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Coarse-Grained Dynamics for
Generalized Recombination

Christopher R. Stephens and Riccardo Poli

Abstract—An exact microscopic model for the dynamics of a ge-
netic algorithm with generalized recombination is presented. Gen-
eralized recombination is a new model for the exchange of genetic
material from parents to offspring that generalizes and subsumes
standard operators, such as homologous crossover, inversion and
duplication, and in which a particular gene in the offspring may
originate from any parental gene. It is shown that the dynamics nat-
urally coarse grains, the appropriate effective degrees of freedom
being schemata that act as building blocks. It is shown that the
Schema dynamics has the same functional form as that of strings
and we derive a corresponding exact Schema theorem. To exhibit
the qualitatively new phenomena that can occur in the presence of
generalized recombination, and to understand the biases of the op-
erator, we derive a complete, exact solution for a two-locus model
without selection, showing how the dynamical behavior is radically
different to that of homologous crossover. Inversion is shown to po-
tentially introduce oscillations in the dynamics, while gene dupli-
cation leads to an asymmetry between homogeneous and heteroge-
neous strings. All nonhomologous operators lead to allele “diffu-
sion” along the chromosome. We discuss how inferences from the
two-locus results extend to the case of a recombinative genetic al-
gorithm with selection and more than two loci providing evidence
from an integration of the exact dynamical equations for more than
two loci.

Index Terms—Adaptive systems, genetic algorithms (GAs),
search methods.

1. INTRODUCTION

OARSE-GRAINED formulations of the dynamics of evo-
Clutionary algorithms (EAs) offer many advantages rela-
tive to “microscopic” ones based purely on the string/chromo-
some degrees of freedom. These benefits have been exhibited
in both the standard genetic algorithm (GA) [31], and in vari-
able-length GAs/linear genetic programming (GP) and GP it-
self [19]. The main advantage is that they provide a simpler
but deeper understanding of the role of homologous recombina-
tion, [19], [31], wherein the most appropriate effective degrees
of freedom for describing recombination are not strings/chro-
mosomes, but coarse-grained “building blocks,” with which the
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EA builds strings. The form that these building blocks take de-
pends on the representation used. For instance, in GAs, they
are a particular subset of schemata that form an alternative and
more appropriate basis—the building block basis (BBB) [3]. In
the case of variable-length strings and trees, they are generaliza-
tions of those found in fixed length GAs—building block hyper-
schemata [19]. Additionally, coarse-grained formulations have
shown a theoretical commonality between GAs and GP that was
not previously apparent, thus leading to a unification of the the-
oretical underpinnings of both areas. They have also led to a
deeper understanding of approximate Schema theorems, such
as Holland’s [12], and the Building Block Hypothesis [9]. As
they are exact, they have also served as a bridge between this
latter work and dynamical systems models [34] (see, for ex-
ample, [20]).

Up to now, coarse-grained formulations have been studied
for GAs and GP with both homologous and subtree crossover
and, for GAs, in the presence of standard point mutation. In na-
ture, however, there are many more ways of combining parental
genetic material into an offspring than homologous crossover,
many of which have been used in EAs and have been found to
be useful by practitioners. Gene duplication, for example, has
been studied in biology [4], as well as in the context of GAs
[25] and GP [14], while inversion was one of the operators used
by Holland [12] in the original formulation of the GA. Addition-
ally, there is little to no theoretical analysis in the evolutionary
computation (EC) literature concerning inversion and duplica-
tion, at least not based on an underlying exact dynamical model.

In this paper,! the notion of generalized recombination is
introduced, which can account for any redistribution of parental
genes into the offspring. This requires the generalization of the
concept of a crossover mask to that of a generalized crossover
mask (GCM), with an associated generalized recombination
distribution (GRD). Generalized recombination generalizes and
subsumes many other common genetic operators, including
homologous crossover and inversion, as well as gene duplica-
tion and deletion. Thus, by studying this more general operator
theoretically, we are simultaneously developing a framework
within which several different familiar and used operators
can be studied. Generalized recombination can also lead to
qualitatively new phenomena that are not present in the case
of homologous crossover, such as periodic oscillations in the
dynamics of strings and schemata in the presence of inversion,
and a preference for homogeneous strings and schemata over
heterogeneous ones in the presence of duplication, e.g., for

I'This paper is an extension of earlier, preliminary work [23], [33] presented
at CEC 2005.
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two loci a potential preference for 11 over 10 even if they are
equally fit.

We initially study generalized recombination in the context
of a variable-length representation with mutation, deriving an
exact dynamical systems type model for describing it. More im-
portantly, however, we present a detailed analysis of how the dy-
namics of generalized recombination, as in the case of homol-
ogous crossover, is much more naturally represented in terms
of building block schemata, as opposed to strings. The differ-
ence in this case is that due to the presence of operators other
than homologous recombination, a richer diversity of building
blocks enters into the dynamics. We show that the dynamics
is form invariant under a coarse graining when passing from
strings to schemata, and hence derive an exact Schema the-
orem for a fixed-length GA evolving in the presence of mu-
tation and generalized recombination. Interpreted in terms of
the concept of effective fitness [27]-[30], this exact Schema
theorem states that, as in the case of homologous crossover,
those schemata which are more effectively fit propagate pref-
erentially. This coarse-grained formulation of generalized re-
combination, as in previous analyses, offers a further theoretical
unification for GAs, showing that building blocks also appear
naturally in the context of a GA where a gene of the offspring
is derived from any of the parental genes.

After introducing the exact Schema theorem for generalized
recombination and mutation, we focus our attention on a de-
tailed analysis of a two-locus model without selection in the in-
finite population limit. Of course, one might question to what
extent a two-locus model can illuminate the more complicated
multilocus case. It is wise to remember, however, that in popu-
lation biology, such models have played a crucial role, permit-
ting the qualitative, and sometimes quantitative, analysis of a
host of important phenomena (see, for instance, [1] and refer-
ences therein). Even in EC, such models have made important
appearances, such as in the deceptive two-bit problem [6], and
in previous analyses of the effects of recombination and mu-
tation [26]. The model we will present has the advantage of
being exactly soluble, while at the same time being quite trans-
parent. Additionally, all the interesting phenomena observed in
this two-locus model have also been shown to be present’ in
the case of multilocus models with selection, as we explicitly
demonstrate by considering some three-locus results with dif-
ferent fitness landscapes. One may also question the relevance
of an infinite population model. The relevance of the infinite
population model for finite population dynamics has been dis-
cussed extensively in the context of the canonical GA [34]. The
same arguments apply here. In particular, for a population of
size IV, one expects finite population effects to be O(N~1/2)
and, hence, small for large populations. Additionally, many of
the elements we discuss here also enter into a formulation of the
dynamics in terms of a Markov chain, which is the appropriate
general framework for the finite population model.

II. GENERALIZED RECOMBINATION

In nature, there are a multitude of ways that genetic material
can be distributed from parents to offspring. Some involve two

parental chromosomes, such as “homologous” recombination
and translocation—the latter being the breakage and removal
of a large segment of DNA from one chromosome, followed
by the segment’s attachment to a different chromosome. Others
involve only one parental chromosome, such as inversion, du-
plication, and deletion. “Homologous” in biology can have dif-
ferent meanings. In the context of meiosis [15] in diploids, it
refers to the recombination that takes place between “homolo-
gous” pairs of chromosomes, a homologous pair being such that
the 2th locus in each member of the pair codes for the same gene,
even though the particular allele might be different, e.g., green
eyes versus blue eyes as opposed to green eyes and brown hair.
It can also refer, however, to the fact that a subset of genes or
nucleotides in a pair have the same structure, and hence might
serve as a preferred point at which exchange of genetic mate-
rial can take place. Translocation is of this type, and in EC is
often termed "unequal" crossing over in order to distinguish it
from the more familiar homologous crossover, where parental
chromosomes are first “aligned” so that homologous genes are
in corresponding positions.

The most well-known operator for transferring genetic mate-
rial in GAs is homologous recombination where alleles at a par-
ticular locus have their origin in the corresponding genetic loci
of the parental chromosomes. Such recombination can be suc-
cinctly modeled using the concept of a recombination mask, m,
which, for strings of length ¢, can be represented by an ¢-dimen-
sional vector m = (mq,ma,...,my), where m; = 0, 1 indi-
cates from which parent the sth allele is taken—0 meaning take
it from the sth locus of the first parent, and 1, from the +th locus
of the second parent. The total number of possible masks is 2.
Associated with them is a recombination distribution, denoted
by p.(m). If the probability to perform crossover is p,., then
pe(m) is the conditional probability for choosing the mask m
given that crossover was implemented. Hence, ) p.(m) =1
and p., X p.(m) is the probability to crossover using the mask
m. It is the choice of p.(m) that specifies if one is considering
one-point, two-point, uniform crossover, etc.

Although binary masks are sufficient to model homologous
genetic operators in a fixed length setting, to describe more gen-
eral ones where an allele in a particular locus of the offspring
comes from a different locus in either one of the parents, a new
level of generality is required. We will term such a generaliza-
tion—a GCM. The associated probability distribution over the
GCMs generalizes the concept of a recombination distribution
and will be termed a GRD. A GCM can be specified mathemat-
ically using several equivalent representations. If we consider
the more general case of variable-length strings, in order to be
able to account for unequal crossing over as well as homologous
crossover, a GCM has to specify how ¢ alleles, for an offspring
of length ¢, are obtained from two parents of lengths ¢; and /5,
respectively.

We call the representation of a GCM that is closest to that
of a standard crossover mask a recombination vector, v. As the
sth allele in the offspring could come from any locus in the par-
ents, the components of this vector can take values from the set
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N, 4o, ={1,...,£1+£2}, values from 1 to /1 denoting that the
allele originated in the first parent, and values between /1 +1 and
{1 +44 signifying that it came from the second. Thus, in this rep-
resentation, we denote a GCM by v (¢, 41,45) = (v1,...,ve),
with v; € Ny, 4, For example, for £ = 3,v(3,2,4) = (1,5, 3)
represents a GCM that takes genetic material from parents of
lengths 2 and 4, respectively, and recombines it into an offspring
of length 3. The notation (1,5,3) for the components of v(3, 2,4)
signifies that the first gene of the offspring came from the first
gene of the first parent, the second gene from the third gene of
the second parent, and the last from the first of the second parent.
The total number of GCMs is (¢1 +/2)¢. The associated distribu-
tion of probabilities, p.(v (¥, £1, £2)), then determines the GRD.
For a fixed-length representation, we will drop the string length
arguments. In this case, the total number of recombination vec-
tors is (2/)°.

Another equivalent representation for GCMs uses arrays
(crossover matrices) instead of bit strings (vectors) to represent
recombination events. An appropriate crossover matrix for
representing the formation of a length ¢ offspring from length
¢4 and {5 parents will have £ rows and (¢; + £2) columns. The
first /1 columns indicate which alleles are copied from the first
parent, while columns ¢; + 1 through ¢; + /5 indicate what
is provided by the second. The matrix elements are either O
or 1, where a 1 in row r and column ¢ means that locus 7 in
the offspring is filled with the allele from locus c¢ in the first
parent if ¢ < ¢y. If ¢ > {4, it is filled with the allele from locus
¢ — /£ of the second parent. As an offspring would not be fully
specified if some of its alleles were undefined, or would be
overly specified if we tried to place more than one allele in a
locus, in each row of a crossover matrix there must be exactly
one 1 (with all other elements in the row being 0). For a fixed
length representation, the matrices are of constant size £ x 2/.

Finally, another useful representation is that of a recombina-
tion pair, r(¢,41,42) = (m, v), which is a hybrid between the
notion of a standard crossover mask and a recombination vector
with a reduced cardinality alphabet. Here, m = (m;j ... my)
is an ¢-dimensional vector (i.e., m € {0,1}*) whose compo-
nents specify which parent contributes the alleles to fill each
locus in the offspring. So, for example, m; = 0 means locus i
will be filled with an allele from parent 1, while m; = 1 means
parent 2 will contribute the allele instead. Having specified from
which parent a particular allele originates, one must specify
from which locus. This is achieved by specifying v(¢, ¢1,43) =
,V¢), an {-component vector of integers with compo-
nents vZ e {1,. Kl} ifm; = 0 (e,v € N,), and v;
{1,...,42} if m; = 1. The elements of v (¢, /1, ¢2) spec1fy
which alleles from a particular parent will be transferred to the
offspring. In the case of a recombination pair, for variable-length
strings, the cardinality of the alphabet from which the v; are
taken depends on the corresponding m;. Hence, this represen-
tation is less convenient than that of a recombination vector for
variable-length strings. For fixed-length strings, however, it is
perfectly natural, and actually presents several advantages rela-
tive to the recombination vector notation.

As an example of how the different representations of a GCM
work, consider standard one-point crossover for / = 3. The
associated crossover matrices are

o= OO
_ o O OO
oo O OO
oo O oo
oo O = O
_ oo = OO

0 0 0 0 0

each invoked with probability 1/2. These are equivalent to
the recombination vectors v; = (1,5,6) and v2 = (1,2,6),
or to the recombination pairs 1 = (011,(1,2,3)) and

= (001, (1,2,3)), or to the more traditional crossover masks
011 and 001.

Although, for formal manipulations we will use the more
powerful recombination pair notation as we will treat the two-
locus case extensively in this paper, we will represent the GRD
there using the recombination vector notation. The GRD then is
a vector with components p,;, where the indices a and b take
values from one to four, one and two corresponding to the first
and second loci of the first parent and three and four the corre-
sponding loci of the second parent. Thus, for example, p13 gives
the probability for applying the GCM associated with finding
the first locus of the offspring from the first locus of the first
parent and the second locus from the first locus of the second
parent.

III. EVOLUTION EQUATION IN THE STRING BASIS

Let us start by writing down the exact equations for the ex-
pected population at time ¢ + 1 for a finite population of fixed-
length strings of length / and cardinality .A evolving in the pres-
ence of selection, mutation, and generalized recombination

E(P] t—{—

ZMI< — peo) PY()
o ) 3 S M PP >) M

where Pj(t) is the probability to select string I € 2 at time
t, where Q is the set of such strings, Py(t) being the propor-
tion of string type I at time ¢. M7 is the probability that string
J mutates to string I. p,, is the probability that recombination
occurs and p.(r) is the conditional probability to apply the re-
combination pair r. Al (r) is an indicator function that takes
value 1 when the result of applying the GCM to the parents K
and L is J and is zero, otherwise.2 The first term in (1) arises
from the cloning of J and its subsequent mutation into /, while
the second term represents all the ways in which .J may be con-
structed from other strings via generalized recombination and
subsequently mutated.

2Note that the arrangement of indices I, J, K, and L leave (1) in “covariant”
form [3]. Thus, by using the rules of tensor calculus each element in the equation
may be transformed to a different coordinate basis, such as the Walsh or BBB,
using the appropriate coordinate transformation matrix.
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Equation (1) represents the relation between the actual values
of Pr(t) at generation ¢, and the expected value E(Pr) at gener-
ation ¢ + 1, where the expectation value is over an ensemble of
realizations of the stochastic process that takes the system from
t to t + 1. Generally, E(Pr(t)) # Pr(t) except in the infinite
population limit. As the expected string frequencies in genera-
tion ¢ + 1 are expressed in terms of the selection probabilities of
strings at generation ¢, we will say that this evolution equation
is expressed in the string basis.

We can now directly pass to the more general case of variable-
length strings. Using the notation Py« (t) for the proportion of
genotypes of type I° € Qy in strings of length £, we have

E(Ppe(t +1))

— Z JVEA
J[

X <(1_pm0)P ¢

xS AKER (4,60, 45)) P, (1) £c2(t))

KfeQ, L2eQy,

Dtpeoy, D pe(r(t by, 62))

01,05 v (4,0, ,05)

2)

where the notation is an obvious generalization of that above for
the fixed-length case. A%, 2 (r(£, 41, £5)) is once again an in-
dicator function with value 1 if the offspring .J* is formed given
parents K and L* and a GCM r(/, {1, /), and zero, other-
wise. Although Py, accounts for any selection (with replace-
ment) mechanism, the relation between P}p and Pj: depends
on the specifics of the selection operator. For instance, for pro-
portional selection Py, (t) = (fr/f(t))Pr:(t), where f(t) is the
average population fitness. Although (1) and (2) are valid for ar-
bitrary alphabets, the specific values that M?, 7 takes depend on
the cardlnaht? of the alphabet. For binary alleles for instance,

)e=d.T) where d(I,.J) is the Hamming
d1stance between I and J and p,,, is the mutation rate. Equa-
tions (1) and (2) describe the dynamics of genetic systems that
recombine genetic material from two parents in a general way,
and extend known results for exact evolution equations for the
canonical GA [34], and for variable-length GAs with either ho-
mologous [19], [22] or subtree-type [21] crossover, to the more
general class of variable or fixed-length strings and generalized
recombination.

Inheritance via recombination can be understood by con-
sidering it gene by gene. This is reflected in the nature of
A L (2(4,01,45)) as an indicator function, whereby the
truth of the assertion that .J¢ is the offspring of K and L‘
with respect to the GCM r(¢, ¢1,¢3) can be seen as the logic
conjunction (for all 7) of the assertions that allele Jf is a result
of the crossover between alleles Kfl and Lfﬁ using the GCM
component 7; (¢, £1, {5) which determines r; and v;. Thus, one
may write

¢ £
HA’; B0, ) G)

i=1

)\K”lL[2( (£7£1,£2)) _

where we represent false with 0 and true with 1, and so the
product represents a logical and. Note that allele .J/ is a result of
the crossover between alleles K, Zl and LZz in two and only two
mutually exclusive cases: 1) m; = 0 and J (=K [1_1 or2)m; =
1 and Jf = L. Therefore

KL

£1 [2
)‘in i (Ti(g,fl,gg)) = <(1 — mz)éﬁ 4+ my (5 ) “4)

where + acts as a logic or for mutually exclusive events, 1 — x
represents the negation of = and 6 is the Kronecker delta (6]
1if j = ¢ and zero, otherwise) Wthl’l we use as an equality
predicate.

As an example, consider for fixed length strings with £ = 3
the recombination pair r = (001, (3,1, 2)). In this case

A5 (001, (3,1,2))
= (165 + 0852 ) (185 + 085 ) (085 +1637)
= o5eshiele. Q)

Naturally, the action of the projection operators is the same, no
matter how the GCM is represented. So, if we use the recombi-
nation vector v = (3, 1, 5) to represent the recombination event
r, we have AKL((3,1,5)) = 65{13 6JK21 5532.

Note that (1) is functionally identical to that for the case
of standard mask-based crossover [3], the only difference
being the different recombination distribution, and hence the
different set of AXL(r) that are nonzero. As in the standard
homologous crossover case, for an alphabet of cardinality A,
we have A’ coupled, first-order difference equations to solve.
The chief problem, however, is the fact that, on the right-hand
side with the term__ p.(r) > 5 >°; A5 (x) Py (t) Py (t), we
have A¢ x A® x (Al)" = A3* x £* possible contributing terms,
corresponding to the A possible configurations of the parental
strings and the (Af)¢ GCMs.

A. String Example for { = 2

For example, for / = 2, there are 16 GCMs denoted in re-
combination vector notation by {(v1, v2)}, where v; and vy run
over the values 1, 2, 3, and 4. The sums over the strings .J and
K run over the values 1 to .A*. Thus, for an arbitrary GRD, even
at the two bit level there are 16 x 4 x 4= 256 terms A% Z(r) to
compute for a given string I. Symbolically, however, the terms
are quite simple

cloning /\i‘fj”L L2(1,9) —5K1‘ 6k2 (6)
inversion /\i‘ff”L 1E2(9.1) —51(1261‘2‘ @)
crossover /\i‘h’L1 2(1,4) —61‘1‘ 5L22 8)
cross+inv /\I](llf:QLle (4,1) —§L2§B1 )

dup 1 Aﬁlff2LlL2(1,1)_5If16K1 (10)
dup 1 A5 fetite(2,2) = 65160 (11)
dup2 N eI (1 3) = %060 (12)
dup2 NFfetibe(2.4) =655l (13)

where we use the recombination vector notation and show only
those GCMs that correspond to creation of genotype J using K
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as the first parent. The corresponding second parent terms can
be found by interchanging K and L on the right-hand side of
(6)—(13) and letting (vy,v2) — (v}, v}), where v, = (v; +
1) mod 4 4+ 1. The meaning of these terms, as alluded to in
equations (6)—(13), is the following: the terms represented by
GCMs (1,2) and (3,4) are cloning terms due to the application
of a trivial standard crossover mask, where both offspring al-
leles come from the corresponding loci of only one of the par-
ents. The inversion term is represented by GCMs (2,1) (inver-
sion of first parent) and (4,3) (inversion of second parent). The
GCMs (1,4) and (3,2) represent the results of standard one-point
crossover, while the GCMs (4,1) and (2,3) represent the results
of standard one-point crossover followed by an inversion (or
vice versa). The terms denoted by duplication 1—one-parent
duplication—are associated with the GCMs (1,1), (2,2), (3,3),
and (4,4) and represent duplication of an allele from a single
locus of a single parent. Finally, the duplication 2—two-parent
duplications—GCMs (1,3), (2,4), (3,1), and (4,2) represent gene
duplication as well, but where the two genes of the offspring
come from the same locus but in different parents.
Substituting these expressions in (1), computing all terms,
expanding the sums ), and >, setting I; = i, I = j/,
J1 = 1, and Jo = j and omitting the argument ¢ for concise-
ness, one finds (14) shown at the bottom of the page, where for
simplicity, we are restricting attention to a binary alphabet and 4
signifies the bit complement of . The first term on the right-hand
side is a cloning-mutation term due to the fact that with proba-
bility (1 — p,) strings are copied without recombination, /;

being the probability to select the genotype 27, and Ml,] , belng
the probability to mutate it to the genotype #’j’. The meaning
of the different terms in (14) is inherited from the meaning of
the corresponding terms of the GRD, the p,; being the nota-
tion for the GCM probability associated with the GCM (a, b).
The Kronecker delta, ensures that the contribution from gene
duplication from a single parent is only present for homoge-
neous offspring, i.e., those with both allele values the same. Note
that of the 256 possibilities there are only 44 nonzero terms in
(14). However, in order to compute which terms are nonzero, all
have to be computed. By way of comparison, the canonical GA
with one-point crossover, where p14 = ps2 = 1/2 with all other
GCMs zero, has only eight nonzero terms out of the 2 x 4 x 4
possible ones.

IV. COARSE-GRAINED EVOLUTION EQUATIONS

A. Strings

For both homologous and generalized recombination, it is
clear that there is a great deal of redundancy in the string repre-
sentation. In the case of homologous recombination, it has been
found that a coarse-grained representation in terms of schemata
makes the dynamics much more transparent; partly due to the
fact that the number of terms on the right-hand side of (1) re-
duces to 2¢ for a binary alphabet in the case of general homol-
ogous crossover which, when compared with 8 in the string
basis, is a substantial reduction in complexity. For a particular
type of recombination distribution, such as one-point crossover,
where there are only (£ — 1) nonzero masks, the simplification is
even greater from (£ — 1)4° to (¢ — 1). One is naturally inclined
to ask whether an appropriate simplification can be effected in
this more general case. The answer is in the affirmative.

However, before proceeding further, we wish to clarify what
we mean by coarse graining: The underlying microscopic de-
grees of freedom of the dynamical system are strings, a string
specifying a state in the configuration space of the system. A
schema, however, is a coarse-grained object, in a similar sense
to that of a “block-spin” variable in the physics of phase tran-
sitions [10], [11], [13]. Moreover, as in these other areas, the
coarse-grained variables are obtained by summing over the pos-
sible states of the degrees of freedom one is coarse graining. For
instance, to get the schema 1+, one sums over the possible states
for the second bit. Thus, we speak of a coarse-grained formula-
tion as we are using coarse-grained variables, understood in the
canonical accepted sense, to describe the dynamics.3

One can simply illustrate how coarse-grained variables, i.e.,
schemata in this case, naturally arise by considering one partic-

3There is a second notion of coarse-graining which refers to whether the
dynamics being considered is the complete dynamics or a projection onto a
configuration space of reduced dimensionality. To give an example: with the
schemata 1% and Ox, for a binary system, one may completely determine the
dynamics in the one-dimensional subspace associated with the first locus. Al-
ternatively, with 1x and ** one may reconstruct the dynamics of 0. However,
one may not generically reconstruct the dynamics of any string. Thus, 1x and
0= give a projected dynamics not the complete one. However, the set 11, 1,
*1, and *x do determine the complete dynamics, even though one is dealing
with coarse-grained variables. Below, we will deal almost exclusively with the
notion of coarse-graining as expressed in the use of coarse-grained variables as
opposed to its use in the determination of a projected dynamics.

E(Pl/]l f + 1
1,7=0,1

Z M/ a9 (1= on)P + Pao | (P11 + P33 + P22 +p44)Pw51'

+ ((pll +p33)P + (p22 + paa) 5 ) 5] + (p12 + p3a) Pjj + (p21 + paz) Pj; (1)

+ (P13 + P31 + pra + pa2 + pa3 + par + paz + pas) PP
+ (p23 + pa1 + p1s + p31) P Pj; + (p1s + pa1 + pra + pa2) PR

(
(

+ (P24 + paz + pra + p32) P P + (p1a + pa2) P P55 + (p13 + p31) P Py

+ (p2a + paz + P23 + par) P Pl + (pa +p23)P;',iP]’-; + (paz +p24)P;;I7;P5{j

(14)
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ular locus, J;, of the offspring. Assuming that m; = 0 so that
J; comes from the first parent and J; = K,,, from the action of
6K” then the contribution from parents K and L after gener-
ahzed recombination and before mutation is

Z Z (1= masy +mioy”)

><PK1 K, IQPL1 Lo, Lg

—Zé “Pg, . K, ZPLl Ly, ..Ly

= PKl...Jil,i (15)

K[PLI...*%...L@
where J;, - denotes that the allele corresponding to J; in the off-
spring is the same as that in the v;th locus of the parent and
*,, 1S the standard wildcard symbol signifying that the allele
values at the locus L,,, have been summed over, thus leaving the
marginal probablhty Pr, . .1, Forexample, 3 . P/;

P, P1 + -+ P(A 1) = P/,. One can also th1nk of

K2

> K., ¢ asrestricting the sum over K, to only one value. As
Ly.. .. Ly is clearly a schema we see that, as in the case of
homologous recombination, the notion of schemata, and there-
fore coarse-graining, naturally emerges. In distinction to the ho-
mologous case, however, the locus v; that gives rise to the +th
locus of the offspring is not necessarily the sth locus of the first
parent.

With this simple example in mind, we can now proceed to the
following.

Theorem 1: The expected frequency of a string I at the next
generation in a generational GA with arbitrary selection with
replacement, mutation, and generalized recombination is

E PI f+1 ZMI ( pzo)P.;(t)
+Pzo Z pe(r) Py (t) Py (t)) (16)

where P}, = Zlﬁ ZK[ Ht L ((1 — mi)tﬁi_v’ + m;

Piey..ic, and Pro = 0, 0 500, TI ((1=ma) + mgo
Py 1, are the selection probabilities for the building block
schemata J" and J".

Proof: The only part of the right-hand side that differs from

(1) is the string construction term which can be written as

Z Z AFE(r) Pl (t) P (t)
Z D H(l—mL(S 4 mby )

K¢ Ly...Lyi=1

X PKl...KgPLl...L[' (17)

As m; and (1 — m;) satisfy

(1-—mi)*=1—-m;) mi=m; mi(l—m;)=0 (18)

we may write

I

=1

VS

K., L.,
(1—mi)6Ji +mi5Ji )

H(l—ml

i=1

¢ L.
H(l—ml —i—m]oJ]).

Tt m,)
19)
Thus, (17) can be written as

3 M (a-m

LKpi=1
Xy H ((1=mj) +mj5§fj) Pr, ., (0

Ly..Lg j=1

Vi _|_ m'i) P;{L--K[

the two terms of which define the building block schemata J"
and J" with selection probabilities

P =X T (0=

ngl

=3 SIT(0 0 ) P,

ngl

Tt mi) Py K,

1)

Hence, substituting into (17), we have

=P (t)Pi(t). (22)

DD AFEmPL(PL)

K L

|

Corollary 1: Let N be the population size. For fixed ¢, in the
limit N — oo, E(P;(t 4+ 1)) — Pi(t + 1), the probability to
find a genotype I at time ¢+ 1, and so one obtains a deterministic
equation for the evolution of the Pr(t).

Theorem 1 extends previous results obtained for homologous
crossover to the case of generalized recombination. It is striking
that the functional form of the dynamical equation is identical to
that found for homologous crossover [30], [31], even though the
range of genetic operators covered by the equation goes far be-
yond simple homologous crossover. Just as in the homologous
case, for each mask the corresponding string sums have disap-
peared. This means that instead of having to consider A% terms
for every GCM, one only has to consider one, associated with
the schemata .JJ" and J”, which are just the building blocks for
the string .J. The key difference between generalized and homol-
ogous recombination then does not lie in whether or not building
blocks are used, but in the nature of those building blocks, and
generalized recombination leads to a much richer set of them.

The differences can be simply illustrated considering ¢ = 2.
To see how one is led to different building blocks, consider the
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GRD where only p4; and p»3 are nonzero (for simplicity, we put
Pzo = 1 and p,,, = 0). From (1)

E(PJlJz(t+ 1))
= Pau Z Z 6L26A1PK1K7( )Pile(t)

K1Ks LiL>

+ P23 Z Z 6K?6L1PK1K>( )P, 1, (1)

K1K3 LiL>
= pu P, () Pey, (1) + pasPey, (1) Pr,.(1)

where we have taken the opportunity in the first line to also illus-
trate how the coarse graining that corresponds to this GRD ap-
pears, by starting off with the string representation of the equa-
tion, rather than the coarse-grained one. The building blocks in
this case are Jo* and *.J;, whereas for homologous one-point
crossover, where the corresponding GRD is p14 and pss and the
rest zero, the building blocks would be J;* and *.J5. Thus, we
see how generalized recombination may use building blocks that
are not available in homologous crossover.

From (16), as introduced in [27]-[30],4 one defines the effec-
tive fitness, ffff(t), of the string I to be, in the case of propor-
tional selection

(23)

#1(1)
f(t)
where f(t) is the average population fitness as defined previ-
ously. Thus, in the case at hand, we have

E(Pr(t+1)) = Pr(t) (24)

off L
Lo pe) gy P
fre®) (),
+pz02r:pc(r) iy P07y Pr)| 5
where f-(t) Yogegr f1P1(t)] 32 ;e - Pr(t) is the fit-

ness of the schema J". Strings with f¢f(¢) > f(¢) increase
in number, while those with fs(¢) < f(t) decrease. The
effective fitness depends on all the genetic operators not just
selection, hence a string I, may increase in frequency relative
to another .J, even if f 1 < f7if it is more favored by mutation
or crossover so that f§f(¢) > fS%(¢). The latter is governed by
the selection weighted linkage disequilibrium coefficient

= Pi(t) — P}.(t)Pi=(t).

If A%(t) < 0 for a given GCM, then generalized recombina-
tion increases the proportion of genotype J in the next genera-
tion, relative to the proportion one would have with p,, = 0;
whereas, if A”;(¢) > 0 the proportion is decreased relative to
the no recombination limit.

AG(t) (26)

B. Schemata

One lesson that previous work on coarse-grained formula-
tions has taught us is that schemata naturally emerge in any
study of homologous recombination. We see from (16) that

4This is a generalization of that of [7], [8], [17], and [18], where only the
destructive effect of crossover is considered.

this is also true for generalized recombination. The fact that
schemata have emerged in the dynamics of strings evolving
under the action of generalized recombination is manifest at
the level of the string proportions and selection probabilities
in (21), which are probabilities associated with hyperplanes
of ). The form of (16) also tells us that in order to describe
the dynamics of strings in this coarse-grained formulation, one
must simultaneously understand the dynamics of schemata and,
in particular, building block schemata, as the string frequencies
at t + 1 depend on the building block frequencies at ¢.

For homologous crossover, one of the most remarkable fea-
tures of the analog of (16) is its form invariance under a further
coarse graining [30], [31], i.e., that the functional form of the
equations for a schema is identical to that of the equations for
the strings themselves. This means that building blocks for a
string are composed, in their turn, by other more coarse-grained
(lower order—Iless defining bits/more wildcards) building
blocks, which in their turn, etc., the whole hierarchy termi-
nating at 1-schemata, i.e., schemata with only one defining bit
and (£ — 1) wildcards, as the latter cannot be composed of more
elementary objects. It is precisely the existence of this form
of invariance and the hierarchical nature of the relationship
between the different building blocks that has led to so many
new results using the coarse-grained formulation. We are thus
led to consider whether for generalized recombination the same
features appear, which can then be further exploited to gain
a better theoretical understanding and derive new practical
results.

The goal is to coarse grain (16) by passing from an arbitrary
string to an arbitrary schema. This coarse graining can be ef-
fected in terms of a standard mask, n = (n,...,ny), as intro-
duced in Section II, and an associated coarse-graining operator,
C7, of the form

Cy = Z H(l—nlts +n1)

LIy i=1

27)

which will project out from any vector defined on the configu-
ration space 2, a coarse-grained vector that naturally lives on a
subspace Q" of 2. Further, the operator C} can be written as a
tensor product

Cp=CleCE - 0CH (28)

As an example, consider

010 o _ 0 o1 (0
Cr Pr =C1CLCL P,

> ¥ Y (1 +0)
11=0,11,=0,1 I,=0,1
X (05% + 1) (155 + 0) Prnm

=P,

(29)

We denote the bits of the mask n that correspond to zeros, Ny,
and those that correspond to ones, N . With this representation
in hand, we may state the following theorem, obtained by coarse
graining (16) with the operator (27).
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Theorem 2: Exact Schema theorem for generalized recom-
bination: The expected frequency of a schema I™ at the next
generation in a generational GA of cardinality .A with arbitrary
selection with replacement, mutation, and generalized recombi-
nation is

E(Pr-(t+1))

=Y M < — Peo) Py (1)

Jn

00 P (O] (1)) GO

where
Prar =201, J’]._.[l ((1 ™) ((1 n;)by +”1)+m1)PJ”

and Pj.. = ZJ{...JéHi:l U ((l_ni)(SJq- +"i) (1_mi))
P, are the selection probabilities for the building blocks .J""
and J™ of the schema J" with respect to the GCM
r = (m,v) and Mj. is the mutation probability from
the schema J" to the schema I™.

Proof: Acting with C} on the left-hand side of (16) one
immediately obtains

CrE(Pp(t+1))

4
:E(ZZ H((l )6 +ni)
I{ Iq( Ié =1
= BE(Pr(t+1)) 31)

We now consider the action of C} on the right-hand side: the

K,,L,
as a tensor product A¥L(r) = ®f=1 Az

the cloning term on the right-hand side

“(r;). Hence, for

4 4 l
0= @ci @M= @ crn
=1 i=1 =1
l
= ®Z ((1 — ’111')]\41{1 + ni)
i=1 I,

where to arrive at (32) we have used the column stochasticity

(32)

of the mutation matrix. The expression ( (1 — n;)M IJ it nt)
shows clearly that the coarse-grained mutation operator acts
only on those alleles that correspond to n; = 0. Thus

CrY_M{P;= 3 @My Y Pr.s(t)
J J;.i€Np i€Ny Ji i€NY
=Y M Ph.(t) (33)
J'n

where P, (t) = > ieny P70, (1) is the probability to se-
lect the schema .J,,, the defining bits of which are determined
by the set Ny, and M IJ = Qien, M j] ‘ is the mutation matrix
which acts on the defining characters of the schema .J,,. Thus,
M j],? is the mutation matrix projected down onto the subspace
Q" defined by C}.

We now only need consider the final term By =C}' Y~ ; > f
> MIJA?L (m, v) Px Pr,. In analogy to the mask n, we divide
the mask m up into the set where m; = 0, My, and the set
where m; = 1, My and write

H ((1 — nz)éj/ + nz)

i=1

= H ((1 - ni)éf + ni)

mutation operator can be written as a tensor product M(¢) = i€Mo
®f:1 M(1), where M(1) is the mutation matrix for the one- X H ( (1—mny) 5 _|_ nl) . (34)
allele case. The indicator function XL (r) can also be written iEM,
Br = Z Z H ( M7 +m)H(1—ml H“‘mz)PKl K,
Ji €M Kq...Kp1€EMg 1=1
x > > TT (0 =nom +n) TT (0= ma) +mass) P, o, (35)
Jii€My L. L( 1EM; i=1
= Z Z H(l—ml (1—n,)M +n,)—|—ml)(1—m7 l+m1)PK1 K
T K K i=1
3 S Lm0 )+ 0=m) (0= ) )
Jg Ly..Lgi=1
¢
= Z H(l—mL ( ni)Mj{i—i—ni)—i—mi)PJr Z H( ( MJ —l—n)—f—(l—mi))PL’ﬁ (37)
Jy...Jpi=1 LJei=1
= (38)

§ : In
MI”7 PJTIY‘PJ'H?‘
J'n,
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Then, using (19) we can write By as shown in (35)—(38) at the
bottom of the previous page, where the selection probabilities
of the two building block schemata J"" and J™" of the schema
J", which can mutate into the schema I™ are given by

prw = Z H ( 1 —m; ( nl)éf + TLZ) + mz) Pf,w
ri=1

. 39)
4

P‘I]n?‘ = Z H (ml ((1 m)ﬁf + ni) + (1 — mz)) P/]/?.
T dli=1

(40)

|

Corollary 1: Let N be the population size. For fixed ¢, in the
limit N — oo, E (P~ (t+ 1)) — Pr=(t + 1) the probability
to find the schema I™ at time ¢ 4+ 1 and so one obtains a deter-
ministic equation for the evolution of the schema frequencies
Pr(t).

To give a bit more insight into the proof: Q™ is defined, for
a schema of order ¢, to be the A?-dimensional subspace of
) projected out by the action of C}. For instance, for { =
3, A= 2,n = 010, and ¢ = 2, Q consists of the eight
strings 111,...,000, while Q2™ consists of the four schemata
1%1,1%0,0%1,and 0*0.

Note that in passing from (36) to (37), the ranges on
the products were extended to ¢ by introducing the pro-
jection operators (1 — m;) and m;. To intuitively see
that (37) just gives the building block selection proba-
bilities Pj.. and P/.., consider the case of one locus
in particular, 7. There are four possibilities for the pair

(ni,m;)—(0,0), (0,1), (1,0), and (1,1). Then, considering
Y4 . .

S g Tz (U= ma) (= m) MY i) i) Pl if

(ni,m;) = (0,0), then in this case the ith offspring locus came

from a mutation of the v;th locus of the first parent. Similarly,
for (n;,m;) = (0,1), the ith offspring locus came from the
second parent, the v;th locus of the first parent then being a
wildcard symbol *. For (n;,m;) = (1,0), the ith offspring
locus is a * due to the action of n; on the v;th transmitted
locus from the first parent. Finally, for (n;,m;) = (1,1), the
v;th locus of the first parent was already a * and cannot be
coarse grained further. Thus, only when (n;, m;) = (0,0) does
the v;th locus pass from the first parent via a mutation into
the offspring. Similarly, only for (n;,m;) = (0,1) does the
v;th locus pass from the second parent via a mutation into the
offspring.

Comparing (16) and (30), we see that the functional form of
the dynamics for strings and schemata is the same, and hence the
dynamics is covariant under a coarse graining. This covariance,
or functional “self-similarity,” of the equations can be observed
nicely by noting that

Z H( 1= mi) (1= n)oy +n:) +m;)

J’i 1

XZH(

LKypi=1

+m1) PKl K,

- X [I(0-m»

LKy i=1

v; i !
+ mi) Py K,

where (1—m}) = (1—n;)(1—m;) and m) = n;(1—m;)+m;,
and we have once again used the projection operator properties
of (18). Note that (1—m/;) = 1ifand only if m; = Oandn; = 0,
while m, = 1ifand only if m; = lorn; = landm; = 0
which manifests the constraint that one cannot coarse grain a
locus that has already been coarse grained. The content of this
equation is that the coarse graining onto the schema building
block J™™ can be achieved in two equivalent ways: one involves
a composition of coarse grainings, wherein strings K can be
coarse-grained via a recombination pair r, that involves a mask
m, to yield a building block J" of a string .J, which can be
further coarse-grained using a mask n, to give a building block
J"7" of the schema J". The second, equivalent, way of achieving
the coarse graining is to implement it using a composite mask,
m/ that involves both m and n and whose elements are as above.

The coarse-graining operators (27) form a semi-group, and
are actually just an explicit representation of the renormalization
group [2], [32]. To see this: to form a semi-group, they must
obey a composition law of the form

cpm = cyey 1)

and also there must exist a unit element. That the composition
law (41) exists follows from the relation:

(e

Iy..I,1=1
[ ’
= Z H ((1 =)oy + nz)
1.0 i=1
e "
< ST ((1 — ma)og; + mi) 42)
Iy i=1
for the projection operators, where, once again, (1 —m}) =

(1 —n;)(1 —m;) and m;, = n;(1 — m;) + m;. The unit el-
ement is given by the mask n = (0,0, ..., 0). This semi-group
at the level of the probabilities P; could be interpreted as a
simple manifestation of the rules of marginalizing probabilities.
This is indeed also the case with coarse graining in statistical
physics when talking directly about probabilities. However, in
the equations that govern the dynamics of these probabilities
one must also understand how mutation, recombination and se-
lection transform under a coarse graining. In arriving at theorem
(1), we have shown exactly how they transform, that under the
coarse graining they are form invariant.

In analogy with (24), one may define the effective fitness of
the schema I™ via

eff
E(Pr(t+1)) = ;(t(;)

P]’n (t) (43)



550 IEEE TRANSACTIONS ON EVOLUTIONARY COMPUTATION, VOL. 11, NO. 4, AUGUST 2007

where, again, f(t) is the average population fitness. Thus

o n frn
n = My, 1—pzo Pjyn
= M [ s

Jrn

Fron
+p.ro ch f PJ’“”

Py 2 (44)

Equation (30), formulated in terms of effective fitness, states
that: a GA evolving under the action of the operators selection,
mutation, and generalized recombination gives an increasing
number of trials to effectively fit schemata. Equation (30), and
indeed, its equivalent (16), both clearly show that the popula-
tion evolves in an analogous fashion to that with purely homolo-
gous crossover—by combining lower order building blocks into
higher order ones, which in their turn form yet higher order
blocks, etc. The end points of this process are the strings them-
selves, the highest order objects possible, and one-schemata, the
lowest order objects possible.

V. EXAMPLES

To illustrate some of the general features of the coarse-
grained equations, we will first consider some general prop-
erties of the equations for / = 2 and ¢ = 3 for an arbitrary
fitness landscape. We will subsequently give a solution to the
two-locus case for no selection and an infinite population. As
our main interest in this paper is evolution under generalized
recombination, we will set the mutation rate p,, = 0 in the rest
of this paper. For simplicity, we will also in this section set

p:ro:1~
A L =2

The evolution equations for a generic string of length £ = 2
from (16) are

E(Plj(t + 1)) :pllpz*51 +p12P +p13PZ*PJ*

+ p1aP P + pai P + p22 P!
+p23 P P}, + p2a P P + p3i Py Py,
+ p3aPL;Pl, + p3sPl,6] + p3aP);

+ pa1 P Py, + pan Pl Pl

+ pasPj; + pasPL5]. (45)
If one replaces the generic, arbitrary alleles ¢« and j with par-
ticular values from €2, the Kronecker deltas are zero or one ac-
cording to whether one is considering the heterogeneous case
i # 7, or the homogeneous one 7 = j. Then, the equations sim-
plify further. For example, if ¢ = j = 1 and all GCMs have
equal probability (p;; = 1/16), we obtain
1

E(P(t+1)) = 3

% (PL.* 4 Pl 4+ 2P PL + PL° + 2P, + Py ) . (46)

Notice that in order to solve for the dynamics of the strings here,
we need to solve first for the dynamics of the building blocks ¢*,
*1, 7%, and *j. Of course, only two of these one-schemata are
independent.

As an example, the evolution equation for the schema * (a
building block for 77) can be simply obtained from (46) by com-
bining the equations for 75 and ¢7 to find

where pg« > Pab Tepresents a coarse graining of the
GCMs themselves. We immediately notice an important dif-
ference with the case of homologous crossover, where in (47)
p2x = par = 0, and hence there is no contribution from the
schema =i, and therefore E(P;.(t+ 1)) = P/ (t). Thus, we see
that the dynamics of the most elementary and fundamental ob-
jects under recombination—one-schemata—are quite different
in the presence of generalized recombination.

B. {=3

Turning now to the case of £ = 3: The general form of the evo-
Iution equations for the generic string 7k in terms of building
blocks contains 216 terms—a number that, although quite big,
is only a tiny fraction of the 13,824 terms one would get in the
absence of coarse graining!

Note that the expected frequency of ¢jk at generation ¢ + 1
depends not only on its frequency at generation £ but is a linear
function of the selection probabilities of not only that string but
all its permutations, as well as a (generally) quadratic function of
the selection probabilities of the lower order schemata (building
blocks) that compose it, i.e.,

E(Piji(t +1)) = praa P + p1s2Piy;

+p213 Pk + 231 Prij + pa12Pjyi + pa21 Prji + bije(t).  (48)

Again, in order to solve for the string dynamics we need to have
the dynamics of the building blocks that determine the driving
term b, (t). One of the building blocks, for example, is 75*, the

evolution equatlon of which is found from (48) by considering

Pij(t) = Zk 1 P;;(t) to find

E(Pyji(t + 1)) = pr1aPlanbij + prow Py + p13cPy;
+ P14x Py Pl + P54 P Prj
+ P16x Ly Proj
+ P21+ Pjis + P22+ Prii0ij
+ P23+ Py 4 D244 Pl P
+ 255 Pyin Pajic + D262 Plin Pi
+ pa1s Py + P32« Py
+ P33« Pryibij +P34*P**ZPJ**
+ P35 Piai Prju + P3osLPani Prsj
+ pareljus Pis + pa2e Pl Py,
+ Pa3a Py Plas + paanP, 0
+ pas«Plj. + pac Pl
+ P51 Ljun Prss + 326 P Pri
+ D534 Pl Plis + p5as Py
+ P55+ Prinbij + pSG*P»I«ij
+ P61 Piu Pasi + Po2+ Py Pl
+ Po3w Praj Pla; + Poas Pl

+ PGO*P*N + pGG*P**L6 (49)
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where we have collected terms involving the same schema and
where pape = ZC Pabe- Notice that the building block 5%, in its
turn, will depend on the dynamics of its own building blocks,
such as ¢**, the equation for which is found from (49) by con-
sidering P« (t) = Z;‘:l P (t)

+(p2** + Ps**)PLz’* (p3** + pﬁ**)PL*i- (50

This hierarchical structure is studied at length in [24] in order to
investigate the asymptotic behavior of the dynamics and espe-
cially its fixed points. For now though, we turn to the explicit,
exact solution of the case / = 2.

VI. Two-Locus SOLUTION

In both population genetics ([1] and references therein) and
EC (see, for example, [6] and [26]) two-locus models have
played an important role, leading to improved understanding in
the context of potentially analytically solvable models. In this
section, we study generalized recombination in the context of
a simple two-locus model with no mutation and no selection.
Thus, we choose to initially study only the intrinsic biases of
the generalized recombination operator G. As has been seen in
previous work, this can lead to practical recipes for practitioners
[16].

In this context, one would like to see if and how the dynamics
of GAs based on generalized recombination differ from their
homologous counterparts. This is a naturally complicated ques-
tion, given that generalized recombination really captures sev-
eral different basic operators, including homologous recombi-
nation, inversion (and more generally—permutations), different
types of gene duplication and combinations of these different
operators. Here, we investigate the solutions to (45) in the infi-
nite population limit in the absence of selection, i.e., P/;(t) =
P;;(t), where P;;(t) is a probability, and where, for simplicity,
we set py, = 1.

In the infinite population limit F'(Pr(t+1)) — Pr(t+1) and
then (1) and the equations derived from it become deterministic
equations for the string and/or schema proportions and describe
the corresponding dynamical system. The results derived from
the infinite population model neglect the variance inherent in the
dynamics due to limited sampling, an effect which is expected to
vary as n~ /2, where n is the population size. Hence, for large
population sizes or short runs, one would expect the analysis
below to be an accurate representation of what actually occurs.
For small populations, one would have to consider directly the
Markov chain for this model. The transition matrix elements
that enter in this case would be obtained by using a multinomial
distribution with success probabilities given by the right-hand
side of (1). Similarly, one would expect our subsequent analysis
to give a good qualitative description of the biases engendered
by generalized recombination even if selection is included as
long as the selection is weak, as will be illustrated later.

A. Building Block Dynamics

In order to solve (45), just as in the case of standard homolo-
gous recombination [31], we need to hierarchically solve for the
dynamics of the building blocks of the genotype 7j. These are:
1% and *¢. From (45), we can determine the equations for the
building block schemata by considering P;.(t) = >_; P;;(t)
and P,;(t) = Y, P;j(t). The equations for the one-schemata
ared

=

Piu(t +1) = (p1+ + p3«) Pisc(t) + (P24 + Pas) Pii(t) (S1)
P*i(t + 1) = (p*l + p*B)Pi*(t) + (p*z + p*4)P*i(t)- (52)

Equations (51) and (52) form a coupled linear system, similar to
that of mutation in a one-locus system. To solve these equations,
we need to determine the eigenvalues and eigenvectors of the
matrix

_(a b\ _ [ (prx+pss)
W_<C d>_<(p*1+p*3)

In the case of pure mask-based recombination, only pjo,
P34, P14, and pso are nonzero. Hence, the evolution of the
schema ¢x is independent of the schema xz, i.e., the two
equations decouple, giving as solution P;.(t) = P, (0)
and P,;(t) = P.(0). More generally, noting that, as

(p2* + p4*)
(p*2 + P*4) ) ) ©3)

Z?zlpi* = Zlep*i = l,thena+b = c+d = 1,
the eigenvalues of matrix (53) are
)\+ == 1
1
A :§(a+d—b—c)
1
= 5[(2914 — pa1) + (P32 — pa3) + (p3a — pas)] (54)

with corresponding eigenvectors

e+:2_1/2<1> e:(b2+c2)_1/2<_bc>. (55)

The transformation matrix A = (e, ,e_)~!, formed from the
eigenvectors and (55), diagonalizes W and rotates the vector

P(t) = (Pi., Pa)T — (Py(t), P_(t))T such that the diag-

onalized equations can be immediately integrated, then rotated
back to the original schema basis to find

_ (ePi(0) + bPi(0)) | bla—co) o, o
P(t) = (b+c) e (0= Pu0)
(56)
_ (ePu(0) +0Pi(0)) cla—co) o o
Pyi(t) = (b+c) b+c (P (0) = P 0))
(57)

SNote that ¢ and j are purely symbolic values so that P;, and P,; are sufficient
to cover the 2.4 possibilities Py, . . ., Pla—1)x; Peos - - -5 Paa—1)-
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From this solution, we can examine the fixed point. As |a —
¢| < 1,exceptfora =1,¢c=0ora = 0and ¢ = 1, the time
dependent term vanishes asymptotically, giving as fixed point

(cPix (0) + bP.i(0))

T . - (CPZ*(O) + bP*l(O))
P = Jim Put) = 5o (59)

Interestingly, in this case, the fixed point is the same for the
schemata ¢x or xz, though this proportion is approached from op-
posite directions. The behavior of the transients on approaching
the fixed point also depends sensitively on the value of (a — ¢).6
If (a—c) > 0, then the fixed point is approached monotonically.
However, for (a — ¢) < 0, the factor (—1)* implies the presence
of oscillations. However, as |a — ¢| < 1 these oscillations are
damped and vanish asymptotically. We will now consider some
particular cases of interest.

1) b = ¢ = 0—in thiscase, a = d = 1, Ay = 1, and
P: = P,.(0), PS5 = P.;(0); thus the initial proportions
are preserved. This type of recombination is homologous
and preserves gene frequencies at a given locus.

2Ya = d = 0—here, b = ¢ = 1, A\ = 1,—1 and
the associated eigenvectors are e, = (1/v/2)(1,1)” and
e_ = (1/v/2)(1,—1)T. There is now no fixed point, but
rather a cycle of period two, where P, (t) = P;.(0) for ¢
even and P,;(0) for ¢ odd. Similarly, P,;(t) = P4;(0) for ¢
even and P;,(0) for ¢ odd. This leads to lateral diffusion of
alleles along the string from one genetic locus to another.

3)a =b=c=d = 1/2—in this case, Ay = 1,0 with
the same eigenvectors as for case 2). Now, there are no
oscillations ((a — ¢) = 0) and the fixed point P}, = P}, =
(P;«(0) + P,;(0))/2 is reached after only one generation.

4) P;(0) = P,;(0)—when this condition holds, irrespec-
tive of the generalized recombination probabilities, this re-
mains a fixed point. This condition is satisfied both at the
center of the simplex [34], as well as at its vertices. It is
equivalent to having equal proportions for heterogeneous
genotypes.

We have discussed the asymptotic behavior in terms of the four
parameters a, b, ¢, and d. However, we wish to understand the
dynamics in terms of the generalized recombination probabil-
ities p,p. For case 1) above, (p1x + p3x) = (Pe2 + pxa) = 1
and (p«1 + ps3) = (P2« + pax) = 0, the latter being equivalent
to there being no duplication or inversion or any combination
that includes them. This means that there are no genetic opera-
tors that lead to lateral diffusion of alleles along the string from
one genetic locus to another. The resultant fixed point for the
one schemata is on the Robbins/Geiringer manifold [5]. Simi-
larly, for case 2), we have (p1x + p3«) = (px2 + psa) = 0 and
(ps1+Dp+3) = (P2« +pax) = 1. Under these conditions, the only
nonzero terms are those associated with inversion. There is no
homologous recombination or duplication. Thus, pure inversion
without duplication or homologous crossover leads to periodic
behavior.

6Note that due to the identities « + b = 1 and ¢ + d = 1 this is equivalent
to (b —d).

We may also investigate the biases of a particular genetic op-
erator, investigating the solutions in the absence of the other
operators. Thus, for instance, for duplication from one parent,
then p;; # 0, while all other generalized recombination prob-
abilities are zero. In this case, @ = ¢ = (p11 + p33) and
b=d = (p22 + pas) = (1 — (p11 + p33)). Additionally, we
have )., pii = 1,i.e,b+ c=a+d= 1. Hence, there is no
transient term and the fixed point is

P}, = P}; = Pi(0) + (p22 + paa)(Psi(0) — P;.(0))  (60)
which is reached after one generation. For cloning, pi2 and psy
are the only nonzero GCMs, hence,a =d =1and b = ¢ = 0.
In this case, the fixed point is trivially

P = Pi.(0) P = P.(0). 61)
For inversion, the only nonzero probabilities are ps; and pys.
In this case, a = d = 0 and b = ¢ = 1, and the asymptotic

behavior is governed by the two cycle of 2) above with

1

Pi = 3((1 4+ (F1)Pu(0) + (1~ (-1))Pu(0)) (@)
Py = 5= (DIPL(0) + (L4 (D) Pa0). (63)

For two-parent duplication, the appropriate nonzero recombi-
nation probabilities are p13, p24, P31, and pye. Hence, a = ¢ =
(p13 +p31) andb=d = (p24 +p42) Wlthb-l—c =a-+ d=1.
As a = c there are no transients and the fixed point

P, = P = Piu(0) + (p2a +pa2) (Pui(0) — Pk (0)) (64)
is reached after one generation just as in the case of one-parent
duplication. Note that this fixed point is of the same form as that
found for one parent duplication. For homologous crossover, the
nonzero entries in the recombination distribution are p14 and
p32. In this case, a = d = 1, b = ¢ = 0 and the fixed point is
the same as that for cloning. Finally, for crossover and inversion
the corresponding recombination distribution entries are py4; and
p23 which implies e = d = 0 and b = ¢ = 1. In this case, the
fixed point is the same as that for inversion above.

In Fig. 1, using (56), we see a graph of the evolution of
the one-schema 1x for different GRDs. The direct integration
of (51) and (52) yields exactly the same curves as expected.
The initial condition used is an asymmetric one, where
P11(0) = Poo(O) = 01, P01(0) = 06, and Plo(O) = 02,
hence, P1,(0) = 0.3. The fixed point behavior described in
points 1)-4) and equations (60)—(64) is clearly visible. For
one-parent duplication, the fixed point is reached after one gen-
eration at a value P}, = P1,(0)+ P,1(0)/2 =0.3+0.7 = 0.5.
For inversion, one sees the characteristic oscillations between
the values 0.3 and 0.7 associated with Py.(0) and Piq(0).
For homologous crossover, the fixed point is the initial pro-
portion Pp,(0) = 0.3, i.e., the allele frequency at a given
locus is preserved. Finally, considering all GCMs with equal
probability—the All curve in Fig. 1—one sees that the system
reaches a fixed point in one generation.

The general features we have just delineated for ¢/ = 2, are, as
we will see in Section VII, also present for ¢ > 2, and represent
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Dynamics of 1-schemata: 1*
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Fig. 1. Dynamical evolution of the one-schema 1 * for different GRDs and no
selection.

qualitatively new phenomena when compared with the normal
homologous forms of crossover with which we are familiar. The
lateral diffusion of alleles, relative to the homologous case, leads
to a fixed point where for a given offspring locus, the allele fre-
quency at that locus depends not only on the allele frequency
at the same parental loci but also on the allele frequencies at
other genetic loci. For £ > 2, instead of a pair of linear cou-
pled equations for the one-schemata, one has ¢ coupled equa-
tions whose solution can be found by solving the corresponding
eigensystem.

B. Solution for Strings

With the solutions for the one-schemata in hand, we can now
proceed to determine the solutions for the strings themselves
from (45) by substituting in the solutions (56) and (57), which
are the contributions from the building blocks to yield

Pij(t+1) = (1 = pao)Pij(t) + pro(p12 + p3a) Pij(t)

+Pao (P21 + Paz) Pji(t) + paoFij(t)  (65)

where
Fi;(t) =

and the matrices C;, D;;, and E;; are given by

(CL] + D,L-j(a - C)t + Eij(a — C)zt) (66)

Cij = (p1a + pa1 + P32 + P23 + P13 + P31 + p2a + paz) Ai A
+ (p11 + P22 + P33 + paa) Ai} (67)

D;; = [((p1a + p32)(bA;B; — c¢BjA;)

+ (p23 + pa1)(bA; Bj — cB;A;j)
+ (p13 + p31)b(A;B; — B A;)
— (p2a + pa2)c(A;B; — BjAy))

+ ((p11 + p33)b — (P22 + paa)c) B} (68)

Ei; = ((p13 + p31)b® + (pas + paz)c?

— (p14 + pa1 + p32 + p23)bc) B; B; (69)

where

(ePix(0) + bPi(0)) - p _ (Pin(0) =

Ai = (b+c) - b+

c) '

To solve (65), we need to also have the equation for Pj;, which
is just (65) with ¢ < j. The matrices C;; and E;; are both

symmetric matrices, D;; however is not. Hence, Pji(t) satisfies

Pji(t+1) = (1 = pzo)Pji + pao(p12 + p34) Pji(t)

+on(p21 + p43)PL](t) + pzonz(t) (71)

where

Fji(t) = (Cij + Dji((l — C)t + Eij(a — C)2t) . (72)
Equations (65) and (71) are linear coupled inhomogeneous first-
order difference equations and can be solved as with (51) and
(52), by determining the corresponding eigensystem. Putting

Pzo = 1, the relevant matrix is

W = <(P12 + p3a) (73)

(p21 + p43)>
(p21 + pa3)

(p12 + p3a)

whose eigenvalues and eigenvectors are given by Ay =

(P12 + p3a) £ (P21 + pas); ex = 27Y2(1 1)7 and
e_ = *1/2(1~ 1)T. In the eigenvector basis, P(t) =
(P, P;i)T — (Py(t), P—())T such that
Py(t+1) =X Py(t) + Fy(t) (74)
P_(t+1)=A_P_(t)+ F_(t) (75)
where
~ 1
FL(t) = 5775 (B (8) + Fji(?))
~ 1
F_(t) = 5375 (Fij(t) — Fa(?)) (76)
which can be immediately integrated to yield
~ ~ t_l ~
Pi(t) = Ny Pe(0) + > A" Fl(n) (77)
n=0
Rotating back to the original basis one finds
1 t t 1 t t
Py(t) =5 (M4 + A1) Pig(0) + 5 (X = AL) P5(0)
=
+§Z (AT (FG(n) + Fja(n))
n=0
AT (F(n) = Fii(n)) - (78)
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There now only remains to do the summations to obtain the final
answer

Pi(1) :% (A} + A1) Pi(0) + % (A% = AL) Pji(0)

e (155) (=)

1 (a—c)t =\
§(D23+D.N)< —C—A+ )
1 _ t )\t

+ 5(Dij = Dya) (“; _CC)_ A‘) (79)

Note how this solution has been created—hierarchically, as in
the case of homologous crossover [31]. One can solve first for
the order one building blocks, which then serve as a “source”
for construction of order 2 building blocks, which serve as a
source for the order 3, etc., until one arrives at the strings them-
selves. The difference here is that inversion can couple different
building blocks of the same order, unlike the homologous case
where they are decoupled.

In the limit ¢ — oo, in the case where the cloning or inversion
probabilities are less than one, the fixed point of (79) is

Cij (80)

= hm PZ]( )= m

Explicitly, in terms of the GRD

(P14 + pa1 + P32 + P23 + P13 + P31 + P2s + Da2)
(1 = p12 — p3a — p21 — Pa3)
y ((ps1 + ps3) Pix(0) + (p2« + pas) Pii(0))
((ps1 + Ps3) + (P2x + Pax))
(1 + Pr3) Pes(0) + (poe + pa:) P2 (0))
((ps1 + ps3) + (P2« + Pax))

(p11 + p22 + P33 + Paa)
(1 —p12 — p3a — P21 — Pa3)

X@m+n@ﬂd®+@%+mﬁﬂmmﬁm

*_
PL]—

X

+

((ps1 + ps3) + (P2x + Pax))

To get some intuition about the nature of this fixed point, we
will consider some interesting limits associated with different
initial populations and different recombination probability dis-
tributions. Beginning with a random initial population, where

P;;(0) = 1/4, the fixed point becomes

P14 + Da1 + P32 + P23 + P13 + P31 + Paa + Pa2)
4(1 — p12 — P34 — P21 — Pa3)
n (P11 + p22 + P33 + Paa) 5
2(1 — P12 — P34 — P21 — p43) !

o _

(81)

Only in the case where there is no one-parent gene duplication,
i.e., pi; = 0, is the center of the simplex a fixed point. In the
presence of one-parent gene duplication, homogeneous strings

Dynamics of strings: 11 and 01
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Fig. 2. Dynamical evolution of the strings 11 and 01 for different GRDs and
no selection.

are favored over their heterogeneous counterparts. For instance,
for GCMs with equal probabilities of 1/16, the asymptotic pro-
portions of homogeneous and heterogeneous strings are 1/3 and
1/6, respectively. Thus, homogeneous strings have higher effec-
tive fitness [31] than heterogenous ones.

In Fig. 2, we see a graph of the solution (79) for the strings
11 and 01 for the same asymmetric initial conditions used for
Fig. 1, and for the same GCMs. Notice the presence of four
different fixed points (two-cycle in the case of inversion) for
each string type. This is a much richer behavior than in the case
of simple homologous crossover, where the unique Geiringer
limit P}; = P;.(0)Py;(0) holds. The Geiringer limits for 11
and 10, with the previously stated initial conditions are Pj =
0.3 x 0.7 =0.21 and P§; = 0.7 x 0.7 = 0.49, both of which
agree with the asymptotic limits seen in Fig. 2. For one-parent
duplication, the expected fixed points for 11 and 10 are from
(81) (0.7 4+ 0.3)/2 and 0, respectively, once again in agree-
ment with the graph and showing the higher effective fitness
associated with homogeneous strings. Note also the oscillations
present in the heterogeneous string 01 and their corresponding
absence in the homogeneous string 11.

VII. EFFECTS OF SELECTION AND £ > 2

One is prompted to wonder whether the phenomena seen in
the previous section are peculiarities of the two-locus case or
are more robust, with analogues for £ > 2 and when selection is
present. We begin with selection for £ = 2. Of course, it is not
feasible to determine what happens for an arbitrary landscape
and so we restrict ourselves to some generic observations. We
first consider in Fig. 3 results found using a “Schemulator,””
a Java-based simulator that integrates the exact coarse-grained
equations for any £ and any fitness landscape. We first consider
the effects for a nonepistatic unitation landscape with fitnesses
fir = 12, fio = for = 11, and foo = 10. What is clearly
seen is a similar bias as found from the no selection case of
Fig. 2, but superimposed on a selection dominated “trend.” The
oscillations for inversion only are clearly visible. However, here,
as only heterogeneous strings can oscillate, and as the optimal

TThe program is available from the authors.
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Dynamics of strings: 11 and 01
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Fig. 3. Dynamical evolution of the strings 11 and 01 for different GRDs in a
one max landscape.

Dynamics of strings: 011 and 110
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Fig. 4. Dynamical evolution of the strings 011 and 110 with inversion and uni-
form recombination.

string is homogeneous, the oscillations diminish in amplitude.
For one-parent duplication, the proportion of 01 strings vanishes
after one generation, as in the no selection case. For 01 with all
GCMs present, also as in the no selection case, there is a sharp
initial decrease. In distinction to that case though, in the pres-
ence of selection, the proportion continues to diminish, but at
a much reduced rate. As the selection pressure diminishes, the
curves of Fig. 3 will imitate those of Fig. 2 ever more closely,
while for increasing selection pressure the phenomena due to in-
version and duplication will be less and less noticeable. We see
then that, although we have only exactly solved the no selection
case, observed phenomena such as lateral allele diffusion, oscil-
lations, preference for homogenous strings, etc., are also present
with selection.

Turning our attention now to the case { = 3, the results are
shown in Fig. 4, where the fitness landscape here is now such
that f11; = 13, while the fitness of the Hamming distance one
neighbors 110, 101, and 011 is 12, that of the Hamming distance
two neighbors 100, 010, and 001 is 11 and fyoo = 10. We re-
strict ourselves to uniform homologous recombination with the
corresponding p.(m,(1,2,3)) = 0.05 and with full inversion

Dynamics of strings: 111 and 010
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Fig. 5. Dynamical evolution of the strings 111 and 010 with uniform recombi-
nation and comparing one-parent duplication and no duplication on the problem
with degenerate genotype-phenotype map.

implemented with p.(000, (3,2,1)) = p.(111,(3,2,1)) = 0.3.
We also start with the initial condition P110(0) = 0, Pp11(0) =
0.25 with all other frequencies being 0.125. Note the character-
istic oscillations that inversion can induce superimposed with a
selective trend just as in the case of /£ = 2. The extra feature
we wish to point out here, is the fact that the addition of inver-
sion has added a qualitatively new feature to the search prop-
erties of the algorithm. With the chosen initial conditions and
only homologous crossover, it would be impossible to generate
the string 110. This will also be true of building blocks as well
as strings, as is evident in the observation that the one-schemata
equations are coupled for any £. Thus, there exists the possibility
of generating important building blocks that are not currently
present in the search by lateral allele diffusion, induced, for ex-
ample, by inversion. For example, the building block 1 s s s
could be generated viaa GCM [111111,(6,5,4,3,2,1)] acting on
the building block * * % x x1. As a final illustration, we con-
sider in Fig. 5 the effect of one-parent duplication for £ = 3.
The landscape we consider here is associated with a degenerate
genotype-phenotype map wherein there are two optimal geno-
types—111 and 010 with fitness 13. The Hamming distance
one neighbors of either of these strings have fitness 12 and the
Hamming distance two neighbors 001 and 100 have fitness 11.
The chosen initial population is random. The most notable fea-
ture here is the “symmetry breaking” of the genotype-pheno-
type map due to the presence of duplication, the homogeneous
optimum being more effectively fit than its heterogeneous coun-
terpart. In this sense, even after optima are found, the genetic
operators are continuing the evolutionary search seeking those
optima that are the most evolutionarily robust—in this case, the
homogeneous optimum.

So, although for £ > 2 and/or including selection, exact solu-
tions are not available, we can see that the principal derived pre-
dictions from the two-locus no-selection case—oscillations, ho-
mogeneous/heterogeneous asymmetry, lateral allele diffusion,
etc.—can all be observed in the more general case. This has
been explicitly checked by integrating the equations for both
¢ = 3 and ¢ = 4 using the Schemulator. In general, all these
phenomena occur simultaneously, for instance, for £ = 4, one



556 IEEE TRANSACTIONS ON EVOLUTIONARY COMPUTATION, VOL. 11, NO. 4, AUGUST 2007

might have inversion restricted to the first two loci, leading to os-
cillations there, while restricting duplication to the last two loci,
and having a preference for homogeneous alleles there. Due to
the richness of the potential behaviors that emerge from gener-
alized recombination, to make the dynamics more transparent
we have chosen to illustrate them individually.

VIII. CONCLUSION

The main results of this paper are twofold: first, the introduc-
tion and theoretical analysis of a generalized notion of exchange
of genetic material—generalized recombination—which ex-
tends and subsumes many currently used genetic operators,
such as homologous recombination, inversion, and duplication;
and second, the demonstration that this more general EA is
most naturally treated in a coarse-grained formulation, wherein
the natural dynamical effective degrees of freedom are building
block schemata not strings.

We showed that generalized recombination requires an exten-
sion of the notion of crossover mask and recombination distri-
bution to that of a TCM and GRD. GCMs could be explicitly
represented in different ways—through a recombination vector,
a crossover matrix, or a recombination pair. With these rep-
resentations in hand, an exact string evolution equation was
derived for both variable-length and fixed-length representa-
tions, including mutation. It was then shown that the dynamics
was written much more naturally in terms of building block
schemata, that emerge by the actions of projection operators
that are the natural representation of the generalized recombi-
nation operator and which implement course grainings. It was
then shown that the resulting string equation, written in terms
of building block schemata, under a coarse graining, yielded a
functionally identical equation for schemata, thus leading to a
new exact Schema theorem for generalized recombination. The
coarse graining projection operators were shown to exhibit a
semi-group structure, thus giving an explicit realization of the
renormalization group.

Given that homologous recombination, inversion, and dupli-
cation have all been found to be useful by practitioners, we
do not need to justify the utility of generalized recombination,
though it does remain to be seen to what extent the extra diver-
sity, above and beyond the standard operators when considered
individually, can help in evolutionary search. Having an exact
theoretical framework also allows for a better understanding of
how the different genetic operators work, as has been exhib-
ited not only in the context of the exact two-locus solution, but
also in the results of the Schemulator, where several interesting
phenomena were observed. Among these were the appearance
of oscillations in the frequencies of strings and schemata in the
presence of permutations, higher effective fitness for homoge-
neous versus heterogenous strings and schemata in the pres-
ence of duplication, and the lateral diffusion of alleles for any
nonhomologous operator, the latter allowing for a more “muta-
tion”-like effect, where an allele that did not originally exist at a
particular locus can be generated by transferring it laterally from
some other locus. It should be emphasized that, although we
have studied these phenomena in the context of an infinite popu-
lation model, they are in fact robust—appearing also in the finite
size context, though naturally, the intrinsic extra “noise” due to

finite population effects can make their identification more dif-
ficult. In terms of analytical results for £ > 2, although exact
solutions are, of course, very difficult to obtain, much can be
said about the asymptotic behavior. This and other analytical
results are discussed in [24].
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