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Abstract

Inspired by Fisher’s geometric approach to study beneficial mutations, we analyse probabil-
ities of beneficial mutation and crossover recombination of strings in a general Hamming
space with arbitrary finite alphabet. Mutations and recombinations that reduce the distance
to an optimum are considered as beneficial. Geometric and combinatorial analysis is used to
derive closed-form expressions for transition probabilities between spheres around an opti-
mum giving a complete description of Markov evolution of distances from an optimum over
multiple generations. This paves the way for optimization of parameters of mutation and
recombination operators. Here we derive optimality conditions for mutation and recombi-
nation radii maximizing the probabilities of mutation and crossover into the optimum. The
analysis highlights important differences between these evolutionary operators. While muta-
tion can potentially reach any part of the search space, the probability of beneficial mutation
decreases with distance to an optimum, and the optimal mutation radius or rate should also
decrease resulting in a slow-down of evolution near the optimum. Crossover recombination,
on the other hand, acts in a subspace of the search space defined by the current population
of strings. However, probabilities of beneficial and deleterious crossover are balanced, and
their characteristics, such as variance, are translation invariant in a Hamming space, suggest-
ing that recombination may complement mutation and boost the rate of evolution near the
optimum.
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Notation

N the set of natural numbers {1, 2, 3, ...}
R the field of real numbers

leN ‘length’ of tuples or strings

aeN size of a finite alphabet
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{1,...,a) thesetofall a strings of length I over alphabet of size o

R! [-dimensional real vector space

dg Euclidean metric on R’

dy or d Hamming metric on {1, ..., a}l

H, Hamming space — set {1, ..., a}/ with the Hamming metric

X, ¥,2 points in fo, which are /-tuples or strings x = (x1, ..., x7)

i,J positions in strings, such as x = (x1, ..., x;, x;, ..., x)

T top or greatest string in fo with respect to some preference relation < on fo

k,m,n values of Hamming distance from T, such as d(T,x) =n

r mutation radius d(x, y) = r in the context of mutation or recombination radius
in the context of recombination (the number of letters substituted)

h Hamming distance d(x, y) = h between two parent strings in crossover recom-

bination and referred to as recombination capacity
S(x,r) the sphere of radius r around x {y : d(x,y) =r}
B(x,r) the closed ball of radius r around x {y : d(x,y) <r}

uw mutation rate

v recombination rate

P{} probability measure

P(n) probability mass function equal to P{d(T, x) = n}

Ep{n} the expected value of random variable with respect to measure P
(712) {n} the variance of random variable with respect to measure P

1 Introduction

Natural evolution can be viewed as a search for an optimal genotype T (top) in the space
{1,..., a}[ of all genetic codes of finite alphabet {1, ..., o} of size « € N and length/ € N.
Optimality can be defined by some fitness function f : {1,...,a} — R maximized at
T. Some mathematicians, however, simplified the analysis by replacing fitness f(x) of a
genotype with its distance d(T, x) from T. For example, Roland Fisher [1] used Euclidean
space R! of  traits to represent species by vectors of / traits and Euclidean distance dg (T, x)
from an optimum to represent (negative) fitness of x. This simplification allowed him to
analyse the probability of beneficial mutations, which in this geometric model meant that
mutation of x resulted in an offspring y closer to the optimum: dg (T, y) < dg(T, x). Fisher’s
famous result was that beneficial mutations are always more rare than deleterious, and that
the only way to equalize their chances is to minimize the mutation radius dg (x, y) = r. This
result follows from the geometry of Euclidean space, where every closed ball B(T,n) =
{x e R dp(T,x) < n}around T is compact (and has finite volume), while its complement
is always unbounded. Thus, a random mutation of x with dg(T, x) = n in all directions
by radius d(x, y) = r should more likely end outside the ball B(T, n) and further from the
optimum resulting in a deleterious mutation.

The discovery of DNA and RNA molecules lead to the realization that mutations occur
on the level of genetic codes, which are better represented as strings x = (xq, ..., x;) of
length [ € N over some finite alphabet {1, ..., a} 5 x;. Thus, Fisher’s theory of beneficial
mutations had to be reconsidered for spaces of strings with alphabets of arbitrary size « € N
and variable lengths / € N [2-5]. Furthermore, this geometric approach (i.e. replacing fitness
with distance) had limited appeal for practical applications, because distances to an optimum
are usually not known. However, the values f (x) of a fitness function can often provide some
information about the distance d(T, x), and the correlation between fitness and distance has
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been discussed in the literature, for example, as a measure of problem difficulty [6, 7]. Various
notions of monotonicity of fitness landscapes have been defined and proven to hold in a broad
class of landscapes if they are continuous at least at the optimum T (see Theorem 1 in [8]).
While it is always possible to construct counter examples, fitness landscapes in real-world
applications or biology often exhibit some forms of monotonicity around optimum, as was
demonstrated in [8] for 115 complete landscapes of transcription factor bindings [9].

The generalization of Fisher’s geometric model of beneficial mutations to spaces of strings
with alphabets of arbitrary size « € N was used to derive several optimal mutation rate control
functions [2-5]. They showed that optimal mutation rates should have a decreasing relation to
fitness in monotonic fitness landscapes [8]. These theoretical predictions lead to the discovery
of mutation rates plasticity firstin e. coli [10] and then in other microbes and potentially across
all domains of life [11]. The role of quorum sensing in this phenomenon and the relation of
population density (as a fitness proxy) and stress to mutation rate [12] suggest a broad scope
for applications in many areas including antimicrobial resistance (AMR). Another potential
area of applications of this geometric approach is operational research, where many nature-
inspired algorithms [13] are used to solve complex combinatorial optimization problems.

Evolutionary algorithms, such as genetic algorithms (GA), encode candidate solutions by
finite length strings x = (xi, ..., x;) with letters from a finite alphabet x; € {1,..., «},
and operators of selection, mutation and recombination are applied iteratively to search
the space {1, ..., a}' [14]. Mutation is a random substitution of some letters in the parent
string by any of the o — 1 letters from the alphabet. Recombination, on the other hand, is
a substitution of some letters in one parent string by the letters from another string (e.g. in
the corresponding positions for crossover recombination). Thus, mutation searches across
the entire space {1, ..., a}}, while recombination can only search in a subspace defined by
the current population. However, recombination of different strings makes some directions
of the search more likely (i.e. a kind of pseudo-gradient).

Many heuristics have been identified to improve the search efficiency by finding optimal
settings or optimal controls of certain parameters, such as the mutation rate. In particular,
one popular heuristic is to set the mutation rate to i = 1//, where [ is the string length [15].
Other works showed the advantage of using a variable mutation rate that may depend on
time or fitness of individuals [14, 16-21]. Many of these works considered only binary codes
(o = 2), because their combinatorics is more tractable. More recent studies in the theory of
evolutionary algorithms have considered arbitrary finite alphabets and self-adjusting mutation
rates [22-24].

Different heuristic recombination operators have also been employed, such as one-point
crossover or a uniform crossover operators, and its important role in maintaining diversity
has been recognized [25, 26]. While there are many other types of recombination operators
considered in the literature, including mixtures of codes from more than two parents [27], this
paper will only consider crossover between two parent strings. Even in this basic case, how-
ever, combinatorial analysis of crossover is more challenging than that for mutation, because
it involves more points and more parameters. Many studies have considered recombination
only for binary codes [18, 28-32].

The analysis of evolutionary operators for codes with alphabets of size « > 2 should
have a broader scope of applications not only in the context of DNA or RNA molecules with
o = 4, but also for larger alphabets, such as « = 22 for the number of canonical amino
acids. In addition, some recombination operators substitute entire substrings of length r (e.g.
r = [1/2] in one-point crossover). Therefore, recombination can be considered acting on the
space of strings {1, ..., o MW (e, alphabet of size o).

@ Springer



R. V. Belavkin

This work develops a geometric approach to evolution of strings in Hamming spaces
extending it from mutation to crossover recombination. In the next section, we start by
reviewing some of the basic properties of a Hamming space and formulate the problem of
finding the probability of mutation onto a sphere of a given radius. Its closed-form solution
is given in Theorem 1, which has been previously presented in [2-5, 8]. These results about
mutation are included here not only for completeness, but also because they are used in the
analysis of recombination in Section 3, and in particular Lemma 2 for intersection of spheres.
We also derive new formulae for the conditional expected value and variance of Hamming
distance after mutation. In Section 3, we formulate analogous problem for probability of
crossover recombination onto a sphere in a Hamming space, and then derive closed-form
solution in Theorem 2. As with mutation, we also derive new formulae for the expected value
and variance of distance after recombination. We conclude each section by analysing the
effects of parameters on probabilities of beneficial mutation and recombination and deriving
optimality conditions for mutation and crossover recombination into optimum. We discuss
how our results open new possibilities for a long-term analysis and optimization of mutation
and recombination operators.

2 Mutation

2.1 Mutation in a Hamming space

Consider the space {1, ..., a}! of strings (or codes) of length / € N and finite alphabet of
size « € N, and let us equip it with the Hamming metric counting the number of different
letters:

1
d,y) =i e{l,.... 0 ix #yidl =) (1=84y), gy =

i=1

{ 1ifx; = y; )

0 otherwise *

This metric space is referred to as Hamming space and denoted by fo. The definition
of Hamming metric (1) as the sum of elementary distances 1 — 8y, y; leads to the following
useful result.

Lemma 1 (Mean and variance of Hamming distance) Let fo be a Hamming space, and

let P : 2MaxMo [0, 1] be a joint probability distribution. Then the expected value and
variance of the Hamming distance d(x, y) between pairs of strings x, y € fo are

Ep{d(x, )} =(F), (@3]
opld(x, N} =1UP) + 10— D){Pyj) — U(P))*, 3

where

l
1
(P} =5 EJEPU — by} =Plxi # yil,

[

DY TER( = 8y ) (1 =8y} =Phx; # yi Axj # y; |i # j)
i=1 j=1
J#

1

Fi) ==
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are respectively the average probability of non-identical letters at positions i € {1, ...,1}
and the average joint probability of non-identical letters at two different positions i and j # i
under the distribution P.

See Appendix A.l for the proof. The average probabilities (P;) := P{x; # y;} and
(P;j) :==P{x; #yi Axj #yj | i # j} can often be estimated from additional information
about distances of strings x and y. For example, assume a joint distribution P (x, y) such
that d(x, y) = n for all pairs of strings such that P(x, y) > 0 (i.e. exactly n letters x; # y;).
Then (P;) = n/l and (P;;) = (n/1)[(n —1)/(l — 1)]. Substituting these probabilities into (2)
and (3) gives the desired result Ep{d(x, y)} = n and a,z,{d(x, y)} = 0. More interesting
and useful formulae will be obtained in Proposition 1 for mutation and Proposition 5 for
CrOSSOVer.

The geometry of Hamming space is different from that of the Euclidean space R/ employed
by Fisher [33]. In particular, fo is finite, has finite diameter /, and every point x € fo has
(e — D! diametric opposite points —x (i.e. such that d(x, —x) = [). The number of elements
in a sphere S(T,n) := {x € ’fo :d(T, x) = n} of radius n around T is

[
IS(T,n)| = (a — 1)”< ) .
n

The number of elements in a closed ball B(T,n) := {x € fo :d(T,x) < n}isthe sum
> i—o |S(T, k)| for all the spheres it contains. The complement H! \ B(T,n) is the union
of all balls B(—T, ! — n) around (o — 1)/ diametric opposite points — T (see [33] for details
and many other properties of Hamming space). The number of elements in the complement
H.\ B(T,n) is the sum ch:,fn |S(T, k)|, and it may contain fewer elements than the ball
itself, unlike in the Euclidean space.

The ‘equator’ of a Hamming space is the radius equal to |/(1 — 1/«)] (here |-] denotes
the nearest integer), which corresponds to the median of the binomial distribution P (n; [, p)
with parameter p = 1 — 1/«. Indeed, under a uniform distribution P(x) = o~ of strings
X € fo, the probability Py(n) of distances d(T, x) = n from T (or from any other point) is

[S(x,m)|  (a— D" <l)

a! a! n

1
ol

Py(x) = = Py(n) := Py{x € S(T,n)} =

o

which can be written as the binomial distribution Py(n) = (i)(l - 1/0)"(1 /oc)l_”. Its
expected value and variance are

Epin} =1 = 1/a),  op(n) =11 1/a)(1/a),

which can also be obtained using formulae (2) and (3) with (FP;) = 1 — 1/ and (P;;) =
(1 — 1/a)?. The median is the nearest integer of the above expected value. For alphabets of
size > 2 the distribution of distances is skewed towards the end of the range [0, /].

Asexual reproduction of species corresponds to a transformation x — y of their genetic
codes due to a random substitution of r € [0, /] letters — a process which we shall generally
refer to as mutation. The resulting distance d(x, y) = r from the parent string in this context
is referred to as the mutation radius shown on Fig. 1. If distance d (T, -) from the optimum T
is taken as a model of (negative) fitness, then beneficial mutation is a transition from sphere
S(T,n) > x onto sphere S(T,m) > y of a smaller radius m < n, as shown on Fig. 1.
Mutation is neutral if m = n, and deleterious if m > n.
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Fig. 1 Mutation of string x € S(T,n) into y € S(T, m) by substitution of r = d(x, y) letters. The number
of strings in the intersection S(T, m) N S(x, r) defines the geometric probability P(m | n, r) (9)

Example 1 (Mutation) Let T = (AAAAA) € Hg and consider string x = (BBBAA)
mutating into y = (BACBA) by a substitution of the second, third and fourth letters:
T = (AAAAA)
n=3 . T m=3
r=ry+ro+r-=3

(BACBA) = y

ryror—

x = (BBBAA)

Thus, the mutation radius is d(x, y) = 3, and the mutation is neutral, because d(T, x) =
d(T,y) = 3. Notice that there was r. = 1 beneficial, ro = 1 neutral and r_ = 1 deleterious
substitution. A substitution of three letters in x = (BBBAA) may also result in string z =
(BAACA), which is closer to the optimum, d(T, z) = 2 (i.e. beneficial mutation).

Henceforth we shall denote by 7, r— and rp the numbers of beneficial, deleterious and
neutral substitutions respectively. These numbers add up to the mutation radius » = d(x, y),
while the difference r — r_ is equal to the difference n — m of distances:

re+r-+ro=r, “
ry—r_=n-—m. (®)]
If string x € S(T, n) mutates into y € S(T, m), then the range of the mutation radius is
defined by the triangle inequalities:
In—m|<r<n+m

At the extreme values r = |n —m/| or r = n+m of the mutation radius, there are no neutral
substitutions. Indeed, for the maximum value r = n +m there are exactly ry =n = d(T, x)
beneficial and r— = m = d(T, y) deleterious substitutions, so thatro = r —ry —r_ = 0.
For the minimum value r = |n — m| there are ry = max{0, n — m} beneficial and r_ =
max{0, m — n} deleterious substitutions. Then (4) and r = |n — m| = max{n — m, m — n}
imply ro = 0. In both extreme cases we also have r— =r —ry and ry = %(r +n —m) Gf
the latter is integer). Clearly, neutral substitutions are impossible for binary strings (o = 2).

2.2 Evolutionary dynamics under mutation

A random mutation x > y corresponds to some transition probability P(y | x), where x is
the ‘parent’, and y is its ‘offspring’, and it induces a transformation of distribution P;(x) of
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the parent codes into the distribution P4 (y) of the offspring codes:
P = Y P(y|x) Pi(x).
xeHl,

The corresponding distance distributions P;(n) := P{x € S(T,n)} and P;y1(m) =
P 1{y € S(T, m)} are transformed as well:

i
Piyi(m) =Y _P(m|n) Pi(n).

n=0
Here, P(m | n) is the transition probability between spheres around T due to mutation:
Pm|n):=P{lyeS(T,m)|xeS(T,n)}.

If P(m | n) is time invariant, then the linear operator

1
M) =Y P(m|n)() (6)
n=0
acting on distributions P;(n) of distances d(T, x) = n € [0, /] generates the entire evolution
{P:};>0 due to mutation as P, = M* P;. This can be used in simulations to analyse the
effects of mutation and adaptation over several generations.
The transition probability P (m | n) can be factorized in the following way:

[
P(m|n)=Y P(m|nr) P(r|n), )
r=0 Mutation

where P(r | n) := P{y € S(x,r) | x € S(T,n)} is the probability of mutation radius
r € [0, /] conditioned on distance n = d(T, x). This probability can be determined from the
mutation operator.

Example 2 (Point mutation) In a simple point mutation, each letter x; is substituted indepen-
dently with probability ;. € [0, 1] called the mutation rate (i.e. pisfixedforalli € {1, ..., [}).
Each letter x; can be substituted to any of the v — 1 letters y; with uniform probability 1 /(e —1).
In this case, the probability that » € [0, /] letters are substituted has binomial distribution:

l _
Pu(r|n) = <r>/ﬂ(n)[1 — w1 (®)
Note that the mutation rate ; may depend on the distance d(T, x) = n € [0, 1] of the

parent string from the optimum. The mutation operator (6) in this case is parameterized by
the mutation rate control function p(n):

l 1
Mum() =Y [Z P(m | n,r)Pu(r | n)} OF

n=0 Lr=0

2.3 Geometric probability of mutation onto a sphere

The probability P (m | n, r) in factorization (7) is independent of the mutation operator, and
it represents a purely geometric problem depicted on Fig. 1:

P(m|n,r)y:=PlyeS(T,m)|xeS(T,n),dx,y)=r}. )
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Fisher considered this geometric probability in Euclidean space R! [1]. For a Hamming
space fo, this problem was considered in [2-5, 8], and here we review its solution, because
it will be useful for the analysis of recombination in Section 3. One can see from Fig. 1 that
probability (9) depends on the number of strings in the intersection of spheres S(T, m) and
S(x,r).

Lemma 2 (Intersection of spheres [2-5, 8]) The number of elements in the intersection
S(T,m) N S(x, r) of spheres around points T, x € fo withd(T,x) =nis

S(T.m) N S(x, r)‘d(T NEED MR (" :0”)(01 — 1y (Z - ”) ( 8 ) . (10)
A= ry=0 -

I+
where ry € [0, r], and indices r— > 0, ro > 0 satisfy the equations:
r—=ry—(m—m), ro=r—2ry+m—m).

Distancesn = d(T,x), m =d(T,y) andr = d(x, y) must satisfy the triangle inequali-
ties:
n—rl<m<n+r.

Otherwise, the number is zero.
See Appendix A.2 for the proof.

Remark 1 The summation in (10) is shown across all r1 € [0, r], but it is important to check
alsothatr_ =ry —(n—m) > 0andrg = r —2ry + (n —m) > 0. The triangle inequalities
[n —m| < r < n+m imply the following bounds max{0,n —m} < ry < %(r +n—m)<r,
which can be used for a more efficient implementation.

Formula (10) for the binary case o = 2 was previously analysed in [19] (see also [14,
28]). The solution for arbitrary alphabets was first given in [2] (see also [3-5]). We now have
all information required to find probability (9).

Theorem 1 (Geometric probability of mutation onto a sphere [2-5]) The probability P (m |
n, r) that a substitution of r € [0, 1] letters in string x € S(T,n) C Hé results in string
yeS(T,m)is

r

> @ =2 (") @ ==

Iy
r+=0

Pm|n,r)= (11)

(@ =1 ()
with ry € [0, r] and the numbers r— > 0, ro > 0 defined by the equations
r—=ry—(m—m), ro=r—2ry+m—m).
The probability is zero if the triangle inequalities |n — r| < m < n + r are not satisfied.

Proof The probability is given by the proportion of strings in sphere S(x, r) that are also in
the sphere S(T, m):
[SCT,m) NS, M) acT,x)y=n
[S(x, r)
The number in the intersection is given by (10), and the number of elements in S(x, r) is

(@—1()- o

Pm|n,r)=
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Remark 2 The proof above makes an implicit assumption about a uniform distribution within
subsets (spheres), which is common if no other information about the distribution is given
(i.e. the principle of insufficient reason).

Example 3 (Binary case o = 2) For binary strings, formula (11) reduces to:
(50"
r—ry r+

l b

()
where r; = %(r + n — m) must be non-negative integer (otherwise, the probability is
zero). Note that the right-hand-side of (12) is the hypergeometric distribution P{X = r}
of ry € [0, r] if it is considered as a random variable. The above formula is also valid for

o > 2 when the mutation radius d(x, y) = r is minimized (r = |n — m|) or maximized
(r = n + m), because there are no neutral substitutions in these cases.

Pm|n,r)= (12)

Conditional probability (11) was implemented in a digital computer using Common Lisp
programming language, and Fig. 2 illustrates its dependency on parameters n and » in Ham-
ming space Hjo (¢ = 4,1 = 40). Three charts correspond to three values of distance
n € {5, 20, 35} of the parent string. Abscissae show mutation radii r = d(x, y), while ordi-
nates show the resulting distances m = d(T, y) of offsprings after mutation. The grayscale
represents different values of probability P (m | n, r) with white corresponding to P = 0 and
black to P = 1. One can see that the mutation radius has different effects on the probability
depending on whether the parent’s distance n = d(T, x) is less or greater than the ‘equator’
[(1 —1/a):forn < I(1 — 1/«) higher mutation radius makes larger distances m = d(T, y)
more likely, but the effect reverses for n > [(1 — 1/«). This corresponds to the fact that
in Hamming space closed ball with radius n > /(1 — 1/«) is larger than its complement.
One may also notice from Fig. 2 that the expected distance Ep{m | n, r} may have a simple
relation to the mutation radius r = d(x, y). This relation is given below.

Proposition 1 The expected value and variance of the conditional probability distribu-
tion (11) for Hamming distance m = d(T, y) of string y € S(x, r) obtained by a substitution
ofd(x,y) =r letters in string x € S(T,n) C Hfl are

n
Ep{m|n,r}=n+(l—m>r, (13)
2 oa—2 (I—n)l—r) r
= -, 14
optm [ n.r} "[(a—1)2 -1/l —1)] 1 (14)
40 40 40
— T
£30 30 + 30
I
=20 - 20 20
=
=10 ¢ 10 — 10
T
0 | | | 0 | | | 0 | | |
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
d(z,y)=r d(z,y)=r d(z,y)=r

Fig. 2 Dependency of the probability P(m | n,r) (11) on the mutation radius r (abscissae) in space Hio.
Ordinates show the resulting distance d (T, y) = m after mutation. Three charts correspond to three distances
d(T,x) =n € {5, 20, 35} of the parent string. Grayscale represents probability P € [0, 1]
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The proof uses formulae (2) and (3) from Lemma 1, where the average probabilities
(P;) and (P;;) are defined as functions of parameters n = d(T, x) and r = d(x, y). See
Appendix A.3 for details.

Formula (13) confirms the linear dependency of posterior expectation of distance m =
d(T,y) on the mutation radius as can be seen on Fig. 2. The slope of this dependency is
1 —n/l(1 —1/a), whichis positive if d(T,x) =n < I(1 —1/a) (i.e. if x is closer to T than
the ‘equator’) and negative if n > [(1 — 1/a). One can see also from (13) that at distance
n = 1[1(1 — 1/a) the expected value of m = d(T, y) becomes independent of the mutation
radius r = d(x, y) andisequal to /(1 — 1/«). Also, the value r = [(1 — 1/«) of the mutation
radius makes the expectation of distance equal to /(1 — 1/«) and independent of the parent’s
distance n = d(T, x), which corresponds to the uniform distribution Py(x) = a~!of strings.

Differentiation of (14) over r and setting the derivative to zero

ar ’ T (a—1)2 l(l_l/a)z(l_l) =

gives the saddle point, which is the maximum, because the second derivative is negative
(observe that the radius appears only in (I — 2r) with the minus sign). The mutation radius
maximizing the variance of offspring’s distance d(T, y) = m is

Fn) = é [1+ -20-h 1)} .

aZ(l —n)

One can see that generally, unless & = 2, the maximizing mutation radius depends on the
distance d(T, x) = n of the parent string, and it is not equal to the Hamming space equator
I(1—1/a) = L1+ (@ —2)/al.

2.4 Maximization of probability of beneficial mutation

The closed-form expression (11) combined with probability P (r | n) of the mutation radius
gives complete solution to transition probability (7) between spheres around the optimum
under mutation. This makes it possible to study Markov evolution of distance distributions
and solve related optimization problems. Here we consider two simple problems that have
exact solutions.

Proposition 2 (Minimization of the expected distance after mutation) The expected value (13)
of Hamming distance d(T, y) = m after mutation of x € S(T,n) C H{X intoy € S(T,m) is
minimized if the mutation radius d(x, y) = r € [0, [1 has the valuesr = Oforn < [(1—1/),
r=1forn>I1(1—1/a), and any value forn = 1(1 — 1/a).

Proof The minimization Ep{m | n,r} < n over the mutation radius r € [0, ] follows
from (13). m]

It follows that for the simple point mutation operator (Example 2) the mutation rate
minimizing the expected distance after one mutation is

0 ifn <I(1—-1/a)
pn)y={1—1/a ifn=11-1/a) .
1 ifn>I1(1-1/a)

Although the offspring’s expected distance E{m | n, r} is independent of the mutation
radius at distance n = /(1 — 1/«) (so that i can have any value), we use the value 1 — 1/«,
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because several known mutation rate functions p(n) are monotonic and pass through this
value (e.g. the linear function p(n) = n/l, derived below, passes through 1 — 1/ atn =
I(1—1/a)).

Note ‘step” mutation rate function ji(n) above has the following problem. Notice that for
binary strings (o« = 2) at distances d(T, x) = n > [/2 the mutation rate & = 1 changes the
distancestod(T, y) = m = [—n < [/2.Thus, all bitstrings will be atdistance d (T, y) <1/2
after just one generation. A similar effect will occur for strings with alphabets o > 2, but it
may take several generations because of the possibility of neutral substitutions. Therefore,
after multiple generations the distribution of distances P;is(m) = M Ii ) Pi(n),s > 1, will
not change due to mutation with rate u = 0. It is clear that the step mutation rate function
is not optimal for evolution over multiple generations. Computer simulations show that a
sigmoid type mutation rate functions achieve optimality for multiple generations [4], but
analytic derivation of such results is not straightforward. Another approach is to maximize
the probability of mutation directly into the optimum: x — y = T.

Proposition 3 (Mutation into the optimum) The probability P(m = 0 | n,r) that string
x e S(T,n) C fo mutates into string y = T is zero unless d(x, y) = r(n) = n, in which
case the probability is

R
CISeeml @ =1l

1
n

Pm=0|n,r=n)

Proof This obvious result can be obtained formally by substituting the values ry = n,
r— =ro = 0into (11). ]

Substitution of the above probability, which is reciprocal of the number of elements
in S(x, n), into (7) and using binomial distribution (8) for the mutation radius gives the
following formula for the probability of transition into optimum under simple point mutation
(Example 2):

Pu(m=0]n)=(«—D7"p" [ — pnm)]™".

The optimal mutation rate (i maximizing this probability is

0 nan wlen (1 l—n . n
—Py=(@@—-D""u"1 - ul - - —~ =0 = i) = -, (15
ou J ) l
—
=0
92 n l—n\> l—=2n/ji+n/0?
5 Py= (- D" - A" <7— ) — -
au2 " g 1-n (1—[)?2
—_—
L =0
nA e [ 1A= 1/n)
— —l n nl_ l—n o~ s <0‘
(@ — D"l —pl _(1—n/l)2]—

Indeed, one can see that for i = n/I the first derivative is zero, and the second derivative is
negative, because 1 —//n < 0. Observe also that as the diameter of Hamming space increases
| — oo the optimal mutation rate j1(n) = n/l converges to zero for each n € N.

These examples show that minimization of the mutation radius or mutation rate may not
always be optimal in Hamming space. The heuristic value u = 1/I [15] is optimal only
at distance d(T, x) = 1 with respect to the criterion of Proposition 3. Although the exact
shapes of the mutation rate functions optimal subject to additional constraints may differ
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(e.g. see examples in [3-5, 8] for constraints on the number of generations or information
constraints), these functions have the common property of monotonically increasing optimal
mutation rates p(n) with distance d(T, -) = n from the optimum.

3 Recombination

3.1 Crossover recombination in a Hamming space

Recombination is a substitution of some letters in string x € fo by letters from another string
y € Hfl. In this paper, we shall only consider crossover recombination when letters x; are
substituted by letters y; with the same index i € {1, ...,![}. This corresponds to Hamming
metric (1) accounting for differences of letters only at the same indices.

Because in recombination we have to consider two parent strings x, y and their distances
from T, we have a triangle (x, y, T) and three distances:

n=d(T,x)
k=d(T,y)
h=d(x, )

as shown on Fig. 3. The number r € [0, /] of letters that are exchanged during crossover
between x and y will be referred to as the recombination radius, and it can be larger than the
distance h = d(x, y) between two strings, because crossover may recombine identical letters.
After crossover of string x with y (the parents), the resulting new string z (the offspring) is a
mixture of [ — r letters from x and r letters from y, and it is created ‘between’ its parents in
the sense of Hamming distance: d(z, y) < d(x, y) andd(x, z) < d(x, y). Itis convenient to
denote the result of recombination as z = (1 — A)x & Ay, where A = r /I, by analogy with
convex combination in a real space, although this is only a notational convenience (hence
the use of symbol @ instead of +).

Recombination of x with y into z using r letters has a dual recombination z’, which can
be formed as a substitution of the remaining / — r letters from y into x. Thus, the dual
recombination is 7/ = Ax @ (1 —A)y in our ‘convex combination’ notation. Contrary to a real
space, a mixture z = (1 — A)x @ Ay in a Hamming space is not unique, because it depends
on positions at which r letters are substituted. The totality of all possible recombinations of
r letters between two strings has been called a recombination potential [29]:

I(x,y,r):={z=0—-MNxDAy: r=r/l}.

Fig. 3 Recombination of string x € S(T,n) with y € S(T, k) into string z € S(T,m) by crossover of
r € [0, I]letters. The number of strings in the intersection S(T, m)NI (x, y, r) defines the geometric probability
P(m | n,k,h,r)(22)
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The number of strings in 7 (x, y, r) is

l
H(x,y,rl= <r>

Note that some strings in /(x, y, 7) may appear more than once, because different recom-
binations may result in the same offspring. This makes /(x, y, r) a multiset. Also, because
substitution of r letters from y into x is the same as substitution of the remaining / — r letters
from x into y, we have the following equality:

I(x,y,r)=1(y,x,l—r).

Exchanging different letters x; 7 y; at the same indices cannot make them equal, so that
the Hamming distance between two parent strings x, y and between their recombinations
z=((1—-A)x®ryandz = (1 — L)y ® Ax remain the same: d(x, y) = d(z, z’). This implies
that recombination potential / (x, y, r) has a round shape: its elements belong to a sphere of
diameter 7 = d(x, y) as shown on Fig. 3.

If distance d(T, -) from the optimum T is taken as a model of (negative) fitness, then
recombination is called beneficial for parent x € S(T, n) if it corresponds to a transition
onto sphere S(T, m) > z of a smaller radius m < n, as shown on Fig. 3. Recombination is
neutral if m = n, and deleterious if m > n. Note that a recombination can be beneficial for
x € S(T, n), but not necessarily for y € S(T, k).

Example 4 (Crossover recombination) Let T = (AAAAA) € Hg and consider strings x =
(BBBAA) and y = (BACBA) recombining into string z = (BABBA), which can be obtained
by a substitution of the second, fourth and the last letters in x by the corresponding letters
from y:

T = (AAAAA)
n=3 " S m=3

T r=rytrgtr-=3

x = (BBBAA) (BABBA) = 7

k=3 ry orerg
h=h{+ho+h_=3 T TT
— (BACBA
y = ALB )

The dual offspring is z/ = (BBCAA). Thus, the recombination radius is r = 3, and the
recombination is neutral, because d(T, x) = d(T, z) = 3. Note that although the recombi-
nation radius was r = 3, only two of these substitutions occurred out of d(x,y) = h =3
different letters; the third substitution was made for identical letters. A substitution of the
second, third and the last letters in x = (BBBAA) by the corresponding letters from
y = (BACBA) results in string v = (BACAA), which is closer to the optimum, d(T, v) = 2.

As with mutation, we denote by 74, r_ and ro the numbers of beneficial, deleterious and
neutral substitutions respectively. They satisfy the same equations as (4) and (5):

ro+r_+ro=r, (16)
ry—r_=n-—m. 17

Here, n = d(T, x) and m = d(T, z). The numbers r1 and r_ count beneficial or dele-
terious substitutions for parent x, but not necessarily for parent y. These substitutions can
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only occur for h = d(x, y) different letters. Therefore, r1 < hy and r— < h_, where h
and h_ are the maximum possible numbers of beneficial and deleterious substitutions for
xand hy + h_ < h = d(x, y). Denoting by o the maximum number of possible neutral
substitutions out of & different letters, the equations for these maximal numbers are

hy+h_+hy=h, (18)
hy —h_=n—k. (19)

These equations are identical to (4) and (5) if parent y is considered as a mutated version
of parent x with h = d(x,y) considered as the mutation radius. As mentioned earlier,
substitutions during crossover may occur also among the [ — d(x,y) = I — h identical
letters (as in Example 4). Such substitutions are neutral, and therefore it is possible that
ro > ho. In fact, the range of recombination radius is r € [0, /], and it can be larger than
h = d(x,y). Changes between the parent and offspring strings are defined only by the
distance 7 = d(x, y), and we shall refer to it as recombination capacity.

The range of recombination capacity is defined by the triangle inequalities:

In—kl<h<n+k

As with mutation radius, there are no potential neutral substitutions (7o = 0) at the extreme
valuesh = |n —k|orh =n + k.

Proposition 4 (Dual recombination) If crossover recombination of x € S(T,n) with
y € S(T,k) by exchanging r € [0, 1] letters results in string z € S(T,m), then the dual
recombination 7 € S(T,m’) is at distance d(T,7') =m':

m =n+k—m.

See Appendix A.4 for the proof. Intuitively, if x receives n — m letters y; = T; from y,
then the Hamming distance reduces from d(T,x) = ntod(T,z) = n — (n —m) = m.
At the same time, string y receives n — m letters x; # T; from x (the dual recombination),
which means that d(T, y) = k changes to d(T,7') =k +n — m.

3.2 Evolutionary dynamics under recombination

Crossover recombination can be viewed as a transition from the pair (x,y) € H., x H,
of two parent strings to the pair (z,7') € Hé X fo of recombination z and its dual z'.
The corresponding transition probability P(z,z’ | x,y) induces a transformation of the
distribution P;(x, y) of the parent pairs into the distribution P,1(z, z') of the offspring
pairs:
Piiz.d)= Y P@Z|xy) Px.y).
(x.y)EHY xH,

Joint distributions P, (x, y) represent pairing probabilities of the parent strings for recom-
bination, and they may depend on various properties such as fitness of individuals as well as
their similarity. Thus, generally P;(x,y) = P;(y | x) Pr(x) and P;(y | x) # P:(y).

The joint pairing distributions P;(x, y) induce the corresponding joint distributions of
distances n = d(T, x) and k = d(T, y) of the paired strings:

Pi(n, k) := P{x e S(T,n),y € S(T,k)}.
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These joint distributions can be formed as products P;(k | n)P;(n), where P;(n) =
P{x € S(T,n)}. If strings (x, y) are paired independently, then P;(k,n) = P;(k)P;(n).
However, generally P;(k | n) # P;(k).

Example 5 (Matching) If string x € S(T,n) is paired with string y € S(T, k) at equal
distances d(T,x) =n =k =d(T, y), then

P(n)ifk=n

Pk |n)=238,(k), P(n k)= {0 otherwise

This joint distribution may occur as an equilibrium solution to a minimax problem [34],
when both parents minimize distances d(T, -) of the strings they are recombined with (i.e.
maximizing fitness of their partners).

Apart from the distances from T, each pair of strings x, y € M. is characterized also
by their distance 7 = d(x, y) (recombination capacity). The joint distribution P (n, k, h) =
P;(h | n, k)P;(n, k) is also defined by the pairing distribution P (x, y).

Example 6 (Random pairing from a sphere) Consider string x € S(T, n) paired with string
y € S(T,k) (i.e. distances d(T, x) = n and d(T, y) = k are fixed). If string y € S(T, k) is
chosen uniformly at random from S(T, k), then conditional probability P (& | n, k) is defined
by the intersection of spheres S(x, &) and S(T, k) (see Fig. 3):

ASGe, ) YSCT, ) acT x)=n

Pim o = ISCT. o
h
(@ =2 = DG
- (e = DF()

The latter formula is obtained using (10) for intersection of spheres with distance d (x, y) =
h = hy 4+ h_ + hg treated as the mutation radius r = r + r_ + ro and substituting k for
m. The probability is zero if the triangle inequalities |n — k| < h < n + k are not satisfied.

Example 7 (Pairing at specific distance) One can try to pair strings choosing a specific value
of the distance d (x, y) = h between the parent strings (assuming that the current population
has individuals satisfying this equality constraint). The range of & € [0, [] is defined by the
triangle inequalities: [n — k| < h < n + k (and n 4+ k < [). For example, choosing the
maximum value 4 = min{n + k, [} corresponds to the probability

P(h | n, k) = Sminin+k,1y(h) .

Minimization of /& corresponds to 8|,k (h), and the average h = %(|n —kl+n+k) =
max{n, k} to Smax(n,k) (h).

Recombination of strings (x, y) into (z, z'), where z’ denotes the dual recombination,
results in a transformation of distances n = d(T,x) and k = d(T, y) into distances
m = d(T,z) and m" = d(T, 7). The joint distributions of distance pairs P;(n, k) =
Pi{x € S(T,n),y € S(T,k)} and Prri(m,m’) := Prii{z € S(T,m),z € S(T,m’)} are
transformed as follows:

11
Pri(m,m') =) % " P(n.m' | nk) Pi(n, k),

n=0 k=0
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where P(m, m’ | n, k) is the transition probability between the pairs of spheres of radii (n, k)
and (m, m'):

P(m,m' | n,k):=PlzeS(T,m),z7 e S(T,m") | xeS(T,n),yeS(T,k)}.

The analysis is similar to mutation, but the transformations are now applied to joint
distributions of distance pairs. One can also obtain the transformation of distance distribution
Pi(n) := P{x € S(T,n)}into Pry1(m) := Pryi1{z € S(T,m)}:

1 ! !
Pi(m)y= YY" " Pm,m' | n,k) P(k | n)P,(n).

m'=0n=0 k=0
Note that m’ = n + k — m for crossover recombination (Proposition 4), so that

Pm|n,k)yifm =n+k—m

/ J—
P(m,m’" | n, k) = {0 otherwise

Thus, the summation over m’ € [0, /] above is not necessary, and it is sufficient to derive
the expressions using only probability P(m | n, k).

If the transition kernels P(m | n,k) and P(k | n) are time invariant, then the linear
operator

l i
R()=) [Z P(m | n,k) Pk | n)} ) (20)

n=0 Lk=0

acting on distributions P (n) of distances d(T, x) = n € [0, [] generates the entire evolution
{P:};>0 due to recombination as P;; = R®P;. This can be used in simulations to analyse
the effects of recombination and pairing strategies on evolution.

In Section 2 on mutation, we expanded transition probability P(m | n) over all values
of the mutation radius r € [0, /] (7). Similarly, here we expand the transition probability
P(m | n, k) over all values of the recombination radius » € [0, /] and recombination capacity
h=d(x,y):

[

P(m|n k)= P@m|n k h.r) P(r|n.k h) P(h|nk). 1)
r=0h=0 Recombination Pairing

The probability P(h | n, k) has been discussed in Examples 6 and 7. The probability
P(r | n, k, h) of recombination radius r € [0, [] can be determined from the analysis of the
recombination operator.

Example 8 (Uniform crossover) In this form of recombination, letters x; and y; at each
position i € {1, ...,/} in the parent strings are swapped with probability v € [0, 1], called
the recombination rate, independently of letters x; and y; at other positions. In this case,
P(r | n, k, h) is the binomial distribution:

Py(r|n,k, h) = (i)v’(n, k, W[ —v(n, k, )],

The rate v may be different for different values of n, k, h € [0, [], so that the recombination
operator depends on the recombination rate control function v(n, k, h).

Example 9 (One point crossover) In this form of recombination a single index i € {1, ...,1}
is selected in the parent strings x and y, and all letters x;, y; with j > i are swapped. Thus, if
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i = |//27, then approximately half of the letters are swapped, and the recombination radius
is r = [//2] (here |-] denotes the nearest integer). In this case, P(r | n, k, h) is the Dirac
distribution:

P(r|n,k,h)=38/,().

Observe that the recombination radius in this case is equal to r = [ — i, where i is the
index of one point crossover. Potentially, one can define one-point crossover with variable
index i = [ — r, where the value r = r(n, k, h) of the recombination radius may depend on
distances n, k and h.

Using factorization (21), the recombination operator (20) acting on distributions of dis-
tances from T takes the form

1 1 I
R()=) [ZZ > P@m|n k. h.r)P(r|nk h)P(h|n k)Pk| n)j| OF

n=0 Lk=0r=0 h=0

where probabilities P(k,h | n) = P(h | n,k)P(k | n) are defined by the pairing strategy
(Examples 5,6, 7) and P(r | n, k, h) by the crossover process (Examples 8, 9). The unknown
conditional probability P(m | n, k, h, r) will be determined in the next section.

3.3 Geometric probability of recombination onto a sphere

Similar to geometric probability P(m | n,r) defined in (9) for mutation, the probability
P(m | n,k, h,r) in factorization (21) represents a purely geometric problem depicted on
Fig. 3:

Pm|n,k,hr):=
Plze S(T,m)|xe S(T,n),y e S(T,k)yNSx, h),r €[0,1]} (22)

Solution to this geometric problem requires counting the number of elements in cer-
tain subsets. The sought offspring strings are in the intersection of recombination potential
I(x, y,r) and sphere S(T, m). The difference n — m of the radii of spheres S(T, n) and
S(T, m) defines the difference ry — r_ of beneficial and deleterious substitutions into string
x from y (17). The upper bounds 7 < h4 and r— < h_ can be defined from the conditions
on the parent strings: x € S(T,n) and y € S(T, k) N S(x, h) (i.e. by the distances n, k and
h for the triangle (T, x, y)). Indeed, hy < h =d(x,y)and h_ = hy — (n — k) by (19),
where n = d(T,x) and k = d(T, y). It is convenient to count strings in the intersection
S(T,m)NI(x,y,r)by grouping them based on the values i, € [0, k] of possible beneficial
substitutions. We shall denote by [/ ] the class of all strings y that have ry < h. beneficial
substitutions into x.

Lemma 3 (Intersection of sphere and recombination potential) Let x € S(T,n) C fo, and
let [hy] be the class of all strings y € S(T, k) N S(x, h) such that the number of beneficial
substitutions from y into x (reducing the distance d(T, x) = n) be at most h < h. Then the
number of elements in the intersection of S(T, m) with recombination potential I(x, y, r)
fory e [hylis

hy
B l—hy—h_\[(h-\[hyt
ST YD ) = rzo (r —ry = h) <L> <r+> ’ @)

whereh_ =hy —(n—k)>0,r—_=ry —(n—m) >0andry € [0,hy], r —rp —r— > 0.
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Proof Given the maximum numbers /4 and h_ = hy — (n —k) of beneficial and deleterious
substitutions (observe that 2_ depends on n = d(T,x) and k = d(T, y)), the remaining
[ — h4 — h_ letters can only make neutral substitutions. Thus, for specific values of r < h,
r_ < h_, the total number of combinations is

I —hy—h_\[(h-\ (hyt

r—ry—r_J\r_J\ry /)’
wherer_ = ry —(n—m) from (17), and r —r —r_ > 0is the total number of neutral recom-
binations from (16). Feasible values of 1 € [0, ] are determined from non-negativity of

r— and r — ry — r—. The total number is obtained by summing over all feasible values of
ry € [0, h+] O

The maximum number of beneficial substitutions is bounded above h, < h = d(x, y),
and adding the numbers in (23) for all 44 € [0, 2] would account for all strings in the
intersection S(T, m) NI (x, y, r). However, the classes [ ] are not distributed uniformly as
they have different sizes. Indeed, the totality of all strings y to be recombined withx € S(T, n)
is the intersection of spheres S(T, k) and S(x, &), as shown on Fig. 3. The number of strings
in this intersection is given by formula (10) in Lemma 2, where instead of mutation radius
r = ro+r— 4+ ro we have to use recombination capacity i = hy 4+ h_ + ho and substituting
k for m. In fact, the number of strings y in the intersection S(T, k) N S(x, k) with specific
values of the maximum numbers A4, h_ and hg is

—h ] —
@—2m (" T Y- ) ().
ho h_ hy
This can be used to derive probability (22).

Theorem 2 (Geometric probability of recombination onto a sphere) The probability P(m |
n, k, h, r) that crossover recombination of r € [0, ] letters in string x € S(T,n) C ny with
string' y € S(T,k) N S(x, h) results in string z € S(T,m) is

Pm|nk,h,r)y=
h hy
Y @=2" (" )@ -0 ) T ()00
hy=0 r4=0
p 24)
() X (@=h (") @ = D () ()
4=

withry € [0, hy], hy € [0, h] and the numbers h— >0, hg >0, r— >0, r —ry —r— >0
defined by the equations

h_=hy —(n—k), ho=h—-2hy+ (n—k), r—=ry—m—m).
The probability is zero if the triangle inequalities |n — k| < h < n+kor|n —m| <

min{r, h} < n + m are not satisfied.

Proof The probability P(m | n, k, h, r) can be expressed as the following sum of products
of conditional probabilities P(m | n,k,h,r,hy) and P(hy | n,h, k) for all values of
hy € [0, h]:
h
P(m |n,k,h,r)= Z P(m |n,k,h,r,hy)P(hy | n, k, h). (25)
hy=0
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Observe that the recombination radius » does not occur in probability P(hy | n, h, k).
This is because the maximum number of possible beneficial recombinations 44 € [0, /] is
defined solely by the parent strings, and it is independent of r.

Here, P(m | n,k, h,r, hy) is the probability that an offspring z in the recombination
potential /(x, y, r) is at distance m = d(T, z) from the optimum subject to the condition
that the parent string y has at most /1 potential beneficial recombinations (fixing specific
three points (T, x, y) ina Hamming space also fixes their distancesn = d (T, x),k =d(T, y)
and h = d(x, y)). This probability is the ratio of strings in the intersection of sphere S(T, m)
with potential 7 (x, y, r) with the condition y € [h4] over all offspring strings in /(x, y, r):

[S(T,m)yNI(x,y, r)lyemy
I (x, y, 1)l '
The number [S(T,m) N I(x, y, r)lyemn, is given by (23), and the number of elements in
the potential I (x, y, r) is (i), so that

Pm|n k h,r ohy)=

hy
Y (20
POn | nok, by hy) = " , 26)
()
where r —r_ = n—m withthe constraintsr_ > 0,r —ry —r_ > OQandh_ = hy —(n—k) >

0.
Probability P(h4 | n, k, h) is the ratio of parent strings y with at most s beneficial
recombinations in the intersection S(T, k) N S(x, k) out of all parent strings in this intersec-

tion:
[SCT, k) N S(x, W) aT,x)=n, d(T.y)=k, yelh4]

[S(T, k) NS, W)aT,x)=n
Using (10) for intersection of the spheres and making the described earlier substitutions
this probability is

P(hs | n,k,h) =

-2 ho (n—h+ -1 h_ (l—n\(n
P(hy | n,k, h) = h(a ) ( ho )(a ) (h_)(h+) ’ @7
Y@= ()@= D))

hy=0

where hy —h_ =n —k and hy 4+ h_ + hg = h with the constraints h1_ > 0, hg > 0. The
final formula (24) is obtained by the substitution of (26) and (27) into (25). O

Remark 3 The summations in (24) are shown across all 7 € [0, 2] and k4 € [0, k], but it
is important to check also that all other indices are non-negative: r— > 0,r —ry —r_ > 0,
h_ > 0and ho > 0. The triangle inequalities |[n — k| < h < n + k imply the following
bounds max{0,n —k} < hy < %(h + n — k) < h (and similar for r), which can be used
for a more efficient implementation.

Example 10 (Binary case « = 2) In the binary case there are no neutral substitutions among
h = d(x,y) different letters, and therefore ho = 0, h = hy +h_andhy —h_ =n —k
define one possible value 4 = %(h + n — k). Probability (27) becomes

POy [0,k ) =8y g,y ()
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Substituting 1 = %(h+n—k) and using the conditionsry € [0, hy],r— = ry—(n—m)
0,70 =r — 2ry + (n — m) > 0 formula (24) reduces to

v

h+ _
Z (r—2r.i+}(ln—m)) (r+}i(rilim)) (irl_t)

=
I
()

This formula is also valid for « > 2 when the distance d(x, y) = h is minimized (h =

|[n — k|) or maximized (h = n + k), because there are 1o = 0 possible neutral substitutions
among h = d(x, y) different letters in these cases.

P(m | n.k h,r)="

Conditional probability (24) was implemented in a digital computer using Common Lisp
programming language, and Figs. 4-6 illustrate its dependency on parameters n, k, h and
r in Hamming space Hio (¢ = 4,1 = 40). Ordinates on all charts show the resulting
distance m = d(T, z) of offspring after crossover. The grayscale represents different values
of probability P(m | n, k, h, r) with white corresponding to P = 0 and black to P = 1.

Figure 4 shows the effect of distance k = d(T, y) of the second parent (abscissae) relative
to the distance n = d(T, x) of the first parent shown on three charts for n € {10, 20, 30}. On
all charts recombination radius was » = |//2] = 20 and capacity d(x, y) = h = max{n, k}.
One can see that the resulting distribution appears to have linear dependency on distance
d(T,y) =k, and (as expected) crossover with d(T, y) < d(T, x) increases the chance of
beneficial recombination.

Figure 5 shows the effect of recombination capacity & = d(x, y) (abscissae). Three charts
correspond to distances d(T, y) = k € {10, 20, 30} and d(T, x) = n = 20. Recombination
radius was r = |//2] = 20 on all charts. One can see that recombination capacity increases
the variance of the resulting distribution of d(T, z) = m with the maximum variance achieved
forh=n+k.

Figure 6 shows the effect of recombination radius r (abscissae). Three charts correspond
to three distances d(T, y) = k € {10, 20, 30} of the second parent and distance d(T, x) =
n = 20. Recombination capacity was d(x, y) = h = max{n, k} on all charts. One can see
that small recombination radius concentrates the probability at distance of the first parent,
while increasing the radius concentrates the probability at distance of the second parent (as
expected). One can see also the variance of the offspring’s distance d (T, z) = m appears to
be maximized at r = [[/2] = 20.

40 40 40

4
£30 : 30 - ; 30 x
I . o8

=20 - i 20 20 |

- - e

=10 ?l"-—x 10 r"r 10
| | |

0 | | | 0 0 | | |

0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
d(T,y) =k d(T,y) =k d(T,y) =k

Fig.4 Dependency of the probability P(m | n, k, h, r) (24) on the distance d(T, y) = k of the second string
(abscissae) in space Hio. Ordinates show the resulting distance d(T, z) = m after crossover. Three charts
correspond to three distances d(T,x) = n € {10, 20, 30} of the first parent string. Grayscale represents
probability P € [0, 1]. Parameters d(x, y) = h = max{n, k} and r = 20
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40 40 40
£30 - 30 30 y
Il =
~ 20 z 20 ms=————y 20 T
|_" _
= 10 y 10 - 10 +
0 | | | 0 | | | 0 | | |
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
d(z,y) = h d(z,y) = h d(z,y) =h

Fig. 5 Dependency of the probability P(m | n,k, h,r) (24) on the recombination capacity d(x,y) = h
(abscissae) in space Hio. Ordinates show the resulting distance d(T, z) = m after crossover. Three charts
correspond to three distances d(T,y) = k € {10, 20, 30}. Parameters d(T,x) = n = 20 and r = 20.
Grayscale represents probability P € [0, 1]

The above observations about the expected value and variance of distance d(T,z) = m
after crossover are confirmed by the corresponding formulae below.

Proposition 5 The expected value and variance of conditional probability distribution (24)
Sfor Hamming distance m = d(T, z) of string z obtained by a crossover recombination of
r € [0,1] letters in string x € S(T,n) from string'y € S(T,k) N S(x,h) in a Hamming
space fo are

k —
Eptm [0,k h,r =n+ E20 8)
2 m—K*7rd—r)
Lk hory = h — (ho) — . 29
o}im | n k. h.r) [ o) == 7= 29)
Here (ho) := E{ho | n, k, h} is the expected maximum number of neutral substitutions

among h = d(x, y) different letters, which is computed using formula (27) for conditional
distribution P(hy | n, k, h) and using the relation ho = h — 2h +n — k.

The proof uses formulae (2) and (3) from Lemma 1, where probabilities (P;) and (P;;)
are defined as functions of parameters d(T, x) = n,d(T, y) = k, d(x, y) = h and recom-
bination radius r € [0, []. See Appendix A.5 for details.

40 40
30 - ~ 30 y

2N mE— g 9 e

10 10

0 \ \ \ 0 \ \ \
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40

r r r

Fig.6 Dependency of the probability P(m | n, k, h, r) (24) on the recombination radius r € [0, /] (abscissae)
in space Hio. Ordinates show the resulting distance d(T, z) = m after crossover. Three charts are shown
for three values of distance d(T, y) = k € {10, 20, 30}. Parameters d(T,x) =n =20andd(x,y) = h =
max{n, k}. Grayscale represents probability P € [0, 1].
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Formula (28) confirms ‘linear’ dependency that can be seen on Fig. 6. The slope of this
dependency is defined by the difference d(T, y) — d(T,x) = k — n of distances of the
two parent strings. Similarly, the variance depends only on the squared difference (n — k)2
in (29). Thus, the slope and the variance of distance distribution after crossover are invariant
under translation n +— n + m and k — k + m of distances from the optimum (since
n+m—k—m=n-—k).

Formula (29) shows also that the variance is maximized at equal distances d(T, x) =
d(T,y) (ie. (n — k)% = 0) and when recombination capacity d(x, y) = h is maximized:
h = n + k (in which case (hg) = 0). These effects of distances d(T,x) = n,d(T,y) =k
and capacity d(x, y) = h on the variance are shown on Fig. 7.

The dependency of variance (29) on the recombination radius r € [0, [] is particularly
interesting, as this parameter is independent of the others. Maximization gives the following
result:

iaz{m | n k,h,r}= [h — (ho)

—k =27
_u} P o !
or

I -1 = =

(the second derivative is negative). Therefore, the variance of distances after crossover recom-
bination is maximized when exactly half of the letters in the strings are recombined. This
corresponds to the one-point crossover at index i = [//2]. For uniform crossover with rate
v = 1/2 recombination radius is random with the mean value //2.

Finally, let us show and discuss the following symmetry property of beneficial and dele-
terious crossover recombinations.

Proposition 6 Geometric probability (24) has the following symmetry:
Pm|n,k,h,ry=Pn+k—m|n,k,h,l—r).

See Appendix A.6 for the proof. Notice that for strings at equal distances d(T,x) =
d(T,y) = n the probability that recombinations is beneficial m = n — (n —m) < n is equal
to the probability that the dual recombination is deleterious m’ = n +n — m > n. Thus,
chances of beneficial and deleterious recombinations are in a certain sense equal, and this
property is uniform across the entire Hamming space fo. This is different from mutation,
because beneficial mutations are less frequent than deleterious mutations for all strings with
d(T,x) <I(1—1/a).

40 40 40
£30 : 30 _‘J 30 - J

I - =

=20 — z 20 S x
[ =
S0 F 10 10 r
0 I I 0 I I 0 I I
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
d(T,y) =k d(T,y) =k d(T,y) =k

Fig. 7 Dependency of the probability P(m | n, k, h, r) (24) in space 'Hio on the distance d(T,y) = k of
the second string (abscissae) and using three strategies for recombination capacity d(x, y) = h: minimization
h = |n — k| (left), mean h = max{n, k} (centre), maximization » = n + k < [ (right). Ordinates show the
resulting distance d(T, z) = m after crossover. Recombination radius r = 20. Grayscale represents probability
P €[0,1]
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3.4 Maximization of probability of beneficial recombination

The closed-form expression (24) combined with probabilities of the recombination radius
P(r | n, k, h) and recombination capacity P(h | n, k) gives complete solution to transition
probability (21) between pairs of spheres around optimum after crossover. This makes it
possible to maximize the probability of beneficial crossover recombination. As with mutation,
however, this optimization problem can be defined in many different ways (e.g. subject to a
constraint on the number of generations). Below we consider two simplified problems that
have exact solutions.

Proposition 7 (Minimization of the expected distance after crossover) The expected value (28)
of Hamming distance d(T, z) = m after crossover ofx € S(T,n)withy € S(T,k)NS(x, h)
into 7z € S(T,m) is minimized if the recombination radius r € [0, [] has the values r = 0
forn < k, r =1 forn > k, and any value for n = k.

Proof The minimization Ep{m | n, k, h,r} < n over the recombination radius r € [0, ]
follows from (28). O

This simple result implies the following recombination rate function for the uniform
crossover operator (Example 8):

0 ifn<k
v(n, k) =13 1/2 ifn=k .
1 ifn >k

The application of such a strategy for recombination can be limited if the population has
no individuals with equal distances d (T, x) = d(T, y). Another approach is to maximize the
probability of crossover recombination directly into optimum. As for mutation, this problem
has exact solution.

Proposition 8 (Recombination into the optimum) The probability P(m =0 | n, k, h, r) that
crossover recombination of string x € S(T,n) C fo withy € S(T,k) N S(x, h) results in
string z = T is

1—h
T ety _ i =ntk=inzr=i—k
[1(x,y, 1) 0 otherwise

Pm=0|n,k,h,r)=

where |{T € I(x, y, r)}| is the number of copies of element T in the recombination potential
I(x,y,r) (recall that it is a multiset); h = d(x, y) is recombination capacity, and r € [0, 1]
is recombination radius. The optimal recombination radius maximizing the above probability

IA)
g n+k/)|’

wheren = d(T,x)and k = d(T,y) (here | -] denotes the nearest integer).

Proof Crossover recombination into z = T, d(T, z) = m = 0, implies that the recombina-
tion radius is r > n = d(T, x) letters, of which there should be exactly . = n beneficial
substitutions, and which is also their maximum number /. = n. For deleterious substitutions
r—=0andh_ =hy—(m—k) =k =d(T,y)by(19). There can be no neutral substitutions
among h = d(x, y) different letters, which implies hp = O and h = hy +h_ = n+k. Thus,
recombination capacity & = d(x, y) must be maximized (this also maximizes the variance
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of distances after crossover (29)). There canbe ro = r —ry —r— = r —n > 0 neutral
substitutions among [ — d(x, y) = [ — h identical letters, which also must be identical to the
corresponding letters in T. Because ro = r —n <1 —h =1 — n — k, we also obtain the
upper bound r < [ — k. The formula for the probability P(m = 0 | n, k, h, r) is obtained
by substituting the values ry = hy =n,r— =0,ro=r —n,h_ =k, h = hy + h_ into
formula (24) and considering the constraints 7 = d(x,y) =n+k <landn <r <[l —k.
This probability is the proportion of all optimal elements T in the recombination potential
I(x,y,r), which is a multiset (i.e. it may contain multiple copies of T).

The optimal recombination radius r € [n, [ — k] maximizing the probability can be found
by setting its derivative over r to zero. Using the following formula for the derivative of the

binomial coefficient [35]:
a [l l
*< ) - < >[Hlfr - Hr];
ar \r r

where H, is the rth harmonic number, and employing simple approximation H, =~ Inr gives
the following necessary optimality condition:

o (9 _ G
()0
(7.0 [m (L—k = )7 }_0
() F-ml—-7]

The root 7 of the above equation is obtained by setting the logarithm to zero resulting in
the following equations:

[Hj—k—¢ — Hp—p — Hi_; + H;]

~

(I—k—FF=F-n)l—F) = —ki=-n(l—-F =— f:l( " )
n+k

One can check also that the second derivative is negative for 7:

22 (78 (7 < (1 —k—PF )2 9 (U—k-PPF
o ~ [P ) [ A
arr () () F—n)l —F) ar  F—-n)(l -7

7

The square of the logarithm on the left is zero at 7. The derivative of the logarithm on the
right is

a (I —k—"PFr 1 1 1 1
— In — —~ = — =~ + <~ — = + =
or  (r—n)(l—7r) l—k—7 |I—F 7—n r;:l<%)
(n+k) ! + ik ! <0
=(n -+ ,
n k||l l—m+k ]|~
because [ > [ — (n + k). Formula (30) is the nearest integer of / (nik>. ]

The procedure for maximizing the probability P(m = 0 | n, k, h, r) of crossover recom-
bination into the optimum T can now be outlined:

1. Let x € S(T, n) be the first parent string (i.e. the distance d(T, x) = n is fixed).

2. Choose the set {y € S(T,k)} of second parents as close as possible to the optimum
T, because decreasing the distance d(T, y) = k increases the numerator (ﬁ:ﬁ ) in the

probability P(m =0 | n, k, h,r).
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3. Choose the second parent y € S(T,k) with the maximum recombination capacity
d(x,y) = h =n+k <1 (otherwise, the probability P(m = 0 | n, k, h, r) is zero).

4. Recombine precisely 77 = Ll (nnﬂ)—‘ letters to maximize P(m =0 | n, k, h,r).

One can see from formula (30) that the optimal recombination radius increases with
distance d(T,x) = n of the first string and decreases with distance d(T,y) = k of the
second string. Observe also that at equal distances n = k the optimal value is 7 = [ /2, which
also maximizes the distance variance (29).

In the end of this section, let us compare two recombination operators — the uniform
(Example 8) and the one-point crossover (Example 9). In the case of uniform crossover, the
recombination radius is a binomial random variable, and taking into account the conditions
h=n+kandr € [n,] — k] we obtain

—k
Pym=0|nk=Y_ (l ; i; k>u’(n, D[ — v, 1.

r=n

Optimization of the recombination rate is complicated due to the range of possible recom-
bination radii » € [n,l — k]. For simplicity, let us assume that r takes only one value
r € [n, [l — k]. In this case, the maximum is found by differentiation:

9 l—n—k I—
Zp=( T oo (f o) =0 = b=1,
v r—n D 1—7 [
N—— —’
=0
92 l—n—k I—r\%> 1=2r/D H2
Ky ) ATI o A ) R r
av r—n v 1—v (1 —v)
— ———
L =0
(TR 12D ]
—n | (1 —r/1)?

because 1 — [/r < 0. Substituting the optimal recombination radius (30) results in the
following recombination rate function:

n

ﬁ(n,k):n+k.

Thus, uniform crossover with the above recombination rate makes the mean value E{r} =
[v of the recombination radius equal to the optimal value (30). However, its variance ol(r) =
Iv(1 —v) is generally not zero, meaning that the exact optimal value of recombination radius
is not guaranteed.

In the case of one-point crossover, the distribution of recombination radius is the Dirac
8;—i (r) with zero variance, where i € [1, ..., []is the index of one-point crossover. Therefore,
if the index of one-point crossover is set to i = [ — 7 = [lk/(n + k)], then it is feasible to
guarantee the optimal value given by (30). This could be the advantage of one-point crossover
over the uniform crossover. Interestingly, a process similar to one-point crossover is used in
nature to exchange genetic material between pairs of homologous non-sister chromatids.
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4 Discussion

We have analysed geometry and combinatorics of mutation and crossover operators in Ham-
ming spaces. The new formula for geometric probability (24) of crossover recombination of
two strings onto a sphere around an optimum now complements a similar formula (11) for
mutation that was derived previously in [2-5]. Combined with the information about specific
mutation and crossover operators (e.g. Examples 2, 8, 9) one can compute stochastic matri-
ces M and R to represent Markov operators, defined by (6) and (20), transforming distance
distributions p(t) := P;{x € S(T,n)} under mutation and recombination in a Hamming
space fo. Their product together with the diagonal (/ 4+ 1) x (I + 1) matrix S representing
selection gives complete Markov evolution of distance distributions:

p(t) = (MRS)' p(0),  p(0)=Py.

This opens up the possibility for computer simulations and numerical optimization of
long-term evolutionary dynamics under various control functions and strategies, such as the
variable mutation rates p(n) (e.g. as in (15)), recombination radii r (n, k) (e.g. as in (30)) and
pairing strategies (e.g. Examples 5, 6, 7). In some cases, analytic solutions are also possible,
such as the optimality conditions given in Propositions 2 and 3 for mutation (previously
presented in [3-5]) and in Propositions 7 and 8 for crossover recombination. It is important
to note, however, that such solutions that are optimal for these specific criteria may not be
optimal for other criteria (e.g. see the discussion in [36] or various optimality criteria and
constraints in [4]). Simulations using the above Markov process can be used for optimization
of evolutionary dynamics over multiple generations and considering other characteristics,
such as the rate of convergence or the running time. The latter can be estimated as time to
absorption for stochastic matrix M RS by considering the optimum T € Hla as an absorbing
state. Such a programme has already been realized in [4], but only for the mutation operator
M. This work extends the range of tools suitable for a more complete study. Future work
may consider potential applications to the run-time analysis of evolutionary algorithms and
optimization of mutation and recombination operators in more complex fitness landscapes
(i.e. when fitness is not the negative distance to optimum). Such analysis can be facilitated by
the formulae derived here and considering monotonic relations between fitness and distance
that can often be postulated [8].

Another interesting direction to explore is the interaction between mutation and crossover
operators. Our analysis suggests that mutation and crossover recombination may have differ-
ent and in some sense complementary properties. Mutation has the advantage that its range
is the entire space {1, ..., oz}l of strings. However, it lacks direction, and when strings are
closer to an optimum the majority of mutations are deleterious. Maximization of the proba-
bility of beneficial mutation requires that mutation rates decrease as strings evolve closer to a
fitness peak, which has the inevitable effect of slowing down the evolution. Recombination,
on the other hand, acts in a subspace defined by the current population. However, unlike
mutation, recombination can have a direction towards higher fitness, and it equalizes the
chances of beneficial and deleterious recombinations. It has properties, such as variance of
distance distribution, that are translation invariant. These observations suggest that mutation
can be more important for diversity and adaptation of the population that is far away from
the fitness peak. Once the population has evolved closer to the fitness peak and the mutation
rate reduced, recombination may become more important to maintain the rate of adaptation.
These hypotheses can be tested using simulations.
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It is important to emphasize that the theory and probability formulae presented here are
exact and not approximate or asymptotic. At the same time the model concerns a Markov
process with only / 4 1 states (i.e. the range {0, ..., /} of Hamming distance on Hla) and
square (/+ 1) x ({+ 1) matrices. Even though / can be large in some cases, this model is more
computationally tractable than other approaches, such as [37, 38] that used Markov processes
with states corresponding to all possible variable size populations of strings. Furthermore,
many properties can be derived from simulations with small /. In addition, the formulae for
the first two moments (i.e. (13), (28) for the means and (14), (29) for the variances) can be
used to infer some approximate properties. All formulae are valid for strings with arbitrary
alphabet size « € N broadening their scope of applications to different areas including
biological systems.

Although the analysis presented here is based on information about Hamming distances
between strings, the conclusions can be translated into more practical or biologically relevant
notions of fitness and similarity. Previously we showed that fitness is related to distance from
an optimum at least in some neighbourhoods of a local optimum in a broad class of fitness
landscapes [8]. Theoretical predictions about optimal mutation rates were tested in compu-
tational experiments with transcription factor binding landscapes as well as experiments in
vivo with various microbes [10-12]. They discovered that mutation rates are strongly anti-
correlated with population density, which microbes can sense and that is related to biological
fitness (i.e. the replication rate). Thus, organisms may use a control strategy of mutation
parameters similar to that predicted by the theory in order to increase their adaptability. This
trait appears to exist across all domains of life [11]. It is reasonable to assume that similar
strategies may exist for controlling parameters of recombination operators. Testing these
hypotheses experimentally is an exciting prospect.

Appendix A Proofs
A.1 Proof of Lemma 1 for the mean and variance of Hamming distance

Proof Using the definition of Hamming distance (1) as a sum of elementary distances 1 —
Ox;y: € {0, 1} we have

1

Ep{du,y)}:Ep{Z(l—am} ZIEPU Sy}
i=1

2 2

opld(x, )} =Ep (Z(‘ y) (E;»{Z(l })
l l 1
=Y Ep{(1=8,)% + D Y Ep{(1 = 85y )(1 = 8yjy)}—
i=1

i=1 j=1
J#i
2

l
(Z P{1 x‘y,) 5

where we used additivity of the expected value and the square of the sum formula: (Z i a; ) o
Yiar+2 Yicjaia; =3 a+y, >~z aia;j. Noticing that (1 — 8xiy)> = 1—3y,y, and
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denoting the average values of the expectations under summations by (P;) and (P;;) (see
their definitions in Lemma 1) we obtain the following formulae:

Ep{d(x, y)} = (P),
opd(x, )} = 1{P) + 1L — D(Py) — ((Pi)*.

[m}

The symbol (P;) introduced above is the average (over all positions i € {1, ...,[}) of the
probability that x; # y;.Indeed, the differences 1—6,;, are non-zero (and equal to one) only
when x; # y;, and therefore the expectations Ep {1 — dy,,,} are the probabilities that letters
X; # y; atpositions i € {1, ..., 1} (and these probabilities can be different for different 7).

Similarly, (P;;) is the average of joint probability that x; # y; and x; # y; at two
different positions i # j (there are /(I — 1) off-diagonal elements). Indeed, the products
(I =38y;y,)(1 = SXJ. ),j) are non-zero only when both x; # y; and x; # y;, and the expectations
Ep{(1 — 8x;y;)(1 — &x,y,)} are the corresponding joint probabilities.

A.2 Proof of Lemma 2 for intersection of spheres in ’Hix

Proof A substitution of letter x; at position i € {1, ..., [} may result in one of three possi-
bilities:
e Letter x; # T, is substituted to y; = T, resulting in a beneficial substitution. Such

substitutions can only occur in n = d(T, x) letters x; # T;. Denoting by r the total
number of beneficial substitutions gives (r") combinations.

e Letter x; = T; is substituted to any of o — 1 letters y; # T; resulting in a deleterious
substitution. Such substitutions can only occur in [ — d(T,x) = [ — n letters x; =
T;. Denoting by r_ the total number of deleterious substitutions gives (¢ — 1)~ (l;")
possibilities.

e Letter x; # T; is substituted to one of the remaining o — 2 letters y; # T; resulting in
a neutral substitution. Such substitutions can only occur in n = d(T, x) letters x; # T;
minus the number r of beneficial substitutions. Denoting by r¢ the total number of

neutral substitutions gives (o — 2)" (":O“f) possibilities.

For specific values of r, r— and ro, the total number of combinations is

oY ()
ro r— r4

By (4) and (5), the values of r_ and r¢ are related to r € [0, r]:

r—=ry—(m—m),

ro=r—@y+r_)=r—=2rp +m—m).

Formula (10) is obtained by summing over all feasible values of r subject to constraints
r—>0andrg > 0. ]
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A.3  Proof of Proposition 1

Proof Here we use formulae (2) and (3) with the following average probabilities:

(P) =Ply; #T; lx € S(T,n),y € S(x, )},
(Pij) :=Plyi #Tiny; #Tjli#j,xeS(T,n),yeSkx,n},

where the conditions are defined by the fact that string y € S(x,r) C fo is obtained from

x € S(T, n) by asubstitution of d(x, y) = r letters. Indicesi and j € {1, ..., [} are positions
of letters in the strings x = (x1,...,x7),y = (¥1,...,y)and T = (Tq,..., T;). For each
position i € {1, ..., [} there are three mutually exclusive possibilities for event y; #= T;:

e Letter x; # T; is not substituted, so that y; = x; # T;. The number of letters x; # T,
isn = d(T, x), and there are [ — r letters that remain not substituted in y, which means
that the corresponding probability is (n/l)(1 — r/I).

e Letter x; # T; is substituted by y; # T;, y; # x;. There are « — 1 letters in the alphabet
not equal to T;, and there are « — 2 remaining possibilities for y; # T;. Given that
there are n = d(T, x) letters x; # T; and r letters are substituted, the corresponding
probability is (n/D)[(a — 2) /(o — 1)](r/I).

e Letter x; = T; is substituted by any other letter y; # T;. The number of letters x; = T;
isl —n=1—4d(T,x), and there are r letters that are substituted, which corresponds to
the probability (1 —n/l)(r/I).

Adding the above probabilities for disjoint events gives the desired average probability:

=2 (=52 (E5) 5+ (=)

Because (P;) is the average probability across all positions i € {1, ..., [}, its value is the
same for all i, and the expected value Ep{m | n, r} can be computed as /(P;). Its expression
can be simplified as follows:

Ip, - N ra-nt
( »—n( a_11>+( ny.

The expression above can also be transformed into formula (13).

The average joint probability (P;;) :=P{y; # T; Ay; # T | i # j,n,r}is factorized
into the product P{y; # T; | n,r}P{y; # T; | yi # T;,i # j,n,r}, where the first
probability for the first event z; # T; is the average probability (P;) derived above. The
second is the average conditional probability of the second event z; # T; for j # i (and
conditioned on the first event z; # T;). This conditional probability can be determined from
the following considerations.

For each of the three possibilities for y; # T; in the string of length /, there are three
possibilities for y; # T ; in the remaining string of length / — 1. Thus, there are 3 x 3 =9
joint events, the probabilities of which are defined similarly, but using numbers n — 1 or n
and r — 1 or r depending on the type and position of the first event y; # T;. Thus, the product
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[ 1 r
1(1—1)<P,»j):n<1—7) (n—l)(l—ﬁl_l)—l—(l—n)l_l}

a—2 5_ (1 1 r—1 ; )r—l
+”(a—1>z_("_ <_a—11—1>+(_”1—1]

rl 1 r—1 r—1
+(l—n)7 n(l >+(l—1—n) ]

Ca—11-1 I—1

Formula (14) for the variance is obtained by substituting the expressions for /(P;) and
[(I — 1)(P;;) into equation [(P;) + (I — 1){P;;) — (L(P;)2. O

A.4 Proof of Proposition 4

Proof Let us denote by r’ = [ — r the recombination radius of the dual recombination
7/, and let ', r’ and r{, be respectively the numbers of beneficial, deleterious and neutral
substitutions into x. Because the dual recombination is a substitution of the remaining / — r
letters, we have

r++r;:h+, r—+r =h_.

Using the above equations and (17), (19) we have

rh—rl=hy —h_—(ry —ro)

=m—-k) —(n—m).
On the other hand, by analogy with (17), we have

rh—rl=n—m'. 3D

Therefore,n —k —(n—m) =m—k=n—m'.

A.5 Proof of Proposition 5

Proof Here we use formulae (2) and (3) with the following average probabilities

(P =P{z; #Ti |x € S(T,n),y € S(T,k),d(x,y) =h,r},
(Pij)y=Plzi #Ting; #T;li#j,xeS(T,n),yeS(T,k),dx,y)=h,r},

where the conditions are defined by the fact that string z € S(T, m) C M., is obtained from
x € S(T, n) by a substitution of r € [0, [] letters from string y € S(T, k) N S(x, k). Indices
iand j € {1,...,1} are positions of letters in the strings. For each position i € {1, ..., [}
there are two mutually exclusive possibilities for z; # T;:

e Letter x; # T; is not substituted by y;, so that in the offspring z; = x; # T;. The number
of letters x; # T; isn = d(T, x), and there are [ — r letters that remain not substituted
in z, which means that the corresponding probability is (r/l)(1 — r/I).

e Letter x; = T; is substituted by letter y; # T;, so that in the offspring z; = y; # T;.
The number of letters y; = T; is k = (T, y), and there are r letters that are substituted,
which corresponds to probability (k/I)(r/I).
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Adding the above probabilities for disjoint events gives the desired average probability:

=" ()b
Y ] 11

Because (P;) is the average probability across all positions i € {1, ..., 1}, its value is the
same for all i, and the expected value Ep{m | n, k, h, r} can be computed as [{P;):

r r
Py =n(1-7)+k%.
[ l

The above expression gives formula (28).

The average joint probability (P;;) := P{z; # T; Az; # T; | i # j,n,k,h,r}is
factorized into the product P{z; # T; | n,k, h,r}P{z; # T; | z; # Ti,i # j,n,k, h,r},
where the first probability for the first event z; # T; is the average probability (P;) derived
above. The second is the average conditional probability of the second event z; # T for
j # i (and conditioned on the first event z; # T;). This conditional probability can be
determined from the following considerations.

Let us decompose each of the two cases of the first event z; # T; into three subcases
resulting in 2 x 3 = 6 mutually exclusive subcases of event z; # T ;. These subcases were not
considered for the probability ( P;), because it concerns only one index i. When two indices i
and j # i are considered for the joint probability (P;;), these subcases are important, because
they influence the numbers that are required for the probability of the second event z; # T ;.

First, let us consider when any of n letters x; # T; are not substituted by y;. There are
three subcases for such non-substitutions. They can be among

1. hy letters y; = T; (i.e. some of i possible beneficial substitutions do not occur).
2. hgletters y; # T4, yi # x; (i.e. some of &g neutral substitutions do not occur).
3. n — hy — hy identical letters y; = x; # T;.

If a non-substitution occurs at position 7, then the number n reduces to n — 1, but the
recombination radius  remains the same. The number k of letters y; # T; remains the same
in the first subcase (because x; # T; was not substituted by one of [ — k letters y; = T;),
but it reduces to k — 1 in the last two subcases. The length / of the remaining string is / — 1.

Second, let us consider when letters x; are substituted by any of k letters y; # T,. Again,
there are three subcases for such substitutions. They can be among

1. h_ letters y; # T; (i.e. some of i_ possible deleterious substitutions occur).
2. hgletters y; # T;, yi # x; (i.e. some of h( neutral substitutions occur).
3. k — ho — h_ identical letters y; = x; %= T;.

Note that k — hg — h— = n — hg — h4, which follows from hy —h_ =n — k. If a
substitution by letter y; # T; occurs at position i, then the number k reduces to k — 1, and
the recombination radius r reduces to » — 1. The number n of letters x; # T; remains the
same in the first subcase (because one of [ — n letters x; = T; was substituted by y; # T);),
but it reduces to n — 1 in the last two subcases. The length / of the remaining string is / — 1.

For each of the six subcases, there are two possibilities for the second event z; # T; in
the remaining string of length / — 1, so that there are 6 x 2 = 12 joint events. Note that the
values s, ho and h_ are generally random and related by (18) and (19). Thus, initially we
derive the formula for the product /(I — 1)(P;;) assuming that specific values of 4, hy and
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h_ have been fixed:

=-ney=(1-7) {h+ (n =1

+(n—ho—hy) | (n 1)

1=
P (==t o=t
+7{*_”<_1—1>+( )1—1]

+ho (n—1)<1—:)+(k )r:l]

i r—1 1
+(k—h0—h_)_(n—l)<l—ﬁ> l—l:“

The formula above contains six lines corresponding to six subcases of the first event
zi # T,;: three non-substitutions of x; 7 T; and three substitutions of x; = T,;. Expressions
in square brackets on each line correspond to two cases of the second eventz; # T, j # i:
non-substitutions of x; # T; and substitutions of x; = T ;. Factoring and noticing that
hy +ho+n—ho—hy =nand h_ + ho+ k — ho — h— = k we obtain:

1(1—1)<Pi->:(1—5) -1 —L k=) —— |+ hy——
/ ! I—1 I—1 -1
Ililw-n(1-=1 “n (1o
AR I—1 —1 | I—1
The right-hand-side of the above equation can be written as
r —1 1 k—1 n—1 r
1—- -1 k—l— )+ hy—
( 1){ [(” )< = 1>+( ) 1}+”<1—1 1—1>“L +1—1}
+ i lm-1 r-1 wn (1=t
AR -1 - —1)[
which allows us to factor the members as follows:
r r r
[(1—?>n+7k]|:<1 l_l)(n—1)+7(k—1)i|
+(1—f) ey )+ D (1= =
VAV I 1" I—1)"

Substituting i = hy + (k — n) the expression for /(I — 1){P;;) becomes

[(1—§)n+§k] [(1—%)@—1)4—%&—1)]—1—

r\ (m+r)ytk—n)+2rhy
+(1-7) -1 '
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It can now be combined with the expression for /(P;) in equation [{P;) +I(I — 1){P;;) —
(1{P;))? to derive the variance formula with fixed hy:

12hy — k> 4 lk + 2nk — In — n®
oa{m | n ok, hr hy} = —= 1) rd —r)
I[2hy — (n — k)] — k> + 2nk — n?
- 21— 1) =
B n—k?>rd —r)
_[Zh*_("_k)_ I L(l—l)
2
:[h_he_(n—k)}r(l—r).
I I1—1)

Formula (29) for the variance is obtained by averaging over all possible values of /4 or
ho = h —2h4 + n — k, which means that they are replaced by their expected values (k) or
(ho) == E{ho | n, k, h} with respectto P(hy | n, k, h) (27). ]

A.6 Proof of Proposition 6

Proof Looking at factorization (25) of probability P(m | n, k, h, r), one can see that proba-
bility P(hy | n, k, h) does not influence the result, because it does not include variables m
and r. Thus, we only need to consider probability P(m | n, k, h, r, h) given by (26). Using

symmetry of binomial coefficients (ﬁ) = (;._,), one can see that

I—hy —ho\ (ho\(he\  (1—hy —h\ (ho (B
r—rp—r_J\r_ J\ry/) = rr—rh—r )\ J\r )’
where r’ =1 —r, ¢, =hy —ryandr. = h_ —r_. Note that ’ = [ — r is recombination
radius of the dual recombination 7’ = (1 — A)y @ Ax, and " = r/_ 4+ r__ + r{. Therefore,

Pm|n,k,h,r,hy)=Pm' |n,k,h,1—r,hy), where m" = n+ k —m by Proposition 4.
(]
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