
equilibrium strategy. Consider a large population of players: if everyone adopted the strategy
P, a strict Nash equilibrium, any new strategy that occurs occasionally (for example through
mutation processes) is penalized and therefore can not supplant p. We can not however assume
that every equilibrium is strict, even in the game Hawks and Doves is not, so we can not even
assume that every Nash equilibrium is resistant to the invasion of a dissident minority. The
following definition is therefore necessary, introduced and coined by Maynard Smith in 1970s
[58]7

Definition 5. The strategy p € Sy is evolutionarily stable (ESS) if for each strategy q € Sy
different from p, and for each € > 0 smaller than an appropriate threshold £(¢) < 1, this
inequality holds:

q-Ueq+ (1 —e)p) <p-U(eq+ (1 —¢)p). (1.1)

The term g+ (1—¢)p indicates a population in which a dissident minority g appeared, therefore
a strategy is an ESS if, when every member of the population has adopted it, no dissident
behavior can invade it, being resistant to the occasional appearance of other strategies

The equation (1.1) can be reformulated as
(1—e)(P-Up—q-Up)+e(p-Ug—q-Ug) >0,
then p is an ESS if and only if the following two conditions are met:

o cquilibrium condition
q-Up < p-Upfor allq € Sn;

o stability condition

ifq#pand q-Up=p-Up, then ¢ -Uqg < p-Uq.

The condition of equilibrium is the definition of Nash equilibrium; an ESS is something more
than just the property of being the best answer to itself, which does not guarantee the security
of not being invaded, because it allows the existence of another strategy that is a better answer
(as in Hawks and Doves, with a population of Doves that can be invaded by Hawks, or vice
versa). The evolutionarily stable strategies are characterized by the following lemma (proved
in [44]),

Lemma 6. The strategy p € Sy ts an ESS if and only if, for each q # p near p in Sy it holds:

p-Uqg>q-Ug.
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1.4 Replicator Dynamics

Replicator Dynamics, introduced by Taylor and Jonker [88], describes the evolution of the
frequencies of the strategies in a population. Assume that the population is divided into n
types F1,..., E, with frequencies x1,...,x,. The fitness f; of an individual of type FE; is a
function of the composition of the population, i.e. the state x = (z1,...,x,) on the simplex
S, (different from the space of strategy Sy, presented above). If the population is very large,
and if the generations pass continuously from one to the other, we can assume that the state
x(t) evolves on S, as a differentiable function of time t. The rate of increase of the population
fraction of type F; is indicated by &/z, ratio between variation over time &, and quantity z.
According to Darwinism, if the rate of increase is a measure of evolutionary success, we can
express this success as the difference between fitness f;(x) of E; and the average fitness of the
population,

fl@) =) zifi(z).

These choices lead to the equation called replicator equation ([44]),

{x =2 (fi(z) - f(2)), (1.2)

1=1,...,n.

We observe that the simplex S, is invariant for the dynamics of (1.2): if x € S, then z(t) € S,
for all time ¢t € R. In fact the sum S = 21 + ... + 2, resolves:

that has S(t) = 1 as a solution (so if the solution of (1.2) remains on the space Y z; = 1). If
x;(0) = 0 then z;(t) = 0 for every ¢, then the faces of the simplex S,, are barriers that make
S,, invariant.

Interesting is the case when the fitness f; is linear, in this case there is a matrix A = (a; ;)
such that f;(z) = (Ax);, then f(x) = z - Az; the equation replicator turns into

oG )

The equilibrium points in intS,, are the solutions of
(Az)y = = (Az)p, Y =1,

for x; > 0. In general, except in degenerate cases, there is almost one solution. This case is
closely related to the evolutionary games theory developed earlier because it is the equation
that is naturally obtained with populations playing a game with a payoff matrix . So define
a game in normal form with N pure strategies Ry,..., Ry and a payoff matrix . A (mixed)
strategy is a point in Sy, then the n types E1, ..., E, of the population correspond to n points
p',...,p" € Sy. The state of the population is defined by the frequencies z; of types E; and
the dynamics happens on S,, with fitness matrix a; ; = p' - Up’ and then an equation (1.3)
with

fz(l') = Zam'xj = (Al’)Z
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The values of N and n are different, but it is convenient to create a parallel between the pure
strategies Ry,..., Ry € Sy with payoff array &/ and the types of the population F1,..., E, €
Sy, with the fitness matrix A . In particular, we say that a point = € S, is a (symmetrical)
Nash equilibrium if

- Az < T - Az,

for each = € §,, and it is an evolutionarily stable state (ESS) if
z-Ax >z - Az, (1.4)

for all z # T near T in S,,.
The following results on the replicator equation hold (details in [44]),

Theorem 7. Let & € S,, and consider the equation (1.3).

o If T is a Nash equilibrium of the game with matriz A, then T is an equilibrium point of
the equation.

e [f T is the w-limit of an orbit x(t) in 8", then T is a Nash equilibrium.

Theorem 8. If T € 8™ is an ESS for the game with matriz A, then is an asymptotically stable
rest point for (1.8).

Proof. This result is obtained choosing a function P such that

P(x) = Hx?

This function has a single maximum in S™ at the point z. Infact:

log P(x) — log P(Z) = log wa‘ - logH T = Z Z;logx; — Za?z log Z;,
setting as usual “Olog 0 = colog0 = 0”7 we can write
= Za‘cilog? = Z filogg;
Li z;>0 Li

we can now use Jensen’s inequality: if ¢ is a convez function defined on some interval I, then

o (Zpiyi) <> pie (vi) (1.5)

forallyi,...,yn € I and p; > 0 Vi, > p; = 1, with equality if and only if y1 =y2 = ... = yn.
We apply this with y; = x;/%;, ¢ = —log, p; = Z; and we obtain:

g Eiloggglog E iigglogg x; =log1l =0.
I Ty £ Z;
z;>0 z;>0

Then
log P(z) —log P(z) <0

P(z) < P(z)
with equality if and only if z = Z.
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If P> 0 (true for all x € 8™ with z; > 0 when z; > 0) then we have

P _ @ _ _
P = D(log P) —D(inlog%) —xz;oxzxi —sz((Ax)i—a:-Aa:) =Z-Ax —x- Ax.

Since Z is evolutionarily stable (1.4) implies P > 0, for each x # Z near . Then the function
P is a strict local Lyapunov function for the linear replicator dynamics, and all the orbits that
start near & converge to Z. O

In what follows, we do not explicitly specify the different types in the population, assuming
they correspond to the pure strategies of the game itself, and that therefore n = N and
U= A, ie. each game is associated with a “pure strategy dynamics”.

Two-strategy games
We conclude this chapter by solving the generic problem of the the equation with two-strategy

game, and with some examples. From the equation (1.3), for n = 2, holds:

(z0,x1)] o,
(z0,21)] 21,

g0 = [fo(zo, 1)
i1 = [fi(zo, 1)
To+ 21 = 1.

-7
-7

The last condition allows to further simplify the problem, considering only the second equation
and substituting

r — T
1—z— xg
s = (fo— f1)
i=[fi—fle=[fi — fir—fo(l—2)]z=(fi — fo)z(1 — z),
= —sz(l —x). (1.6)

with s = fo — f1. The functions fp and f; can be chosen according to a payoff matrix.

Constant fitness. If fy and f; are constant, suppose fo > fi, then s is constant and
positive. Since individuals of type 0 always have a higher fitness than the one of type 1, we
expect an evolution that leads the population to become all of type 0.

&= —sz(l —x),
z(0) = xo.
The solution is:

l‘oe_St

w(t) = 1—20(1—est)’

e it has as * = 0 and z = 1 has equilibria, one is attractive, one is repulsive, function of the
sign of s.
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Hawks and Doves. If with x we intend the fraction of population of Hawks, the equation

is izi(?“”)‘”(l_x)'

We are interested in knowing qualitatively the behavior. The righthand side is null for x =0
and x = 1, that is, the population does not vary when there are no Hawks or no Doves, but
ther is also the equilibrium, for x = C (between 0 and 1 because the cost of the fight C' is
greater than the gain G), which corresponds to the value for which the fitness of the Hawks
is equal to that of the Doves different from the other two because attractive: the trajectory
will be pushed towards & &, for every initial x different from 0 and 1. Whatever the initial
population is, even with an infinitesimal presence of Doves (or Hawks), after a sufficiently long

time it will stabilize around the value %

RNA Virus. Referring to [90, 91|, we consider the case of the RNA virus phage ®6; a
population is divided into cooperators (C, in the variable z), viruses that synthesizes large
quantities of product, and defectors (D, in the variable y), viruses that develops the ability to
subtract most of the shared product, with a payoff matrix U equal to

1 1*51
1+s9 1-—c¢ ’

with all constant positive. The equation becomes

Z [fc(wvy _f:(xay)] Z,
= [falz,y) = f(z,9)] y,
r+y=1,
with
()] v

= [a(2)] = o -om
]+

f=a-[p+Q-s)yl+y-[(1+s)z+ 1=yl

By reducing the variables, calling y = 1 — =z, the equation for  becomes & = (f. — fq) (1 —x),
that is

t=lz(s1 —s2—¢c)—(s1—¢)]z(1 —z).
In addition to the equilibria in 0 and 1 there could also be a mixed equilibrium:

_ S1 —C

r=—"-,

S1 —C— 89

e if sy > cthen Z < 0 or & > 1 (based on the denominator sign). This is the case in
which the price to pay for a confrontation with a defector is greater than that against
a cooperator. The function s is negative in [0, 1] and pushes the solutions towards 0, a
population of only defectors. In this case the game is a prisoner’s dilemma;
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e if 51 < ¢, then Z € [0,1]. When you pay less to fight against a cooperator you have
an interesting case. The function s is positive in (0,Z) and negative in (Z, 1), therefore
solutions are pushed towards equilibrium with both strategies, a mixed polymorphism.
This is no more a prisoner’s dilemma, but a Hawk-Dove game.

In the articles is showed that, starting from a situation where defectors are spreading in
the population, as expected from the Prisoner’s Dilemma [90], the game can change and
evolve in a mixed polymorphism one. If the cooperators are allowed to grow under absence
of competitive interactions, these evolved phagi should coexist in a mixed polymorphism with
evolved defectors. “Thus, phage ®6 is unlikely to be permanently trapped in a Prisoner’s
Dilemma. Rather, evolution of Prisoner’s Dilemma is likely to be a local phenomenon for
populations experiencing high rates of coinfection. If evolved cooperators were to enter these
populations, the locally adapted defectors would face a mixed polymorphism at best [...]. In
general, the transition from a Prisoner’s Dilemma to a Hawks and Dove game can be achieved
either by selection for more cheating and the associated costs (i.e., increasing c) or by selection
for decreased sensitivity to cheaters (i.e., decreasing s1). The experiments indicate that the
latter is a possibility in ®6. Thus, the mixed polymorphism was achieved because levels of
cooperation are variable in this system./91/”



Chapter 2

Stochastic differential equations

All the models presented in this work are of a stochastic nature, involving Brownian motions
and jump processes. For this reason we give in this chapter recalls of theory of probability
and stochastic processes. See [26] for a more detailed treatment. We recall that a stochastic
process on measurable space (2, F,P) is a collection X = {X(t)},~, or {Xt};>, of random
variables. For each point w € Q the function ¢ — X (¢,w) is a trajectory of the process.

Let X; be a stochastic process. Then

Ut) =UX0<s< 1),

the o-algebra generated by the random variable X, for 0 < s < ¢, is called history of the
process until time ¢ > 0. Then, let assume that E (| X;|) < oo for all ¢ > 0. If

Xs =E(X()|U(s)) as. forallt >s>0,

then X is a martingale.

Every stochastic process X (t) is a function not only of the time ¢, but also of w € ),
X(t,w). For simplicity of notation we write X (¢) or X, leaving the dependency from w
implicit when possible.

2.1 Wiener and Jump processes

Wiener process

A Wiener process is a stochastic process that describes Brownian motion, the random motion
of particles suspended in a fluid, resulting from their collision with the fast-moving molecules
in the fluid. This motion is named after the botanist Robert Brown, who studied it in 1827,
while looking through a microscope at pollen immersed in water.

Definition. A real valued stochastic process {Wi},q on (@, F,P) is a standard Brownian
motion or Wiener process if:

o Wy = 0 almost surely;

e for each ¢ > s > 0, the increments W; — Wy are distributed as a Gaussian random
variable with expected value 0 and variance t — s;

38
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e it is a process with independent increments, i.e. for each finite sequence of times0 < t; <
tg < ... <ty, the random variables Wy, , Wy, — Wy, ... Wy, — W, | are independent;

e with probability one, the function ¢ — W; is continue.

In particular, E (W;) = 0 and E (W?) =t for all time ¢ > 0.
There is result that more explicitly highlights the physical characteristics of a Wiener
process:

Lemma. Let {B(t)},~, be a real valued stochastic process, with B(0) = x € R,

e with independent increments (the events occurring in successive time intervals have no
memory of those that occurred previously);

e stationary, i.e. B(t+ h) — B(t) has the same law as B(s + h) — B(s) for each pair of
times (t, s) positive, for h > 0 (the movement depends only on the length of the time interval,
not on the extremes);

e with continuous trajectories almost surely.

Then there are values b and o such that B is o Brownian motion of drift b, diffusion
coefficient 02 and intial point z, i.e:

B(t)=x+bt+oW(t).

A stochastic process on R?, W; = (W},...,W/) is a n-dimensional standard Wiener
process if W} is a Wiener process on R and if the o—algebras F(W}|t > 0) are independent,
foreach k=1,... n.

Construction of the stochastic integral

We can write a diffusion process X in the form

t t
Xt = Xo+ / b(s)ds + / o(s)dW.
0 0

T
/ GdW,
0

for an appropriate class of stochastic processes G. The definition is not obvious since t —
W (t,w) is with infinite variation for almost every omega. In fact, we show that the stochastic
integral can have different definitions based on the choice made in the approximations of its
construction, with different choices that lead to different theories. The reference texts for this
section are [26] for the diffusion processes, [49, 75| for jump processes.

as soon as we have a definition for

Definition. Let W be a one-dimensional Wiener process. The Ito integral fOT WdW is defined
as

2

The stochastic integral is defined for a wide range of stochastic processes, which are adapted
with respect to the history F;, i.e. Fi-measurable for all time ¢t > 0. The idea is that for every

T 2
/ waw = W1~ T
0 2
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time ¢, the random variable G} depends only on the information available in the o -algebra
Fi. A process G is progressively measurable if it is adapted to filtration F; and it is jointly
measurable with respect to the variables ¢ and w together. A progressively measurable process
at any time “depends only on the past history of Brownian motion”.

Definition. We call L2(0,7T) the class of progressively measurable real processes such that

T
E </ Gth> < 00,
0

then we define IL1(0, T) the class of process with

E(/j]G\dt) < .

The set on which to build Ito integral is L2. Using the above definitions is infact possible
to define stochastic integrals for processes in L2, and the following holds:

Lemma. For G € L2(0,T) Ito stochastic integral fOT GsdWy is well defined, characterized by
the following properties, for almost every w € €,

o E (fOT G(s,w)dWs> =0;
o The integral function 1(t) = fg GdAW defined for 0 < t < T is a martingale with respect
to .Ft.

Definition. Suppose that X is a stochastic process in the integral form

t ¢
X = Xo +/ b(s)ds +/ o(s)dW.
0 0

with b € L1(0,T), o € L2(0,T). This process is a diffusion process, and for 0 < ¢ < T has
stochastic differential
dX = bdt + odW.

Poisson processes and Markov Chains

In the following, to model mutations, we will use the concept of jump process, i.e. processes
that have discrete movements, jumps, rather than continuous movements, such as the Wiener
process. We recall here the definitions of counting process, Poisson process and present a
simple numerical implementation of it.

Definition. Let (75,), .y be a succession of positive random variables with real values, such
that

To = 0,
T) < Tpit. it Tpy < 400
Then define the process {Ni},>:

n, ifte[T,,Thi1)
N; = .
4oo. ift > T

(N) is a counting process (for a fixed ¢, Ny counts the number of events in the interval [0, ¢]).
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Examples of counting processes include Poisson processes:

Definition. A process (IV;),~ is a homogeneous Poisson process with intensity A > 0 if it is
a counting process, Ng = 0, it has independent increments and

Ny = Ns ~P (At —s)),

for all 0 < s <t and with P(u) a Poisson distribution with intensity p, i.e.

P(N,— Ny = k) = QD8 -00=9) p =1, ..

A Poisson process of intensity A can be easily constructed considering {U;};y, sequence of
independent random variables identically distributed as Exzp(\), that is, with density function

£t) = {)\e/\t, ift >0

0 otherwise

The process takes the first jump at time Uy, the second after a time Us from the first and so
n

on. In fact if we define the arrival times as T,, = Z U; the counting process N associated
i=1

is Poisson. If U is a random variable distributed as an exponential Exp()), then E(U) =

1/A, so we have an expected number of T'- A jumps in a time interval (0,7"). Simulating a

Poisson process is therefore simple, since it reduces to generate exponential variables starting

from uniforms in (0,1). Let therefore T' and U be random variables, T' ~ Exp(\) and U ~

Unif(0,1), we calculate an appropriate function

9:[0,1] =R,
such that g(U) =T. Fort > 0
P(g(U)<t)=P(T <t)=1-e,
P(gU)<t)=P(U <g7'(t) =P(U €[0,g7'(1)]) =g~ (t),
so we choose g such that ¢g71(t) =1 — e ™ i.e.

_log(1-U)

T=g(U)= 3

Because of U is uniform on [0,1] (1 —U) ~ Uniform(0,1), so we can consider g,

B logU
T=gU)=- o

Markov Chains. Poisson processes are some of the simplest examples of continuous time
Markov chains. Since during the presentation of the model of Chapter 6 we will use an idea
taken from the construction of a continuous time Markov chain with discrete states, we recall
the most important definitions we will need [72].

Definition. Let I be a countable set. Each i € I is called a state and [ is called state-space.
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e the quantity A = (\;: ¢ € I) is a distribution on I if 0 < \; < 1 for all ¢ € I and
2ihi=1
e a matrix P = (p;;), 1,7 € I is stochastic if every row {p;; : j € I} is a distribution;
e A stochastic process X,,, n € N is a Markov chain with initial distribution A and transi-
tion matrix P, Markov(A, P) if
1. Xp has distribution A, i.e. P (Xo = ig) = \io;

2. for n > 0, conditional on X,, =14, X411 has distribution {p;; : j € I} and is inde-
pendent of Xg,..., X,_1, i.e.

P (Xy41 = int1|Xo =G0, -, X = in) = Dininss
For which it concerns continuous-time chains:
Definition. Let I be a state space.
e A (Q-matrix on I is a matrix Q = (g;j), 1,J € I satisfying the following conditions:

1. 0 < —gy < oo for all 7; we will write ¢; as an alternate notation for —g;;
2. ¢i; > 0 for all 7 # j;
3. 22,4 = 0 for all 4;

Each off-diagonal entry ¢;; gives the value we interpret as the rate of going from i to j.
The numbers g; are the rate of leaving ¢. The basic data for a continuos-time Markov chain
on I are given in the form of a @ matrix. From a matrix ) is possible to obtain the jump
matriz I1 = (m;5), 4, j € I, defined as:

e — Qij/Qi 1fj;£zandq17$0
Yo if j#iand ¢ =0,

1 ifqi:(),

Here is the definitions of a continuous-time Markov and jump chain.

{)ﬁ%¢o
T =

Definition. Define first the jump chain Y:

e Define a discrete-time Markov(A,IT) Y;, and variables Sy, Se, ... that describe holding
times in each of the states of Y,,, as independent exponential random variables of pa-
rameters ¢(Yp),...,q (Y1) respectively.

e A right-continuous process Xz, t > 0 on [ is a Markov chain with initial distribution A
and generator matriz @Q if it has Y, as jump chain and Sy, ..., S, as holding times.

We can construct such a process as follows: let Y;,, n > 0 be discrete-time Markov(A, II) and
let T1,T5, ... be independent exponential random variables of parameter 1, independent of Y,,.
Set S, = n/q (Yn_l), J,=851+...+5, and

X — Y, if J, <t < Jyq1 for some n
L oo otherwise.

Then (Xy), t > 0 has the required properties.
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Jump processes and Ito integration for jump processes

Let us consider now processes with jump terms and define the concept of stochastic integrals
for this kind of processes too. Let($2, F,P, F;) be a probability space with a filtration F;. A
one-dimensional diffusion process with jumps has the form

t t
X = Xo +/ b(s)ds +/ o(s)dWs + J(t), (2.1)
0 0
with
e b LY0,t) and o € IL?(0,t) for all ¢ (a diffusion process);

e J a pure jump process, adapted to Fy, right continuous and with Jy = 0, with a finite
number of jumps in each time interval [0, 7], constant between two successive jumps.

A clear expression can be found for pure jump processes, through the definition of Poisson
random measure, that allows to define a new type of stochastic differential. See [49].

Definition. Let (F,v) be a measurable space. A Poisson random measure N (dt,d€) on
R* x E is such that:

e for each interval [z1,z9] and each measurable set C' C F, N([z1, 23] x C) is a Poisson
random measure with parameter (|zo — x| - v(C));

o if [x1,29] x C and [z}, 2}] x C" are disjoint, then N ([x1,z2] x C) and N ([z],x5] x C")
are independent.

In the case where E is of finite measure, v(E) = A < 400, a formulation for a Poisson random
measure can be obtained constructively. Infact, let us consider {{;}, ., succession of random
variables with values in F, independent and identically distributed with uniform law on (F,v):

v(d€)

P (& € df) = J(E)

Then consider a Poisson process N; of intensity A = v(F). With these ingredients N([z1, x2] X
(') is the measure that counts the number of points of the type (T;(w), & (w)) within [x1, zo| X C,
that is

N (dt,d€) = Z(ST (dt) - O¢, (dE). (2.2)
A pure jump process J, according to the definition of N (dt,d§) can be formulated in the

following form:
/ / K(s,&)N(ds,dE).

In N (dt,d§) are the temporal characteristics of the jumps, in K(t,§) their amplitude. It is
also useful to reformulate this form in the following way:

:/Ot/EK(s,g) [N(ds,d{)—z/(E)Vy(gs))ds} +/Ot/EK(s,§)-y(E)Z(<C§))ds, (2.3)

such that the second addend is in ds and the first verify the lemma below:
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Lemma 9. If, for allt >0, E [fot [ 1K (5,€,)|w(d€)ds| < oo, then

/0 /EK(S_,f) (N(ds,d&) — v(d€)ds) (2.4)

is a martingale.

Definition. A process in the following form,

Xt:X0+/0t[...]ds+/0t[...]dW3+/Ot/E[...](/\/’(ds,dg)—z/(dg)ds).

is a semimartingale.

The complete process (2.1), in martingale form, is

Xt:X0+/0t5(s)ds+/()ta(s)dws+//EK(S,f) [N(ds,dg)—y(E)”V((CfEi)ds (2.5)

where b is the sum of the function b and the term in ds in (2.3).

2.2 Stochastic diffusive equations

Let W; be a m—dimensional Wiener process and Xy a n—dimensional random variable inde-
pendente of W;. Let then
F(t) = F (Xo,Ws,0<s<t)

be the o—algebra generated from Xy and from the history of the Wiener process up to time ¢.
For T' > 0, let us define
b: R" x[0,T] — R",

with b = (b1,...,b,) and
o: R" x[0,T] — M™™™

with components
big - bim

deterministic assigned functions.

Definition. The stochastic process Xy, with values in R™ is the solution of the stochastic
differential equation

dX =b(X,t)dt + o(X,t)dW,

X(0) = Xo,
for 0 <t < T if X; is progressively measurable in respect of F(t), if b(X,t) € LL(0,T) and
o(X,t) € L2,,.(0,T) and if

nxm
t ¢

X = Xo +/ b(XS,s)ds—i—/ o(Xs,s)dWs,
0 0

almost surely for 0 <t < T'. The coefficient b is the drift, o is the diffusion coefficient.
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Theorem 10. Let us suppose that functions b, o have not only the reqularity required in the
previous definition, but that the following conditions hold:

e Lipschitz condition
b(21,t) — b(xa, t)|* + |o(x1,t) — o (22, )> < L - |2y — ],
for all times 0 < ¢ < T, for a constant L and for all z1,z9 € R";

e Growth condition
b, + lo(@, )P <L+ (1+]af)

for all times 0 <t < T, for a constant L and for all x € R";

e Initial condition
E (’X0’2> < 00,
independent of W (t).
Then a unique solution X € L.2(0,T) of the differential equation exists:
dX = b(X,t)dt + o(X,t)dW,
X(t=0)=Xp.

Remark. A unique solution is unique almost everywhere, that is, if X and X are both solutions
of the same stochastic differential equation then

]P’(Xt :tier ogni 0 <t < T) =1.
The proof of the theorem can be found on [26]. In conclusion we state a theorem on the
dependence of the equation from its parameters ([26]).
Theorem 11. Suppose that b*, 0% and X(lf satisfy the hypotheses of the existence and unique-
ness theorem all with the same constant L. Suppose they are solutions to problems
dXF = bF(XF t)dt + o*(XF, t)dw,
Xkt =0)= X}
Then let us assume that )
lim E <)X§ _ XO‘ ) —0,
k—o00
and that, for all M > 0,

klinc}o . gmtaé - ()bk(x,t) - b(x,t)) + ‘O’k(flj,t) - a(x,t)‘) =0.

lz| < M
Then )
lim E(max ’Xk(t) —X(t)‘ ) =0,

k—oo  \0<t<T
where X is the only solution of
dX =b(X,t)dt + o(X,t)dW,
X(t=0)=Xo.
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Remark. In particular for almost every w € €2 the random trajectories of the diffusive stochastic
equation

dX¢® = b(X®)dt + edW,
Xe(t =0) = x,

converge uniformly on [0, 7], for ¢ — 0 to the deterministic trajectory of

Then, in the case of small random noises the stochastic trajectories are only a slight disturbance
of the deterministic ones.

2.3 S.D.E.s with jump terms

Regarding the existence and uniqueness of solutions to the stochastic differential equation

{dX = 0(X, t)dt + (X, t)dW + [, K(X,E)N (dt, de) (2.6)

X(t=0) = Xo.

we can refer to Atreya [7] where an approach that takes advantage of the piecewise constant
behaviour of the process is used.

First, we assume that b and o satisfy conditions to guarantee the existence of the process
X, satisfying (2.6) with K = 0, i.e. a pure diffusion process. We assume that, for all z € R,
the process X does not explode in finite time. Next we assume that

M) = v {€ € B, |K (2,)] # 0} < o

for all z € R™ and A is bounded on compacts.
These two hypoteses guarantee that the first jump time

m 1nf{t>0// 8,5 (ds,df);é()}

fulfills (71 > 0) = 1 for all initial position Xo = = € R™. Thus, starting at Xo = z, X;
evolves as the diffusion X; (with Xo = z) for t < 77 and then jumps to

XTl _XTl +K( 7'17’51)

where (71,&1) is a point belonging to the Poisson random measure N (-,-) with the property
that A ((0,71) x E) = 0.

Next, starting at X, the process evolves as the diffusion X, (with Xy = X,,) up to a
random time 79, then jumps and so on.

It is clear that under the above assumptions one can define the jump times 71, 79,...
appropriately and the process X; is well defined for all ¢ < 7o := limy_,00 7. Thus this
construction yields a solution to 2.6 up to explosion time 7.

Assuming an uniform bound for A(z), i.e. A := sup,cpn A(x) < 00 is a sufficient condition
to ensure that 7o, = oo with probability one for all initial conditions x(0) = x
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2.4 Numerical implementation of stochastic equations

For both types of processes considered, diffusion and jump, it is possible to construct numer-
ically the stochastic integrals and consequently to implement methods to simulate stochastic
differential equations. For what concerns the diffusion processes we will use results of article
[43].

Brownian motion. We repeat for convenience the definitions of Wiener process, W;, con-
tinuous, is a Wiener process if:
1. W(t =0) = 0 with probability 1;

2. For 0 < s <t <T the increment W; — Wy is distributed as a Gaussian of expected value
0 and variance t — s, that is

Wy —Wg ~ v/t —5sN(0,1),
with N(0,1) a standard Gaussian;
3. For 0 < s<t<u<wv<T the increments Wy — W and W,, — W,, are independent.

For computational purposes it is convenient to consider a discrete Brownian motion, where
W is defined only for a discrete set of values of ¢. Chosen the time interval 6t = T'/N for an
appropriate N € N, denote with W; the value of Wy, with t; = jot. The first condition states
that Wy = 0 and the subsequent ones tell us that

W, = Wi_1 + dW,

with j = 1,..., N and with dW} a random variable independent of the previous, in the form
VOtN (0,1). Numerically, it is possible to generate only random variables uniforms in [0, 1],
we can obtain Gaussian variables using the algorithm Box-Muller [11]:

Lemma. Let Z1 and Zs be two independent random variables, identically distributed, uniforms
on [0,1]. Then the transformation

Vi =+/—2log Zy cos (21 Z3) ,
Vo = +/—2log Z; sin (21 22) ,

transform the couple (Z1,Z3) in the pair (Vi,Va), such that Vi and Vi are distributed as
standard Gaussian variables, N(0,1), independent of each other.

Stochastic differential dWW and Euler-Maruyama. If we can simulate the process W,
then the integral [dW can also be built, starting from the definition of Riemann sum and
considering the approximation with rectangles

/T h(t)th >~ h(t]‘) (Wtj+1 - Wtj) .
0 -
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The Euler-Maruyama method is a numerical method for simulating autonomous stochastic
equations of the type

t t
X = X, +/ f(Xs)ds —|—/ g(Xs)dWs,
0 0

for f and g scalar functions with initial datum Xy, random variable. To simulate the equation,
it is convenient to switch to compact notation

dX; = f(Xt)dt + g(Xt)th; X(t = 0) = Xp. (27)

First, the interval [0, 7] on which the problem is defined is discretized, so define At = T/L
for some L positive, and define 7; = jAt and X; = X,. It is convenient to choose the step
At for the numerical method so that it is an integer multiple of the increment 6t = T'/N of
the discrete Brownian motion (defined on the N times t; = jot), i.e At = Rét, so that the set
of points on which the Wiener process is calculated is a subset of the steps for the solution of
the numerical stochastic equation. Calculating the equation in the points 7; we get:

Tj T
X, =X+ [ eegds [T g,
Tji—1 Ti—1

J

and by approximating each term we obtain at the Euler-Maruyama method

Xj = Xjo1 + f(Xjm) At + g(Xj1) (W, = Wiy ),

for j =1,..., L. Brownian increments can be reformulated into
JR
Wr, = Wr_, = WERAL) - W((j — DRAY) = > dWj.
k=jR—R+1

Note that in case the function ¢ is null, the method is reduced to explicit Euler for ordinary
equations.

Eulero-Maruyama with jumps. To take account of the jumps it is necessary to add terms
to the Euler-Maruyama structure; focusing only on the new terms we have a S.D.E. of the
form

dX; = K(X;)dNy,

with Ny Poisson process of intensity A. Using the definition of stochastic integral in NV,
¢ ¢
N, = / K(X )N (ds) = Z/ K(Xs)dr,(ds),
0 —Jo

then, calculating in the points discretized by At as in the previous case, we get the increase

> [ K@= Y K

Tj <7, STj+1
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Assuming the interval At small we can approximate X7, with X; and then write

Y K(Xp,) = K(X))-#{T,: 7 < Ty <141},

T <Th<Tjt1

i.e. K(X;) multiplied by the number of jumps inside [7;, Tj41).
Recalling that X (7,) and X,, are random variables, it is necessary to define a concept of
convergence order of a numerical method.

Definition. A numerical method for stochastic differential equations has a strong convergence
order equal to « if there is a constant C' such that

E(|X, — X.|) < AP,
for all 7 = nAt € [0,T] and for At small.

Euler-Maruyama method, with the functions f and g sufficiently regular, has strong con-
vergence order v = 1/2. It can be noted that there is a difference with the deterministic case,
as choosing g = 0 and initial value Xy constant, the expected value can be eliminated from
the above inequality, which remains true also for v = 1. One could try to improve the order
of convergence by implementing more complex algorithms, such as the Milstein method or
Runge-Kutta (|43]) methods.



Chapter 3

Stochastic processes and P.D.E.s

A stochastic process can be described in a deterministic way by means of the two Kolmogorov
integro-partial differential equations: the backward one, related to expected values, and the for-
ward one, related to the probability density. In this chapter we show how, starting from models
of stochastic equations, it is possible to obtain these equations. We first establish a connection
between infinitesimal generators of stochastic processes, i.e. partial differential operators that
encode informations about the process, and parabolic equations describing macroscopic quan-
tities of processes. We use Ito formula, a stochastic equivalent of Taylor’s formula, to derive
the Feynman-Kac equation (Kolmogorov backward), then we create a connection between the
latter and the Fokker-Planck equation (Kolmogorov forward). The results presented below
can be found in [75, 76, 49].

3.1 Ito formula

Diffusion processes

Ito formula is a fundamental formula of stochastic calculus that gives us the possibility to
define the concept of infinitesimal generator, at the basis of Kolmogorov’s theorems [26].

Theorem 12. Suppose X a diffusive stochastic process on a probability space (Q, F,P), which
solves the stochastic differential equation

t t
Xt:X0+/ b(Xs)ds+/ o (X,)dWs,
0 0

dX = bdt + odW,

for b € LY0,T), 0 € L2(0,T). Let u: R x [0,T] = R be a continuous function with u;, uy
and Uz, that exist and are continuous. Consider the process

}/t = U(Xt, t)

Then Y solves the stochastic differential equation
t 1 t
Yi—Yy = / <ut(X, s) + ug (X, )b+ §ua;$(X7 3)02) ds —|—/ uz (X, s)odWs. (3.1)
0 0

50
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1
dY = updt + uzdX + §um02dt (3.2)
1 2
= | ug + ugb+ §uma dt + uzodW,

Note that, since Xy = Xo + [ bds + [ odW, X has continuous trajectories almost surely
and therefore for almost every w € 2 the functions of times wu;(Xy,t), uyp(Xt,t), Upe (X, t)
are continuous, then the integrals in ((3.1)) are well defined. The theorem can be generalized
to the case of multiple stochastic processes with differential dX* = b'dt + o*dW, function
u: R™ x [0,T] — R continuous with wus,uz, Uz, »; continuous for all 7, j = 1,...,m to obtain
a generalized Ito formula:

m m
| o
du(X',. XM ) = wdt + Y up dX'+ 3 > g, 0,007 dt.
i=1 ij=1

Obviously we can further extend the argument done in dimension one and get the Ito formula
for processes in dimension n > 1, i.e. dX = bdt + odW with b € LL(0,T), o € L2,,,(0,7T);
fori=1,...,n

dX; = b;dt + Z O'Z'dej.
j=1

Lemma 13. Let u be a continuous function with domain in R™ x [0,T], with us, us,, Ug,z;
continuous for all i and j, then

n 1 n m
d (u(Xp,1)) = wpdt + > ug,dX; + 5 > e, Y oijopdt, (3.3)
i=1 ij=1 =1

with derivatives computed in (X, t).

Ito for semimartingale

Also in the case of jumping processes, a Ito formula can be calculated:

Lemma 14. [/9] Let X be a semimartingale as in (2.3) and (2.5),
dX = bdt + cdW + dJ,

forbe L', 0 € L2. Define u € C*!' (R x [0,+00)). Then the process {Y; = u(Xt, )}y 5 @
semimartingale and the following formula holds,

dYs = u(Xs, s)ds + Au(Xs, s)ds + dM Y, (3.4)
with

Au(z,t) = ug(z,t)b(t,w) + %um(x,t)oj(t,w) + /E [u(z + K(t,€),t) —u(x,t)| v(dE),

and M} a martingale.
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Proof. Let us consider the equation (2.5) between a jump and another, for T; <t < T;41. We
have
¢t ¢
X=X, +/ b(s)d8+/ o(s)dWs,
T; T;
with the jump term that disappears because of the absence of jumps in the considered interval.
In [T}, T;+1) Ito formula for diffusion processes can be used,

Y, =Yg + /T {us(Xs,s) + ug (X, 5)5(8) + %um(Xs, s)o?(s)| ds
—&—/TV uz (X, 8)o(s)dWs. (3.5)

This equation holds while ¢ = T, ;. Between times 7, ; and T;;1 there is a jump and X
changes in value,

X(Tiy1) = X(T;1) + K(Ti1, i1, w)-
Then, for Y,
V(Tis) = Y(Tiy) = [u(X(T3) + K(Ti1, i1, 0), Tyy) — uw (X (Ti0), T0a) |- (3.6)

We can then rewrite the increment for Y on the whole time interval [0, 77,

( "‘Y(TN()) Y(Tﬁ(t))
Y(Tﬁ(t)) Y(T () )+Y(TN(t) 1) Y(Tﬁ(t)_l)

Y(t) - Y(0)

I
5

TO)+ Y(T7) - Y(Ti)

+ o+ +
=
=
|
=

that is the sum

Y () =Y (Tyw) + D [Y(T) = Y(T7) +Y(T;) = Y(Ti)] -

Using the expressions (3.5), (3.6), the characterization of the jump processes and ordering
integrals appropriately, we obtain:

Y(t) - Y(O) = fO |: st s) + ur(Xs S)B(S) + %Uxm(Xs, 8)02(8)
+ [l (Xy- + K(5,8),57) —u(X,—,s7)] v(d€) }ds
+ JEup (X, s)o(s)dW,

+ fo S (X + K(s5,6),57) = u(Xo, 7)) (N (ds, d€) — v(d€)ds).

In the first integral, second line, we are integrating in ds, so it is possibile to replace u (X,- + K (s,£),s7)
with u (X + K(s,£),s). In the last integral instead we use the regularity of u to write u(s)
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instead of u(s™). Finally,

Y(t)-Y(0) = Jod [us(X& 5) + 1z (X, 8)b(s) + Stz (X, 8)0%(s)
+ [ (X (s) + K(s,€),8) — u(Xs, s)] v(d€) }ds
+ f(f Uy (Xs, s)o(s)dWs

i o (X + K(s,6),8) — u(X,-, 8)] (N (ds, d€) — v(d€)ds) ,

that is the target formula, with M} sum of the last two lines. O

(GGenerators

We summarize below the Ito formulas for the process Y; = u(Xy,t):
o Formula for diffusive processes in R™:
dYy = wdt + | Y ugbi + 5 Yty [00"] | dt+ >N oYW,
i=1 ij i=1 j=1

that, for n = 1 is
1
dY = wdt + (umb + 2um02) dt + u,odW,

o Formula for diffusive processes with jumps in R™:

- 1
dY = wydt+ | Y ugbi + 3 Y s, [00'], + / [u(z + K (x,8),t) — u(z, t)] v(d€) | dt+dM",
i=1 i E

that, for n =1 is

dY = wdt + <uxb + %uwaQ + / [u(z + K(x,§),t) —u(z,t)] V(df)) dt + dM*.
E

In each of the previous, the term in brackets, integrated with respect to dt is called generator.
Generators can be used to obtain a description of the solutions of partial differential equations
and have a preponderant role in the next part. So we have:

e Generator of diffusive processes in R™:
= 1
Au(z,t) =) g, (2, t)bi(x) + 3 D g (z,t) [00"] 5 (@),
i=1 ij

that, for n = 1 is

Au(z,t) = uyp(z, t)b(x) + %um(a?,t)UQ(w);
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e (lenerator of diffusive processes with jumps in R™:

Zu%%t Zuxlext UO’L]( )

+ / (e + K (2, €), ) — u(z, £)] w(de),
E

that, for n = 1 is

Au(z,t) = ugp(z,t)b(z) + %um(x, t)o?(z) + /E [u(z + K(x,§),t) — u(x, t)| v(dE).

Remark. In general, from this point on, we indicate with A the generator of a diffusion process
with jumps, specifying with £ the term exclusively diffusive and with Z the jump term:

Zu% z, )b Zuxm x,t) UU]”( x),

Tu(z,t) = /E [u(z + K(x,&),t) — u(x,t)] v(dE).

3.2 Kolmogorov backward: Feynman-Kac equation

The Feynman-Kac equation establishes a connection between stochastic differential equations
and partial differential equations. A large class of expected values of stochastic processes can
be calculated using deterministic methods. Using Ito formula, let X is the stochastic process
with generator A, solution of a stochastic differential equation with initial deterministic point
Xo = x. Let A(x) and h(z) be two smooth and limited functions. It is possible to represent
the solution of the following problem,

ur = Au — Au,
u(t =0) = h.

as an appropriate expected value of the process X,
u(z,t) = E (h(X(t))e’ Jo AX@)du| x (0 = :z:) .

This is the Feynman-Kac formula, of which we give a proof in the case of n =1 [75].

Theorem 15. Let X be the solution of a stochastic differential equation with jumps in the
form

dX, = b(X,)dt + o (X,)dW, + /Z K(X, €N (dt, dE),

with Xo = x, deterministic, generator A as in the previous section, and the functions b, o,
K that verify the hypotesis for existence and uniqueness for X. Let A(x) and h(z) be smooth
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and limitated functions (or h(x) limitated and A(x) non negative). Consider the differential
problem

{ut(x,t) = Au(z,t) — A(z)u(z,t), t>0 (3.7)

u(x,0) = h(x).

If u(z,t) is a limited and C?1 solution of the problem, it can be represented as
u(, 1) = B (h(Xe)e A X, = )

In particular, this solution is limitated on compacts [0,T] for all T > 0 and is unique.

Proof. The sketch of the proof is showing that the process M = (M), defined as
Mg = u(Xs,t — s)e” Jo AXu)du,

is a martingale. If so, since the martingale property E (M;|Fs) = MVt > s holds, we can

write
E (Mt’XO = [E) = Mo.

We observe that
My = u(Xo, t) = u(z,t),

so it holds: .
u(z,t) =E(My|Xg=2)=E (u(Xt, 0)e ™ Jo AXwdu) X — x)
= B (X A0y = )

the theorem is then proved.

However, it remains to be shown that M is a martingale. To do this we have to calculate
dMy and first, it is useful to apply Ito formula (3.4) to the functione g(z,s) = u(x,t — s) and
to the process X obtaining

dg(Xs,s) = gs(Xs, s)ds + Ag(Xs, s)ds + dMJ.
Considering that

gs(x,s) = —ug(z,t — s),
g:r:v(l'a 5) = ux:]c(l‘vt - 3)7 gm($a 5) = U:Jc(xvt - S),

and since u is solution of the problem (3.7) we obtain
du(Xs,t —s) = [—w(Xs, t — s) + Au(Xs, t — s)| ds + dMY
= A(X,)u(Xs, t — 8)ds + dM?.
Before calculating dM we define a new process

Y, =e" f; A(Xy)du

)

that has stochastic differential
dYs = —YsA(Xs)ds.
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Differential dM can be calculated as:
dMg = du(Xs, t — s)Ys] = du(Xs,t — s) - Vs + u(Xs, t — s) - dY
=Y A(Xs)u(Xs,t — s)ds + YedMY — Y A(Xs)u(Xs, t — s)ds,
Le.
dM, = e~ Jo MXwdug g,
and so .
My, = /0 o™ Jo AXWDdug (X 5)b(X)dW

/ / AXu)du 10 (X~ 4+ K(X,-,5)) — (X, 8)] (N (ds, d€) — v(d€)ds) .

The first integral is still a [to integral, therefore it is a martingale. The second integral is a
martingale, since the process

[g (57Xs— + K(Xs—ag)) - 9(37Xs—)] )

also with the addition of the limited term exp( fo du) continues to satisfy the hy-
potheses. Then M is a martingale and the theorem is proved. O

If in (3.7) we consider the function A = 0 and if it is possible to take h as the indentity
function (bounded if, for example, = lives in a bounded interval), then the solution of the
problem

ug(x,t) = Au(x,t), t>0,
u(z,0) ==z

can be represented as
U(l‘, t) =E (Xt‘XO = l’) )

with this interpretation: knowing that the process starts from position x, what is its expected
position at time t?

3.3 Kolmogorov forward: Fokker-Planck equation

As said, Feynman-Kac equation answers the question knowing that the process starts from
position x, what is its expected position at time t?. We could however be interested not so
much in the study of the expected position when the initial condition x changes, rather to the
evolution of the density of a population that has an initial distribution assigned, and which
modifies this distribution over time.

Let X be a random variable on the space (2, F,P), the law of X is the probability
P(X eTl'), with T' € F, region of space on which X is defined. X admits a probability
density if a function o(z) exists, such that

P(Xel)= / o(x)dx.
r
To not specify the region I' in the definition, we use the compact form

P(X € dz) = o(x)dx.
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Remark. If the random variable is degenerate, i.e. deterministic, P (X = x¢) = 1, there are
no density functions. We refer to this eventuality by saying (with abuse of notation) that X
admits density 0,

Fokker-Planck equation is a partial differential equation that describes the evolution of the
probability density of a certain quantity, which is a function of space and time o(x,t), under
the influence of forces of deterministic or random origin. A simple and explanatory case is the
analysis of the stochastic equation

dX, = dW;,
Xo ~ 00.

standard Wiener process, with initial distribution not necessarily deterministic gg, such that
P (Xo € dz) = po(z)dx.

The Fokker-Planck equation relative to density o(x,t) of this process turns out to be

1
atQ(fL', t) = §a§xQ(IL‘, t)a

which has solution, starting from g9 = 0y (degenerate random variable, concentrated in 0)

a2

e 2t

(1) = —
o\x,t) =

’ V2Tt
a Gaussian that decrease over time. To get the Fokker-Planck equation, however, it is necessary
to give an idea of Markov’s semigroups. The jump-diffusion processes and the stochastic
differential equations fall into the Markov process theory, for which an alternative theory
can be studied, with which is possible to give new definitions of generator and Kolmogorov
backward equation. What we need to know in this case is just the definition of transition
probability, that is

P(X; e |Xy =x) = P(t,z,T),

and to know that the processes we have dealt with can be described through a semigroup of
operators, i.e. a family of linear operators with properties

Py=1, Pys=PoP; fort,s>0.

Let h € Cp(R%) be a continuous and limitated function, and define the operator

(P) = B (X Xo = 0) = [ WPt dy)
R
This is a linear operator with Py = I, infact

(Poh)(z) = E (h(Xo)| X0 = z) = h(z).

Assuming that P;h is still a function in Cy(R?), the property (Piysh)(z) = P; o Pyh(x) holds,
for the Chapman-Kolmogorov equation (|76]). The semigroup P; is called Markov semigroup
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of the process. By studying the properties of Markov semigroups, properties of process X;
can be obtained. For example, the generator can be obtained in this theory by defining the
operator
Ph—h
Ah = lim = ,
t—0 t

the limit is strong, defined in its domain D(A). The definition implies that, formally, we can
write

Pt:eAt,
(eM-n (e -T)
<%£%t—“4%£%fu—““ :

Now comnsider the function u(x,t) = (Ph)(x) = E (h(Xy)|Xo = x) and calculate its derivative
over time,

Uy =

d d
- (Ph) = (e*'h) = A (e*'h) = APh = Au.
More, u(z,0) = Pyh(z) = h(z). As a result, u(x,t ) satisfies the differential problem

Ut = Au7
{u(w,O) = h(z). (3:8)

We have therefore formally obtained the Kolmogorov backward or Feynman-Kac equation and
we can write

u(z,t) = (eh) (2),

that formally verify (3.8). We can then define the adjoint semigroup P, that acts on proba-
bility measure, having as codomain probability measures,

Pru(l) = /d P(X; €| Xo =2)du(z) = /d P(t,z,T)du(z).
R R
Formally, semigroup P;* is the adjoint in L? of P,

[ Piwaut) = [ @iz @)

We can then write P} = et with A* adjoint in L? of A,

/ Afhdz = / FA*hda. (3.9)

With similar reasonings of the case with A, we can obtain the differential equation of Kol-
mogorov forward, or Fokker-Planck equation, whose unknown variable is the probability den-
sity of the process X;, as stated in the following lemma [76].

Lemma 16. Let X; the solution of the equation of Ito dX; = b(Xy)dt + o(Xy)dWy with initial
condition the random variable Xo, independent of the Brownian motion of the equation, with
density oo(x). Assume that the process X; has density o(x,t) € C*1(R? x (0,00)). Then o is
a solution to the Fokker-Planck equation

{Qt = Ao, for (z,t) € R x (0, 00)

3.10
o(t=0) =gy, forzeR? (310)

where A* is the adjoint of the generator of the process, as defined in (3.9).
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Proof. Let E be the expected value with respect to the measure p with density gp of Xg (in
fact, respect to the product measure induced not only by u, but also by the measure of the
Wiener process of the stochastic equation, or the Poisson measure of the jump process, in the
presence of jumps). Remembering that with u(z,t) we indicate the solution of the backward
equation,

E (h(Xy)| Xo = z) = u(z,t),

u(z,0) = h(x),

we can obtain the expected value for an initial non-deterministic datum by integrating respect
to the density g,

E (h(X¢)| Xo ~ 00) = /Rd u(x,t)oo(x)dx

- / (eh) () go() e
Rd

because it is solution of the backward equation with initial data h

= /Rd h (eA*tg[)) (x)dz,

by definition of adjoint operator. Since o(z,t) is the density of Xy, we can also write, by
definition of expected value, that

Ey (h(X2)) = / h(x)o(z t)dz.

Rd

By matching the two expressions found for the expected value at time ¢, we get

/Rd h (eA*tQO) (z)dz = /Rd h(z)o(z,t)dz.

Using a density argument one we extend the equality to each ug € L?(R%) and deduce that:

o) = (4" o0) (@),
which solves the equation (3.10), differentiating it first, imposing ¢ = 0 then. O

The whole theory of Markov semigroups can be made mathematically rigorous, see [76].
We want here to undestand the form of the operator A*, which we can obtain explicitly by
calculating the adjoint of the generator A. Recalling therefore that for a process of pure
diffusion the generator is

Cu(w,t) = S w (,)bi() + % St @.1) [00"],, (0),
i=1 (2]

we can calculate £* in the case of the real line so that for each u, ¢ in Cy(R) holds (ignoring
the time dependency of functions)

/ (Lu) (2)e(x)de = / u(w) (L) (x)da.
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Integrating twice

[ € @a@de = [ (@b + gueele)oa)) o)

and canceling the boundary contributions we obtain

= [ o) (bt + (> @0w)er ) o= [ ate) (€0 ()

l.e.

and its generalization in R™

2
Lol@) =~ ai (bi(x)o(a)) + 5 > 8‘9 ([re'],.; (@e())

xiﬁxj

60

(3.11)

Remark. If the process is a diffusion with jumps, i.e, X; is solution of dX; = b(Xy)dt +
o(Xt)dWy + Ji the theorem remains valid, but the generator A of the complete process should

be considered, with the addition of the jump term

Tu(z,t) = /E [u(z + K(x,§),t) — u(x, t)| v(dE).

We obtain the explicit form of this operator in the specific case of the model presented in the

next chapter.



Part 11

Evolutionary dynamics with rare
mutations
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Chapter 4

Rare mutations

4.1 Random mutations replicator dynamics

We show in this section, using all the theory developed in the previous sections, a model of
stochastic differential equations that describe with a greater detail than the classical replicator
dynamics systems of the evolving populations. The model, presented in [4], extends the repli-
cator mutator model to the case of random mutations. The original contributions presented
in the following two chapters will use this model as a basis from which to start, reformulating
it and extending it first to the case of a heterogeneous environment (Chapter 5), then to a
population of infinite genotypes (Chapter 6).

Quasispecies

The replicator dynamics completely ignore rare mutations. Unfortunately ignoring them
means ignoring one of the driving forces of Evolution, so it is necessary to modify the previous
models by adding new terms. Manfred Eigen and Peter Schuster formulated the quasispecies
theory [85], A quasispecies is an group of similar genomic sequences generated by a mutation-
selection process. In chemistry the word “species” refers to a group of identical molecules, but
the species of all RNA molecules does not contain identical sequences, so it is necessary to
introduce the concept of “quasispecies”. During replication of a genome, mistakes can happen;
the probability that replication of individuals of type ¢ results in individuals of type j is given
by gi;. This define Q@ = (g;;), that is a stochastic matrix; each rows sums to one, and each
gi; > 0. The quasispecies equation is then defined as:

T = Y i Tifiqie — fak

k=1,...,n
The variation of fraction of individuals k is obtained by individuals of type ¢ that mutate,
at rate f; times the probability that replication j generates type 7. The sum of z; remains
constant because of the presence of f. Note that, when the replication is error-free, i.e. there
are no mutations, @) is the identity matrix and the quasispecies equation reduces to Replicator
Dynamics (1.2) with constant fitness.

Consider as initial condition x(0) in the interior of the simplex, i.e. z;(0) > 0 for all
i; then the replicator equation converges to a homogeneous population that consists only of
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individuals of the fittest type. If fy > f; for all ¢ # 0, then the stable equilibrium is given by
xg=1and z; = 0.

When the matrix ) is not the identity, mutations occur. This means that there exists
gij; > 0 with 4 # j. In addition, we assume that f; >0 for at least one ¢. In this case, the
equation of the quasispecies admits a single equilibrium x*, that is globally stable, and does
not, necessarily maximize the average fitness f ([73, 24]). Consider again fy > f; for all i # 0.
The population of individuals of the type 0 at the equilibrium will have higher fitness than
the population at equilibrium. Mutations reduce the average fitness at equilibrium.

The quasispecies equation can be reformulated, giving more emphasis to the similarity
with the replicator equation, as the replicator mutator (see [73, 24, 10]) :

{kk =1(fk<x> = f(@) z + X filz)mase, (1)

The first addend is nothing else than the replicator dynamics for a population of n distinct
types © = (x1,...,2,) with non constant fitness, to which is added a term given by the matrix
M = (mik)ik=1,. n, effective mutations matrix, which is null in the absence mutations and
has the form M = @Q — I, with @ as above. The new term Z#k fi(x)mgpz; > 0 describes the
increase in frequency of individuals of type k due to the birth of mutants from other individuals,
while the term fi(x)mgrxr < 0 measures the decrease in the frequency of individuals of type k
caused by the presence of mutated descendants among the progeny of such individuals. In this
model we are implicitly assuming that mutations occur homogeneously: at each generation,
a fixed proportion of the progeny will show mutant traits. We want to propose a description
where mutations should not be considered deterministic terms, rather we would like to mimic
random changes of the genome, rare “jumps” that randomly modify the frequencies in the
population.

Random mutation replicator mutator.

Following [4], we transform (4.1) into a stochastic equation imposing the condition that the mu-
tations occur at random times and are therefore described by a jump process. So be (1}, Z,,),,
a succession of times T" and pairs Z, random on the filtered probability space (2, F,{F:},P).
The pairs Z,, are chosen in the space

Z={(@,k)e{1,....N}? i #k},

therefore we are assuming that each mutation has a fixed ancestor and a descendant of a single
different type. Let

Ne=)IT, <t), Nj¥= Z]I ENI(T, < t),
n
be the counting processes that evaluate respectively the total number of mutations and the
number of mutations from type ¢ to the type k, so that Ny = Z#k N{*. Suppose then that
the proportion between the descendants of individuals of type ¢ showing the type k after a
mutation is constant and equal to v, € (0,1]. The stochastic differential equation obtained
with these premises is:

dX} = ap(Xp)dt + ) yipX[dN}F = "y XFANF. (4.2)
ik ik
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The function a(X;) = (fe(X:) — f(X;)) XF is the term of the replicator dynamics with
k=1,...,N. The initial datum can be deterministic or random with initial distribution pg
with support in the simplex S. We can write the equation in integral form and make the
jump process explicit,

X, = Xo+ /0 a(X.)ds + /0 t /Z K(X. . 2)N (ds, d=). (4.3)

The Poisson measure N (dt, dz) is such that, for all ¢ and k distinct, the intensity of the process,
that is the frequency of the jumps, depends on the genetic distance between the type ¢ and
the type k but also from the selection: the bigger is the fitness f;(x;~), the more types i will
reproduce, more often the offspring will undergo mutations; for this reason the jumps have
intensity )\zkfz(Xt_)

However, when the fitness vector is constant on the simplex, then the (4.3) can be written
with K (z, (i,k)) = Is(z)yinwi(ex — e;) and with N ([0,T] x (i,k)) = Ng*, that is a simple
Poisson process with intensity v({(i,k)}) = \ixfi- The same construction can be obtained by
considering the case of non-constant fitness, linked to the payoff matrix of a given game, but
with intensity of the process independent of fitness, with v({(i, k)}) = M.

Existence and uniqueness of the frequency process (4.2) is proved in [4], where the regularity
of f ensures that not only the field a verify all the hypothesis of lipschitzianity and sublinearity
necessary for the existence and uniqueness of the solution, but also that the intensity of the
jump process is bounded. It can then be noted that, as in the case of the replicator dynamics,
the simplex is an invariant region for the dynamics of (4.2). If the initial data distribution
support X is in S then X; remains in the simplex for every positive time. It is easy to note
that when z € SV then = + vz (ex — ¢;) € SN,

Remark. In the simple case in which the jump process Nj* is Poisson of constant intensity
ik fi then the equation (4.2) can be reformulated as:

N
dXT = | (fr(Xe) — F(Xe)) X[ + Z fidinvae X7 | dt
i=1

> qa X dMF ="y XEdME
i#£k i#k
where, compared to the generic case, the function v = ~;, X}, the intensity of the process
A\ = fi\ik, the martingale dM = dM™. If we take mik = NikYik for ¢ £k, mu g = — > NeiVhis
then the equation (4.2) is the replicator dynamics perturbed by random terms of martingale
type. The relationship
Mik = AikYiks

creates a parallelism between the deterministic and the random model, highlighting that there
are more pairs (A, v;x) which give rise to the same replicator mutator model. When my
is null, we can suppose that also ;. is null and both models are reduced to the replicator
dynamics. In other cases, we can suppose v;x as free parameter and consequently A\ =
mk/Yik- When v, tends to 0, the temporal intensity A;; grows and the trajectories of the
process become continuous. On the contrary, when ~;; = 1, the temporal intensity reaches
its minimum in my; and mutations are concentrated in rare events that occur simultaneously
throughout the offspring.
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4.2 Expected values and qualitative study

We can obtain Feynmann-Kac equations for the previous model. Consider the equation (4.2).
Following the definition of generator we obtain the equation:

{6tuk(x,t) = a(x) - Vug(z,t) + Zug(z,t), 28", t>0 (4.4)

uy(z,0) =y, x eSS,
with
a(x) = (a1(x),...,an(x)),
ap(x) = (fr(z) — f(x)) z,
and with the generator of the jump process Z,
Tu(z,t) =Y Nijfilw) [u(z + viai(e; — ei), t) — u(a,1)].
i#]

We have chosen, with respect to the hypotheses of the Feynman-Kac theorem, A = 0 and
h = id (because it is limited to S™), then the unknown variable uy is the expected value of
the k — th component of .

Analysis of two-species case.

We now dedicate to the analytical study of the equation, to get an idea of the behavior of the
expected frequencies, in the simplest case: two species with constant fitness. We are therefore
considering the vector field of the differential equation

t=—sz(l —x),

with s = fo — f1 e € [0, 1], and reducing the number of variables

Tzo=1—=x
1= ’
If we consider the constant s > 0 we have then that the only asymptotically stable point of
equilibrium is ¢y = 1, 1 = 0, that is, x = 0. The Feynman-Kac equation obtained from (4.4),

for the function
u(z,t) = E (z(t)[z(0) = z),

is

o+ s(1 — z)xdu = NofoZou + MZiu, 0<x<1,t>0
u(z,0) =z, 0<z<1

where
Tou(z,t) = u(z + (1 — x),t) — u(z, 1),

Tyu(z,t) = u(x — 2, t) — u(x.t).

Remark. Tt can be seen that, in the absence of the mutation term, the (4.5) is the equation of
homogeneous transport that came from replicator dynamics.
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We abbreviated the notations by writing v = 701, 71 = V10, Ao = Ao1, A1 = Ag- In
this simple case we can analytically compare the dynamics of the stochastic model and the
traditional one of replicator mutator, which in this context has the form

t=—sx(l—x)+mofo(l—x)—mifiz, t>0
z(0) =z,

with mg parameter for mutation from species 0 to species 1, mq vice versa. As we noted, we
can take, for i = 0, 1,

mi = A%,
and, according to the previous observation, we consider the equation of homogeneous transport

linked to the replicator mutator, with unknown variable X (z,t),

{8tX+(sx(1:c) —mofo(l —x) +myfix)0, X =0, 0<x<1,t>0 (4.6)

X(z,0) = x. 0<z<I1
Now [4] present a series of results,
Proposition 17. The following results on the reqularity of the solutions hold:
e The problem (4.5) admit a classic solution u € C*°(]0, 1] x [0,00));
e For allt > 0 and for x € [0, 1], the solution of (4.5) satisfyies

0 < dpu(z,t) < elsmmofomifit,

e For each t > 0 and for x € [0,1], the solution of (4.5) is convex and there exist two
constants ¢ > 0 and p € R such that

0 < 02, u(x,t) < cet.

Thanks to this, it is possible to understand that the expected value of the population quantity
of the stochastic equation is greater than or equal to that of the deterministic case, therefore
rare mutations increase the survival opportunities of the lower-fitness species. This is the
result contained in the following proposition,

Proposition 18. Let u and X be respectively solution of (4.5) and (4.6). Then
1> u(z,t) > X(z,t),
forall 0 <x<1andt>0.

Proof. The solution of (4.5) is u(x,t) < 1 because the constant 1 is a supersolution. We show
that u(z,t) is a supersolution of (4.6):

Ou + (sz(1 — ) — mofo(l — ) + my fix)dpu =

Ou + sx(1 — 2)0zu — mo fo(1 — 2)Oyu + my frad,u =
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Ao foZou + MZiu — mo fo(1 — 2)Ou + my froed,u =
Aofo [u(x +70(1 — 2),t) —u(z,t) — (1 — 2)Opu(z,t)]
FALf1 [u(z = nw,t) —u(z, 1) — nedyu(w,t)] =

1 1
XoJo / Opzt(x + Ov(1 — ), t)d0 + A\ f1 / Opzu(x — Oy12,t)d6 > 0,
0 0
for the convexity. m

The analysis addressed in [4] goes further, trying to show if, under appropriate parameter
choices, the dynamics of random mutations can provide unexpected results with respect to the
classical replicator mutator. First of all we can state a lemma about the existence of solutions
for long times.

Proposition 19. For each choice of the parameters, the function

() = lim u(z, 1),
is well defined for all x € [0,1]. If, then, m1 > 0, or m; = 0 and mg > s/ fo, then the limit u
1s constant.

For some parameter choices, the random model gives the same results as the classic prob-
lem. This happens, for example, if my = 0, when there are no mutations of type 0 to type 1.
In this case the mutated descendants have higher fitness than the progenitors, and mutations
help selection in fixing type 0 in the population. Even in the opposite situation, when m; =0
and mgy > s/ fo, the behavior of the two models coincides. In this case the only mutations
are those from the highest fitness type, and the mutation rate is high enough to overcome the
mutation effect. In the case where instead the coefficient m; is null, but the mutation rate mg
is not sufficiently high, i.e. mg < s/ fo, something new happens. The final state depends on the
intensity of the jump process that governs the mutations and no longer necessarily follows the
deterministic model of replicator mutator. All these statements are mathematically justified
in the aforementioned article.



Chapter 5

Spatial heterogeneous environment

We propose in this chapter a stochastic model that is an extension to the spatial case of [4],
where individuals can mutate changing their strategies randomly (but rarely) and explore the
external environment. This environment affects the selective pressure by modifying the payoff
arising from the interactions between strategies. We derive a Fokker-Plank integro-differential
equation and provide Monte Carlo simulations for the Hawks vs Doves game. In particular we
show that, in some cases, taking into account the external environment favors the persistence
of the low-fitness strategy. This chapter is the extended version of the article [5].

5.1 Introduction

Evolutionary Dynamics describes biological systems subject to Darwinian Evolution by taking
into account the main mechanisms and phenomena of Evolution itself. In [60], Maynard Smith
and Price propose an instance of this approach by considering a population modified according
to the replicator dynamics. A population is formed by d types, or behaviors, E1, ..., Eq, with
fractions corresponding to relative abundance in the vector z = (1, . .., z4), which corresponds
to a point in the simplex S%. The selection and adaptation mechanism is described by means
of a system of differential equations in the following form:
T, -

= fue) - F@), (5.1)

Tk

as k = 1,...d. The rate of increment &y /xj of the type Fj is given by its absolute fitness,
denoted with fi, balanced with the average fitness of the population f, which has the form

d
fla) =" wpfulx).
k=1

In evolutionary matrix game theory the vector of absolute fitness f = (f1,..., fq) is defined
as

f(z) =U(z)x,

where U(z) is the matrix of payoff that rules the interplay between different strategists (and
possibly depends on the frequencies of different species themselves). In this regard, the fitness
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of the type Fj is defined as the result that an individual of that type gets colliding against
another individual on average, i.e.

d
i=1

However, it is clear that the basic element for the generation of evolutionary novelties are
mutations. The quasispecies equation, dating back to the 1970s, modifies the growth rate of
each species by considering the dispersion due to the birth of mutated offspring [85]:

d
br =Y figikmi — far. (5.2)

i=1
Here the coefficient ¢;; express the proportion of offspring of k-type from a progenitor i, which
shows up at any procreation. An important aspect of mutations stands in their randomness,
which is quite underrated in (5.2). Since then many more refined models have been proposed
to put into the right light randomness; we refer for instance to [14] showing that one single
stochastic microscopic process can generate different macroscopic models of adaptive evolution.
More recently, in [4], it has been proposed a macroscopic stochastic model where mutations
occur at a different time scale than selection. This approach goes into the direction of adaptive
dynamics, but differentiates from trait substitution sequence because it is not assumed that
there is complete adaptation (namely invasion or extinction of the mutant trait) between
subsequent mutations. Within the framework of social dilemma, where the types E; are read
as strategies, a “mutation” happens when a player changes his strategy. The model in [4]
assumes that such events happen on rare and random occasions, even more than once before
the system reaches its stable state. See the previous chapter for a more detailed review of [4],

and see also the numerical paper [3], focused on Prisoner’s Dilemma.

In this Chapter we take a step further and address our attention to the environment, seen
as a place where individuals can evolve but also as a factor that can influence the dynamics of
interaction between strategists. The model presented in [4] is then expanded to take into ac-
count how the natural environment can modify the interactions between individuals, changing
selective pressures. We add a new variable y € RY to the variable x, in the simplex, so that
the status of the population is described by the pair (x,y). The new variable y stands for the
position of the population or, more widely, for an external parameter that affects the results
of the interplay between strategies. It changes according to a velocity, partly deterministic,
partly stochastic, and influences the selection mechanism because the payoff matrix depends
on y. In the following Section 5.2 we recall the stochastic model for replicator dynamics with
point-type mutations introduced in [4]. With the aim of performing Monte-Carlo simulations,
we give an alternative (but equivalent) description of the process by using a single Poisson
random measure. Starting from this description, we generate an algorithm to simulate our
process. Next, the spatial environment is introduced as a further stochastic variable, whose
dynamics is ruled by a SDE. Therefore, we end up with two coupled SDE for the character-
position variables (z,y): see (5.7), (5.8).

In Section 5.3 we derive a Fokker-Plank integro-differential equation for (5.7), (5.8), (see
(5.12) later on). The classical regularity assumptions requested by the Hormander theory are
not satisfied because of the presence of a non-local term, which is the deterministic counterpart
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of the point process modeling mutations. We therefore read it in the viscosity sense, even if
the problem (5.12) does not fit plainly in the standard framework of viscosity solutions for
integro-differential equations: the main difficulty comes from the domain where it is set, which
is closed. Actually, the model does not justify any attempt to impose a boundary condition.
Moreover the nonlocal term does not depend continuously on x. These difficulties are overcome
by extending in a suitable way the problem to the whole space (5.13) and noticing that the
produced solution can actually be interpreted as a probability density for the couple character-
position (z,y).

Finally Section 5.4 provides numerical simulations concerning the two strategist game
Hawks vs Doves, used by Maynard Smith to explain the high frequency of conventional dis-
plays, rather than all-out fight, among animals (especially within heavily armed species) [44].
We modify the standard model by assuming that the cost for fighting changes according to
the location, and perform various simulations for the probability density obtained both by a
Monte-Carlo method starting from the stochastic system (5.7), (5.8), and by a finite difference
scheme based on the Fokker-Plank equation (5.13). The equilibrium of the standard replicator-
mutator dynamics can be disrupted by effect of either random motion or mutations. In some
particular cases, the environment itself allows for the survival of the low fitness species.

5.2 A stochastic model for mutations in heterogeneous environ-
ment

We propose to describe the frequencies of different phenotypes in the population according to
a stochastic differential equations (SDE) in the general mathematical framework (see Chapter
2):

X, = Xo + /0 o (X,)ds + /0 b(X)dW (s) + /0 /E K(X. ,ON(ds,df).  (5.3)

Here X; is a process on a probability space (2, F,P), where a,b, K are Borel measurable
functions of appropriate dimensions. W (s) is a standard Brownian motion and N (ds, d§) is a
Poisson random measure on R* x E, with mean measure [ x v, | Lebesgue measure on R*, v
a o-finite measure on a measurable space (E, ).

The process of classic replicator dynamics (5.1) is obtained when X = (z1,...x4) is the
vector of relative frequencies of d various phenotypes, a is the vector of relative fitness, i.e.
a(X)=(...,ar(X),...), with

ar(X) = oy, (fu(X) — F(X)),

and b and K are null, so that (5.3) is totally deterministic.

In [4], mutations are described by means of a pure point process that alters replicator
dynamics and the Brownian motion term is zero (b = 0). Any mutation has a fixed progenitor
(type i) and a unique descendant (type j): this gives 2(3) = d(d — 1) different mutations,
precisely all those that transform a type ¢ in a type j as

(z’,j)EI:{(i,j)e{l,...,d}Q;i;«éj}.
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The mutation from type 7 to type j is driven by a non-homogeneous point process Ntij with
stochastic intensity A;; f;(X;-). The process N’ makes unit jumps with a frequency depending
on the process itself, according to the “genetic distance” between the types i and j (\;;) and
the fitness of i (f;): the higher the fitness, the higher the rate of reproduction of individuals
of that kind, the more they will suffer mutations. A further coefficient v;; € (0,1) measures
the proportion of individuals involved in mutations: the population of type ¢ decreases by a
fraction 7;;x;, while the population of type j increases by the same amount. This yields a
jump of the population frequency vector of size v;jz;(ej — €;), e; standing for the unit vector
pointing in the direction i. The resulting SDE is

t t t
zgt = 25 (0) —|—/ a(Xs)ds + g / 'yl-kxi,tht’k — E / ’ykixk’thth. (5.4)
0 0 0

i#k itk

Let us notice by now that the number of variables depicting the character can be reduced by
d—1

observing that 4 =1 — )" z; and setting the problem in the closed set
i=1

d—1
Zd == {([El, .. .J)dfl) Xy Z 0, Z.’EZ S 1}
i=1
With a little abuse of notations we shall continue to write z € % and

d—1
fel@) =fr(@1,.. 2qo1,1 = i),

i=1

d—1 d—1
ag(v) =ag(w1,...vq9-1,1 — Zl'i) = (fr — fa)(1 — wp)2y, — Z(fi — fa)ziTk.

i
In the same paper [4], a Kolmogorov integro-differential equation describing the expected
frequencies is derived and investigated analytically, with particular attention to the long term
equilibrium. Analytical investigation is satisfactory in the case of constant fitness (quasispecies
equation), but there are some gaps concerning variable fitness, that has been tackled by a
numeric approach in the subsequent paper [3|. In the present work we are mainly concerned
with Monte-Carlo simulations. That is why, before enriching the model by including the effect
of heterogeneous environment, it is worth giving an alternative description and present an
algorithmic approach.

The SDE (5.4) can be written in standard form (5.3) by taking d(d — 1) independent

Poisson random measures N;;(ds,d¢) on RT x R, defining the amplitudes of jumps as

Kij(X,8) = vigzi(e; — €i) Lo, £:(x)) () (5.5)

and then invoking the Poisson embedding [16].

It is possible to set up an equivalent mode (i.e. with the same probability distribution)
with only one random measure N (ds,d¢) on RT x E with E = RT x [0,1]. To this aim we
look at the sum of the stochastic intensity of each individual process
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AX) = Nifi(X),
i#]
split the unit interval into d(d — 1) disjoint intervals Z;; of length A;; f;(X)/A(X), and take
the amplitude of jumps as

i#j
The two processes just described coincide indeed.

Lemma 20. The processes (5.5) and (5.6) have the same infinitesimal generator, so they have
the same probability distribution.

Proof. The generator of (5.6) is

Jiom Jie [@ (X + T0a000(0) Sy vigile; = €)1z, (w)) = 6(X)| dudo
= AX) fio) [0 (X + Ziy vgmiles — )1z, () ) = 6(X) | du
= MX) Yooz Jz, [0 (X +vijaile; — €i)) — (X)] du

= AX) iz 1Tij| [6 (X + vigai(es — ei)) — d(X)]

=iz Nij fi(X) [¢ (X + yijwi(es — €)) — (X)),
i.e. the same infinitesimal generator of (5.5), as in [4]. O
This alternative construction, albeit equivalent to the first one, can be turned into a sim-
ulation more easily and with a more compact and efficient code, because it involves only one
jump process instead of d(d—1) independent ones. In view of Monte Carlo approximations, we
therefore give an intuitive interpretation of this last process, based on the existence theorem

for Poisson random measures in [50].
Let T' > 0 a fixed time horizon and

A = max A(X).
X

The evolution process can be simulated by the following steps:

1. Build a priori a homogeneous Poisson process with intensity A™®*, whose jump times
will be denoted by T, lower than T7;

2. Simulate the replicator dynamics till 77;
3. Extract uniformly a random number £ € [0, 1];
(a) if AmaxE > A(XT;) 1O jump occurs,
(b) if Amaxg < A(XTl_) a jump occurs indeed.  To decide which kind of mutation

occurs, extract another random number u ~ Unif(0, 1) and look at which interval

T:: it belongs (which is always the case because the sets Z;; form a partition of

[0,1]). Then shift a quantity V5T from 7 to J.

7

4. Restart from step 2.
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5.2.1 Heterogeneous environment

In the present model the only observed variables are the frequencies of the various phenotypes,
as well as in the classical replicator equation. The rules of the play are fixed once and for
all by means of the payoff matrix U, and nothing depends on the physical position of the
population, as if the individuals were not able to move, or if the environment were completely
homogeneous. A more realistic picture has to take into account that environmental changes
affect the results of interaction between different behaviors.

To introduce heterogeneous environment we increase the observed variables so that the
status of the population is described by a pair X = (z,y): as before x = (z1,...,24-1) € X¢

stands for the character of the population, each x; being the fraction of individuals of type E;
d—1

(and x4 = 1 — Y z; the fraction of type Ey), while the new variable y € RY stands for the
i=1

position of the population. More widely this new variable can be seen as an external parameter

that affects the results of the interplay between strategies. The payoff matrix depends on y,
i.e. U = U(y), consequently also the respective fitness

d—1 d—1
Fre(@,y) = wri(y)ai + wialy) (1 =Y ;)
=1 =1

varies with y.
The character = evolves according to a suitable version of equation (5.4):

t t
Tt :550‘*'/0 a(xsvys) d5+/0 /E‘K(xs—,ys,g)/\/’(ds,df). (57)

Here

o a € R% ! stands for the vector field of the replicator dynamics. It has the same structure
as in the former case, but with an important difference: the fitness are allowed to depend
from vy, so that

ap(z,y) = zp(flz,y) — f(z,y) ask=1,...d.

e The jump amplitude K and the random measure N describe the mutation process as
before. The location y affects the mutation process through the fitness, as

Aa,y) =D Nijfilz,y),
i#j
K (2,,u,0) = 110 Ay (0) D iji (€ — €) 17, () (1),
i#]
where the intervals Z;;(x, y) have length equal to A;; fi(z,y)/A(z, y) and form a partition
of the unit interval, as i # j € {1,...,d}.

The environmental variable y changes according to a diffusion with drift:

t t
yt—yo+/ v(w57ys)d8+/ o (zs,ys) dWs, (5.8)
0 0

where



CHAPTER 5. SPATIAL HETEROGENEOUS ENVIRONMENT 74

e v € R stands for the velocity field of the population. For any given y, v(e;,y) is the drift
of the type E;, while a composite population described by the character z is inclined to
move according to v(z,y).

e g is an N x N matrix and Wy is an N-dimensional Brownian motion, describing the
random component of the displacement.

Notice that both the drift and the diffusion may depend of the frequency vector z, allowing
retro-actions of population on the environment itself.

The well posedness of the process (5.7), (5.8) is assured by classical arguments (see [49, 7]).
Monte-Carlo simulations do not require substantial changes compared to the non-spatial case:
the additional Brownian motion can be effectively simulated in a standard way.

5.3 A Fokker-Plank equation for the probability density

The stochastic process (5.7), (5.8) can be described in a deterministic way by means of two
Kolmogorov integro-partial differential equations: the backward one, also known as Feynman-
Kac equation (related to expected value), and the forward one, also known as Fokker-Plank
equation (related to the density).

With minor changes from [4], one easily sees that the infinitesimal generator of the process
(5.7) (settled in %9), (5.8) is

Lé=a-Dyd+v-Dyop+ %Tr (00'D2,¢) + T 6. (5.9)

Here D, and D, stand for the vectors of first derivatives w.r.t. € R¥! and y € RV,
respectively, Dgy stands for the N x N matrix of the second order derivatives w.r.t. y, a, v,
o are the same functions appearing in (5.7), (5.8), and J is a non-local functional related to
a discrete measure:

T(,9,0) = / (O + 2 ,1) — 3(@,9,0)) iy (2),

Ra-1
d—1 d—1
Py (2) = D Mg Fil@0)0 1 mes—eny (2) D Midfil @, Y)8( rpymiery (2)
ij=1 i=1
Z
d—1
+ Adlfd(xay)(s - (Z)
; {Wi(l—dzl zp)}

The expected value at time ¢ of a population which is at state (z,y) at time ¢t = 0 is described
by u(x,y,t), the solution to the Feynman-Kac system

1 t 2 _
Oyur, — a - Dyug, — v - Dyuy, — 5Tr (JU Dyyuk) = Jug,

( 0) Tk ask=1,...d—1, (5.10)
ug(x,y,0) =
Ky Yp—qa ask=d,...d+ N —1.
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Otherwise, one can be interested into the macroscopic function g(x,y,t) € [0, 1], measuring
d

the probability of finding a population distribution (z1,...24-1,1—_ 2;) € S?in the position
i=1

y € RV at time ¢. For instance at time ¢ > 0 the quantity

Pi(t) = // o(z, . t)dady
(Be(e;)NE4) xRN

depicts the probability of having a high proportion of individuals of type ¢, while

Pi(t,0) = // o(x,y,t)dzdy

(Be(e:)Nx4)x B5(0)

depicts the probability of finding a high proportion of individuals of type ¢ near at the origin.

This can be done if the starting point is one population with character x in the position y
(that is the initial datum is a Dirac mass centered at (x,y)), or if the initial status is a random
variable with density function gg(z,y). A rigorous deduction of the Fokker-Plank equation
requests a-priori regularity of the density function. The topic of regularity can be addressed by
the classical Hormander theory (see, for instance, the book [74]) and requests some technical
assumptions, also in the diffusive setting (i.e. in absence of mutations). In the present setting
there is no reason to expect that the density function is smooth enough, due to the anisotropy
of diffusion and to the point process modeling mutation. We therefore choose to write the
Fokker-Plank equation formally and then to settle it in the framework of viscosity solution
theory. This approach has the advantage of asking very few a-priori regularity and producing
well-posed solutions even in the degenerate elliptic, integro-differential setting arising from
rare mutations.

Following Pavliotis [76] we compute £*, the dual operator in L?(X¢ x RY) of the infinites-
imal generator:

d
=3 Z 2 o (00 k) — div, (6a) — divy (6v) + > T (fi0),  (5.11)
=1

hk 1
where now

Tr (g, 6) = / O+ 2,9,1) — Bla. 1)) dyi. (=),

Rd—1

d—1
dityy(2) =Y Nij(L+75) Lna (@ + 350 = €))0 3z au(e;—en} (2)

j=1

J#i

+ Xia(L +7ig) Isa(@ + Vigmiei) 0y 2,03 (2),
asi=1,...d—1and

d—1

d—
'“:my Z (1 +74) Isa(z — v4(1 - Z xk)e;)d i1 (2),
=~ P (g1 m1)e; )
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for 75 = i /(1 — i)

It turns out that, if go(x,y) is the probability density of the random variable Xy = (¢, yo)
describing the initial distribution of subpopulations, and if the solution X; = (x¢,y¢) to (5.7),
(5.8) has a sufficiently smooth probability density o(x,y,t) for ¢t > 0, then it solves the initial
value problem

dro— 4 2 2 (00 )e) + diva (0a) + div, (ev) = § T (fre)

(:E?y? 0) - Qo(x,y),

(5.12)

in the closed set (z,y) € ¥4 x RY and ¢ > 0.

Let us explicitly remark that nonlocal operators J;* are not continuous w.r.t. x: this fact
may have a huge instability effect. We therefore switch to another problem which is set into
all R¥! x RY and is continuous. To this end we extend the fitness functions f;, the drift v
and the diffusion ¢ in a bounded smooth way to all R¢ x RV so that f; > 0 have support
contained in a cylinder, say Br(0) x RV. Concerning the initial datum gg, it can be extended
as o9 = 0 outside ¢ x RN, We thus look into the problem

N -
00— = Z yhyk (00" ko) + diva (0a) + divy (ov) +co = Jo (5.13)
Q(xa Y, 0) - QO(ZE, y)a

for (z,7) € RY x RY and t > 0, where now

T 0) = [0+ 2000) = 69 dicy (2),
d—1
d:ux,y(z) = Z mij(gca y)(s{'y;jxi(ej—ei)}(z)
ij=1
j];éi
d-1
+ Zmid(m7y)5{—'y;‘dxiei}(z> + Zmdj(xay)é d—1 (Z),
i=1 i—1 {’Y;j(l_ Z zk)ej}
J k=1
mij(x,y) =(1+v;)Nij fi(z +vj57i(ei — €5),y),

as i, =1,...d— 1, with ¢ # j, and

mzd(‘r y) Azd(l + /Vzd)fl(l‘ + ’Y,dez, y)
d—1
k=1

M&

(Nij fi(z,y) — mij(z,y)) .
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It is worth clarify that the equation in (5.13) does not coincide with the one in (5.12) even
if z € ©%. Although they do coincide for that functions o which are zero for 2 outside %¢.
On the other hand if the support of gy is contained in ¢ x RY and o(t) € L'(R¥! x RV) is
nonnegative, then also the support of o(t) is contained in £¢ x RV,

To see this fact, let

Ay ={z e R 1z, <0} ask=1,...d -1,
d—1
Ag={z e R . Zxk > 1},

// t)dxdy ask=1,...d.
AkXRN

d
It suffices to check that %I x(t) < 0. For simplicity we perform computations only in the case

d = 2. Integrating the equation in (5.13) on A; x RY gives

Zh® == [@a0ndy+ e[| (1R (R(+ 1o 0.t) = (fie)e,v.0) dedy
RN A1 xRN
+>\21 // ((1+7§1)(f29)(x_'7>2kl(1_m)ayvt)_ (fQQ)(‘r?y?t))dxdy
Al xRN

remembering that a1(0,y) = 0 and performing the obvious transformations in the second and

third integrals yields
0
= —/\21/ dy/ dz(f20)(z,y,t) <0
RN —¥31

because fop > 0. Similarly, since a1(1,y) = 0 one gets
d 1+'712
@12 = —)\12/dy/ z(fio)(z,y,t) <0

It has also to be stressed that, in order to read the solution o(t) as a probability density, its
total mass has to be 1, that is

M(t) = // o(z,y,t)dedy =1 for all t > 0,
RI-1xRN
provided that M(0) = [[ oo(x,y)dxdy = 1. Again, integrating the equation in (5.13) gives
TdxRN

MQ/“1+%amm«nwmx%>—wwu%wMMy

RxRN

+ A2t // ((1—‘,—751)(‘](.2@)(.%—7;1(1—l'),y,t) - (f29)<x7y7t)) dxdy: 0

RxRN

d
d,t
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after a trivial change of variables. Hence the total mass is preserved in the modified problem
(5.13).

In view of these remarks, we can read as the probability density of the process (5.7), (5.8)
a solution o(t) to the Cauchy problem (5.13) with the properties o(t) € L'(R?~! x RY) and
o(t) > 0 for t > 0. The existence of such a solution is assured in the viscosity framework.

Theorem 21. Assume that f;,v € CLYYRTI x RY) ¢ € CPL (R x RY) are bounded
together with their derwatives, with f; > 0 and 0 > € > 0. Take gy a Lipschitz-continuous,
bounded function whose support is compact and contained in the interior of ©% x RN such that
00 > 0 and [[ godzdy = 1. Then there ezists a unique viscosity solution to (5.13). Moreover
o(t) € LY (R x RN) and o(t) > 0 for all t > 0.

Proof. First of all the equation in (5.13) has to be written in the standard form of the viscosity
solution framework, which is nonvariational. This can be done if the coefficients f;, v, o have
the regularity requested by hypothesis. So we write

2

1 -

00 + a0 + bOyo + co — 5028§y9 = g AiZ; () (5.14)
i=1

where now

Al(a:vy) :)‘12(1 + ’Yi)fl(x + fovy)v

Ao(7,y) =Aa1(1 +72) faz — 15 (1 — ), y),
and consequently

2
o) = Bpa + Dyv — %agycﬂ +3 i = A)
i=1
are continuous and bounded. This problem satisfies the assumptions in [2|, therefore it has
a unique continuous viscosity solution o(x,y,t) which is Lipschitz-continuous w.r.t. z,y and
bounded. Moreover, comparison principle holds. In particular one can find suitable parameters
c1,C2, c3 S0 that

0 <o <expleit — oV 1+ 22 —c3y?)  inR? x [0, 00). (5.15)
In particular o(t) € L(R?) for all ¢. O

Remark 22. The assumption o > ¢ > 0 has only been used to obtain the estimate from above
in (5.15) and infer the integrability of the solution and the equation into all R%. The hypothesis
can be removed by asking something more to the drift v in order to assure some decay w.r.t.
Y.

In view of the biological applications, it is suitable to allow the initial density op to be a
probability measure. For instance modeling the evolution of one population whose initial state
(z,y) is known deterministically requests to take a gy as a Dirac mass centered at (x,y). This
would hugely increase the mathematical difficulty. The paper [53] presents interesting results
in this direction, which are modeled on the fractional Laplacian and therefore do not include
the discrete non-local operator appearing here.
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5.4 Hawks and Doves: a numerical study

In this section we take as a case study the two strategy game Hawks vs Doves (d = 2), with
the following payoff matrix:
G-C G
(5 §)
0 3

where the coefficients are both positive. The fitness functions for Hawks (x1) and Doves (z2),

are respectively
flz(G—C)$1/2+G.Z‘2, fQZGl‘Q/Q,

then the replicator dynamics (reducing the coordinates only to = € [0, 1], fraction of Hawks)
is

t=z(1—2x)(fi—fo)=2(1—2)(G—-Cz)/2.

Besides the pure-strategies equilibria z = 0 (all Doves) and x = 1 (all Hawks), a mixed
strategies equilibrium can occur, = G/C, when C > G: in this case the real Hawks vs
Doves game occurs, with z attractive and the other two values 0 and 1 which become unstable
equilibria. Notice that when the cost of the fight C increases, the percentage of Hawks at
the equilibrium z decreases. Instead, when the cost of fighting is less or equal than the gain,
C < @G, the only equilibria are the pure-strategies ones, with x = 1 attractive; the population
tends to become only Hawks.

We add to the two strategies game also the space component, with y € R (N = 1). In
particular we assume that the cost for fighting depends on y as

Cly) ==~

3G
2

2
1+ = arctan(y)] .
i

The function C' is designed so that, at y = 0, the cost for fighting is C = 3G/2 > G and we
have a coexistence equilibrium z = 2/3. At y < 0 the cost lowers untill it becomes equal to
the gain for y = —+/3/3, so for smaller values of y the coexistence equilibrium disappears,
Hawks increase and the only attracting equilibrium is = 1. Otherwise if y > 0 environment
is more favorable to Doves, because the cost increases up to 3G, so that the fraction of Hawks
at equilibrium Z(y) is a decreasing function of y, tending towards 1/3 as y — 4+00. Summing
up, for any fixed y, the standard replicator dynamics has its equilibrium at

z(y) = {1 y<-V3/3, (5.16)

G/Cly) y>—3/3,
which is well known to be a global attractor. In particular the initial state (xo,y0) = (2/3,0)
is an equilibrium for the standard replicator dynamics (i.e. neither mutations or motions
are allowed), and also when a deterministic motion with v(2/3,0) = 0 is considered. All
the simulations that follow represent the probability density o(z,y,t) evolving from the same
initial state (zo,yo) = (2/3,0), and show that the equilibrium can be disrupted by Brownian
motion in a heterogeneous environment and/or by mutations. They have been obtained in

MATLAB using Monte-Carlo methods and, in the last section, using a numerical method for
the I.P.D.E. (5.13).
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5.4.1

Monte Carlo simulations.

Roughly speaking, large number of independent runs of the stochastic process is performed,
to statistically estimate the density.

Fixed the final time, T, we discretize the time interval [0, 7] in, at least, N = 2% sub-
intervals with the same length. Fixed an accuracy «, the number N increases up to

make sure that the probability of the event “up to one jump in each interval” is greater
than (1 — a)%;

We choose the number of iterations of the method, itermax. We fix two values, N, N,
and the interval [Ymin, Ymaz) In Which we want to display the density. Then we create
a grid on [0, 1] X [Ymin, Ymaaz), dividing the first interval in N, parts, the second in N,
(Ymin = =D, Ymaz = D, Nz = N, = 50). We define the array H in three dimensions,
N, x Ny x N, that will contain the following information:

H(i, j,1) # {processes s.t. at time ¢ are in the cell grid (i — 1,7) x (j — 1,7)}
1 = .
) itermax ’

For each iteration, we generate a Brownian motion on the N time points; then we
generate a homogeneous Poisson process with intensity Ajq. > max, A(z) on [0,T]. Let
{T1,...,Tx} be the jump times;

We simulate, with Euler-Maruyama method, the stochastic process without jumps, until
the nearest time Tj;

Following the definition of the jump process and the intuitive interpretation presented
before, we decide (acceptance-rejection) if the jump of the homogeneous process should
be counted or not for the non-homogeneous one: if not, we continue Euler-Maruyama
until the next jump. If so, we modify the population fractions in appropriate manner;

We update the array H.

5.4.2 Numerical methods for the Fokker-Planck equation.

We implement a numerical method for the equations (5.13), that in this case has the form:

1
atQ — *O'2ny + (Qa)x + (Qv)y — jl(:Q;LE?y) + j2(Q7x7y)7

2
jl(@,ﬂ?,y) = A12 |: (le) (1—33’}/12’y,t) 1[0,17712](‘7") - (fl@) ($7y7t):| ’

I =72

Jo(0,2,y) = Az [1 _1721 (f20) (f — e ?M) Loy 1) () — (f20) (:U,y,t)] :

b
V21

We obtain a finite differences scheme by discretizing with central difference the second order
diffusive term and the transport term in y, and with a upwind method, that varies depending
on the sign of the function a, for the transport term in z. The time is discretized using an
explicit method. We denote with Ax and Ay the space steps, with At the time step, with
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xi,y; the grid points and ¢,, the discrete times. Without considering the integral term (related
to jumps) the method is conservative, and has the following form:
+1 n
Gy —0y o
At 2(Ay) (0141 — 20} + €i'j 1)
1
~5ay (00511~ (w0l )

+ |@o), )]

1
—5i (@), = @o)iyy = (|@o)iiy| - 2|(a0)?,

where of; = o(%i,Yj, tn)-

Regarding the non-local jump terms J1, Jo the functions fi, fo are well defined on non-
grid points, but we have to approximate the value of 9" in x;/(1 —7y12), so we follow [3], using
linear interpolation between the grid points x; and x; |, where i =min{j:x; <x;/(1—)}
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5.4.3 Replicator Dynamics perturbed by random motion.
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Figure 5.1: Replicator Dynamics perturbed by random motion, simulated by 10° iterations of
the Monte Carlo method. The population moves randomly in space, subject to the selection of
a changing environment. The red line is the function Z(y), fraction of Hawks at the equilibrium
for the standard Replicator Dynamics starting at y. The deterministic speed is zero, v = 0,
jumps are absent, the coefficient of the Brownian motion is ¢ = 0.2. Other parameters:
T =30, N =2% Ymin = =5, Ymaz = 5, No = N, = 50.

In this Monte Carlo simulation the population just moves randomly in space, subject to the
selection of a changing environment. To do this, we imagine that jumps are absent, i.e. K =0
in (5.7), and that (5.8) gives a homogeneous Brownian motion for the variable y, i.e. the drift
v is zero and the diffusion coefficient is ¢ = 0.2. If the Brownian motion were absent, the
character z; of a population starting at (xo,yo) would tend as ¢ — +oo towards the attractor
Z(yo) introduced in (5.16) and depicted by a red line in Figure 5.1. But now y; follows (5.8),
which reduces to a homogeneous Brownian motion, so that its marginal density is a Gaussian
function with expected value yg, kernel of the heat equation,

N 1 (y — v0)°
2(y) (Y, )—7%%0% eXpq ~ oo (-

Meanwhile the SDE (5.7) reduces to the standard replicator dynamics and moves z; towards
the asymptotically stable equilibrium z(y;), which depends by y; and therefore by time. We
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can see how, with ¢ > 0, the density is approximately

Q(xa Y, t) ~ j(y)g(y) (ya t)

with an expected global frequency of Hawks given by [ Z(y)o(y)(y,t)dy, see Figure 5.1.

5.4.4 Replicator Dynamics plus Brownian motion with drift.

t=3.418 t=7.2461
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Figure 5.2: Replicator Dynamics plus Brownian motion with drift, simulated by 10° iterations
of the Monte Carlo method. The vector x evolves according to the game Hawks vs Doves with
G function of y. The red line represents the expected value of Hawks for ¢ — oo, that is equal
to the initial value of Hawks. The deterministic speed is chosen as v = 1 — %:1:, jumps are
absent, the coefficient of the Brownian motion is o = 0.2. Other parameters: 7' = 30, N = 28,
Ymin = _5; Ymazx = 57 Nx = Ny = 50.

We assume again that the character x; follows the replicator dynamics with no jumps, i.e. we
take K = 0 in (5.7). But now the we take a non-null drift in the environmental dynamics
(5.8), depending on the character of the population:

v(z) =vp (1 —x) 4+ vgw;

where vp > 0 represents the drift of the Doves, moving towards positive values of y, and
vy < 0 the drift of the Hawks. When vp = 1 and vy = —%:
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v(z) =1—3x/2. (5.17)

The drift is decreasing as a function of x (the proportion of Hawks): it has its maximum,
v =1, at x = 0 (high concentration of Doves) and its minimum, v = —1/2, in = 1 (high
concentration of Hawks). Moreover the drift is null at = 2/3, which is taken as the initial
state. As noticed at the beginning of this section, if the Brownian component were absent the
initial state (xo,y0) = (2/3,0) would be an equilibrium and the resulting dynamics would be
trivial. In the simulation depicted in Figure 5.2 the dynamics is not trivial, and we can identify
two different behaviors of the process, because of the presence of the Brownian component
with ¢ = 0.1. The support of the probability density function splits in two different regions,
and it means that the population moves either towards negative values of y, or towards positive
values, respectively with probability p; and po. In the first case, the proportion of Hawks at the
equilibrium increases (as a function of —y), until the process oversteps the value y = —v/3 /3,
after which x = 1 is the only equilibrium (all Hawks). We can see the gradual extinction
of each Dove. In the other case, the cost of the fight increases with time, the density tends
to concentrate toward the coexistence of both strategies, with greater concentration of Doves
(x = 1/3). However, the expected value of the proportion of Hawks for ¢ — +oo (highlighted
by a red line in Figure 5.2) is the same as the initial one, 2/3. In fact, as we can see numerically,
each of the two regions have mass 1/2, so p; = p2 and

. 1 2
A Eled] =1pit g ep =3
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5.4.5 Point-type mutations plus Brownian motion with drift.

t=1.709 t=7.1777
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Figure 5.3: Point-type mutations plus deterministic and Brownian motion, simulated by 10°
iterations. The vector z evolves according to the game Hawks vs Doves with G function of y.
The red line, as in Figure 5.2, represents the initial value of Hawks and the expected value of
Hawks for ¢ — oo in absence of mutations. The blue line is the same expected value for t — oo
in presence of mutations. The deterministic speed is chosen as v =1 — %x, Brownian motion
has o = 0.2, the parameters of the jump process are Ao = Aoy = 0.2, y12 = 21 = 0.1, that is
one tenth of the population mutate each jump and we have “fair jumps”. Other parameters:
T =30, N=2% a=0.1, Ymin = —5, Ymaz = 5, Nz = N, = 50.

We take now a point-type mutation process for x;, with Ajg = Ag1 = 0.2; v12 = 791 = 0.1 in
(5.6). Concerning motion, we take here 0 = 0.2 and v given by (5.17), so that the position y,
changes deterministically with speed v and stochastically because of the Brownian motion. Let
us remark that at each time that a mutation occurs, the probability that Hawks (respectively
Doves) suffer a mutation only depends on fitness. At the initial state (2/3,0), the probability
that Hawks are the first to suffer mutations is 1/2, just like Doves. In this sense mutations
produce random perturbations similar to the Brownian motion introduced in the previous
example (5.4.4). The simulations presented in Figure 5.3 show two different regions also in
this case. It is remarkable that the fact that at the equilibrium Hawks are more abundant
than Doves brings as a consequence that mutations favor Doves, so that the region of the
probability density moving rightwards will have higher mass (the ratio between right region
and left region is 2:1 ca.), i.e. the coexistence of both strategies occurs with higher probability
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(p1 < p2), unlike example (5.4.4). The expected value of the proportion of Hawks for ¢ — +oo
(highlightened by a blue line in Figure 5.3 is lower than the initial one:

. 1 )

We therefore see that including the physical space can favour the persistence of the low-fitness
strategy, when mutations can happen in both directions.

5.4.6 Monte Carlo and Finite Differences simulations

Finite Differences, t=12

02F g 02k

0.1 q 0.1F

Figure 5.4: Replicator Dynamics plus Brownian motion, with drift and jumps, with different
algorithms, both at time ¢ = 12. On the left the graphic for Monte Carlo method, simulated
by 10% iterations (the grid is dense, to show the single runs). On the right the scheme for the
partial difference equation, with Az = Ay = 0.02.

Here we compare the Monte Carlo algorithm, showed in the previous cases, and the finite
differences approximation, presented at the beginning of Section (5.4). Let us take as study
case the same problem as above, in Subsection (5.4.5). After the flattening of the initial
datum (Dirac delta), which is slightly faster in the I.P.D.E. approximation, the two simulations
run parallel (see Figure 5.4) creating the two regions with different masses, moving towards
opposite directions. In the I.LP.D.E. case, as in the Monte Carlo one, the ratio between the
right region and left region masses is 2:1 ca.

Even if we choose a thick grid for the I.P.D.E. algorithm (500 cells of size Az, 1000 cells of
size Ay, 6000 time steps), its execution is about 5 times faster than the Monte Carlo simulation
with 10 iterations. However, despite the speed, this algorithm, approximating the non-local
jump term with linear interpolation, does not preserve the mass for the whole simulation. In
a simulation, the mass at time 7' = 15 is 90% ca. of the initial one. Then, the choice of
a singular initial point as a Dirac delta causes numerical dissipation in the transport terms,
especially noticeable in simulations in which the Brownian motion is absent. For these reasons,
Monte Carlo simulations have been privileged in Sections 5.4.3, 5.4.4 and 5.4.5.



Chapter 6

A Genotype-Phenotype model with
mutations

In this chapter we build the equations for a new model of population dynamics, which follows
over time a group of individuals undergoing Darwinian evolution. The basic models that in-
spired the new one are those of replicator dynamics with random mutations [4], in which a
system of differential equations, deterministic and stochastic, is used to represent the different
“types” in the population. The base of the new model is in the concept of “difference between
genotype and phenotype”. The genotype is the set of characteristics that define an individual,
encoded in the DNA; a “type” of individuals is a group that shares the same genotype, and
in the model there is an equation for each individual group in the population. Each genotype
expresses a very specific phenotype, and the same phenotype can be the expression of sev-
eral different genotypes, on which natural selection acts. The two main forces of Evolution,
selection/adaptation and mutation, act at different levels: the environment select the fittest
individuals, acting on the phenotype. The source of evolutionary novelty, or mutation, acts
instead by randomly modifying the genotypes, producing new and never seen before ones.

In this chapter, after a section of motivations (6.1), we begin to construct a model, which
is completed in Section 6.9. Growth equations, such as the Replicator dynamics (1.2), on
which this model is based, are formulated for the frequencies of individuals in a population
of multiple “types”. These equations are reformulated in Section 6.2 to take into account the
actual number of individuals. If the population is composed of an infinite number of types, then
a new mathematical concept of population is necessary, since a symplex SP takes into account
only (at most) D different species, just as it is necessary to reformulate the previous equations
in an adequate space. This is what is done in Section 6.3. In the following sections we discuss
the concept of “type”; the previous equations were defined for generic “types”. In this model the
types, the unknowns of the equations, are the genotypes; the concept of potential space and
population of genotypes is provided in Section 6.4. Equations can be written for genotypes
only if fitness has a specific form. In Section 6.5 the concept of fitness is linked to that of
phenotype, expression of a given genotype; the passage between genotype and phenotype is
given by GP-map. If the selection is the force that acts on the phenotypes, through fitness,
mutations totally concern the genotypes, and they act by ignoring the type of phenotype that
a genome will express. After a section (6.7) dedicated to further theory of jump processes, the
equations are then completed in Section 6.8, building a stochastic jump process. A proof of
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existence and uniqueness of the process is given in Section 6.9.
See Figure 6.1 for a scheme of the Chapter.
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Figure 6.1: Diagram of the structure of Chapter 6 on the construction of the model.
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6.1 Basics and motivations.

As we have seen in Part I, the basic model of replicator dynamics [73, 44] represents the
trend of a population divided into D different types, F1,...,Ep, with relative frequency

x = (x1,...,op) in the simplex SP. The law governing their dynamics is
i = ak (x) = g (Pr(z) — (),
k=1,...,D,

with ®;, fitness function of the type k and ® average fitness in the population:

d(x) = Zxki)k(x)

with the structure of the fitness function that changes from context to context, and can be,
according to the evolutionary game theory approach [44, 57], linked to a payoff matrix U:

Oy (z)
: =Uzx.
dp(z)

The replicator dynamics model turns into a stochastic process when we consider random
mutations that can transform a fraction of one type of individuals into another, through a
series of Poisson processes (one for each pair of types (i, 7) with ¢ # j), non-homogeneous and
with intensity proportional to a rate related to the fitness of the mutating type and to the
“genetic distance” between mutant and mutated [4]. We refer from now to the model presented
in [4] in the following way:

X; = X0+/ ds+2/ Nij(ds). (6.1)

Motivations

In the following we analyze the main restrictions of (6.1), that are the basis for the main
novelties of the new model.

As M.Nowak writes in the introduction of his book [73], “the basic building blocks of evolu-
tionary dynamics i.e. replication, selection and mutation apply to any biological organization
anywhere in our or other universes and do not depend on the particular details of which
chemistry was recruited to embody life. Any living organism has arisen and is continually
modified by these three principles. More generally, these mechanisms are functional to any
type of life, biological or not.” From this perspective, the presented model is built not to be
a phenomenological model, but a theoretical model of biological evolution, a “skeleton”, which
must be covered each time with the most suitable application. In the following, we will define
the concepts of space of the potential genomes, of “distance” between gemomes that is linked
to mutations, of genotype-phenotype map, of fitness function, which regulates the interaction
between different phenotypes.
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Genotype and phenotype. The concept of “genotype-phenotype difference” is the base
of the new model. As in [4], each equation represents a “type” of individuals, where in this
case “type” means “genotype”, then in the new model there is an equation for each group of
individuals that shares the same genotype. A well-defined phenotype corresponds to each
genotype, on which natural selection acts. The main forces of Evolution, selection, adaptation
and mutation, act on different layers: the environment acts on the phenotype, selecting the
fittest, while the randomness of the mutations affects the genotype. To show the differentiated
effect, in the new model we have a system of equations for the genotypes, similar to the
replicator dynamic, but with the fitness that is function only of the phenotypes. Mutations
are random and act on genotypes, regardless of the phenotype expressed by that genotype. Two
individuals with a “similar” phenotype have genotypes that can be very different. Similarly,
a genotype that mutate is, with high probability, very similar to its predecessor, but the
phenotypes may be very different.

We need to be clear about the definitions used from here for genotype and phenotype, as
in [1]:

“Reproduction, as a fundamental property of biological systems, depends on the storage,
processing and transfer of biological information. That information is typically stored in the
form of sequences, such as DNA, RNA or amino acid sequences, and is more generally referred
to as the genotype. In abstract models of biological evolution, the genotype can take more
general forms, such as for genetic algorithms [65], where the genotypes are often binary strings.
Genotypes are almost always linear and discrete representations of biological information.” By
GENOTYPE we mean in a general sense the information of an organism, which is replicable
and modifiable due to the random processes of mutations. We do not require the level of detail
that brings each individual to present a different genotype from each other, then we will group
more individuals with similar genotype in the same quasispecies.

“Instead, the definition of a phenotype is almost impossibly wide’[1]. At any level of
resolution of biological structure, any higher-level outcome resulting from a sequence can be
seen as a phenotype: the amino acid to which a given triplet codon maps can be considered
a phenotype. The structure and interactions of RNA and proteins are phenotypes, and, on a
longer time scale, the development of an organism can also be seen as a phenotype, as well as
its interaction with its ecosystem. Each organism actually has a phenotype a bit different from
any other. However, in this model by PHENOTYPE we intend an organism as a function of the
selective pressures that act on it. If two organisms have different features, but the selection
forces do not notice these differences, then in the model those two organisms have the same
phenotype.

To highlight the difference between genotype and phenotype, we use in this model the
concept of Genotype-Phenotype map (GP map), a function that associates to each genotype
the relative phenotype [1].

One of the most immediate connection between genotype and phenotype can be shown
with the study of the protein folding problem [19], the spatial rearrangement of an amino
acid sequence into a protein structure. It has been known since Mendel [63] that genetic
mutations can cause phenotypic changes. In the early twentieth century, Fisher, Haldane and
Wright produced the modern evolutionary synthesis [27, 39, 94|, introducing the idea of fitness
landscape [94], building on Mendel’s and Darwin’s [17] work. “A fitness landscape relates the
space of genotypic variation to survival. It, therefore, contains a GP map implicitly. But the
fitness landscape really consists of two distinct mappings: one is the GP map, and the other
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is the mapping from phenotypes to fitness values.|[1]”

Kimura [51] takes a step forward in this direction postulating that many mutations that
are important for evolution must be neutral, meaning that they do not affect the fitness of the
phenotype. Neutrality refers to selection rather than phenotypic change, and while it is possible
for different phenotypes to be equally fit, it is reasonable to suppose that many mutations are
not only neutral in terms of selection, but leave the phenotype entirely unchanged. This
idea was substantially extended by Maynard Smith in 1970 [59], who addressed the apparent
contradiction [81] between the vast number of possible amino acid sequences and the tiny
fraction of these sequences that give rise to the proteins observed in nature. Maynard Smith
postulates that “functional proteins must form a continuous network which can be traversed
by unit mutational steps without passing through non-functional intermediates” [59], which
is similar to the definition of what is now commonly referred to as a neutral network. Such
networks mean that functional proteins occupy connected subsets of genotype space, which
makes their discovery through an evolutionary process, driven by random mutations, feasible.
“Maynard Smith arguably laid the foundations for the modern study of GP maps by proposing
the concept of a protein space of all possible amino acid sequences, in which neighbours are
defined by single amino acid substitutions.”

GP maps have been analyzed from a statistical point of view, highlighting their structural
characteristics and fundamental properties [36, 1]. In this model they are used in a dynamic
way, to modify the replicator dynamics and to allow mutations and selection to act differently,
see Section 6.4.

Infinite dimension of genome space and meaning of mutations. Another restriction
in [4] concerns the number of potential genotypes that can be generated. Because the model
lives on the simplex SP, it is not possible that more than D different types may exist in the
population. This undermines the concept of mutation as a source of evolutionary novelty. In
the new model we imagine that, from a population initially formed by a few types, with time
and because of mutations, we can generate new genotypes, similar to those of the progenitors.
A naive solution could be to define the process on a simplex of dimension D, very large, and
define the initial data with only Dy non-zero components, with Dy < D, i.e. consider X
that lives on an appropriate simplex of dimension Dg. The replicator dynamics system evolves
remaining on the simplex of size Dy, with the only changes that may lead to the formation of
individuals with a “new” genome in the population.

Example 23. Let us take as an example the evolutionary game Rock-Paper-Scissors [44]. In
this situation three types are in the population, R, P, S (Rock, Paper, Scissors), and the payoff
matrix is

the average fitness is 0 while the equations for the fractions x = (zg, zp,zg) are

itr=xgr(xrs —zp),
tp=2zp (TR — T5),
ts =xg(xp —xR).
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If we suppose zg with the third component null, that is zg = (SL‘OR, x%, O), i.e. the type “Scissors”
does not exist in the population, and in the absence of mutations, the system quickly converges
to the “Paper only” equilibrium (the system is reduced to the equivalent on S2);

TR = —XRTP,
Ip = TRIP.

If instead of the replicator dynamics we had taken into account the system (6.1), eventually the
mutations would have generated the missing type, up to restore the balance between the three
and give rise to the oscillating rock-paper-scissors dynamics. In this example, the “Scissors”
type is a “novelty” in the population, generated as a mutation of already existing types.

This approach, however, shows a problem, namely the need to define a priori types not
vet present in the population, almost completely nullifying the concept of novelty. Keeping
in mind the example of DNA, it is possible that, starting from a fixed genome, the mutation
can act by changing any base, or changing the length of the code, or in general by making
changes that can potentially generate an infinite number of variants. For this reason, one of
the fundamental steps is to define a space of potential, infinite and countable genomes that
the system will explore step by step. This space contains all the possible genomes that can be
created with the model, whether they are obtained or not. In the theoretical treatment of the
process, the space of the genomes will therefore be known a priori, but in this case the concept
of evolutionary novelty will become evident when the logic of numerical implementation of the
model is shown. In fact, such logic is designed to mimic the steps of true biological behavior,
and the desired effect of not having decided a priori where a mutation lead is achieved. A
similar approach, without a genotype to phenotype mapping, can be found in [48], where a
model of evolutionary dynamics is presented, in which every mutation leads to a different game
characterized by a dynamic payoff matrix, growing and shrinking when a mutation occurs.

A limitation of models with mutations based on replicator dynamics is hidden in the form
of the unknown variables: they represent fractions of individuals with mutations that are pro-
portional to fitness, or to the fraction of individuals itself. By its nature, a mutation occurs
randomly in the population, without depending on fitness or the fraction of individuals, gener-
ating a small group of newborns, small in the sense of absolute number. For this reason in the
model we avoid to use fractions of individuals in the simplex SP and begin to consider actual
number of individuals N. In this case, the mutation of a type k does not change a fraction of
individuals of that type but transforms a small number, possibly random, but independent of
type k, unlike before, where it was an actual number dependent on the mutant, of individuals
in new ones.

6.2 Number of individuals

As said in the previous section, models as the replicator dynamics, on which [4] is based, have
the assumption that the population is constant in number. If this hypothesis is no longer
valid, we must consider a new equation for the real number of individuals Ny, and transform
the replicator equation (1.2), written for the frequencies, into an equivalent equation for the
number. When, later in the text, the model is complete, the mutations will lead to the
formation of small groups of individuals, of very small absolute number, regardless of how
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large the total number of individuals in the population is. For this reason, the changes we
make below are necessary. Hofbauer and Sigmund, in [44], show the following:

Lemma. [}4] There exists a differentiable, invertible map from SP onto Rf_l mapping the

orbits of the replicator equation
it = 2" (D) — @)

onto the orbits of the Lotka-Volterra equation,

D-1
Pk =nF | re + Z apin' |,

i=1
fork=1,...,D —1 and appropriate choices of 1 and ay;.

Below, on the same steps, we present a way to transform the replicator dynamics on SP
in a model for the number on RE, adding a term of logistic growth in the population.

6.2.1 From number to frequencies

Let N = (nl, . ,nD) ,nF >0 for k =1,...,D be the vector of number of individuals in a
population divided in D types (at this level we are not yet distinguishing between geno-types
and pheno-types); with X = (ml, ) ..xD) ,ak >0, for k=1,...,D, Y, 2% = 1 we indicate
the fractions of individuals in the same population. We imagine that this population grows
according to the following law:

" = Fy, (N),

n*(0) > 0,

k=1,...,D;

with F' = (Fy,..., Fp) that assure existence and uniqueness of the differential equation. To
get the equation for the frequencies, we change the coordinates as:

k=1,..D
Ntot .= 3" ni.

Carrying out the calculations:

Ntot — (an) — Zhj — ZF]-(N) = ZFj(X’ Nty

N < nk > B (hthot _ pk ot nk 2k Ntot B Fy(X, Ntot) s S F, (X, Ntot)
' (Ntot>2

— Ntot ( NtOt)Q = Ntot Ntot

1 1 [F
Ntot ( A Z v [Ntot <xk~ Z )]

We can define the fitness functions ®:

F - 1
Oy = By, (X, N') := Ntika o= 2" =" oot i (6.2)
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In conclusion we transform the initial equation into:

:tk:xk(q)k—i)),

Ntot — Ntot(i)

= (x%),...,a:OD) e SP,

NEt > 0;
Lotka-Volterra

The Lotka-Volterra growth equations (see Chapter 1), for the number of individuals in a
population of prey (n') and predators (n?),

nl = (a - BnQ) nt,

are transformed into a replicator dynamics equation with fitness ®; and ®4 that are functions
of the number N and the fractions 1, z2, according to (6.2):

Oy (N'', 21, 29) = a — BNy,

(I>2 (NtOt, X1, 1‘2) = —y+ 5Nt0tl‘1.

Defining x; =: « € [0, 1], i.e. the fraction of prey, and consequently xo = 1 — x, the equation
for fractions of prey (and number N%! € R™) is:

{5@ = (D1 — ®y) (1 — )

' (6.4)
Niot = Ntot By + By (1 — )]

The system for the number of individuals on RT x RT admits the non trivial equilibrium:

) = (3:5).

that, for the system in [0, 1] x R* becomes:

tot _(ad+B8 9B )
- (5220

In Figure 6.2 it is possible to graphically visualize the trend of the two systems.
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Lotka Volterra model for numerosity

Numerosity
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Time

Lotka Volterra Model with fractions
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Lotka Volterra model, fractions of prey
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Figure 6.2: Lotka Volterra model with number of individuals and frequencies. In the first
picture, the solution of the model for the number (6.3); in the second, the total number N,
and the number of prey N%'z1, computed from model (6.4); in the third the frequency of prey
x1. The initial datum is chosen (1,1) for model (6.3), i.e. (2,0.5) for model (6.4). Parameters
are chosenas a =2, =4, vy=406=1.
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6.2.2 From frequencies to number

Let X = (:cl, . ,azD) € SP be the vector of frequency and N = (nl, .. .,nD) the vector of
number of individuals in a population divided in D types, as before. The system is modified
according to the law of the replicator dynamics, plus an equation for the number N?:

.T.'k = l‘k ((bk — Z?,DZI xz(bz) )
Ntat —F (Ntot X)

Xo € SD,

Nt > 0.

To obtain the equations for the number, we change the coordinates:

k _ Ntot k:
1 D

N (ah P,

n
k
Carrying out the calculations:

nk _ (Ntétxk) — Ntotxk + Ntot wko_ F (N) {Ek + NtOt:Ek (q)k(N) _ ZZJQ)](N))

= F(N)zF4n* <<I>k(N) - Zlnj an@j(N)> = wmk <<I>k(N -

In conclusion we transform the initial equation into:

{h’“:gg}n’%n (‘I)k( )= sw 28N )>

N)) .

k=1,...,D

6.3 Replicator dynamics on infinite space.

As we have seen in Section 6.1, we must set our problem in a framework with an infinite number
of types, defining what is a population in this case, and how to generalize the equations (6.5).
As we will see in the following Sections, in the model we can have a finite set of initial types
that, with the passage of time, can generate new types, increasing the dimensionality of the
problem. At each fixed time we will then have a finite set of types, but with cardinality that
tends to (countable) infinity when time increases. We can then define a population:

Definition 24. In the space of all sequences of scalars N = (nl, LI .), n* € R such
that n* = 0 except for finitely many n, let Sp° be the subset of the successions with compact
support:

SH%O:{N:<n1,...,nk,...> : nkZOVk;an<+oo;D::Hk: nk>0}‘<+oo}

A POPULATION is an element N € Sg°.
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The population N is therefore a vector (infinite) that contains in position k& € N the number
of individuals of type k. N is not really an infinite vector, because only a finite number of
elements are non-zero (see Figure 6.3). If we imagine the number of individuals constant,
without loss of generality equal to 1, S_n* = 1, then we can see how, in this case, Sp° is an
“infinite union of symplexes”, with a given element N that belong to a fixed symplex SPV.

n'
n'

n'

i1

n's

L4

-N

11 19 13 14 i5

Figure 6.3: A population N = (0,..., 7y, .., Nig,y - Mgy e e oy Mgy -5 Nigs -, 0,...) € Sg°
At positions i, € N the numbers of individuals n’* are shown. In this case, only five of the n*
are not null.

On a population on SR° we can define the model (6.5) and the fitness functions.
The fitness of the type k, for k£ € N is a function &y, with

Op: Sp”— R.

The differential system (6.5) is then generalized, with Ny € Sg°, as:

t
Ny = Ny +/ a (Ns) ds, (6.6)
0

FIN) _pk 4k S i,
a (N) — ZjeNn']n + n (q)k(N) Z]’eNn] Z]GN” (I)J (N)> )
keN

Remark. Tt should be noted that in equation (6.6), given the choice of the initial datum, only a
finite number of types is non-zero (only those in the initial datum support). The equations are
therefore a system on an appropriate S”, masked. Switching to Sg° is justified when we want
to add to the process terms that can change the number of types in the population, making
them increase over time. This is done in Section 6.8; before that, in the next two sections
the two concepts of Genotype and Phenotype are presented (and inserted in the logic of the
model), which specifes the concept of “type” in the population, left intentionally generic up to
this point.
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6.4 Genotypes

Up to this point we indicated as types the groups of individuals on which the selection operates
in the model (6.6), indicating a population of types with N (or with X in the case of fractions).
As noted in Section 6.1, in this model we want to take a step forward and distinguish, at the
level of mathematical construction, the role of genotype and phenotype.

The unknown variable of the complete model, that we continue to represent with IV,
indicates a “population of genomes”. We imagine the genomes as elements of a large set that
represents “all possible potentially existing genetic codes”.

In Nature, a genome can, in the first instance, be represented by a sequence of finite length
of nitrogenous bases, or a finite string of elements in the alphabet {A, C, T, G}. Mutations can
alter the individual bases, leaving the length intact, or modify the code in a more substantial
way, through deletions or insertions of bases. In this case, therefore, the space of the genomes
will be represented by all the possible strings of finite length (not fixed) in the alphabet
{A,C,T,G}. These requests lead us to the following definition:

Definition 25. POTENTIAL GENOME SPACE is a set G, countable. An element g € G is a
GENOME

The concept of genome is the basis of the complete process, so we give justification of the
choices in the definition. Since the process must represent mutations as a source of evolu-
tionary novelty, the space of the genomes is explored starting from an initial genome through
mutations. For this reason, the space G must represent the complete set of all possible vari-
ants of a given genome. In the realistic example of a genome as a string of nitrogenous bases,
the possibilities are unlimited; from this consideration the choice of G not necessarily finite.
On the other hand, in the model we want, to trace the type of mutations in DNA, that the
variations are quantized, and there is not a continuous infinity of genomes; hence the choice
of G at most countable.

Because the set G is countable, it is possible to define a sorting function «, so that it is
possible to refer to the genomes with a number in N. This, which seems a useful technicality
for the writing of the model, has an important role in the logic of simulation, as we will see
later.

Definition 26. We define the function o : N —— G, which is an order on G, so that it is
possible to associate each genomes to a progressive number (i.e. mutation from the genome i
to the genome j).

Using the definition of « is then possible to define a population of genomes as a point
N € 8, indicating with n* the number of individuals that shows the genotype g := a(k)
(see Figure 6.4). Before defining the equations for the evolution of the population of genomes
N, that are a variant of (6.6), it is necessary to identify what is the role of the phenotype in
the model, and how, through a GP-map, genotype and phenotype are linked.
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G

?

ébl Giq gi:a Giy Gis

Figure 6.4: Starting from a genome space G, sorting all the individuals, a population of
genomes is defined, as in Figure 6.3. On the x axis, the genomes are shown, with their number
on the y axis. Only a finite number of genomes have number not null.

6.5 Phenotypes and GP-maps

In our model, a phenotype must be associated with each genotype, expression of that given
genotype. The genetic information that is stored in DNA, represented in its primary structure
as a string of nitrogenous bases and in the set G, is clearly not a random set of characters, just
as a random set of genes does not generate a living organism. If a nucleic acid is mathematically
represented as a string with letters in the alphabet A, C, T, G, strings which do not represent
anything that is biologically valid can also be formed with the same letters. In addition, if
we assume that mutations are a selection-blind force that acts by modifying the structure of
DNA strings, the probability that, after a number (even high) of mutations, we can pass from
a biologically valid string to a nonsense one it is greater than zero. The role of GP-maps is
therefore transforming valid strings into individuals who will participate in the struggle for
adaptation posed by the environment, and not to recognize as individuals the genomes that
instead represent nothing (those individuals will be called non-viable);
We define then the phenotype space and genotype-phenotype map as:

Definition 27. POTENTIAL PHENOTYPE SPACE is a set J, countable; an element f € F is
a phenotype. In F there may exist an element, which we indicate with '0’, called non-vital
phenotypes. Given a genotype space G and a phenotype space F a GENOTYPE-PHENOTYPE
MAP GP is a function:

GP:G— F.

A G P map is not injective, because different genotypes may generate the same phenotype. The
set, of genotypes that produce a given phenotype is called the Neutral Space of that phenotype;
in particular, Gy indicates the neutral space of ‘0’ € F, i.e. Gg = GP~!('0/).
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The space of the phenotypes F is different from that of genotypes G, and the Darwinian
selection acts on the phenotypes. In our model, selection should not be able to distinguish
two individuals that have the same phenotype, even if they have different genotypes. A
phenotype is associated to a genotype through a GP-map and a fitness function is associated
to a phenotype, as a function of the other genotypes in the population (see Figure 6.5).

GENOTYPES — PHENOTYPES
GP — map T
Fitness

Figure 6.5: The phenotype-genotype map GP allows genotypes in G to express phenotypes
in F, and it is non-injective. The fitness function ® acts exclusively on the phenotype space,
ignoring G. When added, in Section 6.8, mutations will act exclusively on the genome space

G.

6.6 Fitness for phenotypes

We propose here to insert the concepts of genotype and phenotype presented Sections 6.4 and
6.5 in the model on SR° (6.6). Let us consider the genome space G and the population of
genomes N on Sp°. The GP-map GP defines a population of phenotypes M € Sg°:

M:(ml,...,mk,...) S

where mF is the number of individuals of phenotype f.

L SR

9:€G: GP(9:)=1f



CHAPTER 6. A GENOTYPE-PHENOTYPE MODEL WITH MUTATIONS 102

on F — {0’} we define the fitness function ® = (<I>k.
i

, such that for each phenotype
)fkef_{,o,} D yD

Py : SIEOHR,
M —s &, (M) .

The functions ®; depends on the other phenotypes and their abundance in the population,

Le. @y is a function of M. Since we want the equations of the system to be for the population

of genotypes N, we write the function ® in the variable N obtaining a fitness function defined

for each genotype in G, except Gy, function of the whole population of genotypes, i.e. @y is a

function of N. @ = (@), cg_g,-
Dp 0 Sp7— S — R,

N+— M +— & (M) = &), (N).

With this choice of fitness function, it is therefore possible to formulate the model (6.6) for each
g € G—Gp. As we have seen, only genotypes that express a vital phenotype (g € G—Gy) interact
according to the mechanism of Replicator Dynamics on SR° (6.6), while we want all g € Gy
to rapidly extinguish, without interacting with the others. This group, once generated, must
disappear in very short time. Then we imagine that these individuals decrease exponentially,
so we add a decrease term for each of these,

nF=—XnF,A>0, k- gk € Go.
Overall, the differential system (6.6) is generalized for all g € G, with Ny € Sg°, as:

t
Ny = N +/ i (N,) ds, (6.7)
0

e AR Sl (q)k(N) — S 2,0 Go ”j‘I’j(N)> , krgeeG—Go

2 jig;e6-Go ™ i:9;€6-Go
—AnF, A > 0. k: gx € Go
keN

a(N) =

Remark. The model without mutations is unnecessarily complex. Until now, we have not
been interested in mutations, and we have developed a model where selection and adaptation
act on phenotypes. However, in the absence of mutations, the presence of infinite space is
irrelevant. In fact, mutation is the force that generates new genotypes, consequently increasing
the dimensionality of the problem. With no mutations, even if the population composition
varies, the number of individuals does not change. Infact, let us consider the model (6.7) on
G. Since Ny is in Sg°, only a finite number of nlg are null, without loss of generality, n* = 0
for all k > D, with {go} = Go. There are no functions that increase the dimensionality of the
problem, that is indistinguishable from a system on RP+1:

Tk %nk—i—nk (q)k(N) - z:pllmzjj':)ﬁ”jq)j(]\f)) , k=1,...,D
— J= J=

—An%, A > 0.
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On the other hand, the absence of mutations makes the presence of the GP-map irrelevant
too, since all the equations of genotypes in the same neutral space have the same form, and
the model, from the system on RP*! can be traced back to a system with the number of
phenotypes as unknowns, on R with d < D:

ok <<I>k(M) - ﬁ >2, mﬂ'cbj(M)) L k=1,....d
T

mk = j=1

—amP, A > 0.

with
mb = Z n'.
9i€G:GP(gi)=fr
As stated in this remark, therefore, the construction made up to now is unnecessarily
complex, unless there are mutations. In the next two sections we then construct the process
of mutations, so we can justify the presence of infinite space, and we show that mutations act
on the genotype, regardless of the type of phenotype that genotype expresses.

6.7 Jump processes, general interpretation

In Section 6.8 we construct the mutation process for the genomes. For this reason we premise
this theoretical section where we develop the theory of jump process (refer to Chapter 2)
reporting the details of the construction of a random Poisson measure and of some types of
processes, from an “algorithmic” point of view. Moreover, reasoning in this optic will also be
useful the understand more clearly the interpretation. In this section, we’re going to consider
processes of pure jump in this form:

t
X, — Xo = /0 [E K(X, €N (ds, d),

in R”, on a probability space (2, F,P), with a right-continuous filtration {F;,t > 0}. K is
Borel measurable function, N (ds,d§) is a Poisson random measure on R* x E with mean
measure [ X v, | Lebesgue measure on R, v a o-finite measure on a measurable space (E,£).
A jump process is then identified by the space of markers E and from the intensity function
K. We are therefore going to build in detail both £ and K, at a technical and interpretative
level.

Remark. Since this section is purely theoretical, solutions X; do not have any kind of biological
meaning. They do not indicate, for example, fractions of individuals.

6.7.1 Poisson random measure

In Chapter 2 we introduced the concept of random Poisson measure and presented a first
construction of it, taken from the book [50], when the measure of the marks space E was
finite. Below we expand that construction, considering a generic random measure. After that
we present a series of examples, which will lead to the construction of the final model.

Lemma 28. [50] Let N(ds,d¢) be a Poisson random measure on Rt x E, with (E,v) a
measurable space, v o-finite measure.
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e Suppose v(E) < +oo. Define X\ := v(E) and let (T),)nen be the jump times of a homoge-
neous Poisson process on RY, with intensity \. Let (§n)pen e independent random vari-
ables, identically distributed, uniform on (E,v). Then, the random measure N (ds,d§)
can be expressed as

N(ds, dg) = 3 b, (ds)de, (d€)

neN

e Suppose v(E) = 400 and use the o-finiteness, so you can have a sequence (Ey) of disjoint
sets, with \JEr, = E and v(Ey) < +oo for all k. On these sets, define {v, = vlg, },
vp(A) = v(A N Ey) and repeat the above process. Generate the sequence of random
measure {Ny}. The measure N can be obtained as sum of all the {N}},

N(ds,d§) = Ni(ds, d€).
k

When the measure v(E) is finite, we can think a Poisson random measure as a succession of
random points (T}, &,) in the space R x E. The values in RT are occurrences of a homogeneous
Poisson that has intensity v(F). For each event T), there is a value &,, uniformly sampled in
E, with measure v. Thanks to this, the role of the function K becomes clear, in fact, we can
write:

| [ e on s = ¥ K, 6

n: Tp <t

A jump process, therefore, at a fixed time ¢ € RT calculates K on each pair (T}, &,) with T,, < ¢
(see Figure 6.6 for a visual representation of the costruction in Lemma 28). To construct a
process it is therefore necessary to establish precisely what the form of the function K is and
what the space E is, a space of “marks”, which can be shaped to give the desired structure to
the process.

When the set of marks F has infinite measure, v (E) = oo, the construction presented
above can be repeated, provided that it has to be replicated for each subset of finite measure
E1,...,E;, ..., that form a partition of E: there will be a succession of pairs (T7, &) for each
subset E;.
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Figure 6.6: Visual representation of the costruction in Lemma 28 of a Poisson random measure
N on Rt x E (with v(E) < c0). On the z axis the jump times T},, n € N of a homogeneous
Poisson process are reported; on the y axis the succession of marks &,, n € N in E. The
function K acts on the space RT x E, i.e. on the pairs (T},,&,), n € N.

In the following, some example of simple processes:

Homogeneous Poisson process A homogeneous Poisson process of intensity A is obtained
by choosing as space E = (0,\), v = Lebg, e K(x,£) = 1. Times T), are from a Poisson process
with intensity v (E) = X and the marks &, (uniform variables on (0,\)) are unused in this
case:

Xt—xo—/0 /EK@,&)N(ds,df)— S 1= #{T, <1}

Th<t

With the time ¢ fixed, we count the pairs (T}, &,) with T, < t.

Non-homogeneous Poisson process We choose to write now a jump process X; with
non-homogeneous intensity, function of the process itself, A = A\(X;-). The function A(z) is
positive and limited (0 < A(x) < Apmaz < 00). This process is obtained by choosing as a
state space B = (0, Amaz), as measure v = Lebg and K (,&) = leo(2)3(§).- With a process
of acceptance-rejection, we consider a homogeneous Poisson process with higher frequency of
jumps and, at each occurrence of a jump, we evaluate the function \(-) before the jump. Only
if the mark ¢ is less than A(z) the jump of the homogeneous process is accepted and actually
takes place (see Figure 6.7).

t Amaz
X, — Xo = /0 /0 Leanx, ) (N (ds, d€) (6.8)
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Figure 6.7: Visual representation of the process (6.8). Of all the pairs (T),,&,) of the Poisson
random measure, only those under the function A(:) (in red) are estimated by the function K,
those above are ignored. In this way, through an algorithm of acceptance and rejection, the
homogeneous Poisson process with intensity v (E) = Apnqe becomes non-homogeneous with
intensity A(:).

Process with marks that select an event Let X; be a process that, with at its base
a homogeneous Poisson process of intensity A, at each jump does not have unit increments,
but has D possible outcomes: with probability p; it has a jump of amplitude f; (possibly
dependent on the process itself, f; = fi(x)), for i from 1 to D (of course > p; = 1). We can
simulate this process by choosing E = [0, A], v = Lebg and dividing the space E in D disjoint
intervals I;, each of measure Ap;. Then we define K (z,&) = > fi(z)1y, (§). Every time a jump
occurs (at time 7),), we randomly extract the mark &,, uniformly distributed in E = [0, \]. If
this mark falls in the interval I; (and it occurs with probability p;) then K will be worth the
desired quantity f; (see Figure 6.8).

t px D
X, - Xo = /0 /0 DX (€)A7 ds. de) (6.9)
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Figure 6.8: Visual representation of the process (6.9). The space E is divided in D disjoint
intervals I; and the function K evaluate the pairs (T},&,) € RT x E based on their position
on the y axis. If &, is in the interval with length A, , hen there will be a jump with amplitude
fr- In this case, for example, the second pair (7%, &2) produces a jump with amplitude f.

Single process, sum of homogeneous Poisson processes. Let (NZ)DO, i=1,...,D
be independent homogeneous Poisson processes, each with intensity A;. The process X; has
jumps of a constant amplitude v; whenever the N} process has a jump (with the necessary
modifications, this is the basic structure of the rare-mutations model [4], as shown in Chapter
5, Section 5.2); it is possible to write the process as the sum of jump processes in the form

presented above:
D
Xt:X0+Z/ / viN (ds, d&;)
= Jo JE;

You can then use the mark space to reformulate the process and write an equivalent one with
the same infinitesimal generator that contains only one random measure. In fact, we define,
Amaz = 2, Ai; E = [0, Mpaz], with Lebesgue measure. The random measure associated with
RxE generates a Poisson process N/"** with intensity given by the sum of the intensity of
the individual processes. The marks are used to select, after a jump of N/*** which of the
N processes has to be considered. As above, defining K (&) = 3 v;1y, (€), with I; of measure
Ai, partition of [0, A,qz], the process takes the form:

X, = X0+/ /K N (ds, d€) X0+// 2%11 N (ds, d) .
[OAmaT]

6.7.2 Markov Chains as jump processes

An additional difficulty occurs when there is the need to construct a process in which the
jumps are a function of the “state before the jump”, in which both the frequency and the set
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of possible outcomes of the jump are exclusively dependent on the previous state. We use
to deal with this a discrete states continuous Markov chain, where for every state there is a
coefficient of permanence in the state, and a set of states reachable with relative probability.
Here below we write the explicit expression of a pure jump process that is a Markov chain.
This expression will be the basis of the complete process.

Fact. [84] Let Xy be a Markov chain, continuous, with space state M = 7. and transition
matriz Q) = (Qij)ijeM' Define the function K : M X R+—— R as

K(ng) = Z (.7 - Z) 1Fij (g)a

JEM

then the continuous time Markov chain Xy satisfies the SDE:

t
X, = Xo +/0 /ﬂ{K(&@)N(ds,ds)

where N is a Poisson random measure with intensity measure dtdg.

We recall that row ¢ contains all the information needed for the state 4:
® D iem @ij =05 gij > 0for j #iand —gii = 3,4, ¢ij;

e ¢; := —q;; represents the average time of permanence in state i, that is an exponential
random variable with intensity g;;

e ¢;; for j # i are proportional to the jump probabilities, P (X; — X;) = %.
We suppose that ) ;¢ = co. The idea is to use mark space (E,v) = (R, Lebg) (of infinite
measure) and divide it into finite-dimensional subspaces ¢; as done previously. Each one will
be related to a different state. On each subspace we consider a Poisson process with intensity
gi, independent of each other. The intensity function of the jump K, function of (7,£) € M xR,
is non null only when & belongs to the subspace related to status ¢, the one of measure g;.
More in detail:

Let I';; be defined as:

I'2 =[0,q12) , T3 = [q12,q12 + ¢13) » - - -

For =[q1,q1 +q21) , T2z = [q1 + @21, 01 + q21 + q23) 5 - ..

n—1 n—1
Fnl = [ZQi’Z% +Qn1> P

i=1 =1

Let the sets I'; be defined as
=Ty
J#i

Note that the intervals I'; measures ¢;. The intervals I';; are disjoint and their union gives R,
ie.,
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U my=Un=nr

i,j eM €M
i FJ
Also, define the function K : M x R— R as
K(i,§) =Y (j—)Ir, (&), (6.10)
JEM

then the continuous time Markov chain X; satisfies the SDE:

t
&=%+AAM&@Nwm>

where NV is a Poisson random measure with intensity measure dt x d¢.

The variable £ lives on the real line, with Lebesgue measure, therefore ' has infinite
measure. For this reason we decide to divide the real line in the disjoint intervals {I';};cy,
measuring m (I';) = ¢;. The random measure will therefore consist of the sum of the measures
N; on I';, each a sequence of pairs (T,’;, f};), with n € N and every i related to a state in M.
The times (Tfl)n ¢y are the arrival times of the homogeneous Poisson process N* with intensity

¢i, independent of any other process N7/. The random variables (f’) N

thus they belong with probablhty m(l ”) to the interval I';;. As long as the process is in the
state j € M, the function K is not null in I';, therefore it will ignore all the other infinite
Poisson processes which, at the same time, occur on I';, ¢ # j, obtaining all the characteristics
of a Markov chain (see Figure 6.9 for a visual representation of this costruction).

are uniform on T,

A A
4 ¥ — ’ +— R
2 T'ys I'21 ',

Figure 6.9: Visual representation of the space E = R™ for the construction presented above
for a continuous time Markov chain. Since the measure of space F is infinite, the construction
presented in (6.9) is repeated for each interval I'j. For each interval I'; a Poisson process is
generated, independent from any other, and the function K (6.10) will select jumps in I'; only
if the current state of the process is j € N.
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6.8 Mutation process

After the previous Section we have all the tools to build the model of mutations (pure jump)
in Sg°, i.e. to complete the model (6.7):

t
Ny = Ny +/ a(Ny) ds.
0

This model takes into account the selection and adaptation mechanism, acting on the pheno-
types. We want to add a stochastic process to (6.7), obtaining:

t t
Nt:No—l—/O d(NS)ds,—l—/O /EK(Ns,g)N(ds,dg).

The underlying biological process is the following: the number of individuals in a population
divided in D different initial genotypes changes only according to selection and adaptation (the
deterministic term given by @), until a mutation happens. A mutation occurs randomly in the
population, with a temporal frequency proportional to the total number of individuals, and
transform a small number of them with the same genotype (1 to 3) into new individuals, with
a similar, but different, genotype. After the mutation, the process increase in dimensionality
(there are now D + 1 different genotypes), and continue to evolve deterministically until the
next mutation. In detail, we are trying to build, with a logic similar to the one used for Markov
chains in Section 6.7, a jump process with space (E,r) and an appropriate function K. We
require that the mark space E takes into account the following phenomena:

e the temporal frequency of the process, that has to be function of the total number of
individuals;

e identification of the individuals (all with the same genome) that suffer a mutation;

e choice, in proportion to the type of genome identified, of the type of genome that the
newborns express.

In what follows we construct the space E, with elements £, with measure v and define the
function K.

Mutation event and identification of the mutants

A mutation event occurs. The process is based on a non-homogeneous Poisson of intensity
proportional to the number of individuals in the population A = A(V), with A(V) positive and
bounded by Apqz. The jumps happen therefore with frequency proportional to the number of
individuals (with constant population the Poisson is homogeneous). To take into account this
type of temporal frequency of the process, we define the first variable of the mark space FE as
z € R (with Lebesgue measure) and we write:

K (N,€) =1 ) (2)K (N, €)

We divide the set R into finite intervals, one of which is [0, A\paz], and we ignore everything
that happens outside of this. With an acceptance-rejection mechanism, we have the target
intensity of the Poisson process.
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Identification of the mutants. Mutations occur “blindly” by randomly selecting a small
group of individuals with a fixed genome. The choice is proportional to the frequency of the
different types in the population at the time of the mutation. To write this in the model we
consider the unit interval [0,1]. Then we consider the family of sets {I;},.y, a partition of
0,1 (UL =1[0,1], ; nI; = 0 for i # j), such that Leb(I;) = Z?;Lj' For each genome then
we associate a set with measure equal to its frequency. It should be noted that only a finite
number of subsets has non-null measure, effectively dividing the interval into a finite number
of parts. Calling u a variable that lives in [0, 1], the function K it is defined as follows:

ieN
Choice of the new genome

Once the genome that changes has been selected, the new genome must be similar to it. To
achieve this we use the construction presented above in Section 6.7 for Markov chains.

“There are many more possible proteins than available protons [in the Universe| and hence
evolution will explore a vanishingly small subset of all possible proteins. What is true of
proteins is also true of genes and genomes. We can imagine all nucleotide sequences arranged
in a way the nearest neighbors differ in one position. Evolution is a trajectory through sequence
space [73]".

First, it is necessary to define a concept of “distance” between the genomes, in terms of
mutations: a genome explores space through mutations, which transform it into a new element
of G , which is “near” him, in some sense; on G x G we define a weighted graph. If we imagine
to follow the evolutionary history of a genome, we would see it moving between one vertex
and another, following the transition probabilities of a Markov chain:

Definition 29. Let G; be a discrete Markov chain on state space (G, P (G),P). On the
cartesian product G x G is then defined a jump matrix II, such that:

G = genome g € G at time t;

Hij := P (Y1 = jlYr = 1).
II is an irreducible matrix.

The graph of the Markov chain, representation of the jump matrix, makes evident a mea-
sure of closeness between one genome and another. The matrix II has been chosen irreducible,
so that it is always possible, with a sufficient number of mutations, to move from one geno-
type to another. The choice is in line with the evolutionary theory, which presupposes all the
species descending from a single common genome, as long as we suppose the single mutational
events reversible.

As said above, we want to use a construction similar to the one in Section 6.7 for Markov
chains; in that case the space R was divided into subsets, each related to a state of the chain.
When the process was in the state 4, the function K allowed the variable £ to move only in
the subset relative to 4, and to select the value of the jump according to the row ¢ of the
transition matrix. Unlike that construction, the space to be divided here is not the real line,
but the Cartesian product G x G. We impose that when the mutation affects the genome g,
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the function K allows the variable £ to move only in the subset relative to the state g, that
is {g} x G. On this space, thanks to the jump matrix I we define py, which measures the
probability that g has to change into other genomes.

Definition 30. Fixed g € G, the measure 7y : G — RT is defined as ng(h) := Il 5. gy is a
probability measure on G, for all g € G.

On G x G is therefore defined the measure n:

Definition 31. 7 is a measure,n : G x G — R*, such that n((g, h)) := 1y (h), i.e. Nlfgyxg =
ng- The measure 7 clearly is not a probability measure, because n(G x G) = >_ 5 14(G) = oo.

See Figure 6.10.

Example. In Nature, indicating a genome as a string of finite length of letters {A, C, T, G},
i.e. the space of potential genomes

g - U {A,C,T, G}n;

neN
we can define the jump matrix II thanks to the Hamming distance [40];

Definition 32. The Hamming distance dy between two strings of equal length is the number
of positions in which the corresponding symbols are different. In other words, the Hamming
distance measures the number of substitutions necessary to convert one string into another,
or the minimum number of mutations that have led to the transformation of one genome into
another.

By simplifying, if we imagine that only point mutations exist, and that no more than one
mutation can occur simultaneously, then a string of DNA can only change into another that
has Hamming distance 1 from it. For example AAA can only change into a string that contains
A in two positions out of three. Fixed the genome g; € G:

. .
= ifdy (g5,9:) =1
. - ) = H = 3L] 7
ni(9;) 4 { 0 otherwise

where 3 is the number of genomes in which g can be transformed by changing one nucleotide
and L; is the length of the genome g;.
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()

Figure 6.10: Example of graph on the genome space G. The arrows have the weights IL;; and
represents mutation jumps. Note that IL;, = n; (k).

In line with above, it is possible to define K;, function of the variable v on G X G :

Ki(N,§) = 1{a@)1xg(v)7i(N, §)

With v; we indicate the intensity of the jump. The amplitude of the jump is r, a very small
value (1 to 3), if there are at least r individuals to change; otherwise they all change. With
e; we indicate the element of the canonical base of Sg°, e;(k) := d;, k € N. The jump moves
from individuals with genome g; = a(7) to individuals of the new type vy, where v = (a (i), v2),
that is

vi (N, &) = min (n;,r) (eafl(vg) —€).

See Figure 6.11 for a visual representation of the mark space £ = (RT x [0,1] x (G x G)).
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Figure 6.11: Visual representation of the mark space E = (RT x[0,1] x (G x G))

for the complete model, with  function K  equal to K (V,€) =
Lo (2) Xien {11, (u) 1y g (v) - min (n',7) (eq-1(sy) — €i) } . The variable z € R (not
shown) makes the process non-homogeneous and of the desired intensity, as in equation (6.8).
The pair of variables (u,v), living in the space shown in the figure (u € [0, 1], on the axis v,
v € G x G on the axis ), regulate the choice of the genome that will change (u), and evaluate
which one will change (v). Note the parallelism with the construction for Markov chains
presented in Section 6.7, where the set F, of infinite measure, is divided into subsets of finite
measure ((G,n;) here, 'y, for a Markov chain)

Complete jump process. The mutation process has then the form:

t
N, =N0+/O [EK(Ng,f)N(ds,df);

defining, for ease of notation, ~ (nk,v) = min (nk,r) (eaq(w) — ek), K has the following

form:
K (N,€) =1y (2) D {1Ik(N)(U)1{a(k:)}><g(U)’7k (nk,v)}
ken

€= (z,u,v) € E=RT x[0,1] x (G x G)

{I;(N)},cn partition of [0, 1], m (I;(N)) =

S
v(E)=v (R* x [0,1] x (G x G)) = +oo.

To give an intuitive explanation, we follow the construction for Poisson random measures
presented in Section 6.7 ([50]). Let (T},),,cy be a homogeneous Poisson process with intensity
Amaz = || Al sos 1€t (2n)pens (Un)nen (Vn),en be collections of independent random variables,

zn ~ Uniform ([0, Amaz]) ,
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up ~ Uniform ([0,1]),
U ~ Uniform (G x G);

then the process can be rewritten as:

Ne=No+ Y, 1[0,A<NTJ)] (2n) Y 1[_<NT;>(UTL)1{a(j)}><Q’Yj (n;;wn) - (6.11)

n:T, <t jeN !

This expression presents only random variables independent of each other, and we can give a
clearer idea of how the process works. Intuitively, the pure jump process:

e calculates a sequence of times (7},), oy of a homogeneous Poisson process with intensity

Amaz;

e at each occurrence of a jump T, calculates z,, a uniform variable uniform in [0, A\paq]
and accepts it if z,, < A (NT;);

— the first two steps and the succession of random variables z, therefore are used

to generate a process with a non-homogeneous intensity dependent on the process
itself A(+)

e if the jump is accepted calculates a variable u,, ~ Unif (0,1) and calculates j such that
wn € I; (N, ):

— variables u,, select the type of genome that will undergo a mutation;
e only at this point the variable v, is generated, on which calculate the function ;.

— Note that, fixed j, the function K is non null only if v, € {a(j)} x G, so, instead
of v, we can imagine a variable v}, on v, € {a(j)} X G is generated, using 7n; as
measure

— variables v, select, starting from the genome that is changing, a new born similar
to the predecessor (according to the measure 1), which will be generated in small
quantities.

6.9 Complete process, existence and uniqueness

Let us now write the complete equations for the model and rely on [7] for what regards the
existence and uniqueness of the process.
Consider the stochastic equation

(6.12)

Ny = No+ [y a(Ny)ds+ [y [, K (Ny-, ) N (ds,d€), t>0
Ny ESHEO,
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in SR° on a probability space (2, F,PP), with a right-continuous filtration {73, t > 0}, @ and
K Borel-measurable functions of appropriate dimensions:

F(N) &k k 1 i 5 . .
&(N):{Z'n +n <<I>k(N)—mzj‘:gjeg—go”j@(]v))7 k:greG—Go

vit

(6.13)
—AnF, A >0, k:gr€Go

where Em.: Zjigjeg—g() n’/, F equation of a logistic growth with carrying capacity Kp and
rr rate of increase,

2 g66-Go "V j
F(j\f):rF(l_JgﬂKFo Z n;
J:9;€G—Go
(®g) ey fitness functions with

sup |@, (V)] = L < o

j:9;€6—Go
The jump term K is
K (N,¢) = 1[07>\(N Z {1[ 1{ }xg v) - min (ni,r) (eaq(w) — ei)} . (6.14)
€N

Remark. A SOLUTION of the process presented above is a cadlag process with values in Sg°
defined on the probability space, such that N; is Fr—adapted and there exist an F;—stationary
Poisson process having Poisson random measure N (-, ) on RT x E,

E= (Rt x[0,1] x (G xG)),
&= (z,u,v),

with mean measure m X v:
v = Lebg+ X Leby 1) X n,

v o—finite measure on a measurable space (F, ) such that (6.12) holds a.s. and Ny € Fp is
independent of the Poisson increments.

Theorem 33. Under the assumption of the above remark, a solution of (6.12)(6.13)(6.14)
exists and is unique for all t > 0.

Proof. If there are no jumps, i.e. the process is N; (6.12), with K = 0, is deterministic and is
set on RP, where D is the number of non-zero elements in the support of Nj.

Tlt:

k nk + fg ar, (Ns)ds, if nf is one of the D non-null elements of Ny
0, otherwise

There are no way, except for mutations, to increase (or decrease) the dimension of the problem.
Then, we can use classical arguments to guarantee existence and uniqueness for the solution
of:

: F(n',..., d 1 d j d
nk:%n +nk (@k(nl,...,n)—mzjzlnjq)j(nl,...,n)) k=1,...,d
n% = —\nb, j=1,...,v

with d +v =D, A > 0, NgeSg°, i.e. Ng e RP nk >0fork=1,...D,
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e i: QCRxRP—— RP is smooth near the initial datum (to, No) = (0, Ng), so it
is locally lipschitz in the open set © > (0, Np), then the solution exists and is unique
locally;

o Niop := >y n* is such that Ny = F(Ny)—AY%_; n%, with F logistic, so Nyot € [0, K]
for all t > 0 when n’é > 0 for all k;

e n¥(t) =0, for t > 0, is a solution; then n4(¢) can not change in sign. Because of, for all
kn§>0,then0§nf§K.

e G is bounded, so the solution exists globally in time.

,_.
R.

\/

e

d v
Z Fin 0 Ik ok [ @p(nt, .. nd) — Znhb .,nd +Z‘—/\noﬂ'|
e j=1

k=1 J

d v
1 S
F 0+ ——— ) | ANy 0%
> W; 7 ;

d v
< an {rrp+2L} + )\Znoﬂ' < max{rr +2L; A\} Kp.
k=1 j=1

Next, we use the results in [7]. If we define the function A:

A(N) :=v{§ € E, |[K(N,£)| # 0},

A(N) ::V{(z,u,v) €E,

Lo (2) D {15, (1) a(iypxg(v) - min (n', 7) (ea—l(w)—@z’)}‘#o}a

€N

we can show that A(INV) < co: the amplitude of the jump ~; (IV,£) = min (ni, r) (eoﬁl(vz) — ei)
is null only when n? is null, so the function K is null only when z € [0, A\(NV)], and for all i € N
u€ I, ve{ali)} x G, then

A(N):y{[O,A(N)]xUIix({a(z’)}xg)}gy{ Amaz) % | J Ti x ({er (i)} )}

ieN ieN

= Mnaz Zm }XQ)—)\max Zm :)\max<oo-
€N €N
These calculations guarantee that 71 = inf {t > O,IJ s K (st,g) N(ds,d§) # O} fulfills

P (7, > 0) = 1 for all initial positions Ny € S [7]. Starting at No, N; evolves as Ny for t < 71
and then jumps to . .
NTl = NTl + K(N71a£1)>
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where (71,&1) is a point belonging to the Poisson random measure N (-,-). Next, starting at
N, , the process evolves as N, (with Ny = N7, ). Now, after the first jump, if the mutation has
created a new genome, the deterministic process is on RP*!, and we can prove again existence
and uniqueness with the above assumptions. The process evolves up to a random time 7 and
so on. We can define the jump times 7, 73, . .. appropriately and the process NV; is well defined
for all t < 7o := lim,,_yoo 7. Because of

sup{N € Sg°, A(N)} = Mpaz < 00,

then 7., = oo with probability 1 for all initial conditions [7|. Then global existence and
uniqueness are verified. O

Conclusions

In this chapter we built a population dynamics model of selection, adaptation and mutation
that generalizes the replicator dynamics with rare mutations presented in [4, 5] (see Chapters
4 and 5). The model is structured to follow the evolution over time of a population of different
types of potentially infinite genotypes. For this reason the setting has shifted from the simplex
SP of the replicator dynamics to a space of infinite size, Sp°. The genotypes are subject to
mutations, which occur randomly in the population, without favoring one type over another,
and generating individuals with features never seen before, exploring with time the infinite
set, of potential genotypes. We have therefore constructed a stochastic process that takes
these characteristics into account. Each genotype expresses a given phenotype, or a set of
characteristics that are subject to natural selection. After defining the GP functions, which
map genotypes into phenotypes, we have written the equations that regulate the selection and
adaptation of these phenotypes. The model thus obtained was written in a formal manner and
its existence and uniqueness were discussed. After this chapter of model setup, in the next
we analyze some examples, without specific biological relevance, which highlight particular
dynamic characteristics of the process.



Chapter 7

Simulations of the
Genotype-Phenotype model

7.1 Numerical implementation

We present in this chapter various examples of applications of the model in the previous
chapter, see Section 6.9. Using the intuitive interpretation of the mutation process given in
Section 6.8, we implement the model in the following way:

e We define the initial parameters, such as the final time T, the time step At, the mortality
rate of individuals with non-vital phenotype, the maximum intensity A4, of the Poisson
process for mutations.

The time step of the simulation, necessary to approximate the non-stochastic differential
equations, is chosen so that within it the probability to have af most a mutational jump
is almost one (is above a threshold chosen a priori).

e The homogeneous Poisson process of intensity Apq. is generated until time T and the
succession of jump times T}, is saved;

e We define the initial data by choosing a finite number D of genomes that are in the
population; D is the actual size of the problem.

The initial number of individuals Ny is defined here, which is split into D different types,
with relative genotypes and phenotypes in a vector with D components, finite. Although
in theory the problem is on S, the simulation considers a finite vector, on RP.

The iterations start. For each time interval:

e A mutation occurs if in the considered interval there is a jump of the homogeneous
Poisson process; if so (let ¢ be the time) an acceptance-rejection technique is carried out
to check if this jump can be considered.

The homogeneous random variable z, is sampled with uniform distribution on [0, Apyqz];
if this number is less than or equal to A(N7_), then the jump is accepted and a mutation
occurs.

e If a mutation occurs:

119
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— A random genome gi, kK = 1,...,D is chosen in the population, proportionally
to the amount of individuals with that genome, using the random variable u, ~
Unif (0,1): the higher is n*, the higher is the probability to be chosen.

— A new genome is generated starting from the chosen one; the function responsible
for this step takes the parent’s genome as input and outputs the genome obtained
by applying a step to the Markov chain with transition matrix II. The new born is
labeled as the (D + 1)th genome and the problem changes its actual size, increasing
by one.

It is important to note that the matrix II may not be known a priori, as the func-
tion of the program provides an algorithm to modify the initial genome randomly,
obtaining a new one, without explicitly calculating the values of II. For example,
if the genome g; were a string of nitrogenous bases, the function could act as a
“natural” point mutation, choosing one of the random nitrogenous bases, and mod-
ifying it, at random. As the new born is labeled as (D + 1)th genome, the process
becomes a vector on RP*! (the mutation can rarely transform a genome into one
already present in the population and not generate a new genome, in which case
the problem remains on R”).

In theory, the new genome is already present in the population vector N, element
of Sg° in an appropriate position, given a priori from the sorting function «; in the
simulation, however, from a finite vector, we obtain a vector of size greater than
one, with the new born that occupy the position D + 1. In this way, with time, the
sorting is obtained step by step and represents the temporal order of appearance
of a given genome in the population.

— The number of individuals changes according to the law of the process, which
eliminates min(n*,r) individuals of the type k and creates as many of the new type
D+ 1.

— The G P-map of the new genotype is calculated, defining its phenotype.

The passage between genotype and phenotype is summarized here; the GP-map
function is defined for each genotype. Given the nature of the problem considered,
this function can be computationally heavy (as in cases where the map is the
development of a cellular automaton), but in any case it is calculated only once,
when the creation of the given genome happens.

e After the possible mutation, a step in the deterministic process is made, using Heun’s
method.

— The phenotypes are divided between vital and non-vital (the latter indicated with
/0/) .

— The vital phenotypes undergo a step of the replication dynamics with growth func-
tion:

+ an intermediate value ¥ 1 1s calculated using Euler’s method:

gy =ny + Ata (N, ;
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% the final approximation nf ', 1 is obtained as:

3 (o))

— Non-vital phenotypes decrease exponentially, nf 1= nke AAL,

k _ .k
nt+1—nt +

It should be noted that the fitness function can not take genotypes as input, thus being
invariant for individuals in the same neutral space.

e The variables of the problem are updated, including the vector containing the number
of individuals and the vectors containing genotypes and phenotypes present at that time
in the population, the actual dimension of the problem, which could be increased.

7.2 Examples of applications

We propose here different examples to highlight the features of the genotype-phenotype model
(6.12)(6.13)(6.14). As defined, in the model, the space of the G genomes, the matrix relative
to the mutations II, the GP-map and the fitness functions @, are not specified. When these
parameters are changed, different models are obtained; for this reason, for each example we
initially detail the choices made.

Fibonacci GP-Map.

A structurally simple example, but able to summarize the main characteristics of the model,
is that built from the “Fibonacci GP-map”, presented in [36].

Genome space and mutations. The genome space G is the set of binary strings of fixed
length, G = (J,,en{0,1}", a genome therefore represents a simplified DNA string, in which
the nitrogenous bases are reduced from four to two, 0 and 1. When a mutation occurs in the
genome, two different events may happen:

e with probability (1 —p), p € (0,1) the string undergoes a punctual mutation, i.e. an
element chosen randomly within it changes from 0 to 1 or vice versa;

e with probability p instead an insertion occurs, i.e. a 0 or a 1 is added into the genome,
in a random position; through insertions, the effective dimensionality of the problem
increases by one;

GP-map. A genome g of length L, g € {0, 1}L C G expresses a phenotype f € F, which is
a binary string of length shorter than L, obtained in the following way:

e starting with the first digit the sequence is considered “coding” until a “stop codon” is
encountered,

e after the stop codon the sequence is considered “non-coding”.
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Each possible sequence up to the first occurrence of the stop codon 11 uniquely maps to a
distinct phenotype. The sequence after the first stop codon, on the other hand, gives rise to
the neutral space of that phenotype. If the stop codon does not exist, then the phenotype
obtained is non-vital, and it is indicated with 0.

read direction
— >

stop codon

[J-] stop codon
1001011 =

1001011 101011
| Il | I

coding non-coding coding non-coding

@ these sequences @
represent distinct
/ phenotypes \

1001011 101011

Figure 7.1: Three examples of genotype sequences, which map two different phenotypes in
the Fibonacci genotype-phenotype map. Reading from the left the sequence is regarded as
“coding” up to the first occurrence of the “stop codon” sequence 11. Thereafter the sequence
is regarded as “non-coding”. Each possible coding sequence represents a different phenotype,
whereas the non-coding sequence leaves the phenotype entirely unaffected. Figure by [36].

Fitness 1. Let us define the fitness matrix of the two-strategist game Hawks and Doves, for

G=20C=3,
G-C 1
G-C ¢ 19
— 2 — 2 .
u_< 0 §>_< 0 1)’

fixed time ¢, the fitness of phenotype fi is obtained by playing multiple times the game of
matrix 4 against the phenotype which has the higher number of individuals in the population
at that time, namely fy,q2, in the following way:

e define [ = max (length of fi, length of fi4z¢)

e for ¢ from 1 to [, the two players challenge each other, choosing their strategy based on
what they have encoded in position ¢ of their genotype:

— if position ¢ is equal to 0, the player choose Dove;
— if position 7 is equal to 1, the player choose Hawk;

— if position ¢ is greater than the length of the genome, the player choose Hawk.

fenotype fi has a reward of ¢(i, fi, fmax,) €ach time.
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e After the [ fights, the result are averaged.
1<
(I)k(N’ t) = 7 Z ¢(Z7 fka fmax,t)~
i=1

Examples. Suppose that p = 0, i.e. that no insertion mutations can occur, only punctual;
the initial length of the genomes is L = 3, and because of p = 0, can not increase. In
this situation, only 8 different genotypes can be generated by mutation, with the following

genotypes:
GP
g ., 7
000 0
001 0
010 0
011 011
100 0
101 0
110 11
111 11

The only vital phenotypes are therefore f; = 011 and f» = 11; the value 0 represents the
strategy “Dove”, while the value 1 the strategy “Hawk”.

010

000 001

Figure 7.2: Genome space G with graph given by II when there are no insertion mutation
and L = 3. Genomes 111 and 110 are the neutral space of phenotype 11 (in red) while 011
is the only element in the neutral space of phenotype 011; all other genotypes are non-vital
(phenotype 0).

In a population initially formed by the majority of individuals of phenotype f; = 011,
fitness are calculated challenging an individual that use the set of strategies 011, i.e. “First
Dove, then Hawk, then Hawk”:
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e Fitness of phenotype f1. Individuals of phenotype f; fight a total of 3 times, the first
time acting like Doves (0), the second and third acting like Hawks (11).

G, G-C _, G=C
PoII>11 _ 2 N I — 3G —2C —
011 3 6

0;

e Fitness of phenotype fo. Individuals of phenotype fo fight 3 times, acting always like
Hawks,

G+%59+9¢ o6-C 1

3 -3 4
individuals of strategy 11 therefore are the ones that will increase, until they become the
majority. In that situation, with a population with majority of fo = 11, i.e. “First Hawk, then
Hawk” fitness result:

011>11 __
q)ll -

e Fitness of phenotype f1. Individuals of phenotype f1 fight a total of 3 times, the first
time acting like Doves (0), the second and third acting like Hawks (11).

G-C | G-C
gz _ 0+ 5+ G-C 1
011 = 3 =—3 =73

e Fitness of phenotype fo: Individuals of phenotype fo fight 2 times, acting always like
Hawks,
G160 g0 _ 1

2 2 2

11>011 __
q)ll -

In a population with majority of strategist “First Hawk, then Hawk” the most cautious strategy
“First Dove, then Hawk” is rewarded, bringing individual of type fi to increase.

The population will initially tend to oscillate and stabilize towards an equilibrium with
the same number of individuals of both phenotypes (see Figure 7.3)
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Figure 7.3: Genotypes and Phenotypes model (6.12)(6.13)(6.14) with Fibonacci GP-map.
Time of execution is T' = 50. The maximum intensity of the Poisson process is 0.1, there are
no insertional mutations.

With the passage of time, however, the structure of the genome space G begins to determine
a different equilibrium: any non-vital phenotype, although it may appear after a mutation,
will not have time to mutate before disappearing, leaving room only for the neutral spaces of
the vital phenotypes, distributed as shown in Figure 7.2. The neutral space of phenotype 11
has two elements, while 011 a single one, with 011 and 110 that can mutate only in 111. This
situation leads to an imbalance that, for long times, leads to the dominance of the strategy
11, as can be seen in Figure 7.4.
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Figure 7.4: Genotypes and Phenotypes model (6.12)(6.13)(6.14) with Fibonacci GP-map.
Time of execution is 7' = 10000. The maximum intensity of the Poisson process is 0.1, there
are no insertional mutations.

When the probability of having an insertion mutation is positive, then new strategies can
arise in the population, complicating the final result (Figure 7.5); the phenotype to affirm
itself in the population is 11, with the largest neutral space. When the length of the genome
becomes very large, the neutral space of the phenotype 11 grows exponentially in size (there
are 272 genomes of length L that express this phenotype); since individuals in the same
neutral space are indistinguishable from natural selection, after sufficient time each genome of
this space will have about the same number of individuals. The Fibonacci GP-map therefore
ceases to be representative when the number of genomes in the same neutral space is much
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larger than the total number of individuals in the population, leading to the formation of
populations with less than one individual for each genotype.
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Figure 7.5: Genotypes and Phenotypes model (6.12)(6.13)(6.14) with Fibonacci GP-map.
Time of execution is T = 2000. The maximum intensity of the Poisson process is 0.1, inser-
tional mutations happen with probability p = 0.1.

Life-like cellular automaton

Here is an example showing the difference in action of mutation and selection in a clear way,
using a Life-like cellular automaton. From [25]:

“One may define cellular automata on grids of high dimensions or on neighborhood struc-
tures more general than grids. The set of neighbors of a cell may be only those other cells
nearest to it in the grid or may fall within a neighborhood of larger than unit radius. The state
of a cell may depend only on the states of neighboring cells in the previous time step, or it
may depend on the states of neighbors over several previous time steps. The number of states
of each cell may be any finite number or even a continuously variable value, and researchers
have considered update rules that are asynchronous, randomized, or quantum mechanical.”

We restrict in this example our attention to set of rules that are very similar in structure
to Conway’s Game of Life [29]. Specifically, we consider binary cellular automata such that:
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o The cells of the automaton form a two-dimensional square lattice.

e The neighbors of each cell are the eight lattice squares that are orthogonally or diagonally
adjacent to it (Moore neighborhood).

e Each cell may be in one of two states, alive (1, black) or dead (0, white).
e All cells are updated simultaneously, and the time is discrete.

e In time step i, the state of any given cell is a function of the state of the same cell in
time step ¢ — 1 and of the number of live neighbors it had in time step ¢ — 1.

In a cellular automaton of this type, a single cell may do one of four things within a single time
step: if it was dead but becomes alive, then it is born; if it was alive and remains alive, then it
survives; if it was alive and becomes dead, then it dies; and if it was dead and remains dead,
then it is quiescent. The standard convention for naming these cellular automata is given by
a sequence of characters in the form “BrxzxSyyy”’. The xxx part of the rule string is a subset
of the digits from 0 to 8, representing numbers of neighbors such that a dead cell with that
many neighbors would become alive in the next time step, causing a birth event: the B stands
for birth. The yyy part of the rule string is another subset of digits, representing numbers of
neighbors such that a live cell with that many neighbors would remain alive in the next time
step, causing a survival event: the S stands for survival.

For instance, Conway’s Game of Life itself is represented by the rule string B3523: a
dead cell with three live neighbors leads to a birth event, and a live cell with two or three
live neighbors leads to a survival event. All other combinations of cell state and number of
neighbors lead to death or quiescence and can be inferred from the birth and survival parts of
the rule string.

Genome space and mutations. The genome space G is {0, 1}L2, for L > 1, set of the
L x L grids with elements in {0, 1}; for what regards the distance between genomes given by
mutations, each element in the matrix of the genome g has probability p to change, changing
from 0 to 1, with p = k/L?, so that there are k average changes every mutation. So for all
91,92 € G P (g1 —> g2) > 0 and

P (91 — 92) — de(91792) (1 _ p)LQ—dH(gh%) ’

where dp is the Hamming distance, calculated on the elements in G.

GP-map and fitness. Starting from a genome g, the GP map consists into generate a
cellular automaton that has ¢ as initial state, for a fixed number of iterations: this automaton
is the variant B5678545678 of Conway’s Game of Life: at discrete time steps, the status of
each cell is updated based on the previous state of it and of the 8 cells that surround it; if the
target cell is alive, it continues to be alive in the next iteration if it has 4 or more living cells
surrounding it; if instead it is dead, it borns if it has 5 or more live cells sorrounding him.
This particular rule brings the initial state to group together creating characteristic patterns,
distinct zones of living cells of various sizes; survival is assured only for a high number of
neighbors and birth only for 5 or greater, bringing solitary or slightly aggregated cells to
disappear. This model is able to show well the different action of selection and mutation,
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since the genome is a chaotic set of points, while the configurations generated by this variant
of the game are similar to liveries of animals. Let define N4, the number of iterations chosen,
and H the map that performs an iteration of the algorithm, then the G P-map results in:

GP :=HNmae= . G F CG

geEGr—H(geGr— ...—H" (9) €Gr—> ...

Because the rule does not include births for 0, 1, 2 or 3 neighbors, then it is not possible
for an initial pattern entirely contained in a bounding box to get out of it, so the algorithm
eventually leads to periodic configurations [25]. From numerical simulations, choosing L < 30
and Npu. > 30, any computed random initial data g, converges to a fixed point fr = H (fx)
in less than N, iterations. From this consideration it is therefore possible to check how the
G P-map generates a phenotype space F C G of cardinality lower than G. Infact, chosen an
initial genome g which converges to fi in less than Ny, iterations, each element H"™ (gy)
will express the same phenotype of gg.

Genotype GP-Map (acting) Phenotype

Figure 7.6: GP-map of Life like automaton model. The genotype, on the left, is a L x L matrix
(L = 30) with elements in {0, 1}. The genotype is the inital status for the B5678545678 version
of Game of Life. The phenotype, on the right, is the equilibrium configuration (obtained in
less than 30 iterations). The figure in the center is the cellular automaton in an iteration
preceding the final one. nz counts the living cells of the square.

It is possible to define the fitness by working on the “apparent” characteristics of the
phenotypes, evaluating the number of connected components and total area occupied: a binary
array can be represented by a black and white image, where 1 represents a black pixel, and 0 a
white pixel: two black pixels belong to the same connected component if it is possible to trace
a path, moving between neighboring cells, which connects the two pixels; the number is then
divided by the greatest number of connected components of an individuals in the population.
The measure of the total area occupied is a measure of density, obtained by dividing the
number of pixels equal to 1 for the total number of elements in the genome, L?.

#connected components of fy

b, —
k max {#connected components of f, with f in the population}

+#number of pixeLlZ of fi equal to 1. (7.1)
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Examples. Even if it is finite, for L = 20 the cardinality of G is 2L* ~ 10120 elements. With
the simulation times used, it was therefore possible to explore only a small subset of this space.
In Figure 7.7 is possible to display the results of a simulation for 7' = 1000, obtained from
an initial random genome. More simulations have been carried out, with different L, starting
with the same initial genome (Figure 7.9 to 7.17), each time obtaining different phenotypes;
albeit different from each other, the phenotypes obtained show all the characteristics favored
by the selective pressure applied on them: greater number of connected components compared
to the ancestral and higher density of living cells.

t=1000
N(533)= 75.9106 N(602)= 16.9546
| W o| s
Sl e g
10 1%, T e 10 [%8,8,988 o}
15 ?g;ii::?;? 15 ?ﬁi o;:‘ig
o ok Bl K i3 3
0 10 20 0 10 20
nz =213 nz =214
. -
10 10
Cip Sl i
20 20
5 10 15 20 5 10 15 20
t=1000 t =5000
N(512)= 92.6742 N(3231)= 92.7882

Figure 7.7: Genotypes and Phenotypes model (6.12)(6.13)(6.14) with Life-like automaton.
The dimension of the grid is set at L = 20, the final time is 7" = 1000 for the first two run,
T = 5000 for the third. We show the final phenotypes and genotypes of three different runs
of the process starting from the same genome.

For the simulation in Figure 7.8, we have chosen as final time 7' = 5000 and we display
the best phenotypes over time, reporting their fitness (increasing over time) and the time they
appear the first time.
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\

Phenotype 0 5 18 41 129 570
T 0 13.1 25.9 50.0 | 2194 | 3232
(cc, 0) (2,75) | (3,111) | (4,113) | (5,117) | (5,133) | (5,143)
) 0.521 | 0777 | 0949 | 1.126 | 1.166 | 1.191
' LT T
r r r *dl.
Phenotype || 780 1485 | 1952 [ 2110 | 3230
T 867.6 | 1850.9 | 2069.9 | 2489.9 | 4126.7
(cc, 0) (5,155) | (5,159) | (6,130) | (6,135) | (6,156)
d 1221 | 1.231 | 1.325 | 1.337 | 1.390

Figure 7.8: Genotypes and Phenotypes model (6.12)(6.13)(6.14) with Life-like automaton.
Simulation for 7" = 5000. The table shows the characteristics of all the phenotypes that, in a
given time, have represented the majority of individuals; in the table, in the line Phenotype
we indicate after how many mutations the represented phenotype has been generated; in the
line T the first time after which it reached the majority in the population. In the line (cc, d)
we indicate respectively the number of connected components of the represented phenotype
and the number of live cells of this configuration (with a maximum of 400). In the line ® we
indicate the fitness of the various phenotypes, imagining that they are in the same population
(so in (7.1) max {#connected components of f, with f in the population} is 6).

More simulations. In the following figures we report different executions of the simulation

algorithm, showing the trend over time of the distribution of genotypes in the population, for
L =10,15,20.

t=0 t=0 t=0

N(1)= 100 N(1)= 100 N(1)= 100

2
4
6
8
10
12
i
5 10 5

Figure 7.9: Initial phenotypes for subsequent simulations. In order, genotype and phenotype
for L = 15, phenotype for L = 10, phenotype for L = 20.
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t=625

t=750

N(34)= 99.0313

t=875

N(34)= 99.6706

Figure 7.10: Phenotypes for model (6.12)(6.13)(6.14) with Life-like automaton. First simula-
tion for T' = 1000, dimension of the grid L = 15. The starting genotype and phenotype are
shown in Figure 7.9. All genotypes and phenotypes with at least 1% of the maximum number
of individuals are shown, with their number.



CHAPTER 7. SIMULATIONS OF THE GENOTYPE-PHENOTYPE MODEL 134

=125
N(11)= 98.2089 . N(15)= 1.7402
5 5
10 10
15 15
o 5 15 0 s 10 15
nz=117 nz =117
2 2
4 4
6 6
8 8
10 10
12 12
14 14
5 10 15 5 10 15
250
N(1L1)= 96.4653 B N(20)= 0.84061 N(23)=2.1181
5 5
10 10 .
15 15
o 5 15 0 5 15 o 5 10 15
nz=117 nz=118 nz =118
2 2
4 4 4
6 6 6
8 8 8
10 10 10
12 12 12
14 14 14
5 10 15 5 10 15 5 10 15
=375
N(11)= 21.3224 ) N(30)=3.7755
5
10 .
15 .
0 5 15
nz=118
2 2 2
4 4 4
6 6 6
8 8 8
10 10 10
12 12 12
14 14 14
5 10 15 5 10 15 5 10 15
500
N(30)= 60.9188 . o Na=10625
: : : I
10 10 0 i . 1
15 15 15 15 15
5 0 15 5 0 15 5 10 15 5 0 15 5 0 15




CHAPTER 7. SIMULATIONS OF THE GENOTYPE-PHENOTYPE MODEL 135

t=625
N(30)= 23.7736 N(39)= 23.8326 N(46)= 50.9779 N(49)= 064967 o NG3)=052609
5
10
15
o 5 0 15 o 5 0 15 o 5 015 o s 015 o s 0 s
nz=118 nz=124 nz =123 nz =116 nz =116
10 10 10 10 10
15 15 15 15 I 15
5 10 15 5 10 15 5 10 15 s 10 15 s 10 1
t=750
N(39)=1.8473 N(46)= 82.4669
0 o 0
5 5
10 10
15 . 15
o s 10 1 o 5 10 15 o s 10 15
nz=124 nz=123 nz =125
2 2 2
a 4 4
6 6 6
8 8 8
10 10 10
12 12 12
14 1 1
5 10 15 s 10 15 5 10 15
t=875

N(71)=16775

N(59)= 72.3931

N(46)= 23.061
5
10
15 . .
o 5 10 1 0 10 15 o 5 10 15 o s 10 15
nz=123 nz=125 nz=121 nz =128
2 2 2 2
4 4 4 4
6 6 6 6
8 8 8 8
10 10 10 10
12 12 12 12
14 1 14 14
5 10 15 5 10 1 10 15 5 10 15
t=1000

N(78)= 17.39

N(59)=80.9114

N(46)= 1.2674

15
o 5 10 15 o 5 10 15 o s 10 15
nz=123 nz=125 nz =128
2 2 2
4 4 4
6 6 6
8 8 8
10 10 1
12 12 12
14 1 14
5 10 15 s 10 15 5 10 15

Figure 7.11: Phenotypes for model (6.12)(6.13)(6.14) with Life-like automaton. Second sim-
ulation for T" = 1000, dimension of the grid L = 15. The starting genotype and phenotype

are shown in Figure 7.9. All genotypes and phenotypes with at least 0.5% of the maximum

number of individuals are shown, with their number.
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Figure 7.12: Phenotypes for model (6.12)(6.13)(6.14) with Life-like automaton. First simula-
tion for T' = 1000, dimension of the grid L = 10. The starting phenotype is shown in Figure
7.9. All phenotypes with at least 1% of the maximum number of individuals are shown, with
their number.
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Figure 7.13: Phenotypes for model (6.12)(6.13)(6.14) with Life-like automaton. Second simu-
lation for T' = 1000, dimension of the grid L = 10. The starting phenotype is shown in Figure
7.9. All phenotypes with at least 1% of the maximum number of individuals are shown, with
their number.
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Figure 7.14: Phenotypes for model (6.12)(6.13)(6.14) with Life-like automaton. Third simu-
lation for T' = 1000, dimension of the grid L = 10. The starting phenotype is shown in Figure
7.9. All phenotypes with at least 1% of the maximum number of individuals are shown, with
their number.
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Figure 7.15: Phenotypes for model (6.12)(6.13)(6.14) with Life-like automaton. First simula-
tion for T' = 1000, dimension of the grid L = 20. The starting phenotype is shown in Figure
7.9. All phenotypes with at least 1% of the maximum number of individuals are shown, with

their number.
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Figure 7.16: Phenotypes for model (6.12)(6.13)(6.14) with Life-like automaton. Second simu-
lation for T' = 1000, dimension of the grid L = 20. The starting phenotype is shown in Figure
7.9. All phenotypes with at least 1% of the maximum number of individuals are shown.
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Figure 7.17: Phenotypes for model (6.12)(6.13)(6.14) with Life-like automaton. Third simu-
lation for T' = 1000, dimension of the grid L = 20. The starting phenotype is shown in Figure
7.9. All phenotypes with at least 1% of the maximum number of individuals are shown.
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Replicator mutator

In this example, we consider a finite genome space, composed by only 4 elements. We show
numerically how convergence at equilibrium is slower if mutations occur at a different level of
selection.

Genome space and mutations. The genome space in this simplified model is G = {1, 2,3, 4},
there are only 4 possible genomes in the population; one genome can mutate into another if
it has exactly 1 different base, i.e. according to the jump matrix II of a random walk on G:

G=1{1,2,3,4} (7.2)

S O O
O O =
—= OoONe O
o= O O

GP-map and fitness. The GP map generates two different phenotypes, A and B, with
GP(i) = A for i = 1,2,3 and GP(4) = B; on these phenotypes we consider constant fitness,
fa=1and fg > fa (see Figure 7.18).

Figure 7.18: Graph of the Markov chain on the genome space G, given by the matrix II; the
GP map with the neutral spaces are displayed, with phenotype A in blue, B in red.

Examples. In this model, all individuals are equally likely to mutate, as the temporal fre-
quency of mutations of a genotype g; is proportional only to its frequency in the population.
We decide to compare this model with the simplest example of quasispecies (see Chapter 4),
(4.1):

ip = (Pr — @) zp + Y1y Pimyp,

k=1,...,n,

with 2 types, imposing the probability that replication of individuals of a type results in
individuals of the other equal, i.e. the mutation terms are the same, mg := mi2 = moq,
obtaining the differential equation (reducing the variables to x; only):

&1 = (f1 — f2) z1(1 — 1) + famo (1 — 21) — fimox1.
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We compare the above equation with a version of model (7.2) that has no structure in the
genotype space. So let G be the space of genomes {1, 2}, each of which can mutate into the
other. If we take the identity as the GP-map, there is no difference between genotype ¢ and the
phenotype it expresses (which we can call i, see Figure 7.19), it can be assumed that fitness
acts on the genotype.

® o
]
G, O—0O
<

Figure 7.19: Graph of the simplest case of genome space Gy, with two genotypes that have the
same probability to mutate in each other. The GP-map is the identity.

In Figure 7.20 we simulate both models, obtaining a value for mg that produces similar
transient and final equilibrium.

We then replace the space G; with G and imagine two different situations: in both initially
there are only individuals that show the phenotype A, with lower fitness; in the first case,
the individuals are of genotype 3, which has probability 1/2 to mutate into genotype 4; in
the second case instead, the individuals are of genotype 1, and can generate individuals of
phenotype B with lower probability, mutating first in 2, then in 3, finally in 4. Although they
are equivalent (phenotypically), the presence of a structure in the genotype space changes the
trend of the process. In both cases, eventually, the genotype 4 will be generated and, having
higher fitness, will grow in number, but in the second case we expect that individuals at lower
fitness will last for longer. In Figure 7.21 the result is shown when the initial genome is chosen
randomly, while in Figure 7.22 the initial genomes are chosen, one at a time, 4, 3 and 2. The
convergence time at equilibrium can be then modified by the structure of the space of the
genomes.
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Figure 7.20: Quasispecies model for 2 types, in green and red, compared to expected value
of genotype-phenotype model (averaged on 500 independent runs) in red and blue. A (N) =
1, therefore the process underlying the mutations is homogeneous. The mutation term of
quasispecies is mg = 0.02. Fitness ®; = 1, ®o = 2, initial population is formed only by
individuals of type 1. T = 25.
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Figure 7.21: Quasispecies model for 2 types, in green and red, compared to expected value
of genotype-phenotype model (averaged on 5000 independent runs) in red and blue. A (V) =
1, therefore the process underlying the mutations is homogeneous. The mutation term of
quasispecies is mg = 0.02. Fitness ®; = 1, &3 = 2. The initial density of quasispecies is
equally distributed between the two initial types; during each run of the genotype-phenotype
model, the initial population is formed by individuals of the same genotype i, i € {1,2,3,4},
with ¢ chosen randomly, so as to have, statistically, uniform distribution of initial phenotypes:
so the probability of having as initial genotype 4 (the only one expressing the phenotype 1) is
three times greater than having one of the others as the initial genotype. 7" = 100.
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Figure 7.22: Quasispecies model for 2 types, in green and red, compared to expected value
of genotype-phenotype model (averaged on 500 independent runs) in red and blue. A (N) =
1, therefore the process underlying the mutations is homogeneous. The mutation term of
quasispecies is my = 0.02. Fitness ®; = 1, &3 = 2. The initial population of quasispecies
is divided equally between the two initial types; the initial population of each run of the
genotype-phenotype process is different in each figure. Respectively, in the first figure the
initial population is made up exclusively of individuals of genotype 3, in the second of genotype
2, in the third of genotype 1. The more the initial genotype is “distant” from 4, which expresses
a different phenotype, the longer it takes the system to converge to equilibrium (final times
are, respectively, 30, 100, 150).
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7.3 Conclusions

In this chapter we dealt with the problem of finding a model for the theory of Evolution,
which starts from the concept of rare mutations shown in [4] and in Chapter 5. We have
proposed a model for the dynamics of individuals of genotypes, defining a space of potential
genomes G, which can also have infinite cardinality. We have therefore constructed a mutation
process that acts on the genotypes; such a process explores the space G, producing over
time individuals with features never seen before. Another step was to differentiate the effect
of the selection, making it act on the phenotype, that is the environmental expression of
a genotype. Two genotypically different individuals may express the same phenotypes, and
for this reason subjected to same selective pressures from the environment. A phenotype is
therefore characterized not only by a fitness, but represents a whole space of genotypes that
produce it, which can have different size; the mere presence of such a space can therefore
alter the dynamics of selection and adaptation, modifying the proportions of individuals or
the times of convergence to equilibrium.

Further developments, in line with the model developed in Chapter 5, could concerns dy-
namics in which spatiality has a role. In this model of ordinary equations there is a spatially
homogeneous population, which we can imagine concentrated in one point. To study a model
in which various populations, arranged at different points in a geographic region, interact with
each other through gene exchanges could lead to consider immigration and emigration phe-
nomena, invasion of more fitted types. It would be possible to imagine different environmental
conditions in different points of the space, obtaining different fitness landscapes. This idea
could be developed by considering populations as nodes in a network, connected by flows of
genetic informations, or as functions of space, thus developing models of partial derivatives
equations.

We could then focus on the dynamics of extinction and low number of individuals. In this
model, in fact, it is not possible for one type of individuals to become extinct: even when it
is disadvantaged by selection, at most the decrease is exponential, leading to disappearance
only in infinite time. The only case in which we can have an extinction is after a mutation,
when a type, already very rare in the population, is transformed completely into a new one.
When the number decreases, we could think of a model that turns into particle-based, in which
individuals are treated as single entity, so that we can take into account phenomena such as
bottlenecks, founder effect and genetic drifts, related to statistical fluctuations of populations
composed of few individuals [35, 61].

Both of these ideas deserve further investigations.
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Chapter 8

Introduction and Algorithms

This part, composed of two chapters, is the extended version of a paper written with Giovanni
Sebastiani (IAC-Rome) about a procedure (called restart procedure) for the optimization of
opportune combinatorial optimization problems, which is currently accepted [83]. The basic
algorithms of the work, that are Ant Colony optimization and Genetic algorithms are of explicit
natural inspiration, and are presented in this Chapter. Then, in Chapter 9, the real problem
is addressed; after the first part of the theoretical treatment of the problem, there is a Section
where the nature-inspired algorithm are numerically implemented and used together with the
new procedure. In general, solving a combinatorial optimization problem (COP) consists of
finding an element, within a finite search domain, which minimizes a given fitness function.
The domain has typically a combinatorial nature, e.g. the space of the hamiltonian paths
on a complete graph. The COP prototype is the Traveling Salesman Problem (TSP), whose
solution is a Hamiltonian cycle on a weighted graph with minimal total weight [6]. Although
a solution of a COP always exists, finding it may involve a very high computational cost.
The study of the computational cost of numerical algorithms started in the early 1940s with
the first introduction of computers. Two different kinds of algorithms can be used to solve
a COP problem: exact or heuristic. A method of the former type consists of a sequence
of non-ambiguous and computable operations producing a COP solution in a finite time.
Unfortunately, it is often not possible to use exact algorithms. This is the case for instances of
a N'P-complete COP. In fact, to establish with certainty if any element of the search space is a
solution, requires non-polynomial computational cost. Alternatively, heuristic algorithms can
be applied. Such type of algorithms only guarantee either a solution in an infinite time or a
suboptimal solution. Of great importance are the meta-heuristic algorithms (MHA) [9] which
are algorithms that are independent of the particular COP considered, and often stochastic.
Among them, there are Simulated Annealing [52], Tabu Search [33], Genetic Algorithms [34]
and Ant Colony Optimization (ACO) [23].

8.1 Ant Colony Optimization and Genetic Algorithms

8.1.1 Ant Colony Optimization

Ant Colony Optimization (ACO) is a recently developed, population-based approach which
has been successfully applied to several NP-hard combinatorial optimization problems. As
the name suggests, ACO has been inspired by the behavior of real ant colonies, in particular,
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by their foraging behavior. One of its main ideas is the indirect communication among the
individuals of a colony of agents, called (artificial) ants, based on an analogy with trails of
a chemical substance, called pheromone, which real ants use for communication [46]. The
first ACO algorithm, called Ant System (AS), was applied to the Traveling Salesman Problem
(TSP) [23, 20].

ACO algorithms make use of simple agents called ants which iteratively construct candidate
solutions to a combinatorial optimization problem. The ants’ solution construction is guided by
(artificial) pheromone trails and problem-dependent heuristic information. In principle, ACO
algorithms can be applied to any combinatorial optimization problem by defining solution
components which the ants use to iteratively construct candidate solutions and on which
they may deposit pheromone. An individual ant constructs candidate solutions, then, after
the solution construction is completed, the ants give feedback on the solutions they have
constructed by depositing pheromone on solution components which they have used in their
solution. Typically, solution components which are part of better solutions or are used by
many ants will receive a higher amount of pheromone, and hence, will more likely be used
by the ants in future iterations of the algorithm. To avoid the search getting stuck, typically
before the pheromone trails get reinforced, all pheromone trails are decreased by a factor p.

The ants’ solutions are not guaranteed to be optimal with respect to local changes and
hence may be further improved using local search methods; take as example a 3-opt local
search algorithm, that proceeds by systematically testing whether the current tour can be
improved by replacing at most three arcs. Based on this observation, the best performing
ACQO algorithms for many NP-hard static combinatorial problems are in fact hybrid algorithms
combining probabilistic solution construction by a colony of ants with local search algorithms.
In such hybrid algorithms, the ants can be seen as guiding the local search by constructing
promising initial solutions, because ants preferably use solution components which, earlier in
the search, have been contained in good locally optimal solutions.

Traveling Salesman Problem. The TSP can be represented by a complete graph G =
(N, A) with N being the set of nodes, also called cities, and A being the set of arcs fully
connecting the nodes. Each arc (4,7) € A is assigned a value d;; which represents the distance
between cities ¢ and j. The TSP then is the problem of finding a shortest closed tour visiting
each of the n = |N| nodes of G exactly once.
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Figure 8.1: Best solution (Hamiltonian cycle with minimal total weight) of the Travel Salesman
problem for eil51, a problem taken from the TSPLIB benchmark library [95]; there are 51 cities,
each identified by a position (z;,1;) € R%2. The edge weight d;j is given by the Euclidean
distance between city ¢ and city j.

Applying AS to the TSP. When applying AS to the TSP, arcs are used as solution
components. A pheromone trail 7;;(t), where ¢ is the iteration counter, is associated with
each arc (i.j); these pheromone trails are modified during the run of the algorithm through
pheromone trail evaporation and pheromone trail reinforcement by the ants. Initially, m ants
are placed on m randomly chosen cities. Then, in each construction step, each ant moves,
based on a probabilistic decision, to a city it has not yet visited. This probabilistic choice
is biased by the pheromone trail 7;; (¢) and by a locally available heuristic information 7;;.
The latter is a function of the arc length; AS and all other ACO algorithms for the TSP use
ni; = 1/d;;. Ants prefer cities which are close and connected by arcs with a high pheromone
trail and in AS an ant k currently located at city ¢ chooses to go to city j with a probability:

a B
T (T i 4 e
pl) = g e (5.
le/\fi’“[m(t)}“[mz]ﬁ

where o and § are two parameters which determine the relative importance of the pheromone
trail and the heuristic information, and A¥ is the feasible neighborhood of ant k, that is, the
set of cities which ant k£ has not visited yet. Each ant k stores the cities visited in its current
partial tour in a list, that is, each ant has a limited memory which is used to determine ./\/f in
each construction step and thus to guarantee that only valid Hamiltonian cycles are generated.
Additionally, it allows the ant to retrace its tour, once it is completed, so that it can deposit
pheromone on the arcs it contains.

After all ants have completed the tour construction, the pheromone trails are updated.
This is done first by lowering the pheromone trails by a constant factor (evaporation) and
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then by allowing the ants to deposit pheromone on the arcs they have visited. In particular,
the update follows this rule:

Tij (t + 1) = QTij(t) + ZAT{;(t},
k=1

where the parameter o (with 0 < p < 1) is the trail persistence (thus, 1 — ¢ models the evapo-
ration) and AT;}(t) is the amount of pheromone ant k puts on the arcs it has used in its tour.
The evaporation mechanism helps to avoid unlimited accumulation of the pheromone trails.
While an arc is not chosen by the ants, its associated pheromone trail decreases exponentially;
this enables the algorithm to “forget” bad choices over time. In AS, ATZ-];(t) is defined as
follows:

7

ATE®) = {1/Lk(t) if arc (i,7) is used by ant k in iteration t,

0 otherwise.

where LF(t) is the tour length of the kth ant. The better the ant’s tour is, the more pheromone
is received by the arcs belonging to this tour. In general, arcs which are used by many ants
and which are contained in shorter tours will receive more pheromone and therefore will more
likely be chosen in future iterations of the algorithm.

8.1.2 MAX — MZIN Ant System.

Research on ACO has shown that improved performance may be obtained by a stronger
exploitation of the best solutions found during the search. MAX — MZN Ant System, which
has been specifically developed to meet these requirements by T.Stutzle (|86, 87]), differs in
three key aspects from AS.

1. To exploit the best solutions found during an iteration or during the run of the algorithm,
after each iteration only one single ant adds pheromone. This ant may be the one which
found the best solution in the current iteration (iteration-best ant) or the one which
found the best solution from the beginning of the trial (global-best ant).

2. To avoid stagnation of the search the range of possible pheromone trails on each solution
component is limited to an interval [Tpin, Tmaz)-

3. Additionally, we deliberately initialize the pheromone trails to 7Ty,4z, achieving in this
way a higher exploration of solutions at the start of the algorithm.

In MMAS only one single ant is used to update the pheromone trails after each iteration.
Consequently, the modified pheromone trail update rule is given by

Tij (t + 1) = QTij(t) + ATi?eSt,

where AT};eSt =1/f (sbeSt) and f (sbeSt) denotes the solution cost of either the iteration-
best (sib) or the global-best solution (sgb). The use of only one solution, either siP or sgb, for
the pheromone update is the most important means of search exploitation in MMAS. When

using only sgb, the search may concentrate too fast around this solution and the exploration of
possibly better ones is limited, with the consequent danger of getting trapped in poor quality
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solutions. This danger is reduced when st is chosen for the pheromone trail update since the
iteration-best solutions may differ considerably from iteration to iteration and a larger number
of solution components may receive occasional reinforcement.

Search stagnation may occur. This can happen if at each choice point, the pheromone
trail is significantly higher for one choice than for all the others. In the TSP case, this means
that for each city, one of the exiting arcs has a much higher pheromone level than the others.
In this situation, due to the probabilistic choice governed by Eq. 8.1, an ant will prefer this
solution component over all alternatives and further reinforcement will be given to the solution
component in the pheromone trail update. In such a situation the ants construct the same
solution over and over again and the exploration of the search space stops. By limiting the
influence of the pheromone trails one can easily avoid the relative differences between the
pheromone trails from becoming too extreme during the run of the algorithm. To achieve
this goal, MMAS imposes explicit limits T, and Te, on the minimum and maximum
pheromone trails such that for all pheromone trails 7;;(t), Tmin < 7ij(t) < Timaaz. Note that by
enforcing 7, > 0 and if n;; < oo for all solution components, the probability of choosing a
specific solution component is never 0.

In MMAS the pheromone trails are initialized in such a way that after the first iteration
all pheromone trails correspond to 7,,4,. This type of trail initialization is chosen to increase
the exploration of solutions during the first iterations of the algorithm. The experimental
results confirm the conjecture that the larger exploration of the search space due to setting
7(1) = Tynae improves MMAS’ performance.

The computational results given in the article show that MMAS, in general, is able to
find very high quality solutions for all instances from the TSPLIB benchmark library [95],
that has been used in many other studies and partly stem from practical applications of the
TSP; furthermore, for almost all instances MMAS finds the optimal solution in at least one
of the runs. This result shows the viability of the ant approach to generate very high quality
solutions for the TSP. Note that the computational results with local search are also much
better than those obtained without local search; additionally, the computation times with
local search are much smaller.

8.1.3 Genetic Algorithms

In the 1950s and the 1960s several computer scientists independently studied evolutionary
systems with the idea that evolution could be used as an optimization tool for engineering
problems. The idea in all these systems was to evolve a population of candidate solutions to a
given problem, using operators inspired by natural genetic variation and natural selection. In
the 1960s, Rechenberg [79, 80| introduced “evolution strategies”, a method he used to optimize
real valued parameters for devices such as airfoils. Fogel, Owens, and Walsh [28] developed
“evolutionary programming”’, a technique in which candidate solutions to given tasks were
represented as finite state machines, which were evolved by randomly mutating their state
transition diagrams and selecting the fittest.

Genetic algorithms (GAs) were invented by John Holland in the 1960s and were developed
by Holland and his students and colleagues at the University of Michigan in the 1960s and
the 1970s. In contrast with “evolution strategies” and “evolutionary programming”’, Holland’s
original goal was not to design algorithms to solve specific problems, but rather to formally
study the phenomenon of adaptation as it occurs in nature and to develop ways in which the
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mechanisms of natural adaptation might be imported into computer systems. Holland’s 1975
book Adaptation in Natural and Artificial Systems [45] presented the genetic algorithm as an
abstraction of biological evolution and gave a theoretical framework for adaptation under the
GA. Holland’s GA is a method for moving from one population of “chromosomes” (e.g., strings
of ones and zeros, or “bits”) to a new population by using a kind of “natural selection” together
with the genetics inspired operators of crossover, mutation, and inversion. Each chromosome
consists of “genes” (e.g., bits), each gene being an instance of a particular “allele” (e.g., 0 or
1). The selection operator chooses those chromosomes in the population that will be allowed
to reproduce, and on average the fitter chromosomes produce more offspring than the less fit
ones. Crossover exchanges subparts of two chromosomes, roughly mimicking biological recom-
bination between two single chromosome (haploid) organisms; mutation randomly changes
the allele values of some locations in the chromosome; and inversion reverses the order of a
contiguous section of the chromosome, thus rearranging the order in which genes are arrayed.

Genetic algorithms have been used by many researchers as a tool for search and optimiza-
tion. A given optimization task is encoded in such a way that instances such as a path in
a weighted graph are understood as elements in a finite collection C of creatures (candidate
solutions) in a model “world”, and a fitness function f : C — RT exists, which has to be
maximized. Usually, the number of elements in C is very large prohibiting a complete search
of C. Genetic algorithms provide a probabilistic way to conduct a search in C for arbitrary f
given a suitable encoding of creatures or instances into strings of symbols.

A genetic algorithm comprises three phases (operations): mutation, crossover and fitness
selection. These are applied cyclically and iteratively to fixed-size, finite populations consisting
of elements (chromosomes) of C until a saturation condition, or another boundary condition
is satisfied. The model most commonly investigated is the genetic algorithm with a binary
alphabet (where chromosomes take the form of bit strings, with each locus that has two
possible alleles: 0 and 1), multiple bit mutation, one-point crossover, and proportional fitness
selection.

Fitness selection models reproductive success of adapted organisms in their environment.
This operator selects chromosomes in the population for reproduction. The fitter the chromo-
some, the more times it is likely to be selected to reproduce.

Crossover models the exchange of genetic information of creatures, inspired by exchange
of genetic information in living organisms, e.g., during the process of sexual reproduction,
and mimics biological recombination between two haploid organisms. This operator randomly
chooses a locus and exchanges the subsequences before and after that locus between two
chromosomes to create two offspring. For example, the strings 10000100 and 11111111 could be
crossed over after the third locus in each to produce the two offspring 10011111 and 11100100.

Mutation models random change in the genetic information of creatures, and is inspired by
random change of genetic information in living organisms, e.g., through the effects of radiation
or chemical mismatch. This operator randomly flips some of the bits in a chromosome. For
example, the string 00000100 might be mutated in its second position to yield 01000100.
Mutation can occur at each bit position in a string with some probability, usually very small.
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Below we present an example of GA, that will be used to test the procedure presented in
the following sections.
e Take 4m individuals, binary strings of N elements; C = {0, 1}N;

Repeat the following until the termination condition is obtained:

e Order the individuals accordingly to the value of the fitness function to be minimized:

so, for example, 11101 is listed above 00001 (see Fig. 8.2 to see f plotted versus the
number of 1);

e Keep the first half individuals of the list, 2m;
e Draw without replacement random pairs of individuals from the remaining 2m;

e For each pair, two new individuals are produced by using single-point crossover; so, for
example, from 00001 and 01101, by a single-point crossover in the third position, 01001
and 00101 are obtained;

e For each individual in the population, flip a component of the binary string chosen
uniformly and independently, and replace the old chromosome only in the case that the
new one increases the value of the fitness function; so, for example, a mutation of 00110
produces 10110 that has higher fitness;
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Figure 8.2: Plot of the considered pseudo-Boolean function value versus the number of 1s of
the binary string.

A more detailed review of genetic algorithms can be found in the books [65, 82].

A natural issue for meta-heuristic algorithms (MHA) concerns their convergence [32, 37,
70, 38, 82]. Due to the stochastic nature of such algorithms, they have to be studied probabilis-
tically; unfortunately, even when their convergence is theoretically guaranteed, it is often too
slow to successfully use them in practice. One possible way to cope with this problem is the
so called restart approach, which is used more generally for simulating rare events [30, 31, 64].
It consists of several independent executions of a given MHA: the executions are randomly
initialized and the best solution, among those produced, is chosen. When implementing the
restart on a non-parallel machine, the restart consists of periodic re-initialitations of the un-
derlying MHA, the period T being called restart time. In the next chapter, we analyze in
detail a new restart procedure, also using the algorithms presented above.



Chapter 9

A new restart procedure for
combinatorial optimization

Despite the fact that the restart approach is widely used, very little work has been done to
study it theoretically for combinatorial optimization [41, 66]. In [41], the restart is studied
in its dynamic form instead of the static one considered here. Some results are provided for
a specific evolutionary algorithm, i.e. the so called (1+1)EA, used to minimize three pseuso-
Boolean functions. In [66] the fixed restart strategy is considered as done here. The first
two moments of the random time Tg for the restart to find a solution (optimization time)
are studied as a function of T. An equation for T is derived, whose solution minimizes the
expected value of Tr. However, this equation involves the distribution of the optimization
time of the underlying MHA, which is unknown.

In practice, the underlying MHA is very commonly restarted when there are negligible
differences in the fitness of the best-so-far solutions at consecutive iterations during a certain
time interval. This criterion may not be adequate when we want to really find the COP
solution and we are not satisfied with suboptimal ones.

In this Chapter we propose a new iterative procedure to optimize the restart procedure
for a combinatiorial optimization problem. Each iteration of the procedure consists of either
adding new MHA executions or extending along time the existing ones. Along the iterations,
the procedure uses an estimate of the MHA failure probability where the optimal solution is
replaced by the best so far one. We recall that the failure probability of a stochastic algorithm
p(k) is the probability that the optimal solution has not been found up to iteration k. We
prove that, with probability one, the restart time of the proposed procedure approaches, as
the number of iterations diverges, the value that minimizes E[Tg].

We also show the results of the application of the proposed restart procedure to several
TSP instances, whose solution is known, with hundreds or thousands of cities. As MHA we
use different versions of the ACO algorithm Max-Min Ant System (MM-AS). Based on a
large number of experiments, we compare the results from the restart procedure with those
from the MMAS. This is done by considering the failure probability of the two approaches for
the same total computation cost. This comparison shows a significant gain when applying the
proposed restart procedure. Similar results are obtained when applying the RP to the MMAS
or to a GA for solving some instances of a pseudo-Boolean problem. The algorithms have been
implemented in MATLAB or in C.

163
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9.1 The procedure

In this section, we first give some mathematical details of the restart, that will be then used
to define the RP. In the following part, we present the procedure in details, also providing a
pseudocode. Following [12], the failure probability at iteration k of the restart is the probability
that the optimization time of the restart T is larger than k:

P(Tp > k) = p(T)L"T 1p (k; . V;lJ T) , (9.1)

where p(t) is the failure probability of the underlying MHA, i.e. the probability that the
optimal solution has not been found up to time ¢. We notice that the first factor in (9.1) is
the probability that the optimal solution has not been found in each of the previous L%J
re-initializations. The second factor is the probability that the optimal solution has not been
found up to iteration k— L J T of the current re-initialization. The restart failure probability
is geometrically decreasing towards zero with the number LTJ of re-initializations, the base
of such geometric sequence being p(T'). Therefore, a short restart time 7" may result in a
high value of p(t) and a slow convergence. On the contrary, if the restart time 7" is high, we
may end up with a low number of re-initializations Lk}lJ and high value of the restart failure
probability. Then, a natural problem is to find an “optimal value” of T" when using a finite
amount of computation time.

The restart could be optimized by choosing a value for 7' that minimizes the expected

value of the time Tg:

o
Tr] =Y P(Tr > k). (9.2)
k=1
In fact for any random variable not negative X it is possible to write

E[X] = /OOO P(X > t) dt. 9.3)

In our case, the random variable Ty is discrete and the integral in (9.3) is replaced by a series
whose generic term is P(Tg > t).
We now derive an upper bound for the r.h.s. of (9.3):

E[Tr] <> p(T T <> p(T ! . (9.4)
k=1

1
k=1 (L= p(T)F)p(T)
By means of this bound, we can then optimize the RP by minimizing the function g(x) :=

(1= p(@))p(a)]
Whenever this function does not have a global minimum, there is no advantage to use the
restart. In the other case, an optimal value for the restart time is provided by the first value
t,, where the function g assumes its absolute minimum. However, this criterion cannot be
applied in practice since the MHA failure probability is unknown.
The restart procedure (RP) starts by executing ro independent replications of the underly-
ing MHA for a certain number of time steps Tp. Let us denote by X;(¢) the solution produced
by the replication ¢ of the underlying algorithm at time ¢.
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Let Y;(t) be the fitness function value of the best solution found by i-th replication until
time ¢ i.e. Y;(t) = min{f(X;(s)),s = 1,...,t}, where f is the function to minimize. Each
{Yi(t),t =1,2,...}, i = 1,2,... is an independent realization of the same process. Then, at
the end of iteration k, based on the criterion described later in this section, the RP either
increases the number of replications from ry to rp4+1 by executing rg1 — ri replications of the
underlying algorithm until time T}, or it continues the execution of the existing rj replications
until time Tjy; > Tj. Therefore, the RP can be described by a sequence {Y4,,k =0,1,...}
of nested finite matrices, extracted from the infinite matrix Y:

Yi(1) Yi(2) Yi(t)
Ya(1) -
y=| ,

where Ay = {(i,t) :i=1,...,r7, t=1,...,Tk}. The matrix Yu, corresponds to the first
ri rows and 1) columns of Y. Let Y) denote the minimum value of this matrix at the end

of iteration k: Yy =minYy, = ( nr)li]ri1 Yi(t). We estimate the failure probability sequence by
i,t)EAL

means of the empirical frequency

1 &

— 1 5 t=1,...,T;
= 2 sy t= L T
pk<t)_ Tk i=1 i

0 otherwise.

Next, consider the function gx(t) = [(1 — ﬁk(t)%)ﬁk(t)]_l, t =1,...,T), and define 6y, the
first time with a left and right increase of the function g; (relative minimum). Let A be a
number in (0,1). If 6 < A- T}, then the RP increases the number of replications by means
of a certain rule ry11 := fr(rg). Otherwise, the RP increases the restart time according to
Tit1 = fr(Tk). We assume that Vo we have f.(z) > x and fr(z) > z. As a consequence,
for any fixed = > 0, it holds f,gk) (x), f:(rk)(x) — 00, k denoting the consecutive application of a
function for k times. Therefore, the recursive formula for (rg, T) is

(f,«(?”k),Tk) if o < )\-Tk,

Tkl Lht1) =
(Tk+1, Th+1) {(Tk,fT(Tk:)) otherwise.

Below there is the pseudocode for RP.
THE RP PSEUDOCODE:

T =T0;
T =Ty,
for replication : = 1,2,...,r do

e perform execution A; of MHA until time Tp;

e save A;(Tp);
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end for
save Y,;
compute ¢ from Yyu,;
for iteration £ =1,2,... do

o if 6k_1 > A Tk—l then

= T = fr(Tk-1);
- Tk = Tk—1;
— for replication i = 1,2,...,7; do

* continue the execution of A; until Tj;
« save A;(Ty);

— end for

e else then

— Ty = fv'(rkfl)E

— Tk = Tk—1;

— for replication i = rp_1 + 1,71 +2,...,7; do
x execute A; until Ty;
* save A;(Ty);

— end for

e end if
e save Yy, ;
e compute 6, from Yy, ;

end for

9.2 RP convergence

In this section, we describe some theoretical properties of the RP. The main result, i.e. The-
orem 38, concerns with the RP convergence. Specifically, we prove that, woth probability
one, the restart time of the RP approaches, as the iteration number diverges, the value ¢,,
that minimizes E [Tg]. This is done as follows. In Lemma 35, we prove that the number of
replications 1 diverges, and that the RP eventually finds the optimal solution. This lemma
is then used to prove the technical Lemma 36. Finally, this lemma and Theorem 37 are used
to prove the main result.

We denote by f,, the value of the solution of the optimization problem. Moreover, we
recall the functions ¢(t) = [(1 —p(t)%)p(t)]_l, where p(t) is the failure probability and gx(t) =
[(1— pr(t)1)pr(t)] L, whose domain is {1, ..., Ty}

In order to derive the following results, we assume that
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1. g () admits absolute minimum at the time t,, of its first local one, and it is strictly
decreasing for t < t,,,

2. p(1) < L.

We notice that if the absolute minimum of g (-) is reached after the time t,, of its first local
one, the RP restart time still converges to t,,, so providing only a suboptimal value for restart
time. Point 2 in practice does not give limitations. In fact, we can always aggregate the first
iteration of the algorithm with failure probablity less than one and those before it into a single
one.

Remark 34. We notice that, by the assumptions on the functions f, and fr, and by the RP
definition, the probability that both the sequences r; and T} are bounded is zero.

Lemma 35. Let p(t) be as above. Let (rp,Ty) be the sequence of random wvariables which
describes the RP. Then, it holds

1. P(rk—>oo):1,

2. P({Elk: Vi = fm}) ~ 1.

Proof. 1. If P(ry — o0) < 1, then, with positive probability, the following three conditions
hold for a certain positive integer r:

1. rp = r eventually;
2. Ty, diverges (for Remark 34);
3. 0 > M}, eventually (from 2.) and the definition of the RP).

Eventually, there are only two mutually exclusive possibilities: either the underlying r
copies of the algorithm have all reached the optimum or only some r’ < 7 of them will have
experienced it. In both cases, it follows that py(t) as well as g, (t) will not change for h large
enough. Hence, eventually 65 does not change as h increases, which is a contradiction with 3.
Therefore P (r, — o0) = 1.

2. Since rp = r eventually, and since p(1) < 1, with probability one, there exists i such
that Yj(1) = fm; for all k so large that rj, > 4 it will be Y}, = f,,,. This proves the point. [

Lemma 36. For each t € N, it holds

P <{81;ka < t} U {s%ka > t, lim py(t) —p(t)}> =1 (9.5)

Proof. Let us consider the case when the event E; := {sup, T} >t} happens, then we can
eventually compute pg(s), for s = 1,...,¢t. By point 1 of Lemma 35 and the strong law of
large numbers, we get

Tk

) 1
P (Ek , lim — Z 1{Yi(t)>f7n} = p(t)) =P (F%). (9.6)

k—o0 TL 4 1
1=

Hence, using point 2 of Lemma 35, we obtain that
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k—oo Tk 4

]P(Ek7 lim 721{}/ >fm}_ ())

is equal to

P (Ek, klirgoa Z l{y(t )T} = p(t ))
Since, by definition
1 &
. E_; Lvmsniy
we have
P <Ek, lim ﬁk(t) = p(t)) = ]P (Ek) s
k—o0

from which the thesis follows. O

t
P (suka > m) =1.
3 A

Proof. Let us assume that the thesis is not true. Then, there exists an integer number M such

that M < 4 and P ({sup,, Ty = M}) > 0. On the event {sup, Tj; = M}, by both Lemma 36

and the continuous mapping, we have the convergence gi(t) — ¢(t), for any ¢ < M. This
M

Theorem 37. For the RP it holds

means that, for any € > 0 there is a positive probability that ﬂ {lgr(t) — g(t)| < e}, when
t=1
k is large enough. Let us define M := min(M,ty,). We then have gx(M) < g(M) + € and
gr(t) > g(t) — e for any 1 <t < M. Subtracting the first inequality from the last one, we
obtain 3 .
9i(t) — ge(M) > g(t) — g(M) — 2.

Since g is strictly decreasing until ¢, the r.h.s. of the last inequality is strictly larger than

g(M —1) — g(M) — 2. By taking ¢ sufficiently small, we get gk (t) — ge(M) > 0 for any t < M.
Hence, with a positive probability, we get eventually 64 > M.

If M < ty, then M = M and with positive probability eventually we have 6 > M.
Since 6 < Ty < supy Iy = M, we have eventually 6 = T, = M. For one of such k, it
holds % =1 > A, so that, by the definition of the RP, at the following iteration with positive

k
probability we have Ty > Ty = M = supy, T}, which is impossible.
t -
In the other case, t,, < M < -~ we have M = t,,, and there is a positive probability

- A
that t,, = M < 6 < Ty, < sup, T = M for k large enough; for any of these values of k,

. t

we get % > Tﬂ > > ). As a consequence, with positive probability eventually we have
k k

Ti+1 = fr(Tg) > Ty, which is a contraddiction with sup, T, = M. O

tm .
Theorem 38. If we define T := {)\—‘ , it holds
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T
1P (ﬂ Jlim py(t) =p(t)> =1,

2. P(lim c}k:tm) =1.
k—o0
Proof. 1. By Theorem 37, for any t = 1,2,...,7T, with probability one we can eventually
compute pi(t). Hence, by the two statements of Lemma 35 and the strong law of large

numbers, we get
T
P lim pi(t) =pt) | =1
(Qlkggopk( ) = n( )) :

that completes the proof of this point.
2. From 1 and the continuous mapping, with probability one, it holds

lim gy (t) = g(t),
k—o0
fort=1,...,T, with T" > t,,. Therefore, the sequence 6} converges to t,,. O

Remark 39. The efficiency of the RP depends on the expected value of the ratio supy Ty /tp,.
Although we do not have derived upper-bounds for this ratio, in all applications we performed,
it remains sufficiently close to one.

9.3 Numerical Results

Below, we describe some results of the application of the RP to solve different instances
of the TSP studied in [86] and two istances of a pseudo-Boolean problem. The underlying
algorithm used here in the RP is mainly the ACO proposed in [86], known as MMAS; for
the TSP instances, it is combined with different local search procedures [86]. In addition,
for the pseudo-Boolean problem, we also use a GA with a population of 20 individuals. At
each GA iteration, first the individuals are ordered accordingly to the value of the fitness
function. Then, the first half individuals of the list are kept. The remaining individuals are
replaced by new ones, obtained from the first group in the following way: we first draw without
replacement random pairs of indivduals; for each pair, two new individuals are produced by
using single-point crossover. The new population is finally obtained by flipping a component
of the binary string chosen uniformly and independently for each individual, in the case that
this decreases the value of the fitness function.

The RP setting is as follows: g1 = fr(rg) :=c1 -1, and Ty = fr(T) := c2 - T $ where
c1 = 1.2,c9 = 1.1. The initial values for r¢ and Ty are 20 and 100, respectively. Finally, we
set A = %.

For both the TSP instances and the pseudo-Boolean problem considered here, the optimal
solution is known. This information can be used to estimate the failure probability of the RP
and of the underlying algorithm. However, obviously this information cannot be used when
applying the RP.

In order to compare the results from the two algorithms with the same computational effort,
we consider for the RP a pseudo-time ¢, defined as follows: for the initial RP iteration, the
first Tp instants of the pseudo-time correspond to the first Tj iterations of the first replication
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of the underlying algorithm; the following Ty pseudo-time instants correspond to the first Tj
iterations of the second replication and so on until replication rg. At the end of the k-th RP
iteration, we have produced r; executions (replications) for T} times and the final pseudo-time
instant is t = rg - Ty. At the (k + 1)-th iteration, we have a certain (rg41,Tk41), with either
ree1 > Tk and Ty = T or 141 = rg and T > Tk. In the first case, the pseudo-time
instant ¢ = T} - 7 + 1 corresponds to the first iteration time of the r; 4+ 1 replication and it
is increased until the end of that replication. We proceed in the same way until the end of
rk+1 replication. In the second case, the pseudo-time instant ¢ = T} - rp + 1 corresponds to
the iteration time T} + 1 of the first replication and is then increased until the iteration time
Ti41 of that replication. Then, the same procedure is applied for the remaining replications
based on their number.

We denote by Y (t) (t =1,2,...) the process describing the best so far solution of the RP
(MMAS or GA) corresponding to the pseudo-time (time) instant ¢. Hence, based on a set of
m independent replications of the RP, we can estimate the failure probability prp(t) that the
optimal solution has not been found up to pseudo-time ¢ by using the classical estimator

. 1
PrP() = —> L0ty (9.7)
=1

and analogously with p(t) for the MMAS or GA. By the law of large numbers this estimator
converges to the failure probability prp(t) (to p(t) for the MMAS or GA).

We start with the example where we want to minimize the following pseudo-Boolean func-
tion

, (9.8)

with respect to all binary strings of length N. In Fig. 9.1, this function is plotted versus the
number of 1s in the case of N = 50 considered now.
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Figure 9.1: Plot of the considered pseudo-Boolean function value versus the number of 1s of
the binary string.
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Figure 9.2: Pseudo-Boolean problem. The estimated failure probability as function of time or
pseudo-time for the standard MMAS (thick line) and the RP (thin line).The time axis is in
logarithmic scale. The f.p. curves of both the RP and the underlying algorithm are computed
by the estimator in (9.7) based on 500 and 1000 replications, respectively.

This function has two local minima but only one of them is global. The first base algorithm
considered is the MMAS, for which the pheromone bounds 7,,;, and Tmax ensure that at any
time, there is a positive probability to visit each configuration, e.g. the global minimum.
Therefore, with probability one this algorithm will find the solution. However, if it reaches
a configuration with few 1s, it takes in average an enormous amount of time, not available
in practice, to move towards the global minimum. Therefore, we expect that in this case the
restart will be successful.

In Fig. 9.2, we show the estimated failure probability (f.p.) p(t) for the MMAS algorithm
to minimize the pseudo-boolean function of Fig. 9.1 (thick line). In the same figure, the
estimated f.p. prp(t) of the RP is plotted versus the pseudo-time (thin line). We notice that
there is a clear advantage to use the RP when compared to the standard MMAS. For this
problem, we also use the GA described before. In this case we have N = 300 (boolean300).
The curves obtained are very similar to those in Fig. 9.1. The f.p. estimated values are shown
in Table 9.1.

We consider now an instance of the TSP with 532 cities (att532) solved by MMAS with
the same setting as in [86]. After five hundreds of thousands of iterations, the underlying
algorithm has an estimated f.p. of 0.38 ca. Instead, at the same value of the pseudo-time, the
RP has a significantly lower f.p. (0.004 ca), as clearly shown in Fig.9.3. We remark that, until
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the value 3900 ca for the time or pseudo-time, the f.p. of the underlying algorithm is lower
than the one of RP. This is due to the fact that the RP is still learning the optimal value of
the restart time. After that, the trend is inverted: the RP overcomes the MMAS and gains
two orders of magnitude for very large values of the pseudo-time.

1 T T L T LR | L |

09 r

0.8

0.7 1

0.6

0.5 r

04

03 r

0.2

0.1

O N ol N ool ol Lol Lol
100 101 102 108 104 10°
TIME or PSEUDO-TIME

Figure 9.3: The TSP instance with 532 cities (att532). The estimated failure probability as
function of time or pseudo-time for the standard MMAS (thick line) and the RP (thin line).
The time axis is in logarithmic scale. The f.p. curves of both the RP and the underlying
algorithm are computed by the estimator in (9.7) based both on 500 replications. The vertical
segment shows the 99% level confidence interval.

We notice that the value &5 approaches the optimal restart time ¢,,. In fact, as an example,
in Fig. 9.4, we show the denominator of the function gx(¢) at the end of a single RP execution.
A global maximum appears at approximately the value of 430, the difference with the value
of t,,, computed from the estimate p(t), being less than 1%.
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Figure 9.4: The TSP instance with 532 cities (att532). The denominator of the function gi(t)
at the end of a single RP replication.

Finally in Fig. 9.5, we compare the f.p. curve for the RP with the one obtained applying
the restart with the estimated optimal restart time. We remark that to use this approach in
practice would require much longer computation than to execute the RP. In fact, we need to
provide first an estimate of t,, by means of a sufficiently large sample of independent runs
of the base algorithm. We notice that the RP curve starts to decrease significantly after the
other one. This is due to the fact that the RP is still searching for the optimal value of the
restart, whereas it is set from the beginning in the other (ideal) case. At about pseudo-time
7000, the two f.p.s become almost equal. After that, the f.p. of the MMAS goes to zero faster,
even if the difference between the two f.p.s remains less than 0.05 ca. Finally, at pseudo-time
5-10°, the estimated f.p. value of the RP is 4 - 1073, comparable to the estimated f.p. value
of the standard restart at same time.

We notice that curves similar to those as in Fig.9.3, 9.4 and 9.5 were obtained for all the
other TSP instances considered. The relative results are shown in Table 9.1.
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Figure 9.5: The TSP instance with 532 cities (atth32). Comparison between the failure
probability curve of the RP that appears in Fig. 9.3 (thin line) and the one obtained applying
the restart periodically with the optimal restart time (thick line). The f.p. curves of both
the RP and the underlying algorithm are computed by the estimator in (9.7) based on 500
replications.

Istance ‘ Base MHA ‘ T, BaseMHAf.p..‘ RPf.p. ‘

boolean50 MMAS 300000 0.34 2.1-1073
boolean300 GA 10000 0.43 0
pcb442 MMAS-3opt | 100000 0.22 4.0-1073
att532 MMAS-3opt | 500000 0.38 4.0-1073
1in318 MMAS-2.50pt | 30000 0.44 0
d1291 MMAS-3o0pt | 700000 0.57 2.0-1073
d198 MMAS-2.50pt | 100000 0.67 0

Table 9.1: Results of the application of the RP and the base MHA to TSP istances with known
optimal solution and to istances of a preudo-boolean problem. The estimated f.p. values are
computed at the time T, reported in the third column (pseudo-time for the RP) based on at
least 500 elements.

By looking at the results in Table 9.1, it is evident the advantage of using the RP instead
of the underlying algorithm. In fact, for each case, the estimated f.p. value of the RP is several
orders of magnitude lower than the one of the base MHA.
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9.4 Conclusions

Given a combinatorial optimization problem, it is often needed to apply stochastic algorithms
exploring the space using a general criterion independent of the problem. Unfortunately,
usually there is a positive probability that the algorithm remains in a sub-optimal solution.
This drawback can be coped by applying periodic algorithm re-initializations. This strategy
is called restart. Although it is often applied in practice, there are few works studying it
theoretically. In particular, there are no theoretical information to be used in practice to
choose a convenient value for the restart time.

In this chapter, we propose a new procedure to optimize the restart (RP) and we study it
theoretically. The iterative procedure starts by executing a certain number rg of independent
replications of the underlying algorithm for a predefined time Ty. At the end of any iteration
k of the RP, we have r; independent replications each composed by Tj iterations of the
underlying algorithm. We then compute the minimum value Y}, of the objective function f (-)
on these r; T} points. Hence, for each time ¢t = 1,..., T}, we compute an estimate py(t) of the
failure probability p(t), i.e. the probability that we have not yet reached the value Y. We
now consider the function gx(t) = [(1 — p(t)7)pr(t)] ", that is the analogous of the function
g(t) =[(1— p(t)%)p(t)]_l. We recall that the first time ¢,, at which the absolute minimum
of g(t) is reached corresponds to an “optimal value” of the restart time, that minimizes the
expected time to find a solution. We then compute the position 6, of the first minimum
of gi (t). If 6 is close to the end of the current execution time frame T}, of the underlying
algorithm, T} is increased; otherwise this is done for the number of replications r;. This is
controlled by the parameter \ € (0, 1).

The theory predicts that the RP eventually will find the optimal value of the restart time.
In fact, the theorems prove that, with probability one, pr(t), gx(t) and &5 converge to p(t),
g(t) and t,,, respectively.

In this work, we illustrate some results obtained by applying the RP to two versions of the
MMAS ACO algorithm [86] for solving several TSP instances, whose solution is known, with
hundreds or thousands of cities. The results obtained show that the estimated values of the
failure probability of the RP are several orders of magnitude lower than those of the underlying
algorithm, for equal computational cost. Therefore, given a certain computation resource, by
applying the RP, we are far more confident that the result obtained is a solution of the COP
instance analyzed. The procedure proposed could be improved preserving its performance and
decreasing the computational cost. A possible way to do it is to increase the parameter A
along iterations. In fact, once we have a reasonably good estimate of g(t), we would like to
reduce the possibility that, by chance, we increase too much the time interval length. This
can be done by increasing the value of A.
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