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Abstract

In this paper we propose, model theoretically and study a general notion of recombina-
tion for fixed-length strings where homologous crossover, inversion, gene duplication, gene
deletion, diploidy and more are just special cases. The analysis of the model reveals similar-
ities and differences between genetic systems based on these operations. It also reveals that
the notion of schema emerges naturally from the model’s equations even for the strangest of
recombination operations. The study provides a variety of fixed points for the case where
recombination is used alone, which generalise Geiringer’s theorem.

1 Introduction

An important objective in evolutionary computation (EC) is to exactly model classes of evo-
lutionary algorithms (EAs) and, further, to be able to draw inferences from these models that
enhance theoretical understanding and, hopefully, aid “practitioners” in finding more competent
EAs. Early models for GAs, proposed by Holland, Goldberg, Whitley and others in the seventies
and eighties were either approximate or not easily scalable [4, 3, 21, 20]. Exact probabilistic mod-
els have been developed, such as the dynamical systems model of Vose and collaborators [19, 12].
More recently, an alternative exact approach, based on a coarse graining of the dynamics and di-
rectly involving schemata, has been introduced, leading to a spate of both new theoretical results
[17, 15, 16, 7, 9, 10] and practical recipes for implementation [6, 8].

These models are important in that they allow for the mathematical investigation of the intrin-
sic dynamics of genetic systems, thereby nicely complementing, corroborating and, occasionally,
disproving the findings of empirical studies. However, the vast majority of theoretical work in
EAs, at least for classical fixed-length binary and real-valued representations, has been centered
on the “canonical” genetic algorithm (GA) with selection, mutation and “homologous” recombi-
nation (where a locus in the offspring can by filled only by using alleles coming from the same
locus in one of the parents). In nature, though, there are many more ways of combining parental
genetic material into an offspring than just homologous crossover, many of which have been used
in EAs. Gene duplication, for example, has been studied in biology [1] as well as in the context of
GAs [13] and GP [5], while inversion was one of the operators used by Holland [4] in the original
formulation of the GA.

In this paper we introduce an exact probabilistic model for fixed length strings, that extends
current models by implementing a more general notion of recombination, that can account for any



distribution of the parental genes to the offspring, including as special cases, among others — fixed-
length versions of gene duplication and deletion, as well as inversion and homologous crossover. We
show that, as in the case of homologous crossover, a coarse graining naturally appears, revealing
that the notion of schemata as building blocks emerges from the model’s equations, even for the
strangest of recombination operations. The analysis of the model reveals interesting similarities
and differences between the various genetic operators present.

2 Generalised Recombination

Crossover masks are normally used to indicate from which parent to take an allele for each available
locus. They are sufficient to model a crossover operator when only alleles at the same locus
can be exchanged, i.e. homologous crossover. However, if we want to cope with other ways
of redistributing genetic material, such as inversion, gene duplication, gene deletion, and, more
generally, unequal crossing over, we need to allow for the possibility that the allele in one particular
locus of the offspring comes from a different locus of a parent.!

This new level of generality can be represented mathematically in several equivalent ways. One
is to use arrays (crossover matrices) instead of bit strings to represent crossover events. Crossover
matrices are a generalisation of the notion of crossover mask. A crossover matrix will have as
many rows as the number of loci in the offspring, say ¢, and twice as many columns. The first ¢
columns indicate which alleles are copied from the first parent, while columns ¢ + 1 through to 2¢
indicate what is provided by the second parent. The elements of the matrix are either 0 or 1. A 1
in row r and column ¢ means that locus 7 in the offspring is filled with the allele in locus ¢ in the
first parent if ¢ < ¢, or locus ¢ — ¢ of the second parent otherwise. Because 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 this reason we can also represent a recombination
matrix as a vector v = (vq - --vy) with elements from Noy = {1,--- ,2¢}, where v; represents the
position of the 1 in the i-th row. We will denote either the matrix or vector representation a
Generalized Crossover Mask (GCM). The total number of GCMs is (2¢)¢, many more than the 2°
masks for homologous recombination. The action of a GCM, v, is then fully determined when the
probability p.(v) of choosing any particular crossover matrix, or its equivalent crossover vector,
is given. This is a generalisation of the notion of recombination distribution — the Generalized
Recombination Distribution (GRD).

Another useful representation is a hybrid between the notion of crossover mask and the recombi-
nation vector. To represent a possible recombination event we use a recombination pair r = (m,v)
where m = (my ---my) is an f-component bit vector (i.e., m € {0,1}¢) and v = (v1,--- ,v,) is a
vector of integers whose components are in {1,---,¢} (i.e., v € Nf). The semantics of this rep-
resentation is very simple. The elements in m specify which parent contributes the alleles to fill
each locus in the offspring, while the elements of v tell us which particular alleles in a parent will
be transferred to the offspring. So, m; = 1 means locus ¢ will be filled with an allele from parent
1, m; = 0 means parent 2 will contribute the allele instead. If the corresponding entry v; = j then
locus ¢ will be filled with the allele currently in position j in a parent. In this notation, traditional
(homologous) crossover events can be represented with pairs of the form r = (m, (1,2, - ,¢))
where, effectively, m can be seen as a traditional crossover mask.

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

100000 100000
000010 010000
000001 000001

each invoked with probability % These are equivalent to the recombination vectors v; = (1,5, 6)

1This more general way of redistributing genetic material can also be used to model diploidy.



and ve = (1,2,6), or to the recombination pairs r; = (100, (1,2,3)) and r, = (110, (1,2, 3)), or to
the more traditional crossover masks 100 and 110.

To see the large variety of ways in which parental genetic material can be distributed among
the offspring consider the case of £ = 2, where the (2 x 2)? = 16 recombination pairs are

(00,(1,1))
(01,(1,1))
(10,(1,1))
(11,(1,1))

If the associated GRD is such that each is invoked with probability p.(m,v) = %7 this would
represent a recombination operator where each locus in the offspring is filled with a randomly
chosen allele from the parents. Clearly this operator could not be represented with crossover
masks. As a final example, the following GRD represents a single-parent inversion operator in the

case of a three-locus system:

pe(111,(2,1,3)) = pe(111,(1,3,2)) = pc(111, (3,2,1)) = %

2.1 Mixing graph and recombination cliques

An important concept when considering redistribution of genetic material as determined by the
GRD is: in which direction can one have a flow of genes? As qualitatively different behaviours are
exhibited by genetic systems with different GRDs, to understand which features are important,
we model the effects of the GRD through a mizing graph. The nodes in the graph represent
different loci. The arcs are directed and represent causal relationships between loci. Thus, we will
connect locus 7 with an arrow from locus j if the frequency of alleles in locus i can be influenced
by the allele frequency of locus j. Figure 1 shows an example of a mixing graph for a 7-locus
representation.

vy \
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Figure 1: Example of mixing graph for £ = 7.

The network of causal influences is completely determined by the GRD. The connection matrix
C = (¢;;) for the mixing graph is given by

Cij zd(pc(**y(*v 7*7j7*7"' v*)) >O)

i—1 l—1i

where §(z) = 1 if x is true, while §(x) = 0 otherwise. If there is a directed path between each
pair of nodes in the mixing graph (the mixing graph is strongly connected), we say that the
recombination is fully mizing.

Imagine a population of strings and focus attention on a particular allele a at a particular locus
[ of a particular string s. A fully-mixing generalised crossover allows for the migration of allele



a to different strings. So, generalised crossover promotes a process of “diffusion” of alleles from
one locus to other loci. That is, unlike the case of homologous crossover, in general, generalised
crossover does not keep the alleles in their original position, i.e. allele a might migrate to loci
different from . Because of this, in repeated applications of crossover, a copy of the allele can be
placed back into the original string s (which may now have a different allele composition) but at a
different locus, effectively creating a sort of gene duplication (indeed unequal crossing over seems
to be the mechanism of gene duplication in nature [11]). Put another way, crossover is trying to
spread each allele as thinly as possible over every locus available in the population. On the other
hand, for homologous crossovers, the mixing matrix is diagonal and so each node in the graph is
isolated (having only a self-connection).

Naturally, many qualitatively different intermediate situations are also possible. In all inter-
mediate cases we can divide the mixing graph into two or more recombination cliques. These are
characterised by the fact that all pairs of nodes in a clique are mutually accessible by traversing
only nodes and arcs in the clique, while none of the nodes in a clique is mutually accessible from
any other node outside the clique. In Figure 1, loci 1-3 form a recombination clique, nodes 4 and
5 form another, and nodes 6 and 7 form two single-node cliques. Formally, recombination cliques
are the strong components of the recombination graph. So, each locus belongs to one and only
one clique. Also, the cliques themselves form a directed acyclic graph (component graph) that we
will call the recombination cliqgue graph. This has one node for each recombination clique and an
arc between two nodes if there is an edge between the corresponding cliques. Figure 2 shows an
example of a recombination clique graph.

Figure 2: The recombination clique graph for the mixing graph in Figure 1.

3 Evolution equations

3.1 Evolution equations for strings

We will now derive and study exact equations for a generational evolutionary system based on
selection and generalised recombination and using a fixed-length representation of size ¢, where
alleles take values from a generic alphabet € of any fixed cardinality. Under these assumptions
the frequency of a string h = hy --- hy € QF is given by

E[®(h,t+1)]
= Z p(a,t) Z p(b,t) Z pe(r)y(a,b,r — h)
a€P(t) beP(t) reRré

where P(t) is the population at generation ¢, p(a,t) is the probability of picking a string of type a
as a parent from such a population and Rﬁ = {0, 1}‘Z X /\/f is the set of all possible crossover pairs.
pe(r) is the GRD and «(a,b,r — h) is the conditional probability that the offspring & is formed
given the parents a and b and a GCM r. It returns value 1 if h is created from a and b using the
GCM r and otherwise. Note that we can extend the string summations to cover the entire search



space Qf rather than just the population P(t). We are allowed to do so on the assumption that
the selection probability p(z) of a string a in Q¢ but not in P(#) is zero. Note, also, that the model
is written in terms of the underlying microscopic degrees of freedom — the strings themselves.
Note also that the equation is functionally identical to that for the case of standard mask-based
crossover [14], the only difference being the different recombination distribution, and hence the
different set of y(a,b,r — h) that are non-zero. As in the standard crossover case, we have 2°
coupled, first-order difference equations to solve. The chief problem, however, is the fact that on
the right hand side we have, for binary strings, 2¢ x 2¢ x (2¢)¢ = (8¢)¢ contributing terms. For
example, for two bits there are sixteen GCMs while the sums over the strings a and b run over the
values 1 to [Qf|. Thus, for an arbitrary GRD, even at the two bit level there are 16 x 4 x 4 = 256
~v(a,b,r — h) to compute for a given string h. What is more, for a given h and r, there are
potentially many different parental pairs a and b that can yield as offspring h.

In the case of homologous crossover these defects can be circumvented by coarse graining the
dynamical equations and passing to a description in terms of Building Block Schemata rather than
strings. One is naturally led to enquire as to whether similar benefits may be accrued in this more
complex scenario.

The offspring h = hy --- hy, produced by parents a = a1 ---ag and b = by --- by, with GRM
r = (m,v), can be represented very simply:

h; = m;ay,, + (1 — mi)bvi.

where a,, is the allele from the first parent picked out by the crossover pair r, and similarly for
by, from the second. Then

~v(a,b,r — h) = H d(hi = ay,) H §(hj = by;)

i€l jEL,.

where I, = {i : m; = 1} represents the genes picked out from the first parent by r that go to
form part of the offspring h, and I, = {i : m; = 0} is the complementary set picked out from
the second parent. As the full genetic composition of h has to come from the parents we have
I,Ul. ={1,2,---,£}. By substituting this result into the evolution equation for h and reordering
terms, we obtain

E[®(h,t+1)]
= 2 pe 3 plat) [T ok = an)
reRré a€Qt i€l
> pb,t) I 6(h; =b,)).
beQ! Jelr

The effect of terms of the form [[,c; d(h; = a,,) in this equation is simply to limit the

summations to subsets of Qf. If we denote the elements of I, with iy, (and the elements of I, with
Jjr) and we use the standard computer science notation x¥ to indicate pattern x repeated y times,

these subsets are
1]

D(h, 1) = () (+0i% sk
k=1

and the corresponding I'(h, I,.). Therefore

> plat) [T 6k = av)

aeNt i€l

= Z p(a, t)

a€l'(h,1,)
p(T'(h, 11),t)



Thus, we see that the action of the GCM r is to induce a coarse graining on the string sums. The
benefit of this is immediately apparent, in that the string sum .. has disappeared. Thus,
p(T'(h, I),t) denotes the probability for selecting the Building Block schema I'(h, I,.) which forms
part of the offspring. In essence, this is identical to the case of homologous crossover. What is
more complex here, in the presence of generalized recombination, is the form that the Building
Block can take. For example, for £ =4 and r = (1101, (4, 3,4,1)), then I, = {1,2,4} and, so,

['(hihohshy, {1,2,4}) =
= (T Ry K ) N (e T Ry, ) 0
(*vig 71hi3 *47%‘3 )
(*Bhl) N (*2h2*) N (h4>k3)
= h4 * h2h1

hence the first Building Block for the string hihohghy for the above GRD is hy * hohy. The
second Building Block is I'(h, I,.) = * * xh3. Note that, unlike for the homologous case, in general
h £ T(h,I.)NT(h, I,) = hyxhohy Nk*xhg. This new notation based on schemata and the previous
calculations lead us to the following

Theorem (Coarse-grained string evolution equation) The expected frequency of a string h at the
next generation in a generational GA with selection and generalized recombination is given by

E@(ht+1)] = > pe(r)p(C(h, L), t)p(T(h, 1), 1),

(1)

where D'(h, I.) = ﬂ Hﬁ;, H¢ is a shorthand notation for the generic order 1 schema x*~tax‘~%,
i€l
and I, = {1,--- £} \ I,..
Thus, as in the case of homologous crossover, we see that evolution proceeds by building a
string from its component Building Block schemata. Of course, to make further progress, one
would then need to have the equations that govern these schemata.

3.2 Coarse-grained evolution equations

For homologous crossover, one of the most remarkable features of the coarse grained exact schema
equations is their form invariance under a further coarse graining [17], i.e. that the functional
form of the equations for a Building Block 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) building blocks, which in their turn etc., the whole
hierarchy terminating at the 1-schemata. It is precisely the existence of this form 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. Thus, we begin by considering
what happens when we coarse grain such that hy---hy — Zhg hi---hg---hyg = hy---%---hy.
Thus



E[®(h1---hs—1 % hsy1---hg,t +1)]
= D E[®(h1---hs--hyt+1)]
hs

= Z Z pc(r)p(F(h,Ir),t)p(F(h,]r),t)

hs reRﬁ

= > mspe(r)p (T(h, Ir),t) D p(T(h, Ir),t)

TERf hs

+ D (A =mo)pe(rp (T(h,Ir),t) Y p (T(h, 1), t)

reRf hs

where r = (m, v) and mg represents the s-th component of the bit string m.
If we use the notation expr/y <« z to mean “replace every instance of y with z in expression
expr”, we can easily see that, if s € I,

p (P01 [he = 5,t) = Y p (1))
hs

If, instead, s & I,., we have
p (F(h,I,,)/hs - *715) = p(T(h,I,),1)

The same applies to I,.
So, we can rewrite the above equation in the form

E[®(hy---hs—1%hgyr---he,t +1)] (2)
- E[(I)(h/hs et 1)]

= 3 0o (T 1) [y = 1)

reRrf
p (F(hajr)/hs — *at)
This derivation leads us to the following

Theorem (Schema evolution equation) Equation 1 is applicable to both strings and schemata of
any order.

Proof With the previous calculations we have shown that Equation 1 is applicable to schemata
with one “don’t care” symbol. Since coarse graining over n variables can simply be obtained by
coarse graining (over one variable) the evolution equations coarse-grained over n — 1 variables, it
follows that Equation 1 is applicable to schemata of with any number of don’t care symbols. O

Interestingly, we can collect some terms in Equation 2. To see that let us assume, without loss
of generality, that ms; = 1. In other words, s € I,.. Let us assume, s is the n-th element of I,., i.e.,
i, = s. Therefore

I(h, IT)/hS — x

hi i hi,,

= H.' 0N HSr 0 H ﬂ"'/hin oy
v n

= HZ?O~-~0*ZQH AL

Vipt1
[1r|

hi
M ol

k=1,k#n

i



since *¢ represents the whole search space Or.
A similar result holds for s € I,.. This means that neither m4 nor vs appear explicitly in any
of the terms in Equation 2, except p.(r). So, we can rewrite the equation as:

E[®(h1++-hs—1*hst1---hgt +1)] )

= D pe(mi-me 1 kmeyr, (Vi vs1 ¥ Vs )

p (F(h, Ir)/hs - *,t) P (F(h, I_,«)/hs - *,t)

where the summation ranges over all GCMs r = (my -+ mg_1Mg11 - =My, (V1 - Vs—1Vs41 -+ - Vg)) €
Rgfl. Naturally this result generalises to any number of “don’t care” symbols, leading to the
following

Theorem For a schema h with d don’t care symbols at positions l1,--- ,lg, the summation in
Equation 1 can be turned into a summation over (m',v') € Rg_d provided the recombination
distribution p. is replaced with the marginal distribution pl, obtained by summing p.(m,v) over all
my, and vy, for1 <i<d.

3.3 A more explicit notation

When, for a given recombination pair 7 = (m,v) € RY, v is a permutation of the vector (1,2, - ,£),

then T'(h, I,) = ﬂLlill HZ: is an ordinary schema. In order to be able to express exactly which
schema this is we need to order the sets I, = {iy,42, -+ ,i|7,} and I, = {j1,jo, - ,Jjr,1} on the
basis of the corresponding entries in the vector v. That is, the elements i, of I, are ordered in
such a way that v;, < wv;,,, for any k, and the same is true for I,.

For example, if £ = 4 and r = (m,v) = (1101, (4,3,4,1)), then I. is obtained as follows.
As before, first we collect the indices of the elements of m that are 1 in a set (in this example,
{1,2,4}). Then we sort the elements of this set based on the values of the corresponding elements
in v. So, because vy < vy <y, I, = {4,2,1}. Naturally, I, = {3}.

With this ordering, when v is a permutation, then v;, < v;,,, for all k. Therefore

II’V‘l

F(h,IT) _ H (*Wk_vik*l_lhik) *Efviurl

k=1

where we used the convention that v;, = 0, that the [] operator means concatenation when applied
to strings of symbols and that ¥ is the empty symbol (i.e. x° can be safely edited out from any
sequence of characters).

We can interpret I'(h, I,.) as a schema also when v;, = v;,_, for some k, as long as h;, = h;,_,.
If this is not the case, then T'(h, I,.) is the empty set () (naturally p(@,¢) = 0). Therefore, in general
we can write

p(L(h, 1), t) (4)
= p H (*Wk_mk*l_lhlk) *Zivi\frl,t)
1<k < |,
ik # k-1
X H 6(}7’% hlk—l)
1<k < |1



4 Examples

41 (=2

As an example, let us write the evolution equations for a generic string of length £ = 2 from
Equation 1 with the more explicit “§ notation” introduced in Section 3.3:

E[®(ab,t +1)]

prp(ax)d(a = b) 4 p1ap(ad) + pisp(ax)p(b*)

p1ap(ax)p(xb) + p21p(ba) + pap(*a)d(a = b)

p23p(xa)p(bx) + paap(xa)p(xb) + p31p(b*)p(ax)

p32p(xb)p(ax) + pazp(a*)d(a = b) + pzap(ab)
Pa1p(b*)p(*a) + paop(xb)p(xa) + pasp(ba)

+  pap(xa)d(a =b)

+ o+ o+

where for simplicity we omitted time from the selection probabilities and we used p;; as a shorthand
notation for the GRD p.(v), v = (4,7) € N} being a recombination vector (see Section 2).

If one replaces a and b with some values from €2, all of the §’s turn either into 1’s or 0’s, and
so it is possible to further simplify the equation. For example, if a = b = 1 and all GCMs have
equal probability (p;; = 1/16), we obtain

E[®(11,t + 1))
= 0.125p(1%)% + 0.125p(1%) + 0.25p(1%)p(x1)
4+ 0.125p(¥1)% + 0.25p(11) + 0.125p(x1)

Notice that in order to solve for the dynamics of the strings we need to have a solution for the
building blocks a*, *a, b* and *b.
As an example, the evolution equation for the schema a* (a building block for ab) from Equa-
tion 3 is
E[®(ax,t+1)] = (p1« + p3)p(ax)
+  (pa« + pai)p(*a)

where poi = 3°, Pay.

A much deeper analysis of the £ = 2 case is provided in [18], where a complete, exact solution,
is derived, showing how the dynamical behaviour is radically different to that of homologous
crossover. Even in such a simple case new qualitatively different behaviour is observed. For
example, inversion is shown to potentially introduce oscillations in the dynamics, while gene
duplication leads to an asymmetry between homogeneous and heterogeneous strings. Also, all
non-homologous operators lead to allele “diffusion” along the chromosome.

4.2 (=3

The general form of the evolution equations for £ = 3 for the generic string abc is given if Figure 3.
This includes 216 terms — a number that, although quite big, is only a tiny fraction of the number
of terms one would get in the absence of coarse graining.

It is interesting to note that expected frequency of abc is a linear function of the selection
probabilities of that string and all its permutations and a (generally) quadratic function of the
selection probabilities of lower order schemata (building blocks). That is:

E[®(abc,t+1)] = pizap(abc) + pisz2p(ach)
+  poisp(bac) + pasip(cab)
+ psizp(beca) + pa2ip(cba) + b(t)



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 ab*, the evolution equation of which is?

E[®(abx,t+ 1)]

p11+p(a * x)6(a = b) + p12.p(ab*)

p13+P(a * b) + pra.p(a x +)p(b * *)

p1s«p(a * x)p(xbx) + pie«p(a * *)p(x * b)

pa1+p(bax) + pao.p(*ax)d(a = b)

p23+p(*ab) + paasp(xax)p(b * *)

D25« p(*ax)p(xb*) + pae«p(*ax)p(x * b)

P31+p(b * @) + pa2.p(+ba)

P33«p(* * a)d(a = b) + pas«p(* * a)p(b * *)

P35«p(* * a)p(¥b%) + pag«p(* * a)p(* * b)

Pa1«p(b * x)p(a %) + paz.p(xb*)p(a * *)

Paz«p(* * b)p(a * *) + paasp(a* *)d(a = b)

Pas«p(ab*) + pag«p(a * b)

p51*p(

p53*P(

P55% (
(b
(o =
(

* x)p(*ax) + pso.p(xbx)p(kax)
‘; (*ax) + psa«p(bax)

)p
)p
*ax)d(a = b) + pse«p(*ab)
)
)

’B

Po1+P(b * ¥)p(* * &) + Pe2«p(xbx)p( * a)
Pe3+D(* * b)p(* * a) + pea«p(b * a)
Des+p(xba) + pee«p(* x a)d(a = b)

O e e S S S S R A

where we collected terms involving the same schemata and where pyy. = >, Pay--
Notice that the building block ab*, in its turn, will depend on the dy-
namics of its own building blocks, such as a*x, the equation for which is
E[®(as*,t+1)] = (Prsx + Dass)p(a* %)
+ (P2ex + Posx)p(¥ax)
+ (P3sx + Poxx)D(* * )

4.3 General case

These examples show that all schema/string evolution equations have the same structure

x(t+1) = Ax(t) + b(t)

with a linear part which depends on the selection probabilities of schemata of the same order as the
schema on the left-hand side of the equation, and a non-linear forcing term b(¢) which depends on
lower-order schemata. The only exception to this is order one objects, in which case b(t) = 0. These
objects, therefore, evolve independently but contribute to all higher-order schemata. So, order one
schemata act as pacemakers for a genetic system evolving under generalised recombination. For
these reasons we will analyse the evolution equations for such a case in more detail in the next
section.

2Care must be taken when applying equations including &’s to schemata. This is can always be done but not
necessarily by directly replacing defining symbols with “don’t care” symbols. This works for Equation 1, but does
not necessarily work when using the formalism in Equation 4. To apply equations expressed in the “§ formalism”
to a schema one must either sum the string evolution equations and then collect terms, or apply Equation 1 to the
schema and then transform the selection probabilities p(I'(+, ), ¢) into the § notation.



E[®(abe, t + 1)]

p111p(a * *)d(a = b)d(a = c) + prizp(ack)d(a = b) + prizp(a * c)é(a = b) + p11ap(a * *)p(c * *)§

p115p(a * *)p(xc*)d(a = b) + priep(a * *)p(* * c)6(a = b) + pi21p(ab*)d(a = c) + p122p(abx)d(b

p123p(abc) 4 pr2ap(ab*)p(c * *) 4 pr2sp(ab*)p(xcx) 4 praep(ab*)p(* * c)

p1z1p(a*b)d(a = c) + piz2p(ach) + pizzp(a * b)d(b = c)

p13ap(a *b)p(c * x) + pissp(a * b)p(xcx) + pizep(a * b)p(x * c) + praip(a * *)p(b * *)d(a = ¢)

prazp(acx)p(b x *) + prasp(a * c)p(b * *) + praap(a * *)p(b * *)d(b = c) + p1asp(a * *)p(bck)

p146p(a * *)p(b * ¢) + pis1p(a * *)p(xbx)d(a = c) + p1s2p(ack)p(xbx) + pissp(a * c)p(xbx)

p15ap(a * *)p(cbx) + pissp(a * *)p(¥bx)d(b = c) + pisep(a * *)p(*bc) + pie1p(a * *)p(* * b)d(a = c)
p

(a=b)

)

**

**

pre2p(ac)p(* ¥ b) + p1e3p(a * ¢)p(* * b) + pieap(a * *)p(c * b) + presp(a * *)p(*cb)

presp(a * *)p(x * b)d(b = ¢) + pa11p(bax)d(b = ¢) + pa12p(bax)d(a = ¢) + pai1sp(bac)

p21ap(bax)p(c * *) + parsp(bax)p(*ck) + p216p(bax)p(* * c) + p2o1p(cax)d(a = b)

p22ep(*ax)d(a =Db)d(a = c) + p2asp(*ac)d(a = b) + paoap(kax)p(c * x)d(a = b) + paosp(xax)p(xck)d(a = b)

p226p(*a*)pg* x c)6(a = b) + pag1p(cab) + pazop(*ab)d(a = c) + passp(*ab)d(b = c)
(
(

S

!

p23ap(*ab)p(c * *) + passp(xab)p(xcx) + pasep(*ab)p(* * c) + paa1p(ca*)p(b * *)
p242p(*ax)p(b x ¥)d(a = c) + paazp(*ac)p(b * *) + paaap(xa*)p(b * ¥)3(b = ¢) + paasp(*a*)p(bck)
(xax)p(b * c) + p2sip(cax)p(*xbk) + pasap(*xax)p(xb*)d(a = c) + pa2s3p(xac)p(xbx)
(xax)p(cbx) + p2ssp(xax)p(¥b*)d(b = c) + pasep(*ax)p(*bc) + pag1p(cax)p(* * b)
(*a%)p(* x b)d(a = c) + paesp(*ac)p(* * b) + paeap(*+ax)p(c x b) + pagsp(+a*)p(xcb)
(xax)p(* ¥ 1)5(b = c) + p311p(b x a)d(b = c) + ps12p(bca) + p31sp(b x a)d(a = c)
p314p(b * a)p(c * x) + p31sp(b * a)p(*xcx) + p316p(b * @)p(* * ¢) + ps21p(cba)
p322p(xba)d(b = ¢) + p3asp(xba)d(a = ¢) + p32ap(xba)p(c * *) + p3asp(xba)p(kcx)
p32ep(xba)p(* x c) + p3zip(c * a)d(a = b) + pssap(*ca)d(a = b) + passp(x x a)d(a = b)d(a = ¢)

b

!

D246
P254
D262
D266

SRR

(

p33ap(* * a)p(c * x)d(a = b) + psssp(* x a)p(xc*)d(a = b) + pasep(* * a)p(* * c)d(a = b) + psa1p(c * a)p(b * *)
p3a2p(*ca)p(b * *) + p3asp(* * a)p(b * x)d(a = c) + p3aap(* * a)p(b * *)d(b = c) + p3asp(* * a)p(bcx)

p(b * c) + pssip(c * a)p(xbx) + pasap(xca)p(xbk) + psssp(* * a)p(xbx)d(a = c)

p(cbx) + p3ssp(+ * a)p(xbx)d(b = c) + p3sep(* * a)p(*bc) + pse1p(c * a)p( * b)
xca)p(* * b) + p3e3p(x * a)p(x * b)d(a = ¢) + pseap(* * a)p(c * b) + p3esp(* * a)p(*cb)
* % pE* xb)o(b = c% + pa11p(b * x)p(a * x)d(b = ¢) + pa1ap(bex)p(a * *) + pa1zp(b * c)p(a * )
b * *)p

a* )0

a = c) + pa1sp(b * *)p(ack) + parep(b * *)p(a * c) + pao1p(cbx)p(a * *)

*bx)p(a * c) + pag1p(c * b)p(a * x) + pazap(xcb)p(a * *) + pagsp(* * b)p(a* *)d(b = c)

(
(
(
(xxa)
(b %) (
E p(ax* %)0(b = c) + pazsp(xbec)p(a * *) + pazap(xb*)p(a * x)d(a = c) + pazsp(xb*)p(ack)
P
(* *b)
( p(a * *%)0(a = b) + paasp(x * c)p(a * x)d(a = b) + paaap(a x ¥)0(a = b)d(a = c) + passp(ac*)d(a = b)
(a*c)d(a =Db) + pas1p(c * x)p(abk) + pasap(*ck)p(ab*) + pas3p(* * c)p(abx)
(abx)d(a = c) + passp(abx)d(b = c) + pasep(abe) + pas1p(c * *)p(a * b)
( (2% b) + pasap(* * c)p(a * b) + pasap(a * b)d(a = c) + passp(ach)
(a*1b)d(b = c) + ps11p(b * *)p(*ax)d(b = c) + psi2p(bek)p(xax) + ps13p(b * c)p(xax)
(b x *)p(cax) + ps15p(b * *)p(xax)d(a = c) + ps16p(b * *)p(xac) + psa1p(cb*)p(xax)
ps22p(¥b*)p(xax)d(b = c) + ps2sp(xbc)p(*ax) + ps2ap(x¥bx)p(cax) + psasp(xbx)p(xax)d(a = c)
( (*ac) + pss1p(c * b)p(*a*) + pszap(*cb)p(*ax) + ps3sp(* * b)p(xax)d(b = c)
(* x b)p(cax) + ps3sp(* x b)p (*a*) (a = c) + ps3sp(* * b)p(xac) + psa1p(c * *)p(bax)
(xcx)p(bak) + psazp(* * c)p(bax) + pssap(bax)d(b = c) + psasp(bax)d(a = c)
(bac) + pss1p(c * *)p(xax)d(a = b) + pssep(xcx)p(*xax)d(a = b) + pss3p(* * c)p(xax)d(a = b)
Eca*) (a =b) + psssp(xa*x)d(a =b)d(a = c) + pssep(xac)d(a = b) + pse1p(c * x)p(*ab)
(
(
(
(
(
(
(
(
(

*

Q

*
v
A

)

p(xab) + pse3p(x * c)p(xab) + pseap(cab) + psesp(*xab)d(a = c)

xab)d(b = ¢) + pe11p(b * *)p(* * a)d(b = c) + pe12p(bek)p(* * a) + pe13p(b * c)p(x * a)
)p(c * a) + pe15p(b * *)p(xca) + perep(b * *)p(* x a)d(a = c) + pe21p(cb*)p(* * a)
P

—~

*a)0(b = c) + pea3p(¥bc)p(x * a) + pe2ap(¥bx)p(c * a) + peasp(xb*)p(*ca)

xa)d(a = c)+ pes1p(c * b)p(* * a) + pe32p(*cb)p(* * a) + pessp(x * b)p(* x a)d(b = c)

c * a) + pessp(x * b)p(*xca) + pesep(* * b)p(* *x a)d(a = c) + pearp(c * *)p(b * a)

* a) + peasp(x * c)p(b * a) + peaap(b * a)d(b = c) + peasp(bca)

poasp(b * a)d(a = c) + pes1p(c * *)p(xba) + pes2p(xc*)p(¥ba) + pessp(* * c)p(xba)

pesap(cba) + pessp(¥ba)d(b = c) + pesep(*¥ba)d(a = c) + pes1p(c * *)p(* * a)d(a = b) + pee2p(xc*)p(* * a)d(a = b)
Dee3p(* * c)p(x * a)d(a = b) + pesap(c x a)d(a = b) + pessp(*xca)d(a = b) + pessp(* * a)d(a = b)d(a = c)

*

*
* % (
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Figure 3: Evolution equation for a 3-locus representation evolved under selection and generalised
recombination.



5 Equations for order 1 schemata

Let us focus on the order 1 schemata H® = x*~!ax’~* where only one allele is specified. By coarse-
graining on the recombination distribution, the schema evolution equations for these schemata

transform into:
E[®(HI, t+1)]

— Z pc(*sflms*z’s, *Silvs*efs)p (Hgs,t)
(ms,vs)ERe

14
= ch(*'"*7*571k*eis)p(H;clat)'
k=1

That is, the evolution of order 1 schemata is governed by systems of £ linear equations. There
are as many such systems as the arity of the alphabet adopted for strings. In the binary case
a € {0,1} and so there are two such systems.

So, in general, unlike the case for homologous crossovers, with generalised recombination,
order 1 schemata may evolve even on a flat landscape (where p(H,¢) = ®(H,t) for any schema
H). The flat landscape case is interesting as its analysis unveils the biases of the recombination
operator. For the case £ = 2 in [18] we found that, except in special conditions, a fixed point for
the proportions of order 1 schemata ®(HY,t) exists. This is generally the case for any ¢. Let us
denote such a fixed point with ®*(H2).

Let us consider the case of an infinitely large population and a flat landscape.? In vector
notation then the system of equations becomes

Bt +1) = AB(t)
where ®%(t) = [®(HE,t),---,®(HS )T and A = (aq) is a matrix with elements ag =

Pk - %, %57 kx*=%). Since Zi:l P x, %57 kxf73%) = po(*---%,%---%) = 1 the matrix A
is row stochastic, but it is not necessarily column stochastic.

5.1 Fixed points

Let us look for fixed points for the dynamical system defined by these equations. They will have
to be eigenvectors of the matrix A with an associated eigenvalue A = 1.

Because of the row stochasticity of A, it is easy to see that [1,--- ,1]7 is an eigenvector for the
matrix. That is, for order 1 schemata, a fixed point always exists of the form

*(H{) = c(a)

for s=1,--- £, where ¢(a) is a constant (possibly a different one for each a). Naturally the con-
stants ¢(a) must obey the conservation of probability for the ¢ sets of order 1 schemata partitioning
the search space. That is, we require that, for all s and ¢,

> @(HE ) =1.

When evaluated at the fixed point, this leads to the following constraint on the values of the ¢(a)’s:

Zc(a) =1

a
Generally, finding analytically other fixed points may not be simple. Also, determining whether

a fixed point is a global attractor for the system is non-trivial.* There are, however, some fairly
general classes of generalised recombinations where we can say a bit more.

SInfinitely large populations are a standard mathematical tool in the theory of evolutionary algorithms. They
are used because they remove the stochasticity present in EAs. This can be very useful, for example, to aid the
analysis of the intrinsic biases of the search operators.

4Naturally, if the GRD is known, one can easily find numerical answers to these questions simply by using
standard linear algebra techniques.



5.1.1 Homologous crossover

One such class is the class of homologous crossovers. These are characterised by the fact that
only recombination pairs of the form r = (b, (1,2,--- ,¢)) have non-zero probability. So, as; =
pe(* %, %37 1kx!=%) = §(s = k) and, so, A is the identity matrix. In this case, as expected, any
initial condition is a fixed point for order 1 schemata. That is

OY(HY) = ®(H{,0).

5.1.2 Fully disconnected recombination cliques

Let Q(p.) the set of recombination cliques induced by the generalised recombination distribution
pe. The elements of Q(p.) are (disjoint) sets of integers. Their union is {1,--- , ¢}.

The homologous crossover case is a special case in which the recombination clique graph in-
cludes ¢ disconnected nodes (i.e., |Q(p.)| = ¢£). The fully mixing case is one where all nodes belong
to a single clique (i.e., |Q(p.)| = 1). Let us consider what happens in other cases similar as these,
where the loci can be grouped into a number of cliques, but where the cliques themselves are
completely disconnected. In other words, we consider the case where the recombination clique
DAG includes ¢ = |Q(p.)| nodes with 1 < ¢ < £ and no arcs.

In this case the matrix A is block diagonal, with ¢ blocks. So, effectively we can decompose
the vector ®2 into q sub-vectors 5% and the matrix A into g squared sub-matrices A,, (the blocks
along the diagonal of A) and rewrite the evolution equations for order 1 schemata as:

B (t+1) = A, B%(t)

forn € Q(pc). It is then easy to see that each of these smaller dynamical systems has an eigenvalue
An = 1 with an associated eigenvector of the form [1,--- ,1]7. So, a fixed point exists of the form

(fz =c(n,a)[l, -, l]T

for n € Q(p.), where ¢(n,a) are constants which depend only on the clique n and the allele a.
These, again, must respect the conservation of probability and so

Z c(n,a) = 1.

a

6 Fixed points for higher-order schemata and strings

Let us consider the case where p.(m,v) = 0 for all v such that 3i # j,v; = v;, that is let us assume
no allele duplication from the same parent can take place. We call this a d-free recombination
distribution because in these conditions all the ¢’s in Equation 4 (and the corresponding equation
for I,.) are all 1 for any r.

Theorem (Generalised Geiringer manifold) A fized point distribution for the proportion of a
string or a schema hihs - - - hy under generalised crossover with a 0-free recombination distribution
for an infinite population operating on a flat fitness landscape is given by

o (hi-he)= [ T]elah) (5)

q€Q(p.) 1€

where c(q,*) = 1.



Proof Since the fitness landscape is flat, p(H,t) = ®(H,t) for any schema. Also, because the
population is infinite, E[®(H,t + 1)] = ®(H,t + 1). Then, for a d-free GRD we can rewrite the
schema evolution equations as

O(h,t+1)
= Z pc(m7 U) (6)
(m,v)ERS
| 17|
o H (*TJik_q)ik—l_lhik) KT
k=1
1]

Vi —v; —1 l—v; _
P H (* Ik Yik—1 hjk)* ALt

k=1

We can prove that Equation 5 is a fixed point for this equation, by substituting the right-hand
side of Equation 5 into the right-hand side of this equation and then showing that the resulting
expression for ®(hy...hy,t + 1) has exactly the same form as the right-hand side of Equation 5.

Let us start by splitting each I, into disjoint subsets ., for n € Q(p.) where subset I,.,, includes
the elements of I, from clique n. That is I,,, = I, N n. Then at the fixed point

1|
o H (*mk _Uik—l_lhik) *e_”iur‘ t
k=1
= H H c(n,hi).
nEQ(Pa) €Ly

A similar result holds for I, and the last term of Equation 6.
So, from the substitution of the fixed point in Equation 6 we obtain

O(h,t+1) =
Z pe(r) H H c(n, h;) H H c(n, hy)
rERY n€Q(pc) i€lrm n€Q(pe) j€Irn
Because I, and I, are disjoint and their union is {1, --- , £}, for all n € Q(p.) we have I,,,UI,., = n

and, so,

oht+1) = > pe(r) [[ e he)

reRY n€Q(pe) i€n
= I IIetnhi > per)

n€Q(pe) i€n reR!
———

=1

= H Hc(n,hi).

n€Q(pe) €N

which proves that Equation 5 is a fixed point for the distribution of strings and, more generally,
schemata. a

This result is important because it provides a generalisation of the manifold described, for
homologous crossover, by Geiringer [2]. All points on our generalised Geiringer manifold are fixed
points for a genetic system under generalised recombination. Naturally, the result also covers all
the fixed points for order one schemata described in the previous section.



It is interesting to rewrite Equation 5 is a slightly different form. If v(h,n,a) represents the
number of times symbol a appears in one of the loci in clique n of the string or schema h, and (2
represents our alphabet, then

e (h)= [ [](e(n a) . (7)

n€Q(p.) a€Q

So, for example if our alphabet is Q = {0, 1, 2, 3}, if |Q(p.)| = 1 and if we set ¢(n,0) = ¢(n,1) =1/3
and ¢(n,2) = ¢(n,3) = 1/6, then ®*(0102) = (1/2)2 x (1/2) x (1/3) x (1/3)° = 1/24. Interestingly,
in the case of a binary alphabet, for a fixed ¢(n,0) (note: ¢(n,1) =1 — ¢(n,0)) the probability of
sampling a given string is only a function of the unitation value (the number of ones) of the string.

7 Stability of fixed points

Naturally, although any choice of ¢(n,a) will provide a formal fixed point for the evolution equa-
tions, we are only interested in choices which respect the conservation of probability constraint
> o c(n,a) = 1. Despite this constraint, we still have a huge family of potential fixed points. An
important question is whether any of these fixed points would be a global attractor for the system
and whether this would dependent on initial conditions and, if so, how.

In this paper we don’t formally prove under which conditions the fixed point presented in the
previous sections are stable. In [18] we present an exact and general solution for the dynamics for
the case £ = 2 and a complete analysis of the corresponding fixed points. The techniques used
there can provide exact answers also for ¢ > 2. However, the complexity of the solutions grows
very quickly with ¢. So, in this paper we prefer to present empirical evidence to corroborate our
theoretical results.

8 “Schemulator” runs

In order to study the dynamics of a genetic system under selection and generalised recombination
we have implemented a simulator written in Java (we call it the “schemulator” — a contraction
of “schema simulator”) which expands and then numerically integrates the string (and schema)
evolution equations for any choice of recombination distribution, of fitness function and of initial
conditions. The integration is performed under the standard assumption of infinite populations.

To corroborate our results we want to verify our predictions as to the existence and location
of fixed points for the flat fitness landscape case. Figure 4 shows the dynamics of some schemata
and strings in a population with £ = 3 and a recombination distribution where p.(m,v) # 0 for all
the 48 recombination pairs where v is a permutation vector, and p.(m,v) = 0 for the remaining
168 pairs. The non-zero entries of the GRD were randomly generated and then normalised so that
> pe(r) = 1. The resulting recombination distribution had only one clique, Ny = {1,--- , £}, which
includes all £ loci. In order to be able to distinguish between the dynamics of different schemata,
we the used unequal initial proportions for strings, namely: ®(000,0) = 0.3, $(001,0) = 0.25,
$(010,0) = ®(011,0) = ®(100,0) = 0.1, ®(101,0) = 0.05, $(110,0) = 0.02 and ®(111,0) = 0.08.

As shown in the figure, the order 1 schemata H! (s = 1,2, 3) rapidly converge to a fixed point
where ®*(1 % x) = ®*(x1x) = ®*(x x 1). This is exactly what is predicted by the fixed point
provided in Equation 5. The order-one-schema fixed point proportion, 0.343333333333, suggests
that ¢(NVg, 1) = 0.343333333333 and c¢(Ny,0) = 1 — (N, 1) = 0.656666666667.

Order 2 schemata also converge to identical values, i.e. ®*(11%) = ®*(x11) = ®*(1 % 1). The
fixed-point frequency is (within numerical errors) exactly c¢(Ny,1)% = 0.117877777778, which is
what Equation 5 predicts.

The predictions of our generalised Geiringer manifold theorem also hold for strings. For ex-
ample, the strings 110 and 011 converge to their predicted fixed point ®*(110) = ®*(011) =
c(Ng,1)%¢(Ng,0) = 0.0774064074076 and 111 converges towards the predicted ®*(111) =
c(Ng, 1)3 = 0.0404713703703 within numerical errors.
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Figure 4: Dynamics of strings and schemata for £ = 3 and a d-free, fully mixing, random recom-
bination distribution.

One might ask at this stage: where did the magic value 0.343333333333 come from? We
provide here an answer without proof. The GRD used in this example is one of a class for which

o(n, a) = ﬁ S o, 0). (8)

iEN

Since in this particular example we only have one clique,

c(Ng, 1) (®(1 % *,0) + ®(*1%,0) + ®(x x 1,0))

= 2(0.25+ 0.3+ 0.48)
= 0.343333333333.

W= W=

9 Conclusions

In this paper we have provided a theory that is powerful enough to model exactly genetic systems
using a fixed-length representation, selection and, for the first time, a rich set of genetic operations,
including gene duplication, gene deletion, inversion, homologous recombination, permutations,
diploidy, etc. that are not only known to happen in nature but that have also been fruitfully used
in evolutionary algorithms. This model includes as a special case previous models such as the
exact schema theory in [17, 14].

We have started analysing the evolution equations provided by our model with the objective of
understanding the search biases induced by such a powerful set of operators. This has allowed us to



formulate a generalisation of Geiringer’s theorem. As usual, we expect the study of the equations
in the presence of selection to be much harder to do mathematically. However, the availability of an
exact probabilistic model has allowed the implementation of an evolution equation simulator (the
schemulator) with which we can numerically explore the interaction between the recombination
and the selection biases for arbitrary fitness functions and potentially for any string length.

In future research we intend to provide a detailed general analysis of fixed-point stability, to
study the evolution equations for diploid recombination distributions and to extend the results
presented in this paper to the case of variable length strings, thereby, hopefully, contributing new
results to theoretical population genetics as well as evolutionary computation.
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