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ABSTRACT. — We build the mutation-selection algorithm by randomly
perturbing a very simple selection scheme. Our process belongs to the class
of the generalized simulated annealing algorithms studied by Trouvé. When
the population size m is large, the various quantities associated with the
algorithm are affine functions of m and the hierarchy of cycles on the set
of uniform populations stabilizes. If the mutation kernel is symmetric, the
limiting distribution is the uniform distribution over the set of the global
maxima of the fitness function. The optimal convergence exponent defined
by Azencott, Catoni and Trouvé is an affine strictly increasing function of m.
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456 R. CERF

RESUME. — Nous construisons 1’algorithme de mutation-sélection en
perturbant aléatoirement un mécanisme de sélection tres simple. Le
processus obtenu entre dans la classe des algorithmes de recuit simulé
généralisés étudiés par Trouvé. Lorsque la taille de la population m est
grande, les différentes quantités associées a 1’algorithme sont des fonctions
affines de m et la hiérarchie des cycles sur ’ensemble des populations
uniformes se stabilise. Si le noyau de mutation est symétrique, la distribution
limite est la distribution uniforme sur I’ensemble des maxima globaux de
la fonction fitness. L’exposant optimal de convergence défini par Azencott,
Catoni et Trouvé est une fonction affine strictement croissante de m.

1. INTRODUCTION

Evolutionary algorithms are optimization techniques based on the
mechanics of natural selection [6]. Experimental simulations have
demonstrated their efficiency: they are robust, flexible and in addition
extremely easy to implement on parallel computers [5].

Unfortunately, there is a critical lack of theoretical results for the
convergence of this kind of algorithms. In a previous paper [3], the author
constructed a Markovian model of Holland’s Genetic Algorithm. This model
was built by randomly perturbing a very simple selection scheme. The
study of the asymptotic dynamics of the process was carried out with the
powerful tools developed by Freidlin and Wentzell for the study of random
perturbations of dynamical systems, yielding what seemed to be the first
mathematically well-founded convergence results for genetic algorithms.

It was proved that the convergence toward the global maxima of the
fitness function becomes possible when the population size is greater than a
critical value (which depends on all the characteristics of the optimization
problem). Surprisingly, the crossover did not play a fundamental role in this
model. The crucial point to ensure the desired convergence was the delicate
asymptotic interaction between the local perturbations of the individuals
(i.e. the mutations) and the selection pressure.

In this paper, we deal with the two-operators mutation-selection
algorithm. We introduce a new parameter (analogous to the temperature
of the simulated annealing) which controls the intensity of the random
perturbations. We study the asymptotic dynamics of the process when the
perturbations disappear. This new point of view in the field of genetic
algorithms allows to prove several results concerning the convergence of
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MUTATION-SELECTION ALGORITHMS 457

the law of the process toward the maxima of the fitness function. We
focus here on the dynamics of the algorithm when the population size m
becomes very large.

Once more, we follow the road opened by Freidlin and Wentzell [4].
However we will use the concepts and tools introduced by Catoni in his
precise study of the sequential simulated annealing ([1], [2]); these were
put in a more general framework by Trouvé, who carried out a systematic
study (initiated by Hwang and Sheu [7]) of a class of processes he baptized
“generalized simulated annealing” ([9], [10], [11]). Our algorithm belongs
to this class of processes and our study will thus heavily rely on Catoni
and Trouvé’s work.

This paper has the following structure. First we describe our model of the
mutation-selection algorithm. We show how it fits in the framework of the
generalized simulated annealing and give a sufficient condition to ensure
the concentration of the law of the algorithm on the global maxima of the
fitness function. The dynamics of the algorithm is best described through the
decomposition of the space into a hierarchy of cycles, which are the most
attractive and stable sets we can build for the perturbed process. We prove
a result valid for the generalized simulated annealing which reduces the
study of the dynamics to the bottom of the cycles (the uniform populations
in our situation). The key result for our study lies in the structure of the
most probable trajectories of populations joining two uniform populations:
a small group of individuals sacrifice themselves in order to create an ideal
path which is then followed by all other individuals. As a consequence, the
various quantities associated with the algorithm (such as the communication
cost, the virtual energy, the communication altitude. . .) are affine functions
of the population size. We then prove that the hierarchy of cycles on the set
of the uniform populations stabilizes when the population size is large. The
structure of the limiting hierarchy of cycles depends upon the relative values
of the mutation cost and the variations of the fitness function. However,
the fitness function is constant on the “bad” cycles (i.e. those which do
not contain the minima of the virtual energy). Furthermore, if the mutation
kernel is symmetric and if the population size is greater than a critical value,
the limiting distribution is the uniform distribution over the set of the global
maxima of the fitness function. Finally, we investigate the critical constants
describing the convergence of the algorithm. The optimal convergence
speed exponent defined by Azencott, Catoni and Trouvé ([1], [2], [9], [10],
[11]) (which gives the optimal convergence rate toward the maxima in
finite time) increases linearly with m. This fact shows that our algorithm is
intrinsically parallel: it involves only local independent computations.

Vol. 32, n® 4-1996.



458 R. CERF
2. DESCRIPTION OF THE MODEL

2.1. The fitness landscape

We consider a finite space of states E and a real-valued positive non-
constant function f (which will be called the fitness function) defined on
E. The set E is endowed with an irreducible Markov kernel «, that is a
function defined on ' x E with values in [0, 1] satisfying

e E o
Vi € ZjeEa(z,j) 1,
Vi,jEE 361,"',67«EE elzi,€r=j,
VEe{l---r—1} oalek,exst1) > 0.

The three objects F, f, o define an abstract fitness landscape. We are
searching for the set f* of the global maxima of f i.e.

fr={i€ B (i) =max f() }

By f(f*) we mean the maximum value of f over E ie max;cg f(j).
Symbols with a star * in superscript will denote sets realizing the minimum
or the maximum of a particular functional. The points of E will be called
individuals and will be mostly denoted by the letters 4, 4, e.

2.2. The population space

We will consider Markov chains with state space E™ where m is the
population size of our algorithm; the m-uples of elements of E, i.e. the
points of the set E™, are called populations and will be mostly denoted
by the letters x,y,z. For # in E™ and ¢ in F, x(i) is the number of
occurrences of ¢ in x:

z(i) =card{k:1 <k <m, z, =1}

With f we associate a function fdeﬁned on E™ by

~ ~

fx) = f(z1, -, 2m) =max{ f(zx) : 1 <k <m}.

For z in EA"‘ 7 denotes the set of those individuals of z which realize
the value f(x):

T={zr:1<k<m, f(xk):f(z)}
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MUTATION-SELECTION ALGORITHMS 459

If 2 belongs to E, (%) is the m-uple whose m components are equal to 7 and
U is the set of all such m-uples (which are called the uniform populations).
We sometimes identify an element 7 of E with the uniform population (7).
Thus f* may be seen as a subset of U.

2.3. The unperturbed Markov chain (X2°)

In the absence of perturbations, the process under study is a Markov chain
(X7°)nxo with state space E™. The superscript oo reflects the fact that this
process describes the limit behavior of our model, when all perturbations
have disappeared. The transition probabilities of this chain are

7 1(zk)y(2k)

P(X'ﬁl =2/ X" = y) - cardy

k=1

that is, the individuals of the population X9, are chosen randomly (under
the uniform distribution) and independently among the elements of X°°
which are the best individuals of X>° according to the fitness function f.
Notice that after a while, the chain (X2°) starting from a population z is
trapped in a uniform population selected in Z:

P@iez INEN Va>N XP=(i)/XC =x)=1.

In fact, the absorbing states of the chain (X2°) are exactly the uniform
populations U.

2.4. The perturbed Markov chain (X!)

The previous Markov chain (X2°) is randomly perturbed by two distinct
mechanisms. The first one acts directly upon the population and mimics
the phenomenon of mutation. The second one consists in loosening
the selection of the individuals. The intensity of the perturbations is
governed by a positive parameter / so that we obtain a family of Markov
chains (X!),en indexed by I. As [ grows toward infinity, the perturbations
progressively disappear. The transition from X! to X!, includes two
stages corresponding to the mutation and the selection operators:

mutation v selection

_— _ !

l
Xn n n+1-

We now describe more precisely these two operators.

25. X! —  Y!: mutation

The mutation operator is modelled by random independent perturbations
of the individuals of the population X!. With the Markov kernel o (which

Vol. 32, n°® 4-1996.



460 R. CERF

is initially given with the set £ and the function f), we build a family
of Markov kernels (;);>1 on the set E. Let a be a positive real number.
Define for 4,7 in £ and | > 1

o falig)i if i 7 j
az(z,]) = {1 _ Ee# a(z’,e)l“‘ ife=7

The quantity «(7,7) is the probability that a mutation transforms the
individual ¢ into the individual j at the perturbation level /. The transition
probabilities from X! to Y;! are then given by

P(Y, =y/X, =) = ai(x1,41) - 1(Tm, Ym)-
Note that the mutations vanish when [ goes to infinity i.e.
(1) ll_igxoP(Y,f = y/Xrlz = 5'7) =6(x1,91) - (T, Ym)
where 6(i, j) is the Kronecker symbol (the identity matrix indexed by E):
Vi,j e E 6(i,7) =0 if i#j, 6(1,5)=1 if i=j.

26.Y! — X}, selection

The selection operator is built with a selection function [3]. We evaluate
the fitness of the individuals of the population Y;! and we build a distribution
probability over Y,! which is biased toward the best fit individuals and which
progressively concentrates on the set Y’ as [ goes to infinity. We then select
independently mn individuals from Y;' to form the population X! . Let ¢
be a positive real number. The transition probabilities from Y;! to X!, are

T 1 _ :L‘T)exp cf(mr) 1)
Py = /Yo =) H LS exp(cf (y) o)

We have

m 1 €T €T
@ fim P(X,,, = 2/Y, =y) = H%

k=1

i.e. the selections of individuals below peak fitness tend to disappear when
| goes to infinity.
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2.7. The vanishing perturbations

The two operators play antagonistic roles: whereas the mutation tends to
disperse the population over the space E, the selection tends to concentrate
the population on the current best individual. Both are built through random
perturbations: random perturbations of the identity for the mutations, random
perturbations of the very strong selection mechanism of the chain (X2°)
for the selection. With this scheme of non-overlapping generations, it
is essential that the mutations vanish: otherwise, the current population
could be destroyed at any time through a massive mutation event with
a null perturbation cost, preventing the concentration of the law of the
process on the set of the global maxima of the fitness function. It is yet
questionable whether the vanishing mutations and the growing selection
pressure have a biological meaning. However, the optimization problem
leads to the following question: is it possible to exert a control over these
very rudimentary operators to ensure the convergence toward a state of
maximum fitness?

Formulas (1) and (2) yield

Vy,z € B™ lim P(X,,, =2/X, =y) = P(X3%, = 2/X° =)

so that the process (X}) is a perturbation of the process (X°). A crucial
point is to give the same intensity to the two kinds of perturbations so
that they interact properly when [ goes to infinity. More precisely, the
rate of convergence of the transition probabilities in formulas (1) and (2)
should be logarithmically of the same order (this is the reason why we
introduce two more parameters a and c). The parameters a and ¢ are not
independent: we will in fact compare a/c to quantities related to the fitness
function f. Rescaling the function f with the parameter ¢ has the same
effect as changing the mutation cost a. To avoid breaking the symmetry,
we keep both parameters a and c in the sequel. Finally, we are entirely free
for the choice of the control parameter I: here [ goes to infinity. We could
also take In/ or the temperature 7' = 1/Inl.

3. ASYMPTOTIC EXPANSION OF P(X! 5 =2/X! = y)

For a fixed value of [, the expression of the transition matrix of the
chain (X}) is quite complicated. We will focus on the asymptotic behavior
of the chain, when [ goes to infinity. The first step consists in estimating
the transition matrix of (X}).

Vol. 32, n° 4-1996.



462 R. CERF

By the very construction of the process (X!), we have
P(X,=2/X,=2)= Y P(Xi, =2/Y}=y)P(V}=y/X]=x).
yeE™
For each y in E™,

P(XL+1 = z,Y,ﬁ = y/X,ll = x)l:ma(x,y)'y(y, z)

X exp — ((ad(x, y) + cZ(f(y) - f(zk))>1n l>
k=1
where we note for z,y,z in E™

a(w,y) = [ alonwm), w.2) = [ L&)

ki Ay cardy
and d(z,y) is the Hamming distance between the vectors z and y i.e.
dlz,y) =card{k:1 <k <m, z # yx }.

The above transition probability vanishes whenever a(z,y)(y,2z) = 0.
There are two different terms in the exponent. The quantity d(z,y) is
simply the number of mutations necessary to go from z to y and ad(z, y)
represents the perturbation cost necessary to achieve these mutations. The
second term originates from the fact that individuals of y with a fitness
strictly less than f(y) may have been selected to form z: such an event
will be called an anti-selection. The term ¢, (f(y) — f(zx)) represents

the perturbation cost necessary to achieve all the anti-selections.
We define next the communication cost V; on E™ x E™ by

Vi(,2) = min { ad(z,y) + ¢ 3" (Fly) - f(20)) :

k=1

ye E™ a(z,y)v(y,z) >0 }

We put finally ¢;(z,z) =Y a(z,y)v(y, z), the sum being extended over
the populations y realizing the minimum in Vj(z, z). With these notations,
we see that

P(Xl=2/XL = z) o qi(z, z)exp (=Vi(z, z) Inl).

Remark in addition that for each z,z in E™
P(Xl=2/XL=2)=0 < Vi(z,2) =00 <= qi(z,2) = 0.
We are now in the framework of the generalized simulated annealing studied
by Trouvé ([8], [9], [10], [11]). That is, the transition probabilities of the
process (X!) form a family of Markov kernels on the space E™ indexed

by ! which is admissible for the communication kernel g; and the cost
function V; [9, Definition 3.1].
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4. CONVERGENCE OF THE
MUTATION-SELECTION ALGORITHM

We will use graphs over the set E™. By a graph over E™ we mean a set
of arrows z — y with endpoints in E™. Thus our graphs are all oriented.

NotarioN 4.1. — Let g be a graph on E™. The V;-cost of g is

Vg = Y Vilzy).

(z—y)€g

We recall that an z-graph is a graph with no arrow starting from z and
such that for any y # z there exists a unique path in ¢ leading from y to z.
The set of all z-graphs is denoted by G(z). For more details and notations
concerning graphs, see [4, chapter 6].

DEFINITION 4.2. — The virtual energy W associated with the cost function
V1 is defined by
Ve € E™ Wi(z) = min { Vi(g) : g € G(z) }.

We put also

Wi(E™) = min{ Wi(z) : 2 € E™ },
Wl* = {.’L‘ eE™: Wl(.’l,‘) = Wl(Em) }

PROPOSITION 4.3. — (Freidlin and Wentzell)

Vo€ E™  lim  lim P(X,eW/Xi=2) = L
—00 n—00
THEOREM 4.4 (convergence of the homogeneous algorithm). — Fix the
space E, the fitness function f, the kernel o and the positive constants a, c.
There exists a critical population size m* depending upon all these objects
such that

*

m>m = wr c f*.

This theorem has been proved in [3] and various upper bounds for the
value m* were given there; for instance

< aR—I-.c(R -1)A
min (a, ¢b)

Vol. 32, n® 4-1996.



464 R. CERF

where

6 =min{|f(i) - fF(4)] : 4,5 € E, f(i) # f(4) },
A =max{|f() - f(j)| 4,5 € E},

and R is the minimal number of transitions necessary to join two arbitrary
points of E through the kernel « i.e. R is the smallest integer such that

Vi,je E 3r <R ey, - +,e,41 € E such that
er =1, e41 =7, Vke{l,---,r} aler,exs1)>0.

The preceding bound may be improved in several ways with more
complicated constants: however, since we will deal only with very large
population sizes, we do not care about a precise estimation of m*. Anyway,
it is obvious that m* depends strongly on the fitness landscape (E, f, ).

We restate now Trouvé’s result for the convergence in the inhomogeneous
case, where the parameter [ is an increasing function of n. We have then an
inhomogeneous Markov chain (Xfl("))nzo and we suppress the superscript
I: X, stands for X',

THEOREM 4.5 (Trouvé [9, Theorem 3.23)). — There exists a constant H,
called the critical height, such that for all increasing sequences l(n), we
have the equivalence

Vee E™  P(X,eW//Xo=z) — 1 <= Y ln)™ =oco.
n=0

Note that H; may depend on m.

COROLLARY 4.6. — Suppose m > m* and 3, l(n)"H1 = cc. Then

Vee E™  P(X, € f*/Xo=1x) — 1

All the tools introduced by Trouvé in ([9], [10], [11]) for the study
of the generalized simulated annealing may be used for analyzing the
mutation-selection algorithm. The particular interest of our process lies in
the presence of several control parameters among which the population size
m is of paramount importance. In the sequel, we will try to understand the
behaviour of the mutation-selection algorithm for very large populations.
The next section contains several results valid for the generalized simulated
annealing; they will allow us to reduce the study of the dynamics of
the process to the set U of uniform populations (whose cardinality is
independent of m).

Annales de I’Institut Henri Poincaré - Probabilités et Statistiques
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5. GENERAL RESULTS ABOUT THE VIRTUAL
ENERGY AND THE COMMUNICATION ALTITUDE

Let us introduce some notations and definitions.
If S is an arbitrary set, S™ denotes the set of paths in S, that is the
finite sequences of elements of S. A path s in S is noted indifferently

1

32(317"')57‘)7 S:(s’n-,sr) or §=81 — -+ — 8,

and its length is noted |s| (r in the above example). A path s in S is said
to join two elements ¢; and ¢, if s; = ¢; and S|s| = to; the set of all paths
in S joining the points ¢; and ¢, is noted S(N)(tl,tz).

Notarion 5.1. — By D™ we denote the paths in E™ which correspond to
possible trajectories of the process (X)) i.e. the paths p in E™ satisfying

VE 1<k <|pl Vi(Pk, Prt1) < 0.

The Vj-cost of such a path is

lpl-1

Vip) = > Vilpk, prsr)-

k=1

This definition coincides with the cost of a graph (see notation 4.1) if we
consider the path as a graph over E™. Notice that for the empty path
(which has a null length), the cost is zero. If p belongs to E™™) \ D™, we
put Vi(p) = co. We put also for y,z in E™

D™(y,z) = D™n E""(N)(y, z).

DEFINITION 5.2. — We define the minimal communication cost V for y
and z in E™ by

V(y,Z) = inf{Vl(p) ‘pE€ Dm(y,z)}

and let D™*(y, z) be the paths of D™ (y, z) realizing the above minimum.

Notice that for all z in E™, we have V(z,z) = 0. With this new
communication cost V, we associate a cost function for the graphs and
a virtual energy.

DEFINITION 5.3. — For a graph g on E™, we define its V-cost by

Vigi= Y. V(z,y)

(z—y)eg

Vol. 32, n® 4-1996.



466 R. CERF

and we define the virtual energy for any element = of E™ by
W(z)=min {V(g): g € G(z) }.

We put also W(E™) = min{W(z) : z € E™}, W* = {z € E™ :
W(z) = W(E™)}.

We will now show that the minimal cost V contains all the relevant
information to carry out the study of the dynamics of the generalized
simulated annealing: the following results are not specific to the case of
the mutation-selection algorithms and are valid in the general framework.
Propositions 5.4 and 5.6 below are consequences of the more general

lemma 5.6 of [10]. However we give here direct proofs which do not
involve the hierarchy of cycles.

PrROPOSITION 5.4. — The virtual energy W associated with the
communication cost V' coincides with the virtual energy W, associated
with the communication cost V i.e.

Vo € E™ min{( > V(y,z):gEG(x)}

y—z)€g

= min{ > Vl(y,z):geG(x)}.

(y—z)€g

As a consequence, we have W(E™) = Wi(E™) and W* = W7.

Proof. — Since V' < Vi we have clearly W < W;. The proof of the
reverse inequality W > W; is similar to the proof of lemma 4.1 of
[4, chapter 6]. [

The fundamental quantity used to build the hierarchical decomposition
of the space into cycles is the communication altitude.

DerINITION 5.5 (Trouvé [9, Definition 3.15]). — The communication
altitude A;(z,y) between two distinct points = and y of E™ is

Avwy) = inf { max Wi(pe) + Valpe, pess) :p € D™ (2.9) }.

For any z in E™, we put A,(z,z) = Wy(z).

The communication altitude may equivalently be defined through the
cost function V.

Annales de IInstitut Henri Poincaré - Probabilités et Statistiques
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PROPOSITION 5.6. — Let for x and y two distinct points of E™

A(z,y) = inf { max W(pe) +V(pepiss) i p € D™(z,9) }.

For z in E™, put A(x,z) = W(z).
Then A = Al.

Proof. — We have W = W, and V' < Vi: clearly A < A;.

Conversely, let p belong to E™™)(z,y). For each k, 1 < k < [p|, let
pF— . pflk be a path in E™ joining pj and p;,; such that

V(pk,prsr) = Va(py,p5) + -+ + Valpk, _1,0%)).

Consider the path p obtained by joining end to end all these paths:

1 1 2 2
pl_)..._)pll_)pl_)..._)pzl_q.
|p|—1 lpl—1 lp|—1
_)pl —_— e — P Ipl—1 1 _)p |Ip|_1'

Let k and h be two integers such that 1 < k < |p|, 1 < h < ny. We have

Wi(pF) + Vl(PZaP’;H)
< Wipk) + V(pr, pk) + Vi(pk, o 41) + V(0F 1, k1)
= W(pk) + V(pk, Prs1)

whence

Wi(py) + Vi(pf, pkL1) < w v :
B B, W)+ Vilenopig) S max W(p) 4V (pr, prsa)

However, the left-hand side member of the above inequality coincides with

W5 Dk Prost).
133(131 1(Px) + Vi(Dr, Prs1)

Taking the minimum over all paths of D™(z,y), we obtain Aq(z,y) <
Az,y). O

Suppose we wish only to examine the trace of the dynamics on a
subset H of E™. We build a new communication cost Vi on H by making
the set E™ \ H a “taboo” set. Once more, the following definitions and
results are not specific to mutation-selection algorithms.

Vol. 32, n® 4-1996.



468 R. CERF

DEerINITION 5.7. — Let H be a subset of E™. We define a communication
cost Vg by

Vu(z,y) =inf {Vi(p) : p € D™(z,y),Vk 1<k <|p|,px & H}.

(for the definition of V;(p), see notation 5.1).
We define a virtual energy Wy on H by

Vz € H Wy (z) = min {Vu(g) : g € Gu(z)}

where Gy (x) is the set of z-graphs over H and the Vj-cost of a graph
g over H is

VH(g) = Z VH(-T,y)
(z—y)€g

Finally, we define a communication altitude Ag: if x and y are two distinct
points of H,

Ag(z,y) = inf {  max Wi (pi) + Vi (prs pres1) : p € HN(z,y) }

For any z in H, we put Ay (z,z) = Wg(z).
THEOREM 5.8. — Let H be a subset of E™ such that

Ve e E™ JyeH V(z,y)=0.

Then Wy = W and Ag = A on the set H.

Proof. — Let g belong to Gg(x), where x € H. By hypothesis, for each
y in E™ \ H, there exists z in H such that V(y,2) = 0. Let § be an
z-graph over E™ obtained by adding one such arrow for each point of
E™\ H. We have V(g) = V(g) < Vi(g) whence, by taking the minimum
over all z-graphs, W(z) < Wg(z).

Conversely, let g belong to G(x), where z is in H, and consider the
graph g of Gy (z) defined by: the arrow (y — 2) is in g if and only if y and
z are in H and there exists apath z' =y - 22 — ... = 2" ! - 2" =2
in E™ such that

Vke{l---r—1} (a* -a**eyg, Vke{2---r—1} 2* € E™\H.

We have Vy(g) < Vi(g). It follows that Wy (z) < Wi(z) = W(x) and
the first equality Wy = W is proved.
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Let p belong to H™)(z,y), where z,y are elements of H. For each
k,1 < k < |p|, let p¥ — ... — pt be a path in E™ such that
pY = pr, Pk, = pr41 and

Vi (pr, pe+1) = Va(p},p5) + -+ + Va(ph, 1, %, )-
Consider the path p obtained by joining end to end all these paths:

1 1 2 2
pl_)..._)pnl_l_)pl—)...—)pn2_l.—-).‘.
lp|—1 lp|-1 |p]—1
_>p1 — _-)pn|P|_1-1 —")pn“ﬂ_l'

Let k£ and h be two integers such that 1 < k < |p|, 1 < h < nj. We have

Wi(pf) + Vi(p, pk. 1)
< Wa(pr) + Vi(pe,p5) + -+ Valph_1, pf) + Vl(PﬁaPﬁH)
< Wru(pe) + Va(pr, Prt1)

whence

Wi(pH)+Vipk, pF. ) < max W, +V , .
 Bax - max 1(p)+ 1(ph7ph+1)_lgk<>|<pl 1 (k) + Vi (pr, Prt1)

However, the left-hand side member of the above inequality coincides with

max_ Wi (px) + Vi(Pk, Prt1)-
1<k<|p|

Taking the minimum over all paths of H®™)(z,y), we obtain A;(z,y) =
A(.’L’, y) S AH(‘T, y)
The proof of the reverse inequality will use the following little lemma.

LEMMA 5.9. — Let x belong to E™. There exists a graph g in G(x)
such that V(g) = W(x) and for each arrow (y — z) of g we have either
(ye E™\H,z€ H, V(y,z) = 0) or(yeH, z¢€ HU{CU}). In particular,
no arrow ends in a population of E™ \ {H U {z}}.

Remark. — This lemma is a slight improvement of the first part of
Lemma 4.3 of [4, chapter 6].

Proof. — Let g be an element of G(x) such that V(g) = W(z). First, we
proceed as in the proof of Lemma 4.3 of [4, chapter 6] to get rid of all the
arrows from E™ \ H to E™ \ H. Let (y — z) be such an arrow. Let 2’ be
in H such that V(y, 2’) = 0. We replace the arrow (y — z) by (y — 2/). If
acycley — z' — ... — 2" — y is formed, we replace the arrow (2" — y)
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by (z" — z). Since V(z",2) < V(z",y) + V(y, z) the cost of the graph
does not increase. We obtain a graph g in G(z) such that V(g) = W(z)
and all arrows starting from E£™ \ H end in H and have a null cost. We
now remove the arrows from H to E™ \ {H U {z}}. Let (y — z) be such
an arrow. Let 2’ be the unique element of H such that (z — 2’) € g. We
replace the arrow (y — 2) by (y — 2’). This operation does not increase
the cost of the graph since V(y,2') < V(y,z) + V(z,7") = V(y, z). The
resulting graph has the desired properties. [

Now let p belong to E™MN)(z,y).

Let k belong to {1 |p|}. If py, is in H, we put p¥ = p;, and 7, = 1.
Suppose pj, is not in H and let p¥ be an element of H such that
V(pk,p¥) = 0 and there exist populations p3,---,p2 in E™ \ H such
that Vi (px,pS) = Vi(py,p3) = -+ = Vi(p?,py) = 0. Let g belong to
G(py) be as in lemma 5.9. We add the arrow (py — p¥) to g.

Let g be the graph on H defined by: the arrow (y — z) is in g if and
only if y and z are in H and there exists a path 2! =y — 2% — ... —

2”1 — 2" = z in E™ such that

Vke{l---r—1} (2" — 2F*h) e g, Vke{2---r—1} 2 € E™\H.

(In particular, we suppress from g all the arrows (y — z2),y €
E™ \ {H U {p.}}).

We have Vg (g5) < V(g) = W(pw).

Moreover, the graph § contains at most one cycle p¥ — p§ — ... —
pF_— p¥ (where the populations py, 2 < h < ry, belong to H). This cycle
has been created by the addition of the arrow (py — p¥) in g which causes
the arrow (p¥ — p¥) to appear in g. Necessarily this arrow (pf, — pf)
comes from the sequence p¥ — p; — p§ in g (recall that no arrow of g
ends in E™ \ {H U {p}}) so that the arrow (p¥ — p) is present in g. If
we now remove this arrow from g we obtain an element of G(p¥, ) whence
V(g) = V(pk,,px) > W(pk,) or W(pk)+ V(). pe) < V(g) = Wi(pk)
and it follows that W (px) = W(pk ) + V(pE ,px).

If there is no cycle, we put 7, = 1 and the preceding equality is still valid.

Removing the arrow (p} — pf, ) from g (1 < h < i) gives an element
of Gy (pF) so that we have the inequalities

3) Vhe{l---m—1}  Wa(p)+ Va(phph) < Va(3)-
Yet, there exists a sequence of populations p’,f‘b FRPRRE pk . in H such that

V(s Prs1) =V (pr, 0k 11) + V(0F, 41,08, )
o+ VE 0k )+ VI(pk,  prsr)
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and each cost appearing in the right-hand side is realized by a path in
E™\ H. That is

Vh Tk + 1 S h S ng — 1 V(plfcnplli-}—l) = VH(plkivpz+1)

and there exist populations pi ,---,p;, pi*, --+,py of E™\ H such that

V (e, pF 1) = Vilpr, 1) + Vilpr,p3) + -+ Va(ps , Y, 1)
V(Pﬁk,PkH) = Vl(Pflk,P;r) + Vi(pt,p3) + - + Vi(p{ , Prs1)-

To obtain such a sequence p’,f,c FETERE pﬁk, we just take the successive
populations of H which appear in a path of the set D™*(py,pi+1) (see
definition 5.2). Let p be the path obtained by joining end to end all these
paths in the following way:

1 1 1 2 2 2
Py sPrs s Pogo Py "9 Prgs " " "3 Prpgs " " s

[p|—1 lp|—1 lpl—-1 . Ipl
Y41 v'"7pr|P|_17"'7pn|p]_l7p1 .

For each k in {1---|p| — 1}, we have

Voo 1<h<re Wa(ph)+ Va(ph,pha) < Wpe),
(by inequality (3))
Voo <h <me Wa(ph) + Va ok phia) <
W(pk) + V(D) pk) + V(0k, DY, 1) + V(PF, 11, PF, 42)
+- 4+ V(szk—lypﬁk) + V(wapkﬂ)
= W(px) + V (P, Prt1)-

Thus % kk
max max Wg(p;) + Va(pr,Pri1)

1<k<|p| 1<h<ny
< max  W(px) + V(pr,Prs1)
1<k<]|p|
(we put pt . = pi*! for k in {1---|p| — 1}).
However the left-hand side member of the above inequality is exactly

max Wy (pr) + Vu(pr, P .
D a1 (Pr) + Vi (Pr, Pry1)

Taking the minimum over all paths of E™™N)(z,y) yields Ag(z,y) <
Az,y). O
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Coming back to the mutation-selection algorithm, we see that the set U
of the uniform populations verify

Vee E™ 3JyelU V(z,y)=0

(more precisely: Vz € E™ VieZ V(z,(i)) = 0) so that the preceding
results may be applied to the set U. Our next task is to study the cost
function Vy, or equivalently (by propositions 5.4 and 5.6 and theorem 5.8),
the restriction of V to U, as a function of m. We will often omit the
parenthesis when speaking of uniform populations: for instance V' (1, j) will
stand for V((¢), (j)). The crucial result is that, for m sufficiently large,

6. V(i,j) IS AN AFFINE FUNCTION OF m

Before proceeding to the proof of the main theorem 6.12, we give several
notations and definitions. We will consider paths in the sets F, E™ and

P(E). Paths of E™ will mostly be denoted by the letter p and paths
of P(E) by the letter q.

DerINITION 6.1. — We define a bracket operator [ | from EM™ =

UmeN E™, the set of all finite sequences of elements of E, onto P(E),
the set of all subsets of F, by

z= (21, Tm) EE™ — (] ={zr:1<k<m}

i.e. [z] is the set of all individuals present in the population z. The
bracket operator [ ] provides a natural projection from U,,en- E™™) (the
set of all finite sequences of elements of E™) onto P(E)™): with each path
p = (p1,---,pr) in E™ we associate the path [p] = ([p1],-- -, [p+]) in P(E).

From now on, the population size m will vary and we will sometimes
consider simultaneously several paths, possibly with different population
sizes. Thus, if p is a path in E™, we put m(p) = m.

NOTATION 6.2. — By D" we denote the paths in E™ which correspond
to possible trajectories for the whole process

l l l l l l
X, =Y, > X - Yn+1 ==Y Xn+t

i.e. such a path p includes the intermediate populations Y;!, has an odd
length and satisfies

VE 1 < 2% < |Pl Oé(ka_l, p2k),y(p2k’ p2k+1) > 0.

Annales de Ulnstitut Henri Poincaré - Probabilités et Statistiques



MUTATION-SELECTION ALGORITHMS 473

The corresponding cost function V is defined by

Vie) = > (ad(Pz'“_lv pz'“)+cz(f(p%)—f(pi’““)))

1<2k<|p| h=1

if the path p belongs to D" (here ;1)2’°+1 is the h-th component of the vector

p***1) and V(p) = oo otherwise (we recall that d(z,y) is the Hamming
distance between z and y).
We put also for y,z in E™

D"(y,2) = D" N E™MN(y, 2).
We denote by Em*(y,z) the elements p of Em(y,z) such that V(p) =

V(y, 2).

DEFINITION 6.3. — We define two cost functions [V] and [V] on P(E)™);
for ¢ € P(E)N),

V] (g) = int {v1<p> pe |J EB"N, [ =q},

meN*

Vi@ =int {Vi):pe (J B, )= o}

meEN*
(for the definitions of V; and V, see notations 5.1 and 6.2).
Notarion 6.4. — We put for 4,5 in E
D(i,5) = |J D™((), (), Pli,5)={lp]:p€ DG, j)},

meN*

D= J D", [Dl={lp:peD}.

meN*

DEFINITION 6.5. — Let ¢ be a path in P(E). We say that the path
€1 — -+ — e, in E'is admissible for gif r = ||, Vk € {1---|q|} er € qx
and

VEk 1<2k<|q| either exr_1 =ea or a(eg_1,eqn) > 0.

The set of all admissible paths for g is denoted by A(q)‘ For instance,
if p belongs to D, for each A in {1---m(p)}, the path p} — - — pl,f" is
admissible for [p] (here p} denotes the h-th component of the vector p*).
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NoTaTION 6.6. — We define a function Q on the set P(E)™ by:
if ¢ € P(E)™ \ [D], then Q(q) = oc; if ¢ € [D], then we put

~

Q(g) = min { > a(l = b(ean1, ) + c(Flaae) — flearir)) :

1<2k<]q|
(en)r<rsia € Ala) |

(we recall that ¢ is the Kronecker symbol).
We use the function 2 defined on P(E)™) to build a function  on E x E:

Vi,j € E Qi) =inf {Q(q):q € P(,j)}.

Since the set P(i, j) is never empty and is included in [D] (see notation 6.4),
the quantity €2(3, j) is finite. We denote by P*(3, j) the elements of P(i, 5)
realizing the above minimum. ~

Let p be a path in E™ and p a path in E™.
We say that p is included in p (noted p C p) if |p| = |p| and

Vke{l---]pl} YieE  §*(i) < p(i),

Ve, 1<2k <[pl,  {@RNeE) 1< h <m(p))
= {9 1< h<m(p))
(we recall that p*(4) is the number of occurrences of i in the population p¥).
A path p included in p may be obtained from the path p by destroying

some individuals in each population of the path in such a way that the set
of mutations occurring at odd times is preserved.

Let g be a path in P(E). Among the paths p such that [p] = ¢, we single
out the paths which are minimal with respect to the above inclusion relation:

DEFINITION 6.7. — The path p in D" is a minimal path realizing the path

q in P(E) if [p] = q and for each 7 in N* and each path § in D", we
have the implication

P)=¢q and pCp = m=m

(whence also Vk € {1---|p|} Vi€ E p*(i) = p*(i)).

The path p in D" is minimal if it is a minimal path realizing the path [p].
This definition has the following interpretation: the path p is minimal

if we can’t destroy a fixed number of individuals in each population of p

and still have a path belonging to D without altering [p] and the set of
mutations occurring in p.
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We have the following upper bound for the population sizes of minimal
paths:

LEMMA 6.8. — Let p be a minimal path realizing the path q in P(E). Then

< < 2,
m(p) < 1511211?2(|q| (card qa—1) (card q21) < (card E)

Proof. -~ Suppose
Vk 1<2k<|q| m(p) > (cardgor—1) (card gay).

For each k, 1 < 2k < |g|, consider the pairs (p}* ™} p*)1<h<m(p): they
belong to the set gax—1 X g2 Whose cardinality is strictly less than m(p);
necessarily at least two pairs are identical. We choose an index h(k) such
that the pair (p,zl’(“k_)l, pfl’(“k)) is present twice. Let p be a path obtained in
the following way:

e for each k, 1 < 2k < |p|, we remove the individuals pfb’(“k_)l and pfl’(“k)
from p?*~1 and p?* to obtain the populations p%*~1 and p2*;

e to build p|,, we remove from the population pj, an individual which
is present twice (such an individual necessarily exists since [pjy] C [pjg-1]
and the individuals of pj,_; are not all distinct).

Finally we have for this path p

peD, m(p)=mp)-1, [p]=q and §Cp,

thus contradicting the minimality of p. O
DEFINITION 6.9. — We define a function  on P(E)™) which associates
with each path ¢ the value

0(q) = min {V(p) — m(p) ([p]) : p minimal path realizing ¢ }.

By the very definition of 2, all paths p satisfy the inequality V'(p) >
m(p) Q([p]) so that the quantity 6(q) is non-negative. More precisely, we
have the following

LemMA 6.10. — For all paths p belonging to D,

Vip) = 6(lp]) +m(p) lp))-

Proof. — Let p be a path of D. Necessarily, there exists a minimal path p
included in p which realizes the path [p]. We may rearrange the individuals
of the populations p',---,plP!l so that  appears as the trajectories of the
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first m() components of the path p, that is p* = (p¥,- -, pfn(f))) for each
k in {1---|p|}. The condition that the set of mutations occurring at odd
times is preserved in the minimal path is essential for this operation to
be possible. Although this reordering might be quite complex, it does not
affect the cost of the path p. Yet

m(p)
Vi)=Y > a(l-8@p) +c(Fr™) - F(piEHh)
h=1 1<2k<|p|

m(p)
Ve)y+ Y, > a(l-8m e+

h=m(p)+1 1<2k<|p|

c(F0™) = 1)
By the very definition of €2, we have for all A in {1---m(p)}

Q) < > a(l -8R p) + e(F*) - ()

1<2k<|p|

(remark that since p belongs to D, the path pp o= e o p',f" is an
admissible path for [p]).

It follows that
V(p) > V(§)+(m(p)-m(3) 2[p)) = V(5)-m(5) [5)+m(p)A[p)).
Now 7 is a minimal path realizing [p], whence V (§) —m(p) Q([5]) > 6([p])
and finally

V(p) 2 6(lpl) + m(p)2([p). O

DEerINITION 6.11. — We define for 7,7 in

0(i,j) = inf {0(q) : ¢ € P*(i,5) }
and

m(i,j) = min {m(p) : p € D, [p] € P*(3, ),
p minimal, V(p) — m(p)Q([p)) = 6(i, 5) }.

(for the definition of P*(i, ), see notation 6.6).

Notice that m(i,j), being the population size of a minimal path, is
smaller than |E|?.
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We are now in position to state our fundamental

THEOREM 6.12. — For all pair (i, j) of points of E, there exists an integer
M such that

Vm2>M V(i) =0(i,7) + mQ(i, 5).

Proof. — Let 4,5 be two points of E. Let m be an integer
greater than m(i,j) and let p be an element of D" satisfying:
[p] € P*(i,5), p is minimal, V(p) — m(p) Q([p]) = 6(i,7) (see nota-
tions 6.2, 6.6, 6.11). Let e] — -+ — erpl be an admissible path for
[p] such that

Qlpl) = > all - blesny,enn) +c(Fpar) — Flesngn))

1<2k<|q|

i.e. this path realizes the minimum defining Q([p]).
Consider the path p in E™ defined by

Vk€{1|p|} ﬁk:( Pk,‘fZ,"weZ )
Em(i,d)  Em-m(ig)

obtained by adding m — m(i,j) copies of the path (e;)i<k<|p to the
path p. We have

V() =V(p) + (m—m(i, ) 3, j)
(p) = m(p) Q[p]) + mQ, )

0(i,75) + mQ(i,j)

vV
vV

whence clearly
Vm > m(i,j)  V(i,j) < 0(i,5) + mQ3i, j).
Conversely, put

0(i,5) — 6(q)
Qq) - 4, 4)

By the very definition of €2, which is a sum of terms of the form a and
c|f(s1) — f(42)|, we have the implication

M(i, ) = sup { Lq € (i), q) # i j) }

g € P(i,), Uq) # Q67) = Qg) 2 Q(4,5) + min (a,cd)

(where 6 = min {|f (i) — f(5)| : 4,5 € E, f(i) # f(5) D

Vol. 32, n® 4-1996.



478 R. CERF

Since in addition 6(g) is non-negative, we see that

M(i, j) < —269)

min (a, cd)

so that M(4,7) is finite (and independent of m: neither P(4,5), nor 6,
nor 2 depend on m).

Let m be an integer such that m > m(i, ) and mn > M(i, j). Let p belong
to D" (i,7). Suppose Q([p]) # (i, 7). Then, by definition of M(%,7),
we have

0(i, 5) + mQ(i, ) < 6([p]) + m Q([p])-

However we know already (by lemma 6.10) that V(p) > 6([p]) +m Q([p])
and (by the first part of the proof) V(¢,5) < 6(i,5) + mQ(7, ), whence
V(p) > V(i,5) and p does not belong to D" (i, j) (see notation 6.2).

Henceforth each path p of D' (i,5) satisfies Q([p]) = (i, ), or
equivalently [p] € P*(i, j). For such a path p, we have also 6([p]) > 6(, )
(by the very definition of 6(i,j), see definition 6.11). Application of
lemma 6.10 yields the desired inequality V(p) > (i, j) + m Q(i, ) from
which we deduce

V(i) 2 00,)+mQ,j). O

Remark 1. — This theorem may be interpreted in the following way: for
m > M, each new individual added to the population follows the ideal
path e} — - — e}, which realizes the minimal cost (z, j). However, it
is necessary to have at least m(4, j) individuals for such a path to become
possible i.e. the first m(i, j) individuals are used to build the path p having
an admissible path realizing the minimal cost (i, j).

Remark 2. — Another way to understand this result is the following: to
travel between the uniform populations (z) and (j), some events of positive
cost must necessarily take place i.e. specific sequences of mutations and
selections of individuals below peak fitness (these events are called anti-
selections). We distinguish informally two kinds of such events:

e the local events which affect only a limited number of individuals,

e the collective events which affect almost all the individuals.

As the reader would have guessed, 6(i,j) corresponds to the cost of the
local events whereas €2(4, j) corresponds to the cost of the collective events.

Remark 3. — We have no useful practical information about the values
m(i,7) and M (7, j): they depend strongly on the structure of the fitness
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landscape (E, f, ). Although they may be very large in theory, it is likely
that in most cases they will be “reasonably” small: for instance if (¢) and
(7) are very close (i.e. the points ¢ and j may be joined through the kernel
o with a short path) or if (¢,7) is null.

Remark 4. — We have also V (4,j) > mQ(4,j) for each m in N. This
inequality is an improvement of lemma 12.1 of [3] which was the key to
prove the existence of the critical population size m*. In particular, it could
be used to obtain better bounds on m*. However, in this paper, we deal
only with large values of m.

Remark 5. — Of course, the coefficients 2(z, j) and 6(¢, j) are of crucial
interest. We will derive numerous properties of these coefficients in the
sequel.

We know that for m sufficiently large, the cost function V (3, j) is affine.
All the important quantities concerning our algorithm are defined through
V' as the minimum or the maximum of a set of finite sums involving V. The
following elementary result shows immediately that this procedure yields
also functions which become affine when m is large.

LEMMA 6.13. — Let (y;):ic1 be a finite family of affine functions. Put
y(t) = max{y;(t):i€l} fortinR.
Then for t sufficiently large, y is affine and coincides with one of the
Sfunctions y; i.e.
dJTreR Fel Vi>T  y(t) = y(t).
COROLLARY 6.14. — The virtual energy restricted to U is an affine function
of m for m sufficiently large:

Vie B AM(i) ¥m > M(i) W) = 0() + mQ()

where
@) =inf{ > Qi) :geGul)}
(J1—32)€9
and
0@ =inf{ 3 OGii):geGuli), D Qi) =0) }.
(J1—J2)€g (J1—j2)€g

COROLLARY 6.15. — The communication altitude restricted to U is an affine
function of m for m sufficiently large:

Vi,j € E 3p(i,j) I(i,j) IM
Ym>M  A(i,) = p(i,5) + mi(i, ).
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7. THE LIMITING DECOMPOSITION IN CYCLES

When the random perturbations are small, the dynamics of the process
is well described by the decomposition of the space into cycles (this
notion was originally introduced by Freidlin and Wentzell). Let us try
to give a brief survey of these objects. Suppose the process starts from
the uniform population (e;). It leaves (e;) after a finite amount of
time. Among all the exit trajectories, there exists one trajectory which
is the most probable one, which leads to another uniform population, for
instance (ez). Again, from (e), the process goes to (e3). The set U of
uniform populations being finite, the process one day visits a uniform
population twice. For instance, from (es), it returns to (e;). We obtain
then a cycle, (e1) — (e2) — (e3) — (e1), and the process “cycles” over
it a very long time. Put now these three populations in a box. Again,
the perturbations will force the process to leave this box, and once more,
there exists a canonical path of exit which leads the process to another
uniform population, or more generally, to another cycle. Since there is a
finite number of such cycles, the process visits in the end a cycle twice: we
obtain then a “cycle of cycles” into which the process remains trapped for
a very very long time. Going on this way, it is possible to build a whole
hierarchy of cycles which exhausts the set of uniform populations and
yields a very accurate picture of the asymptotic dynamics of the process.

The good tool to perform this hierarchical decomposition of the space E™
into cycles is the communication altitude. For the construction of cycles and
the various related quantities, we refer the reader to ([9], [10]). Nevertheless,
our notion of cycles differs slightly from Catoni and Trouvé’s one. Whereas
they consider as a cycle any set from which the process can’t escape but
without having forgotten its entrance point (when the perturbations are
small), we merely consider the cycles as the most attractive and stable sets
we can build for the perturbed process. We thus eliminate some cycles
appearing in Trouvé’s work: not all singletons are cycles (only those which
are local minima of the virtual energy) and our cycles are all strict in the
sense of Trouvé [9, Definition 3.20]. As a consequence, the unperturbed
process will never leave a cycle. We believe that this point of view is closer
to the initial notion introduced by Freidlin and Wentzell.

DeFINITION 7.1. — Let A € R. On the set
Wy={zeE™ :W(z)<\}
we define an equivalence relation R, by
Yy, z € Wi, YyRrz <<= Ay,z) <\
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ProPOSITION 7.2 (Trouvé [9, Proposition 3.21]). — The set of cycles in E™
associated with the cost function Vi and the kernel q; is

C(E™) = |J Wi/Ra

AERT

where W / R is the quotient set of the equivalence classes of W for
the relation R.

Unfortunately, the set of cycles C(E™) increases dramatically with m.
Since we are mostly interested in the way the mutation-selection algorithm
visits the set U of uniform populations (which are the attractors of
the unperturbed process: the bottom of the cycles contain only uniform
populations), we will study the projection of the cycles on U.

We define a projection Ty from the set P(E™) onto P(E) (or
equivalently P(U), since we may identify U and E) by

VFeP(E™) Ty(F)={i€E:(i)eF}
and we put
Cy(E™)={Ty(r): m € C(E™)}.
Since the set U of the uniform populations verify
Vre E™ JyelU V(z,y)=0

we are in position to apply theorem 5.8: the communication altitude and
the virtual energy on the set U may be evaluated by considering only
paths in U, with either the cost function Vi; or V. As a consequence, we
have the following

THEOREM 7.3. — The set of cycles in U associated with the cost function
VU ie.

cU)y= | WanU/Ry

AERT

coincides with the set Cy(E™), which is the projection of the cycles in
E™ on U.

Notice that the cardinality of the set U is equal to | E| and does not depend
on m. The hierarchy of cycles over U is thus built by taking equivalence
classes of comparison relations on U induced by the communication altitude
which is an affine function of m (by corollary 6.15). Yet, the relative order
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of a finite family of affine functions does not change any more when the
variable is sufficiently large.

COROLLARY 7.4. — There exists an integer M such that for all i1, j1, i2, J2
in E, we have

either VYm > M Alir, j1) = Alia, j2)

or Ym>M  A(ii, 1) < A(i2, j2)

or Ym > M A(ir, 71) > Alia, j2).
Let M™ be the smallest integer such that the limit behavior described by
the preceding results is achieved for m > M™*; that is V, W, A are affine

functions of m and the relative positions of these affine functions does not
change any more on [M*, co[. The preceding results yield the

THEOREM 7.5 (stabilization of the cycles of U). — When m is greater than
M*, the set C(U) of cycles in U does not depend any more on m.

Proof. — Let A = {A(i,j) 1€k, g€ E} The cardinality of A is
less than |E|%.
Put A = {a;,---,as} where s is a function of m and 0 < a; < ay <
< gy < Q.
Let N : E x E — N be the function defined by

Vl,j € E aN(i,j) = A(Z,])
Consider the equivalence relation 7, defined on the set
{i€e E:N(i,i) <k}

byi Ty j < A(i,j) <ar < N(i,j) < k. We have

cU) = J {i:W@ <A}/ R

A€eA

U {i: W) <ar}/Ra,
= J {i:NGi) <k} /T

so that in fact C(U) depends only on the functions N(i,j), the integer s
and the equivalence relations (7;): corollary 7.4 shows that these objects
do not vary when m > M*. O
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To analyze the hierarchy of cycles, we need some information about the
communication altitude, and first about the coefficients (2, 5), Q(z), ¥ (%, 7).
This is the purpose of the next two lemmas.

LEMMA 7.6. — Let i, j be two points of E. The coefficient (i, j) vanishes if
and only if there exists a path e, — - -+ — e, in F joining i and j such that

Vke{l---r =1} a(er,extr) >0 and  f(ex) < f(4)-

Proof. — Let q be an element of P(i,j) (see notation 6.4) such that
(q) = 0 and let (e})1<k<|q be a path of A(q) such that

Z a(l—06(es_y,e5)) + C(A(q2k) — f(e3441)) = 0.

1<2k<|q|

Necessarily

Vk 1< 2k <|q] €3k—1 = € f(qmc) = f(e;k+1)7

whence Flaar) < F(gor+1). Moreover, since [gag11] C [gox], we have
also f(gzk+1) < flgar)- It follows that f(gax) = f(g2k+1), 1 < 2k < g
and the individual e}, ., belongs to gax11 (also €] € g1). Since for each
k,1 < 2k < |q|, €5, = €3, we have f(qor—1) < f(gox) and the
sequence (J/‘\(qk))1 <k<a] is increasing. In particular

VEe{l---gl}  flar) < f().

Now, there exists a path e; — --- — e|q in E which is admissible for
q and such that

Vk 1<2k<|q| €2k = €2k41

(this path is the path which leads to the creation of the individual j).
This path necessarily satisfies

VeEe{l---lql}  flex) < f(H)-

We suppress the elements e;, of this path such that e, = ej;_; to obtain a
path with the desired properties.

The reverse implication is easy: we build a path p which contains an
individual following the path e; — --- — e, given by the hypothesis of
the lemma and we just let the remaining individuals evolve “naturally” i.e.
there are no mutation and no selection of individuals below peak fitness
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apart from those of the path e; — --- — e, (this is explicitly done in the
proof of lemma 9.1 below). O

The next lemma will be used in the proofs of corollary 7.8 and
proposition 8.2.

Lemma 7.7. - Vi€ f* Vj€E  QG) =0 and Q) = Q7).

Proof. — Let i belong to f*. For each j; in E'\ f*, we choose a point j,
such that f(j1) < f(j2) and there exists a path e, — .-+ — ¢, in F
joining j; and j, satisfying

Vke{l---r—1} aler,ext1) >0, fler) < f(Ja2)-

Let g be the i-graph built with all these arrows j; — jo and the
arrows j — 4, j € f*\ {i}. Lemma 7.6 shows that

Y Qi ga) =0
(J1—3j2)€9

whence (i) = 0 and the first part of the lemma is proved.

Let j belong to E. Since Q(i) + Q(7,5) > Q(j), we have Q(j5) < Q(¢, 7).
To prove the reverse inequality, first notice that ) satisfies the triangular
inequality

le,jQ,EEE Q(jlaj?) SQ(j1,€)+Q(6,j2)

(to prove this inequality, we just put end to end paths joining (j;) to (e)
and paths joining (e) to (j2) to obtain paths joining (j;) to (j2) and then
take the infimum defining (2).

Yet each j-graph contains a path e; — -+ — e, joining ¢ to j whence

j) 2 Der, e2) + -+ + Qer, e0) 2 O3, j)
and finally Q(j) = Q(¢,7). O
COROLLARY 7.8. — The rate of increase of the communication altitude is

Vi,j € E (i,j) = lim A—(:nﬁ—)- = max (Q(z),Q(]))

m—00

Proof. — We already know that A(i, j) is affine for m sufficiently large
(by corollary 6.15). It remains only to prove that

lim A, ) = max (Q(i), Q(j)).

m-—00 m
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Since A(i,j) > max (W (i), W(j)), we have

lim i(:n’—]) > max( lim W(Z), lim KV—(]—)) = max (Q(z),Q(g))

m—oo m—oo M m—oo M
Now pick a point ¢* in f* and consider the path i — ¢* — j. Lemma 7.7
yields
Ali i
lim L;nﬂ < max (92(i), 2(5))

and the result of the corollary is proved. [J

We focus on the limiting decomposition. From now onwards, the
population size m is assumed to be greater than M™.

THEOREM 7.9 (structure of the cycles). — Let m be a cycle of C(U).
Suppose = is not included in W*. Then either () is constant on m or the set

{i:00)< glg}ﬂ(j)}

(which contains f*) is included in the cycle .

Proof. — Let w be a cycle of C(U) not included in W*. There exists a
real number A(m) such that 7 is an equivalence class of Wy, NU for
the relation R () (for all m > M™). Suppose €2 is not constant on , so
that there exist j and e in 7 such that

0(j) = max ), AAe) < ).
Since A(e,j) < A(m), necessarily
mmax (Q(e), (j)) = mQj) < A(m).
Let ¢ be a point of E such that Q(¢) < Q(j). We have, as m — oo,

i‘% — max (Q(i), 2(e)) < Q(j)

so that for m sufficiently large A(%,e) < mQ(j) < A(m) and 4 belongs
to the cycle w. O

Finally, we prove a general fact concerning the “bad” cycles.

THEOREM 7.10 (cycles disjoint from W™*). — The function f is constant
over the cycles of C(U) not intersecting W*.
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Remark. — The cycles not intersecting W* are the “bad” cycles which
slow down the convergence of the process toward W* (the critical height H;
is the maximal height of exit of these cycles ([9], [10], [11])). The above
result shows that these cycles are in a way “transverse” to the *“good”
cycles which intersect W*.

Proof. — Let 7 belong to C(U) be such that 7 N W* = (. Let i, j be two
points of 7 and let e; — --- — ¢, be a path in E joining ¢ and j such that

(4) A(i,g) = ax Wiex) + V(ek,ert1)-

Once more, for m > M*, the quantities involved in the above formula
are affine functions of m so that the path e; — --- — e, actually realizes
the value A(é,j) for all values of m in [M* oo[ (the minimizing path
should a priori depends on m). Necessarily, all the points of this path are
in the cycle 7, so that by theorem 7.9,

Qi) = Q) = Qex) = -+ = Qey).
Identity (4) implies also

max (2(i), 2(j)) = nax. Qex) + Qex, ext1)

whence
Vke{l---r—1} Qek, ex+1) =0
and by lemma 7.6

Vke{lr—1}  fler) < flewr).

Finally, we have f(i) < f(j) and by symmetry it follows that f(¢) = f(j).
Thus f is constant over the cycle 7. U

Translating this result on £™ with the projection Ty, we obtain

CoroLLARY 7.11. — The function f is constant over the cycles of C(E™)
not intersecting W*.

Remark. — When the process starts from a uniform population (), it
explores very intensively the neighbourhood of ¢ until a point j of greater
fitness is found. The cost to find such a point j corresponds to the mutations
and anti-selections necessary to lead an individual from ¢ to j while the
remainder of the population waits in ¢. Then the process moves to the
uniform population (j) and the mechanism starts again from scratch at j,
until a global maxima of f is finally reached. With high probability, the
process will thus visit f* before coming back to (¢). Therefore, as soon as
a cycle contains two populations with distinct maximal fitness, it contains
also points of f*. :
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8. INFLUENCE OF THE MUTATION COST
We consider first the case where the mutation cost (more precisely the

ratio a/c) is very high compared to the variations of the fitness function f.

ProposiTioN 8.1 (upper bound of 2 with selection). — Define

w(i,j) = inf { max flex) = f(j):er =i, e =,
VeEe{l---r—1} aler,ext1) > 0},
We have
Qi,5) < cw(t,])
and
a > cw(i,j) = Q®,5) = cw(i,j).

Remark. — Notice here something very queer: the quantity w(i,j) plays
also an essential role in the theory of the sequential simulated annealing,
although this algorithm is always studied as a minimization procedure.

Proof. — Let ey =4 — es — -+ — e, = j be a path in E such that
a(ek,exy1) > 0 for all kin {1---r — 1}. Put ¢; = {e1},

Qok = Qok+1 = {e€1, -, €k, €41} forkin {1...r —2}

and g2r—2 = {e1, -+, e}, qar—1 = {j}.

Clearly, the path ¢ : ¢ — -+ — g¢o,.—1 belongs to P(i,j) (see
notation 6.4).

Let (e})1<k<2r—1 be a path in E such that e} = ey, €3 = e},

* ~ * * .
€551 € Qok—1, €5, = €511 for kin {2---r — 1},

and e3,_; = j. For this path, which belongs to .A(q) (see definition 6.5)
and which involves no mutations, we have

Z a(l—06(es_q,€5)) +c (f(fhk) - f(e341))

1<2k<]q|

= > c(fla) = flesng)) = ¢ (Flazr—2) — £(5))
1<2k<|q|

= c(max flex) = £(5)

from which we deduce Q(7,j5) < cw(i,y).
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Suppose now a > cw(i,j). Let the pair (g, (e})i<k<|q) realize the
minimum in Q(i,5) (where g belongs to [D] (see notation 6.4) and
(€% )1<k<|q is an admissible path for g).

Since €2(4,j) < a, necessarily

Vk, 1<2k<l|ql, €2k = €21

and

Qi) =c Y. (Flaw) = f(€hrsr))-

1<2k<|q|
Since the path e* realizes the minimum of the above quantity among all
the paths admissible for ¢, we have in addition

Vk, 1<2k<]q, eart1 € P2kl

so that

i, j)=c Z (f((hk) - J/t\(‘hk+1))-

1<2k<|q|

Yet e3,_; = e3, whence f(QZk) > f(fhk—l) and f((hk) - J?(Q2k+1) 2

(f(q%_l) - f(q2k+1))+ (if s is a real number, s denotes the
maximum max(s,0)). R R

Let 7 be an index such that f(go,—1) = maxi<or—1<q| f(q2k-1)-
We have (even if 2r — 1 = |g|)

Q(i,j) > ¢ Z (A(QZk~1)—f(q2k+1))+ 2 C(A((hr—l)‘f(j))

2r—1<2k<|q|

whence

(5) Q,5) > ¢ max flgae1) = £(3))-

1<2k—1<]q|
Necessarily, there exists a path é admissible for g such that
Vi, 1<2k<]ql, €2k = €okt1

(this path corresponds for instance to the creation of the individual j).
Clearly

(6) max f(&) - f(j) 2 w(i,J)

1<k<]q|
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(just delete all the elements €, of the path (€r)1<k<|q Such that €r = €r_1
to obtain a path admissible for evaluating w(i, j)). However

&) = a Cop—1) < max F(gon—
B /(&) jmax, F(Ganm) < P EAC )

which, together with inequalities (5) and (6), imply Q(i,5) > cw(i,7). O '

ProposITION 8.2. — Suppose a > c(f(f*) — f(@)), where i is a point of
E. Then

Q@) = e(f(f*) = (1)
In particular, if a > cA, then (we recall that A = max {|f(i) — f(j)| :
i,j € E})
Vie B Q)= c(f(f) - f(3)

Remark. — When the cost of the mutations is much higher than the cost
of the anti-selections, the coefficient  is obtained by applying an affine
transformation on the fitness function f.

Proof. — Let i belong to E and e to f*. We have w(e, i) = (f(f*)—f(i))
and the inequality a > c(f(f*) — f(é)) implies by proposition 8.1 that
Qe,i) = c(f(f*) - f(i)). Finally, it follows from lemma 7.7 that
Q@) = c(f(f*) - f(3)). O

COROLLARY 8.3. — Let 7 be a cycle of C(U) included in the set
{106 - 1)< 2l
Either f is constant on m or ™ contains the set
{ii:min £(j) < f() }

(whence f* is included in ). In particular, if a > cA\, then the function f
is constant on all the cycles not containing f*. The other cycles verify

{zrjn€17rr1f(])<f(z)} C .

Proof. — This corollary is an easy consequence of theorem 7.9 and
proposition 8.2. [
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CoroLLARY 8.4 (cycles of E™). — Suppose a > cA. Let © belong
to C(E™). Either [ is constant on T or the set

{@eU: f(i)>minf(5)}

is included in w (whence f* C ).

Proof. — It is enough to remark that
VreC(E™) Voen Viez  V(z,(i))=0 and (i)enm

and to translate the preceding corollary on E™ with the projection Ty;. [
We consider now the case where the mutation cost (more precisely the
ratio a/c) is very low compared to the variations of the fitness function f.

ProposITION 8.5 (upper bound of 2 with mutation). — Define
w(t,j) = inf {card{k 1<k ey # €2k}}

where the infimum is taken over the set of paths e; — -+ — eg,1 in E
Joining i and j (the length 2r + 1 is also variable) and satisfying
o Vke{l---r}  either ey = egp_1,

or alex-1,ea) >0, fleg—1) > Zk_lglg%c2r+1f(eh);

o for each k in {1-- r} flear41) > f(eax) and there exists a path

gt - = gk ‘ of length nf in E joining i and ey, (ie.
Jr =, j P = = egk+1) and k — 1 integers nk - -,n,’z_l such that
(nk =)1 < n¥ < ... <nk_ < nkand

Vhe {0 k—1} Vee(nb-nky—1} 105 < femm)
Finally, for each h in {1---nj — 1}, a(jf,j8.,) > 0.

We have
i, j) < aw(i,])
and

6 > aw(i,j) = Q,j) = aw(i,]).

Remark. — To obtain an upper bound for €(i,j) we will build a
path in E™ joining the populations (¢) and (j), containing only (i, 5)
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collective events, which are mutations. The path e; — -+ — eg.4; is
the collective path followed by almost all individuals. The indexes k such
that esr—1 # egr correspond to the collective mutations (that is almost
all individuals mutate from eg;—; to egx): such an event is justified if
and only if f(eax—1) > maxok_1<n<2r+1 f(en). Since our path should not
contain collective anti-selections events we impose also f(eax+1) > f(eak).
Finally, the path j* corresponds to the sequence of mutations leading to the
appearance of egr1: this creation should not interfere with the collective
behavior of the other individuals (i.e. it should involve only local events)
and the condition required on j* (i.e. the existence of the subdivision n*
and the linked inequalities f(j¥) < f(eant1)) exactly tells that ey, may
be created from 7 by a path of individuals whose fitness is always less than
the maximal fitness of the current population. With the elements in hand,
the only delicate problem to build the path is to stay the right amount of
time in each state eg,; before leaving in order to let enough time to the
path j* to be completed without disturbing the collective evolution of the
population. This is the object of the (quite intricate) construction done in
the first part of the proof. Finally, this result, which describes the situation
dual to proposition 8.1, will not be used in the sequel, and the following
(painful) proof may well be skipped. Its main interest is to give some
insight into the structure of the trajectories of the populations.

Proof. — Let e =4 — .-+ — eg,41 = j be a path in F verifying
the conditions imposed on the paths used for defining w and let
(jk)15k§r and (n’ﬁ)15h§k5r be the associated paths and subdivisions.
Put ng = 1, ny = max; <<, n¥, define by induction for A in {2---r — 1}

k k
Np =Np—1 + Max Ny — Ny _
hohay T h—1

and finally n, = n,_;+n] —n]_,. We define now a path p of length 2n, —1
in E"*1. First, we let p* = (¢). For h and s such that 0 < s < h < 7, we put

gy 1<t <nl, —nh
pRnett=D) _ j:?“_l ifnl,, —nh <t<ng,—n,
jr}:QH if t =ngy1 — ng
and
Pt =p2t  3<2+1<2n, - 1.
For h and s such that 1 < h < s < 7, we put pins“_Z = egs42 and

Ph=eai1 2n,—1<1t< 20,4 —2.
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For the (r + 1)-th individual, for each s in {0---r—1},

¢ _ ) e2st1 if 2n, — 1 <t< 27Ls+1 -2
Pre1= exsy2 ift=2n,4 —2

Finally, for each h in {1--.r +1}, Pinr_l = ez,4+1 = j. We then consider
the path (e})ick<an,—1 followed by the last individual: ef = pk,,,
1 <k < 2n, —1. We have

Z a (1 —6(€e5_q, e;;c)) +c (f(mk) - f(6§k+1))

1<2k<|p|
r—1 r—1

= E E s = E a (1 - 8(easy, €242))
s=0 2ns—lS2k’<2n5+1—1 s=0

from which we deduce the inequality Q(i,j) < aw(,j).

Suppose now c¢6 > aw(i,j). Let (q,(e})1<k<|q) be a pair realizing the
minimum in (%, ) (where g belongs to [D(3,7)] and e* is a path in E
admissible for ¢). Thus

~

Q,5) = Y a(l = 8(esi-rsenn)) + c(Flar) = Fledeyn))

1<2k<|q|

and since ¢ > aw(i,j) > Q(i,j), necessarily for each k, 1 < 2k < |q|,
we have e3, ., € ga (whence in particular f(e},,,) > f(e},)) and
f(Q2k+1) = f(‘hk)-

Let us show that the path (e})i1<k<|q satisfies the conditions imposed on
the paths defining the infimum in (¢, 7). Let k£ be an integer such that
1 < 2k < |q|. Suppose e}, # e3,_;. Then a(el, ,,e5.) > 0. Suppose
by absurd there exists an index h, 2k — 1 < 2h + 1 < |g|, such that
fles,_1) < f(e3,4,). We define now a new pair (g, é*); we put

- fa if1 <t<?2k or 2h <t < |q|
= qufen_,} if2k<t<2h

and we choose a sequence (€*) such that

e =el 1<t<2k or 2h <t < |q|
Eep1 € Qaryy 2k <2 +1< 2R
&, =&, 2k<2t<2h
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The pair (g,é*) satisfies the conditions related to the definition of the
infimum in Q(¢,7) and

ST a(l— 61, €5)) + c(F(Gax) — F(Eis1))
1<2k<|q|

<—a + Y a(l =63y en)) + o flam) = Febryn))

1<2k<|q|

which contradicts the fact that (g, e*) realizes the value (i, j).
Thus

flehon) <, max  f(ei).

The remaining condition, ie. the existence of the paths (j*) and the
subdivisions (n}), is a consequence of the following facts:
e the path ¢ belongs to [D]
e for each k, 1 < 2k < |g|, the individual e3, , belongs to gay.
To find the path j*, we just look at the sequence of mutations which
leads to the creation of the individual e, ,; in the sequence of populations
g! — .-+ — ¢%*. Since e* satisfies the conditions imposed on the paths
defining the infimum in w(i,j), we obtain Q(i,j) > aw(i,j) whence
finally Q(¢,5) = aw(i,j). O

The remarkable fact is that for a > cA, the structure of the cycles is
essentially determined by the level sets of the function f (the kernel o just
plays a role within the level sets). We have the opposite phenomenon when
Ra < ¢é (where R is the minimal number of transitions necessary to join
two arbitrary points of E through the kernel «, see section 4). The structure
of the cycles is then essentially determined by the kernel « and the fitness
landscape (E, f, ). However, since there is no easy way of describing this
dynamics (2(,7) is then equal to aw(%,j)), we do not state the results
dual to corollaries 8.3 and 8.4.

Example. — Consider the fitness landscape of figure 1.

There are essentially two candidates for the ideal path between the
points 4 and j; either the whole population stays in ¢ while an explorer goes
alone to reach j and then a massive anti-selection brings everybody in j
(anti-selection cost of cI') or the whole population goes successively to e;
(null cost), to e, (anti-selection cost of c¢y), to e3 (mutation cost a) and
finally to j (null cost). Notice that the structure of the second path is much
more intricate than the first one. It requires that two explorers leave ¢: one
will go to 7 while the other will successively go to e; and ep. The moves
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—-» ideal path 1: cost cI"
--+ ideal path 2: cost a+cy

Fig. 1. — A monodimensional fitness landscape.

of the explorers and of the population should be carefully synchronized,
so as to minimize the global cost. The best path depends upon the value
of the mutation cost (if @ > ¢(I' — ) the path 1 is less expensive). When
the mutation cost is low, the way the algorithms wanders in the fitness

landscape depends strongly upon the mutation kernel a.

9. THE LIMITING DISTRIBUTION

The aim of this section is to study precisely the limiting distribution
when [ is infinite and the mutation kernel « is symmetric. We first give
several results necessary to establish the main theorem 9.7. We start by

studying the coefficient 6(i, 7).
LemMa 9.1. — Suppose Q(i,j) = 0. Then

6(i,j) = inf { a(r—1) + ¢ Z (1n51la,s>§c fler) — f(ek)) }

- — e, in E (of variable

where the infimum is taken over the paths e; —
length 1) verifying e; = i, e, = j and for each k in {1---r — 1},

ex # ext1, lex,ent1) >0, fler) < f(5).
Remark. — The infimum does not change if we suppress the condition

er # epy1: the infimum is attained with a path satisfying this additional

condition.
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Proof. — Let e; — -+ — e, be a path in E joining ¢ and j satisfying the
above conditions. Let (e})1<k<r be a sequence such that

Vke{l--or—1}  epefer--er} and flep) = max fle)

and let p be the element of 52(2', J) (see notation 6.2) defined by

pHl = {ex,ex}s p?* = {ex,ext+1} forkin {1---7 -1}

and p*"~! = {e,, e, }. We have Q([p]) = 0 so that

() 06.5) < V) = alr=1) + e Y (max fe) - f(e).
k=1

Conversely, let ¢ belong to P*(i,j): thus ©(q) = 0 and the sequence
(f(qk)) 1 < k < |q|, is increasing (see the proof of lemma 7.6). Let p be
an element of D(i,j) (see notation 6.4) such that [p] = q. Necessarily,
there exists a path (ex),1 < k < |p| in A([p]) (see definition 6.5) such that
€2k = €2k+1 and (er_l,ezk) S {(pik_l,pik) 01 < h S m(p)} for each
k,1 < 2k < |p|. Yet

Vip) > Y. a(l—68(ear-1,en)) +c (Flpak) = flearsr))-

1<2k<|p|

is increasing, we have f(ka) >

Since the sequence (A(qk))1<k<|ql B

<1231 f(er) so that

V(p) > Z a(1—6(ezn—1,e2x)) +c( max fle) — f(e2rt1))-

1<I<2k+1
1<2k<|p|

Let & — --- — &, be the path obtained by deleting from the path
ey — -+ — ejp all the individuals e, such that e = ex—1. We have

which together with inequality (7) yields the desired result. [
COROLLARY 9.2. — Suppose the kernel o is symmetric i.e.
Vi,jeE  ai,j) = a(j,i)

and let i, j be two points of E such that f(i) = f(j) and Q(i,j) = 0.
Then Q(j,i1) = 0 and 6(i,7) = 0(j4,1).
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Proof. — In this situation, the symmetry of a together with lemma 7.6
yield Q(j,7) = 0.
In addition, the quantity

0(7"]) = inf{a(r - 1) + CZ (f(’t) - f(ek)) e = ’i, €r :ja
k=1
VhE{Lir =1} ex # e, alesexn) > 0, fler) < 1) }

becomes symmetric with respect to ¢ and j. Thus 0(i,5) = 6(4,7). O
We now state a general lemma about graphs.

LEMMA 9.3. — Let i belong to E and let g be a graph on E such that for
each j in E\ {i} there exists apath j = e; — e3 — -+ — e, =i ing
leading from j to i. Then there exists an i-graph g which is contained in g i.e.

Vinji2€E  (i—jp)€g = (ri—j)Eyg

Proof. — We build the graph g by removing arrows from g. First, we
suppress all arrows starting at ¢. We then consider successively each point
of E'\ {i}. Let j be such a point. By hypothesis, there exists at least a path
j=¢e — e — -+ — e, =1 in g leading from j to ¢. We remove all
arrows starting at j distinct from (e; — e3). We continue this procedure
until each point of E \ {4} is the starting point of exactly one arrow. [J

We now prove two lemmas which describe very accurately the paths

joining the points of f* in minimal graphs (these are the paths which will
appear in the formula expressing the limiting distribution).

NortarioN 9.4. — For a point i of E/, we denote by G7;(7) the elements of the
set Gy (4) (i.e. the i-graphs over E) whose V-cost is minimal. Equivalently,
an element g of Gy (%) belongs to G7;(4) if and only if V(g) = W (i) (see
definition 5.3).

Remark. — Let g belong to Gj;(i). We have clearly Viy(g) = V(g) =
Wy (i) = W (i) and for all arrows (j; — j2) of g, Vi (j1,J2) = V (1, J2)-

LEMMA 9.5. — Let i belong to f* and g to Gy;(i). Suppose the
arrow (j1 — jo) belong to g, where j, and j, are elements of f*. Then any
path e; = j1 — --+ — e, = ja in E realizing the value

0inz) = it {a(r=1) + ¢ 3 (FU) = flen)) o1 = v, = o

k=1
VkE{l'--’r‘—l} ek7éek+1, a(ek,ek+1)>0}
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is such that
Vke{2---r—1} e &f".
Proof. — Let i and g be as in the hypothesis and suppose the result is
false: there exists an arrow (j; — j») in g, where ji, j» belong to f*, and

a path e, — -+ — e, in E joining j; and j; such that

Vke {l---r—1} ex # exy1, aler ery1) >0,
Jhe{2---r—1} e € f*

and -
B(j1,52) = a(r—1) + ¢y (f(f*) = flex)).
k=1
We have then
h
6(s,en) = alh—1) + 3 (F() = flew)),
k=1

6(enj2) = alr—h) + ¢y (f(f7) = flew):
k=h

We build from g a graph ¢ in the following way:
e if e, = i, we replace the arrow (j; — j2) by (j1 — %);
o if e, # i, we replace the arrow (j; — j2) by the arrows j; — ep — J2
and we remove the arrow starting at ep.
Since V(ep,j) is strictly positive for any j distinct from ey, we obtain
in both cases a graph § such that V() < V(g) and for each point j
in E \ {i}, there exists a path e = j — --- — e, = ¢ in g leading
from j to 7. Lemma 9.3 shows that § contains an ¢-graph g:] and necessarily
V(§) < V(g), which is absurd since g belongs to G§;(i). O

LEMMA 9.6. — Let i belong to f* and g to G¥;(i) (see notation 9.4). Suppose
the arrow (j1 — jo) belong to g, where j, and j, are elements of f*.
A path p in E™ belongs to D™*(j1, j2) (see definition 5.2) if and only if:
there exists a path ey = j; — -+ — e, = jo in E realizing the
value 0(j1,72) verifying

Vke{l---r—1} er # ery1, aleg, epqr1) >0
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and two integers 0 < t; < ty < |p| such that

P’ = () 1<s<t +1
PPU1)=m—1,p(esmy,) =1 t,+2<s<t +r—1
[p*] = {41, 72} t1+7 <5<t
p* = (j2) ta+1<s<|p|

Proof. — Any path p satisfying the above conditions belongs

to D™(j1,j2), has a cost 8(j1,72) and thus belongs to D™*(jy,j5) (see
definition 5.2).

Conversely, let p be an element of D™* (J1,72). Put
ti=min{s:p*# (1)} ~2,  ty=max{s:p° # (ju) }.
Necessarily, there exists a pathe; =j; —» .- s e, =j,in E satisfying
Vee{l--.r—1} €k = €k+1 O ofeg,epqy) > 0,

VE€{2--r—1} ey € [pr,1al)-

To obtain this path, we just look at the sequence of mutations which leads
to the creation of j; in the path p. We suppress the elements ey of this
path such that e;, = e;_; to obtain a patheé; =j; - - - ¢ =j,in E
satisfying the additional condition ¢&; # €kt1-

Thus the cost of the path p satisfies

(8) ) .

V(p) 2 a(f=1)+e)  (F(£)=flew)) > ali-1)+¢ 3 (F(F) - f(er))

k=1 k=1
(necessarily, Q([p]) = Q(j1,j2) = 050 that Vk € {2- ~r—1} f(ptl+k) =
f(f*), see for instance the proof of lemma 7.6). However, the cost of pis
precisely 6(j1, j2): thus the path é; — - -- — &, realizes the value 0(j1, j2)-
The preceding lemma 9.5 implies that &, & f* for k in {2---7—1}, so that
ex & f* for k in {2--.7 — 1}. It follows from inequalities (8) that r = 7
and the paths e and € coincide (whence in particular e, # ey, for k
in {1---7 —1}). Furthermore the only events of positive cost in the path p
are those concerning this individual path: that is there are no mutations
nor selection of bad individuals apart from the individual which follows
the path ey — ... — e,. Thus

Vs t1+2<s<t;+r-1 P°(J1)=m—1,p°(es_y,) =1
Vs t1+r<s<t [p°] = {71, 42}
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and the path p satisfies the required conditions. []

We always suppose that m is greater than M™. We are now in position
to prove the

THeOREM 9.7 (limiting distribution). — We have W* C f*. Suppose that
the kernel o is symmetric. Then W* = f* and the limit distribution v is
the uniform distribution on f*:

1
Vo€ E™ Vi€ fr v®(i) = lim  lim P(X.L=(i)/X}=1) = T

Proof. — The inclusion W* C f* is given by theorem 4.4 (which was
proved in [3]). Suppose that the kernel « is symmetric. i.e. Let 7 and j be
two points of f*. Let g be a graph belonging to G§;(j) : V(g) = W(j).
There exists a unique path e; =i — ez — --- — e, = j in g leading from
¢ to j. Since Q(j) = 0, necessarily

Vke{l---r—1} Qer,ert1) =0 = fler) < flextr)-
Since 7 is in f*, we have in fact
Vke{l---r} ex € f*.

Let ®,;(g) be the i-graph obtained from g by reversing the arrows of
this path in the following way: e, = 7 — €, — -+ — €1 = . By
corollary 9.2, V' is symmetric on f*, so that V(g) = V(®;;(g)). It follows
that W (i) < W(3j) and by symmetry we conclude that W (i) = W(j) i.e.
the virtual energy is constant on f* and W* = f*. Thus ®;; is a one-to-one
map between G7;(j) and G7;(i). Moreover, ®;;0®;; = Idg: (;). In addition,
the operator ®;; reverses only arrows between points of f*. Put

lpl—1

g, )= >, [l a1lerspesr)

peED™*(i,j) k=1
(for the definition of q;, see section 3). It turns out that the limiting

distribution is a rational fraction of the numbers ¢(z, 7).

LEMMA 9.8. — The limiting distribution v*>° of the Markov chain X, is
concentrated on the uniform populations corresponding to the points of W*
and for i in W* we have
B 2 gear, (i) LGy —iayeq 4515 2)

Ejef* ZgGGI,(J') H(J’x—v'z)ey q(j1, J2)

v(4)
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Proof. — Let ' be the stationary measure of the Markov chain X! ie.

Vr e E™ plz) = lim P(X) =z/X}=y).

n—oo

Let (VX)) be the Markov chain of successive visits of (X} ) to the set U
(YX! is the chain induced by X', on U). By identifying the sets U and E we
may consider that the chain (VX!) takes its values in E. Let 7! be the first
entrance time of the chain (X!) into U ie. 7' = min{n >0: X, € U }.
We have

Vi,je B P(YXL,, =3/XL =1i) = P(XL =(j)/X{ = (i)).

Let v! be the invariant probability measure of the Markov chain (VX!).
We have the representation formula

i1

Vee E™ pl(e) = pl(U) Y V) Eg) le—z}

JEE

(where E;) denotes the expectation for the chain starting at (3)).
For z = (i) the above formula reduces to p!((i)) = p!'(U)v'(4). Since
p!(U) tends to one as [ tends to infinity, we see that

Vie E zli.r& pl((3) = lim (i) = v>°(5).

l— o0

The measure v may be expressed through Freidlin-Wentzell graphs [4,
chapter 6].
For 7 in E, we have
secut Hiimines P("Xng = 52/"X5 = 1)
i 2geGul) H(jx—'jz)GyP(UX711+1 = 52/X}, = j1)

Yet we have the expansion

V(i) =

P("Xp 41 = /"Xn =14) ~ _qu(i,j)exp (=Vu(i, ) Inl)

where Vi is the cost defined on U by making the set U taboo (see
definition 5.7) and

lpl-1

(i)=Y, Hq1 Pk Pi+1);

pEDT™ (4,5) k=
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the sum being carried over the set

Dg*(i,5) = {p € D™(4,) : Vk, L <k < |pl, px ¢ U, Vi(p) = Vu(4,5) }-
By passing through the limit as ! — oo, we obtain that for ¢ in W*

B Ygear i) Hii—ines qu (J1, J2)

Bl ZjeW* deG‘l‘!(]’) H(jl-—;jz)eg QU(jlij).

v (i)

Let g belong to Gy (i) and let (j1 — j2) be an arrow of g.
Since Vy(j1,42) = V(j1,J2) (see the remark after notation 9.4) we
have D{*(j1,72) € D™*(j1,72). Conversely let p be a path belonging
to D™* (41, j2) and suppose p & D7*(j1, j2). Then there exists an index k,
1 < k < |p|, such that p; = (e), where e € E. Thus V(p) > V(j1,e) +
V (e, j2). We replace the arrow (j; — jo) by the two arrows (j; — e)
and (e — j>) in the graph g and we obtain a new graph with the same
cost which is not any more an i-graph. By lemma 9.3, this graph contains
an i-graph §. Since each transition between two distinct uniform populations
has a positive cost (such a transition requires at least a mutation) and we
have to delete some arrows to build g, we have V(g) < V(g) which is
absurd.

Thus for each arrow (j; — j2) of a graph g of Gy;(i), we have
Di*(j1,j2) = D™ (41, J2) and also qu(ji1,J2) = q(j1,J2) (which is of
course false for an arbitrary pair (ji,j2)). This fact yields the desired
formula for the limiting distribution v*°. [

The end of the proof of theorem 9.7 rests on the

LeMMAa 9.9. — Let i belong to f* and g to Gp;(i). Suppose the
arrow (j; — jo) belong to g, where j, and jo are elements of f*. Then
q(j1,32) = q(J2,51)-

Assume the lemma is true. It follows that

Vi,j € f* Vg€ Gp) II eGui)= I  aGui)
(J1—J2)€9 (J1—32)€Pi;(9)
whence
oo Il aUni)= > IT  aGi.d2)
9€G (J) (li—Jd2)€g geD;; (G?J(j)) (J1—d2)€g

= Z H q(J1, j2)

9€G (3) (J1—Jj2)€g

and the above quantity is the same for all points of f*: the limit distribution
is thus uniform on f*. [
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Proof of lemma 9.9. - Let i, j,, j, be as in the hypothesis of the lemma.
Let p be an element of D™ (41, j2) (see definition 5.2). By lemma 9.6,

there exists a path e; = j; — - — e, = jp realizing the value 0(j1,72)
and satisfying

VkE{l-”’l‘—l} ek7éek+1, a(ek,ek+1)>0

and two integers 0 < t; < ¢, < |p| such that

p° = (41) 1<s<t +1
P’U1)=m—=1,p(esr,) =1 t,+2<s<t;+r—1
[p°] = {41,352} ti+r<s<t
p° = (j2) ta+1<s<|p

With the path p we associate the path ®(p) = p defined by

* Vs 1<s<|pl—ta p* = (jo)

For each s such that t; +2 < s < t;+7—1, there exists a unique index o (s)
such that pj(s) = €5y, # j1. We define

o Vs Ipl—ta+1<s<|p|—tya+r—2

er_|p|+t2_3 if h= 0'(3)
i i h#a(s)

Let 7, ;, be the transposition of E which exchanges the points j; and j.
For z = (1131, T 7wm) in E™, we put 7,4, - T = (lejz (561), 0 T (xm))
We define

o Vs |pl—to+r—1<s<|p|—t; -1
and finally

o Vs |pl—ti <s<Ipl pe = (o)
The path p is built by reversing the path e; = j; — - — ¢, = j2 and by
reproducing (with j; and j, exchanged) the portion of p which contains only
the individuals j; and j,. Since the kernel « is symmetric, the path ®(p)
belongs to D™ (ja, j1) and its cost is 6(jy, jz); corollary 9.2 shows that §
is symmetric on f*, so that ®(p) is actually an element of D™ (43, 41).
Finally, the very definition of ® yields the following facts:

* Vp € D™(j1,52)  ®(®(p)) = p.

e @ is one-to-one between D™*(jy,jo) and D™*(j,, ;).

® Vp € D™ (j1,J2)

Py =

=S
D" = Tjijy " Ps—|p|+t,+ta+1

lp|-1 lp|-1

IT a1 ") = [T a(@@), d(p)*)
k=1 k=1
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(where ®(p)* denotes the k-th population of the path ®(p)).
As a consequence, we have

|p|—-1
aGg) = >, I at" s
pED™*(j1,j2) k=1
lpl—-1
= > I a@m) em@*)
pED™* (j1,j2) k=1
Ip|—1
= > I at"2*
pER(D™* (j1,52)) k=1
Ipl-1
= > I at®9* = aG2,0)-

PED™* (jz2,41) k=1

and the lemma is proved. [J

10. THE CRITICAL HEIGHT H,

For the definitions and the properties of the quantities H.(7) and H,, ()
(the height of exit and height of mixing of a cycle ), we refer the reader
to Trouvé’s work ([9], [10], [11]).

PrOPOSITION 10.1. -— For each cycle © of C(E™), we have

H.(m) < max min V(4,j).
1ET jET

Suppose o is symmetric. Then the critical height H, is bounded as a function
of m and for m large we have

H; < max min V(3,j).
1S max min V(. J)

Proof. — Let 7 be a cycle and let F'(7) be the points of 7 whose virtual
energy is minimal. For each z belonging to F'(7), we have

H(r) = glgi}rl Az, y) - W(z) < (‘};2}, Az, (5)) - W(z) < (rjr;g}r V(z,(5))-

Since in addition F'() is included in @ N U, we obtain the first inequality.
The second inequality is an immediate consequence of the first one, the de-
finition of H,, H; = sup { H.(m):meC(E™), ntNW* = (2)} ([9, Defini-
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tion 3.22]), and the fact that sup,,cn-  maX;gse minjepe V(4,5) < 00
(see [3, Corollary 11.1]). O

We now restate Trouvé’s convergence result, which is an extension of a
result by Hajek for the simulated annealing.

THEOREM 10.2 (Trouvé [9, Theorem 3.23]). — Suppose « is symmetric
and m is large enough to have W* = f*. For all increasing sequences l(n)
going to infinity, we have the equivalence

sup P(X, € f"/Xo=2z) — 0 — Zl(n)_H‘ = 00.
z€E™ e n=0

A remarkable fact is that we may adapt the sequence /(n) in order to
be trapped in f*.

TueoreM 10.3. — Define HY = H.({z € E™ : [z]n f* £ 0}) (for [ ],
see definition 6.1). Suppose « is symmetric and m is large enough to have
W* = f* and Hy < H?. For all increasing sequences l(n), we have the
equivalence

Vee E™ P@AN ¥n>N [X.Nnf #0/Xe=2)=1

= i{)l(n)_H1 = 00, iol(n)_H: < 00.

Proof. — The two above conditions on the sequence I(n) exactly express
that

e the chain (X,) has a null probability of being trapped in a cycle
disjoint from f* i.e.

Vze E™ VICE\f* PGAN ¥a>N [X,|CI/Xo=1x)=0,

e the chain has a positive probability of being trapped in the set of
populations containing an individual of f* i.e.

Vi€ E™ P@AN VYn>N  [X]Nf #0/Xo=2)>0. O

Remark. — Since H* > m min(a,c§*), where §* = min { f(f*) — f(i) :
i € f* } the hypothesis of the theorem is fulfilled when m is large, and
any increasing sequence [(n) satisfying

il(n)_Hl = 00, il(n)—m min(a,c6™) < 00
n=0

n=0
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will achieve the desired behavior.

Example. — Figure 2 shows graphically the critical height for both the
simulated annealing and the genetic algorithm.

I Y % S S W W Y
R g SEENEE
& BERER IR 3T
4 10 & : 5 E E §
Hi(SA)|= 8,5 (simulated annealing) Pl g .
H(GA) |=c( 8 + &+~ + 817) + 19 r W ;
(genetic algorithm) ' P
' v?-.ﬁ.k X
12 13

Fig. 2. — The critical height H; .

The above values of H; concern one simulated annealing algorithm and
a genetic algorithm with a large population (so that H; is equal to its
limiting value and does not depend any more upon m).

11. THE OPTIMAL RATE OF CONVERGENCE

For the meaning and the properties of the optimal convergence exponent
and the logarithmic convergence exponent we refer the reader to ([1], [2],

[91, [10], [11]).

ProrosiTION 11.1. — Suppose « is symmetric. The optimal convergence
exponent Qqpt is an affine strictly increasing function of m for m large. The
rate of increase of Qopt is

min(a, c6*)
H,

lim Zept _ min{ () :7r€C(Em),7rﬁf*=@} >

m—oo M H.(r)

where §* = min{ f(f*) — f(i) : i & f* }
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Proof. — The definition of opt is [9, Definition 3.22]

= min W(’R’) - W(W*) . my * __
Qopt = { He(7r) : EC(E ), Nnf —@}

For 7 in C(E™) with = N f* = (), we have
Q(r) =min { Q(¢) : i € 7 } > min(a,cs*) >0

so that W (w) is an affine strictly increasing function of m. The result of
the proposition follows easily. [

We restate now Trouvé’s result for the optimal convergence rate, which
generalizes Catoni’s work.

THEOREM 11.2. — There exist two strictly positive constants Ry and R,
such that for all n

Ry . Ry

— < f P(X, *[Xo = < — .

noor = 0gI(1)<-<i(n) €L (Hn € '/ K0 =2) < mSert
Proof. — In order to apply Trouvé’s result to the mutation-selection

algorithm, we need only to check that condition C; (see [10], [11])

concerning the transition probabilities is fulfilled; but these are precisely

obtained as sums of fractions involving the powers of [. [

Remark. — The fact that the optimal convergence exponent o, increases
linearly with m shows that the mutation-selection algorithm is intrinsically
parallel: it involves only local independent computations. We have here a
quantitative measurement of this parallelism.

Example. — Let us come back to the fitness landscape of figure 2. In
this situation, the optimal convergence exponent of the sequential simulated

annealing 1S Qopy = 6/613. The optimal convergence exponent of the
genetic algorithm satisfies

L 2ept min(a, )
im = —
m—oo M c(b1+ -+ 617) +19a

<0
b13°

Consider now m independent simulated annealing algorithms running
over this fitness landscape. We keep track of the best point found by the m
algorithms. The optimal convergence exponent of this process is m&/613,
which is better than the exponent «,,, of the genetic algorithm with
population size m (m being large). We suspect this result is true in the
general case.
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12. THE LOGARITHMIC CONVERGENCE EXPONENT

We consider here the best rate of convergence which can be achieved
with sequences of the form [(n) = n”, x € R%. The exponent g, Wwhen
computed on the space E™, is bounded. We have

Qlog = min{ Wiz) - W(W”) c g W* }
H,

Consider a state = of the form (¢,---,7,5) where ¢« € W* and j ¢ W*,
a(i,j) > 0.

Clearly W(z) < W(W*) 4+ a + ¢(f(i) — f(5)).

However, it is not fair to compare o,y With this e in this situation.

In fact, we are much more interested in the rate of convergence of

P(f(Xa) = £(f*)/Xo = z) = P([X,] N f* # 0/Xo = )
than of P([X,]C f*/Xo==x). For Il(n) = n™, we obtain [10,
Théoréme 1.49]

~ . K
PRX) < S Ko=) 2 =
where K is a positive constant and &y, is defined by
. W(x) - W (W* -~
d1og:m1n{ (z) i ) :xEEm,f(x)<f(f*)}.
1

PROPOSITION 12.1. — The exponent &g is an affine increasing function
of m with

lim Yoz _ min(a,cé*).

m—co M H,

~

Proof. — Let z in E™ be such that f(z) < f(f*). Let i, be an element
of 7.
We have V(z, (iy)) = 0 whence W((i,)) < W(z). Thus
min{ W(z) : z € E™, f(z) < f(f*) }

> min{ W((i,)) : z € E™, f(z) < f(f*)}

=min{ W(i):i € E, f(i) < f(f*)}.
The reverse inequality is straightforward, so that in fact

min{ W(z) : z € E™, f(z) < f(f*)}
=min{ W(i) : i € E, f(i) < f(f*) }.
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For any point j in f*, we have Q(j) = 0 (by lemma 7.7)
whence lim,, ..o W(W*)/m = 0 and

lim étl—c’g—zmin{%:'L'EE\f*}.
H,

m—oo M

For ¢ not belonging to f*, the coefficient (¢) is positive and its minimal
value over E \ f* is precisely min(a,c6*). O

The exponent Gy, is the right object to compare with . Nevertheless,
it may very well happen that

) Um) " . min(a, c6*)
mln{He(W).WGC(E ), N f —@} > 7

and thus

. Qopt
lim == > 1.
m—oo  Qog

It is actually the case for the fitness landscape of figure 2 whenever a > c6*.
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