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This article describes new models in population genetics that extend the neutral
Wright-Fisher model by including strong selection and mutation. Fixation times
are studied in the limit of small mutation probabilities within the framework of
Markov chains with rare transitions. The main result outlines the role of the
discrete geometry of the fitness landscape and provides a mean for estimating
the expected number of generations for an individual with better fitness value to
appear. Some connections to evolutionary algorithms are discussed as well.
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1. INTRODUCTION

Mathematical models in population genetics usually aim at characterizing
the gene distribution dynamics in evolving populations quantitatively.
Among several goals,these models provide the means to estimate the prob-
abilities of gene fixation, i.e., the condition by which an allele or a group of
alleles becomes the only present in a population because of selection.

Both deterministic and stochastic techniques have been introduced for
this purpose. Deterministic models rely on the approximation of an infinite
population size. In contrast, probabilistic methods deal with finite popula-
tions. The methods for computing fixation probabilities or averaged fixa-
tion times include the analysis by means of Markov chains using exact
computations from generating functions,” or use approximations by dif-
fusion processes. In this case, the underlying models are known as Wright—
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Fisher models.®* Although weak selection is sometimes considered, these
models are mostly intented to describe neutral evolution.

In contrast, this article focusses on fixation times when selection is a
dominant mechanism and when the probability of mutation is small. In this
context, Markov chains with rare transitions provide a natural framework
for describing evolving populations when the typical pattern includes
abrupt appearance of new genotypes and the relative stability of such
genotypes in the population (stasis). Such a phenomenon is called evolution
by punctuated equilibria, and is related to metastability.

This section presents an introductory model that will be useful as
an illustration throughout the article. Several variants of this elementary
example could be clearly studied in a similar way. Consider a population
of n individuals for which all possible genotypes consist of a (large) finite
set. In order for gene frequencies to change, either mutation or selection
must generally occur. Mutation occurs at a very slow rate and its chance
of transmission is small. At the opposite, the selection pressure can be
high, and many mutated genes may disappear because their carrier cannot
survive. Individuals might be represented as DNA sequences from a
molecular region where there appears to be no recombination (e.g., mito-
chondrial DNA). The molecular region is passed on intact, modulo the
effect of mutational substitutions, from parent to offspring. The evolu-
tionary process under consideration can be modelled as follows. An offspr-
ing genotype can be created according to

e cither the random selection of a parent and a mutation from the
parent genotype,

e or the random selection of a parent and the transmission of the
parent genotype,

* or the transmission of the “best” genotype in the parental genera-
tion (strong selection).

The first event occurs with a small probability p that represents the
mutation probability. The second event occurs with probability (1—p) g
where ¢ is the conditional transmission probability given that the mutation
does not happen. The last event can be interpreted as follows. If the carrier
of a mutation disappears, it is replaced by an offspring whose genotype
coincides with the “best” genotype in the previous generation. The word
“best” refers to some specific fitness or adaptive function. This event
happens with probability (1—p)(1—g). The last quantity represents the
theoretical fraction of individuals having the same genotype. In our model
this fraction would be high.
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The article is organized as follows. Section 2 presents the models under
interest more specifically, and states the main results about fixation times.
Proofs are deferred to Section 3 together with auxillary results. During the
recent years, several models of artificial evolution have emerged based on
the metaphor of natural evolution.®® These models are often called evolu-
tionary algorithms as they mimic the computational abilities of biological
systems. Several connections with these models are discussed, as recent
progress has also been made by using techniques based on Markov chains
with rare transitions in this framework.7 !

2. MAIN RESULTS

2.1. Models

2.1.1. Definitions

Let E be a finite subset of states (typically a set of genotypes) and X
the set of configurations

X=E" n>1 (H

that can be obtained from the sampling of n genotypes in a population.
The elements of X are denoted x = (x,,..., X,,) where each x, corresponds to
an individual genotype. The integer n corresponds to the population size.

Within the set of genotypes, transitions between states can be
described by a finite dimensional stochastic matrix

n=(n(a, b)), ex- @

This matrix contains the transition probabilities corresponding to the sub-
stitutions that may occur during the offspring generation.

The fitness function is a nonnegative function defined on E. This
function is involved in the selection mechanism during the evolution of
populations. The fitness landscape ( f, n) is defined as a graph whose ver-
tices are weighted by the discrete values of the fitness function and the
edges by the transition probabilities n(a, b). Assuming that two different
genotypes cannot be given the same fitness simplifies the description signi-
ficantly, and we make use of this simplifying hypothesis. Also we denote

X =argmax{f(x;),i=1,...,n}. 3)

Selection is a process that tends to maximize the fitness of individuals.
In this article, the evolution of populations is modelled with Markov
chains with rare transitions. In such models, transition probabilities are
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controlled by a small parameter p > 0. This parameter represents the rate
at which an individual undergoes a mutation. Let X, = x be the state of the
population at generation ¢. The probability that the population be X, , =y
at time 7+ 1 is asymptotically equivalent to

p(x, y)~c(x,y) p'=?  as p—0 @

where V' (x, y) 20, c(x, y) =20and Y, p(x, y)=1forall p=0.

Examples of Markov chains with rare transitions are often encoun-
tered in statistical mechanics'” and specifically in the study of stochastic
Ising models at low temperatures.?

In neutral genetic theory, it is usually argued that evolving populations
may spend large periods of time undergoing neutral mutation, i.e., staying
at a constant level in the fitness landscape.

In epochal evolution, the evolutionary timescale may be dominated
by long periods of neutral epochs interrupted by short periods of rapid
fitness increase, i.e., punctuated equilibrium."*'> Some macroscopic state
variables that describe the evolving population exhibit an alternation of
periods of stasis (epochs) and sudden transitions. Such metastable evolu-
tionary dynamics may come about through the existence of “fitness
barriers” in the fitness landscape of the evolving population.®'” Examples
of evolutionary models that can be fitted into the framework of Markov
chains with rare transitions were provided by van Nimwegen et al. 1319

2.1.2. Examples

This section describes two examples and the way by which they can be
fitted into the above formalism. The computational properties of the first
example have been studied in ref. 10 using large deviations and simulated
annealing techniques. The second example corresponds to the evolution
mechanisms presented in the introduction.

In the first example, each parent generates a single offspring indepen-
dent from the others. With probability 1—p, the offspring genotype is
copied from the best parent genotypes (those for which f is maximal).
With probability p, the offspring genotype undergoes a mutation from the
parent genotype according to the transition matrix 7.

More specifically, let x and y be the parent and the offspring popula-
tion respectively. Define V' (x, y) as the minimal number of mutations that
are necessary to generate population y from population x. The term
minimal avoids the discussion of coincidences due to mutations that might
result in X. In addition, let M(x, y) be the subset of individuals in popula-
tion y that correspond to the minimal number of mutations (for such
mutations, the offspring genotypes differ from the best genotypes in the
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previous generation, and the following relationship holds V(x, y)=
#M (x, y)). Then, we have

Vx,yeX, p(xy)~c(xy)p’®” as p-0, Q)
with
aC, )= JI #lx, y). 6)
iy, €M(x, y)

As a variant, transmission can be added to this model. Conditional to
the absence of mutation, either the parent genotype is transmitted to the
offspring without modification or the offspring genotype is copied from
the best parent genotypes. The first event occurs with probability ¢ and the
second event with probability 1 —g. The basic case corresponds to ¢ =0. In
this situation, we have

p V(x, )
anyeX’ pl(xay)Ncl(xay)<m> s (7)
with
e1(x, p) =g (1 —g) 7= [T a(x, y). ®
iry; € M(x,y)

Here M(x, y) is the subset of individuals in population y that are not in
population x, ny(x, y) is number of individuals in y such that y, = x; and
y; # X, and 7i(x, y) is number of individuals in y such that y, = x; and
Vi = X.

Describing the second example formally requires more notations. In
the second example, each parent may create several offspring as in the
Wright-Fisher model. Offspring are created by uniform sampling (with
replacement) from the parent population. Again, mutations may occur with
probability p. Exact transmission of the genotype is considered as well, and
is assumed to happen with probability g conditionally to the absence of
mutation. We assume that ¢ = p?, 0 > 0. Otherwise the offspring genotype
is sampled from the best parent genotypes.

Again, let M(x, y) be the subset of individuals in population y that
are not in population x, and V,,(x, y) = #M(x, y) be the number of such
individuals. Let T'(x, y) be the subset of common members in y and x with
genotypes different from X%, and V;(x, y) =#T(x, y). Notations M and
T stand for mutation and transmission respectively. Finally, let n(x;)/n
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denote the frequency of genotype x; in population x. The evolution can be
modelled according to the following Markov chain.

Vx’ y € X’ P2(x, y) ~ cZ(X9 y) pVM(x, N+ y), (9)
with
n(y;) = n(xg, y;)
oy= ] —= I Y —/2=. (10)
i:y; €T(x,y) n iiy;eM(x,y) £=1 n

2.2. Statements of Results

The results presented in this paper bear upon hitting times for the
Markovian population dynamics defined in the previous sections. Before
giving the result, a set of definitions is needed.

A trajectory y* is a sequence of mutations, i.e., a path for the Markov
chain of matrix 7 on E. We denote

n(VE) =n(ay, @) - 7(@_y, ), L= é(VE)- an

For all a, b€ E, let d(a, b) be the minimal number of transition needed to
reach b from a. We denote by I'Z, the subset of minimal trajectories from a
to B < E, i.e., the subset of trajectories for which £(y%) = d(a, B).

Theorem 2.1. Consider the stochastic matrix P, defined in Sec-
tion 2.1.2 Eq. (7) or the stochastic matrix P, defined in Eq. (9). Let (X,) be
the associated Markov chain. Let a € E and (a) be the uniform population
(a,..., a) that consists of n copies of a. Define the subset of X

A={xeX, f(2)> f(a)}. (12)
Let 7, , denote the hitting time of A4 starting from (a)
T4 =min{t>0; X, € 4, X, = (a)} (13)
and consider the event
&= (X,2a forall t <7, ,). 14)
For P,, we have

(p/1—g)~*
n(1—q) X,z crz, n(y")

E[ty4| 61~ as p—0, 15)
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where d(a, A) is the minimal number of mutation steps needed to reach 4
from (a), and B={b€e E, f(b) > f(a)}. For P,, we have

p—d(a,A)
E[T(a)A | g]"’m as p—)O (16)
Y €l4p
In addition, we have
Var[z, 4] ~E[T(a)A]2 as p—0 a7

for both P, and P,.

Theorem 2.1 is stated conditionally to the realization of the event &.
This condition is more a convenient technical assumption than a restrictive
hypothesis. Indeed, one has

Prob(§)~1, as p—0, (18)

if the chain is started from (a).

The computation of d(a, A) in Eq. (15) can be achieved from the
knowledge of the fitness landscape only, i.e., the values of the fitness func-
tion for all vertices in the mutation graph. Then, d(a, 4) represents the
distance from the genotype a to the subset of genotypes of better adapta-
tion, and has a natural “geometric” interpretation.

The above result has an obvious interpretation in term of fixation
times for the evolutionary dynamics defined from P, or P,. In the models
presented in Section 2.1.2, populations most often consist of copies of a
single genotype. Mutation and transmission are mechanisms that enable
new genotypes to appear and survive but for few generations only. When a
better adapted genotype appears, it becomes dominant in the population
abruptly and fixation occurs. For small mutation probabilities, Eq. (15) is a
good estimation of the average fixation time.

3. PROOFS

This section is devoted to the proofs of our main results. A general
result for Markov chains with rare transitions is presented first. Then,
specific results regarding the examples of Section 2.1.2 are stated. An addi-
tional result will be stated in Section 3.3.

We start with some definitions borrowed from ref. 20. The objects y,
I, c(y) will have definitions relative to z similar to those of y*, I'y,, n(y*).
While the first set of definitions corresponds to the individual level, this
new set corresponds to the population level.
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Consider a trajectory y of a Markov chain of matrix P satisfying
Eq. (4)

YiXg DX D > Xy,
where £ = £(y) is the length of y. We set
p() = p(xo, x1) - p(x,_1, %) ~ e(p) . (19)
For all x, y € X, let
W(x,y)= min{V(y); ViXg=X—oX > - oX,=p, > 1}, (20)
and, for Ac X,
W(x, A) =min{W (x, y); y € A}. (1)

We denote by I, the subset of minimal trajectories from x to 4, i.e.,
the subset of trajectories for which V(y) = W(x, A).
Let x € X and 4 = X. The hitting time of A4 starting from x is

7., =min{r >0; X, € 4, X, = x}. (22)
Theorem 3.1. Consider a stochastic matrix P satisfying Eq. (4).
Assume that

1. there exists a unique x* in X such that p(x*, x*) ~ 1 as p goes to 0;

2. there is no closed trajectory y such that V' (y) =0 and £(y) > 2.

Then, for all 44 x*, we have

1 -1 .
E[t,.,]~ < oey 11 —) p e as p—0.
el xey\x*u 1— X, X
yelens Awoa 1= p(x, X) (23)
In addition, we have
Var[t,.,]~E[t.,]* as p—0. (24)

Under the theorem’s assumption, the front term in Eq. (23) converges
to a constant as p goes to zero. The first result stated in Theorem 3.1
establishes that the average hitting of time of an arbitrary subset A4
becomes proportional to p~"*"4 and the proportionality coefficient is
known.
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The constant and the order parameter W (x*, A4) can hardly be made
explicit in general situations. Nevertheless, this result will be applied to
studying hitting times for the stochastic population dynamics defined by P,
and P,.

3.1. Preliminary Remarks

Let P denote the transition matrix associated with the Markov chain
(X,) defined in Eq. (4). The Markov chain (X,) is defined on a finite state
space X, and the elements of X can be labelled 1,..., m. Up to this point, no
distinction will be made between X and the set of labels {1, 2,..., m}.

Let A be a subset of X. Let T denote the vector (7,,),,, and P, the
matrix whose components are the p(x, y) for x, y ¢ A. According to a clas-
sical result,®" T is given by

T=04(-1), 25
where Q, = P, —1I and (—1) denotes the vector with all components equal
° _Ii;et A* be the determinant of O,

4" =det(Q,) (26)

and let 4, denote the minor (x, y) of Q,. With these notations, we have

AA
E[r,]=~Y (=) 7% @7)
y¢A

Let x and y be two elements of X such that x ¢ 4. I ;‘y will denote the
set of paths

PXDX| D s DX Y, x; ¢ A (28)
Then W+(x, y) is defined as

WA(x, y) = min{V (y); y e '} (29)
and I'f, = {ye I'1;V(y) =W*(x, y)}.

Note that for any subset Y < X and Q any square matrix on Y, we
have

det(@) =} e(0) [] a(y.0(») (30)

ceSY) yeyYy
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where S(Y) is the symmetric group of Y and (o) is the signature of ¢. For
¥, in Y and ¢ € S(Y), consider the orbit of y,

y=yo—>0(y) = - > (y) =¥, (31

then, we have

det(@) = Y (=D*"q() Y €@ [] a(y,a(y)). (32)

ve Ly, aeS(Y\y) yeY\y

3.2. Proof of Theorem 3.1

The proof is decomposed into several steps.

Step 1. Computation of A*—Case 1: x* € A.
We have

4 =TT (p(y, »)—D+o(1) (33)

y¢Ad

Proof. Take o equal to identity in Eq. (30), then the corresponding
term in the sumis [],., p(», y)—1. Under hypothesis (H1), we have

p(y,y)=1+0(1) iff y=x* (34)

Hence the term [ ],, , p(y, y)—1is of order 0.

If o differs from the identity, there exists an x,¢ A such that
o(xy) # X,- Then let y be the orbit of x,. Since ¢(y) = 2, hypothesis (H2)
implies that ¥(y) > 0. Hence the corresponding term in Eq. (32) is of order
higher (or equal) than 1. ||

Step 2. Computation of A”—Case 2: x* ¢ A
We have

A=Y (=) p(y) 417 (35)

7€y

Proof. let (C,),,, denote the columns of Q,. Let C, denote a vector
whose elements are equal to X, ., p(x, y) with x ¢ A. The operation that
replaces the column C,. by 3" ., C, leaves the determinant unchanged. Let
Q', be the matrix obtained from Q, according to this transformation. Since
the matrix P is stochastic, we have

Y C,=-C, (36)

y¢A



Sharp Asymptotics for Fixation Times 321

and
(x* > o x o xN) =—q(x" > - o x, > A) (37
Replacing this equality in Eq. (32) completes the proof of the result. |

Step 3. Computation of 4%,
We have
(=1)*"* 45, = Z (=1 p(y) 4. (38)
yel"jv"x

Proof. Let Q' be the matrix obtained from Q, by setting the all
coefficients in the line x and all coefficients in the column y equal to 0,
except for the coefficient corresponding to (x, y) which is set up to 1.
Obviously, we have

det(Q7) = (=) 45,. (39

Let ) =x—x, > --- > x, » x be a path in §3,. Since ¢’(x, 1) =0 for
t # x, we have ¢’ (y") # 0 if and only if x; = y. Then,

4 =44y, %) - qa(x0, X) = q(y > X, > -+ = X, > X). (40)
Reporting this in Eq. (32) leads to the result. ||

Step 3. Computation of Mean Fixation Times

Now, we are ready for the final step in proving Theorem 3.1. First,
notice that

H= 5 (=D py) 4* @)
€Ly
= ), (=D)Pc(y) p'? 4427 (42)
yelyes

where, according to Eq. (33),

47 =TT (p(y, »)—D+o(D). (43)

y¢gAUy

Therefore, we have

4=y (—1)“”6(3))17””< [ (p(y,y)—1)+0(1))- (44

yely ygAuy
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The dominant term in the above sum is obtained by summing over all
terms for which V' (y) is minimal. This yields V' (y) = W(x", A) and the sum
runs over all y € I',.,. Replacing in Eq. (44), we have

4'=3% (D) p"" [ (p(y, ») =1 (1+o(1)). (45)

Y€y y¢duy

Since the product [, .., (p(y, ¥)—1) contains m—|A|—£(y) terms
(the end of y is in A4), we have

[T ey, y)—-D==D"M""* T A-p(y, ), (46)

ygAvy y¢gAUy

and

A4 =p"ED(=D)" MY e(y) T[] (I=p(3, ) (1+o(1)).  (47)

y€lyey y¢Aduy

Proceeding with all other minors in a similar way leads to the follow-
ing result

(D" M A% = [ A=p(y, ) +o(D). (48)

y¢gAuUx*
If x # x*, 4%, is given by
A4, = 4475, 49)

If x=x"or y=x* x*isin AUy for all y in I';;. Then, we have

IA;‘yI=< 2 <@ [1 (d-pG, Z)))pWA(y’x)(lJrO(l))- (50)

yelj, z¢g AUy
and
m—|A4|—1 X A A
(="M= (=)™ 45| = 45, (51
In order to compute the mean hitting time, recall that

AR,
Eltes] == 3 (-D" V5 (52
y
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Since p(x*, x*)=1+o0(p), we have V(x* y) >0 for all y# x* such
that ¢(x*, y) # 0, and

WA(x*, y) = W(x*, y)>0. (53)
Hence, we obtain

Y (=) Ah = Ah L +o(). (54)

y¢Ad

An interesting consequence is

A%

AA

Elt.]=—- (14+0(1)). (55)

Finally, we have

[T ea0x (1=p(y,))

) [— 1+0o(1 6
Eltedd = ey~ ero (=l ey O To) 68
= Kp "1+ 0(1)) 57
where
c(y) >‘1
K= . 58
<ye;x.,4 Hyey\(x*uA) l—p(y, y) ( )

This concludes the first part of Theorem 3.1. ]

Step 4. Computation of Variances

The second part of Theorem 3.1 is devoted to the computation of
variances. Let V' be the vector of components equal to E[72,], x ¢ 4. Some
basic linear algebra shows that

V=1+PV+2P,T=P,V+2T—1 (59)
and
V=(07+20)1 (60)

The coefficient (x, y) in @ is equal to

Q1 (x, )= (=1)*"" 3 4545, (4 (61)

z¢ A
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The term 4% A7, is of order O(p""=?+W'@9) for z  x and z # y. For
all z# x*, we have 42, =o(1), and if z = x* we have A .+ =o0(1) for all
y # x*. Finally, for x = x*, the only term A% A% of order 0 is A%, A4

zx“= yz
and hence

E[ri,A]=2<AA""’> (14+0(1))=2E[7,.,1* (1+0(1)) (62)

and

Var(t,.,) = E[1.,]* (1 +0(1)). (63)

3.3. Proof of Theorem 2.1

The proof of Theorem 2.1 is by far shorter than the previous one. The
result arises from Theorem 3.1 directly. The trajectories that are the most
probable with respect to P, or P, have been described in details in ref. 10.

Let us start with P,. In particular, the most probable trajectory from a
uniform population (a) to a population containing an individual “better”
than a consists in keeping #— 1 individuals equal to a and letting one indi-
vidual evolve from a to b with adaptive value “better”” than a. For each
path, yF de E, there are n paths y in X that correspond to the n choices for
the offspring of mutation (say 7). Along a path

yi(@)—> - s xFo x5 yed,
the transition probabilities satisfy
p(E X =a(xf, xiT1) p+o(p). (64
If k # 0, we have x} # a and x} = a for j #i. Then,
pi(x*, X)) = g+o(1). (65)
Conditionally to &, we apply Theorem 3.1 with x* = (a)

(p/1—g)~ P
n(l1—q) X,z re n(y*)’

Eltal 8]~ (66)

A similar result holds for P,. Again, the most probable trajectory from
a uniform population (a) to a population containing an individual “better”
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than a consists in keeping #— 1 individuals equal to a and letting one indi-
vidual go from a to b with adaptive value “better”’ than a. For each path,
»E de E, there are n““") paths y in X corresponding to the 7 choices for the
offspring of mutation at each of the £(y*) steps.

Along he path

yi(@a)—> - s xFo x5 yed,

let xfi denote the offspring of mutation at step k. The transition probability
satisfies

k+1)

(X, X = n(xi, xi*]) p/n+o(p) (67)

Tk+1

if k # 0 (because in this case n(xfi )=1)and

p((a), x") =n(a, x;)) p+o(p) (63)

if k= 0 (in this case we have n(xf.‘k ) =n(a) =n).
If k # 0, we have x} # a and x} = a for j # i,. Then,

(x5, x9)) =1+0(1). (69)
Conditionally to &, we apply Theorem 3.1 with x* = (a) and obtain
—d(a, B)

P

Flro s oy
y- e

(70)

3.4. An Additional Result

This section presents an additional result that describes the probability
of hitting B before 4. This result emphasizes the exponential-like behaviour
of hitting times for small mutation probabilities.

Let 4 and D be two subsets of X and x an element of X such that
x ¢ D. The hitting time of A starting from x before entering D is

o, =min{t>0; X, =x; X, € 4; x,..., X,_, ¢ Au D}. (71)

The expectation of 72, is given by

E[<2,]=( p" " <) >1 1+o(1). (72
el <” 2 Moo sy (oW
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Theorem 3.2. Let 4 and B be two non intersecting subsets in X'
such that x* ¢ 4 and x* ¢ B. We have

E[r53”
E[‘L'AUB]-‘FE[ AuB

Prob(7,., < T,5) =

(14+0(1)). (73)
Proof. let R, (resp. Rp) be the vector whose components are p(y, 4)
(resp p(y, B)) for y ¢ A U B. The Markov chain (X,) is modified so that if

X, e Au B then X,,,; = X,. The transition matrix of the modified chain is
equal to

P. R, Ry
P=|l0 1 0 (74)
0 0 1

By a standard argument, we have

Prob(z,, <1.;) = lim p"(x, A), (75)

and
Prob(t 4 <75) = —(Pso5—1)"' Ry. (76)
Replacing (P, z— 1) yields

ZyéAuB ( 1)x A AAUBp(ya A)

AAUB

quéAuB Zye AUB( I)Z(Y)P(V)P(Y’A) AAUBUV

AAUB

Prob(t,., < T,.p) =

Now, transform y=x*— --- > yinto y =x*— .- - y > z€ A. The new
path satisfies

(") =p®») p(y, 2). 7
Therefore, we have

Xy eragr (=D p(y') 41VE07
Yy erayn, (=D p(y) 410807

The result follows by splitting the denominator into two inverse expecta-
tions. ||

Prob(T,., < Tpep) = (78)
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This result provides an explanation why natural or simulated popula-
tion processes may not follow their most probable trajectories (that lead to
the closest individual with better adaptive value). Instead, shortcuts are
always possible. Regarding simulated evolution procedures in optimization,
this result also suggests that maintaining short independent parallel runs of
population algorithms might be more efficient than keeping a single long
run given the same computational resource.

3.5. Connections to Evolutionary Algorithms

During the recent years, several models of evolutionary algorithms
have been studied within the simulated annealing framework.7 ¥ Simulat-
ing these Markovian models leads the user to the observation of metastable
states, and long stasis during which few improvements of the solutions can
be obtained. Section 3.5.1 presents an overview of recent results for these
particular Markov chains with rare transitions. These results use the for-
malism of large deviations. Most of them actually required trajectorial
techniques of proof that differ from the algebraic techniques involved in
Section 3. Another difference arises from the very nature of the results.
Computational properties of evolutionary algorithms are usually inves-
tigated with mutation probabilities depending on a positive temperature
parameter that slowly decreases to zero. While the above references
describe simulated annealing-like theories, the next section extracts and
restates the results that bear on hitting time of an optimal population (i.e.,
a population containing an individual genotype of optimal fitness).

In contrast to the statements presented in Section 2.2, the results
obtained via the large deviations formalism are rough logarithmic equiva-
lents. The implications of precise equivalents in implementing evolutionary
algorithms will be discussed in Section 3.5.2.

3.5.1. A Brief Overview of Evolutionary Algorithms Results

In describing the dynamics of an ergodic Markov chain with rare
transitions, subsets called cycles play a central role.”-**? A subset C = X
is a cycle if either it consists of a single population, or for all x, y in C, the
expected number of “cyclic” visits to x followed by y before exiting from C
is exponential

E[N,(O)]=p™9,  K,(C)>0 (79)

(the symbol ~ means that the relationship is a logarithmic equivalent). As
a consequence, a cycle should be explored systematically before the chain
exits and proceeds with an other cycle. Here is a trajectorial definition of
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cycles, which is more amenable to a mathematical analysis.”?®. For all
x, y€ X, x # y, and each trajectory y, define the elevation as

H(y) = max {¥(x0)+V (¥ %e.1)}, (80)

with the maximum taken over all vertices in y, and

V(x) =lim log u,(x)/log p, 81)
p—0

where 1, is the (unique) invariant probability distribution of the chain. Let
H(x, y) be the lowest possible value of H(y) over all self-avoiding trajec-
tories y from x to y. The quantity H(x, y) is called the communication
altitude. Now, let A>0 and V, ={xe X;V(x)<A}. Say that x and y
communicate at height A in V, if H(x, y) < A. A subset C = X is a cycle if all
populations are able to communicate at height A for some A > 0.

While the hierarchy of cycles may be extremely complex in general, a
remarkable fact is that, for large population sizes, a cycle C which does not
contain the optimal population (a*) reduces to a single population. This
result actually holds for the induced chain on the set of uniform popula-
tions. As evolutionary algorithms can reach uniform populations at null
cost (V' (x, (x4)) = 0), the induced chain nevertheless gives a right picture of
the dynamics for small mutation probabilities. For genetic algorithms, the
critical population size n, has been estimated by Cerf.”” For our basic
process, the critical value is lower than

n, = max d(a, a®). (82)

a#a*

Now, denote by 7. the exit time of the subset C (the hitting time of C).
The expected value can be computed as

E[tc]~p 7, (83)
where, according to ref. 23, H,(C) is the exit height of C defined as

H,(C)= m¢aé; mircl {H(x, y)=V(x)}. (84)

Let 7, denote the hitting time of the absolute optimum. The expected value
of 7, can therefore be approximated as

E[t]~p™, (85)
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where
H, = max{H,(C); C cycle not intersecting 75}, (86)
and 7, = arg min V. For the both algorithms, H, can be given as

H, = ma(lx) {H(x, (a*)—V(x)}, ®7)
x # (a*

whenever n > n,. As far as our basic example is concerned, ref. 10 shows
that

H,=max min d(a,b). (88)
a#a* b f(b)> f(a)

In other words, H; is the minimal number of mutations required for a
genotype to exit from any local (non global) minimum in the fitness land-
scape. This quantity plays the same role in the implementation of an algo-
rithm as the critical depth in simulated annealing procedures.®?

3.5.2. Algorithmic Implications of the Results

This section is devoted to the application of Theorem 2.1 to the opti-
mization algorithm that corresponds to our basic model P, (¢ =0). An
elistist version of the algorithm can be implemented easily. In such a case,
we have

Prob(&) = 1. (89)

As often assumed in genetic algorithms, the set of genotypes E can be
taken as the set of bit strings of length k, i.e.,

E={0, 1}%, (90)

Assume that mutations occur randomly, i.e., every genotype can be reached
by mutation in a single step. The new genotype is randomly chosen among
the 2% possible genotypes in E, and we say that the fitness landscape is
fully connected. For any pair (a, b) in E?, we have n(a, b) =27*. Then
Theorem 3.1 can be applied to the Markov chain defined by Eq. (6) that
models the basic mutation-selection evolutionary algorithm studied in
ref. 10. Taking ¢ = 0, mean hitting times are given by

k

2
Eltd~——p” oD
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where

A={xeX, f(X)> f(a)}, 92)

and m, is the number of genotypes in E with adaptive values lower than

f(a)
m, =#{be E, f(b)> f(a)} = #B. (93)

Equation (85) indicated that fully connected structures become good in the
asymptotical settting (because H; = 1). In contrast, Eq. (91) shows that this
may be true for very small mutation probabilities only. Indeed hitting times
become proportional to the size of E and the method has the same order
of performances as enumeration. Fully connected structures are usually
precluded in implementing a optimization algorithm, and some kind of
local search is always considered within the evolutionary procedure.

For instance, single bit mutation is a widely used example of a muta-
tion operator.”® When mutation occurs, a bit is randomly chosen among
the k possible and flipped. In this case, the minimal number of mutations
required to change the state a into the state b is the number of bits of » that
differ from those of a. This quantity is also known as the Hamming dis-
tance between a and b.

If d(a, b) = d, d steps are required to go from a to b. The d associated
mutations may happen in any of the d! orders. For each step, we have
n(a, b) = 1/k. Finally, mean hitting times are given by

(p/R) e

Eltwal~ nm,d(a, A)!

94)

where
m,=#{beE, f(b)> f(a),d(a,b)=d(a, A)}. 95)

Again, this result is far more accurate than Eq. (85). In addition, the con-
dition that the population size be greater than a threshold value (which is
necessary and sufficient in the simulated-like framework) is not critical in
studying average fixation times. This explains why the algorithm may work
well even when population sizes are small.

4. CONCLUSION

This article has presented new models of evolving populations that can
be viewed as Markov chains with rare transitions. In such models, the
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probability of a transition from a parent to the offspring is controlled by a
small disorder parameter. In these models, the parameter is the probability
that a genotype undergoes a mutation. In living organisms, these probabil-
ities are usually measured in the range 10105,

The models take their inspiration from simulated evolution where the
goal is optimizing an objective function. A basic (and efficient) procedure
based on a fraction of elitism has been modified so that it includes exact
transmission of genotypes as well as random sampling. The modified model
can actually be considered as a natural extension of the classical Wright—
Fisher model (p=0,¢g=1).

Our main result has described the hitting times of populations of
better adaptive values and hence fixation times (or punctuated equilibria).
There is a close relationship between our results and those obtained in the
large deviations/simulated annealing framework. Both approaches outline
the role of the discrete geometry of the fitness landscape. However there
are important differences as well. Our results are based on algebraic instead
of trajectorial techniques. As a consequence, we were able to establish
sharp asymptotics instead of rough logarithmic equivalents.
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