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Abstract. In the running of a genetic algorithm, the population is liable
to be confined in the local optimum, that is the metastable state, mak-
ing an equilibrium. It is known that, after a long time, the equilibrium is
punctuated suddenly and the population transits into the better neigh-
bor optimum. We adopt the formalization of Computational Ecosystems
to show that the dynamics of the Simple Genetic Algorithm is repre-
sented by a differential equation focusing on the population mean of a
phenotype. Referring to the studies of differential equations of this form,
we show that the duration time of metastability is exponential in the
population size and other parameters, on the one dimensional bistable
fitness landscape which has one metastable and one stable state.

1 Introduction

Genetic Algorithms (GAs) are optimization methods modeled from some oper-
ations which are used during the natural reproduction and the natural selection
[3]. Since the concepts of GAs are introduced by Holland [?], various GAs show
practical successes in various fields. Among them, the Simple Genetic Algorithm
(SGA) is the simplest genetic algorithm containing the essential operators : se-
lection, mutation, and crossover.

Like the other optimization methods, SGAs have the problem of metastabil-
ity that the population is liable to be trapped in a local optimum, making an
equilibrium. If there is a better optimum state in the vicinity, the local optimum
is the metastable state since the punctuated equilibrium appears [11]. The punc-
tuated equilibrium is the phenomenon in which the system in a metastable state
shows a sudden transition into the more stable neighbor state after a long time.
Punctuated equilibria are analyzed in various fields including Computational
Ecosystems (CEs) and neo-Darwinian evolution models [1, 8.

The analysis of CEs is based on the time derivative of the probability distri-
bution P, where P(r,t) is the probability that the system state is r at time ¢
in the ensemble of possible system states. They use dP/dt to find d < z > /dt
where < z > is the ensemble mean of the interested system character z [5].

In the neo-Darwinian model, the population mean Z of a genetically deter-
mined character is governed by the equation dz = F'(Z) + edB where F is a
landscape on x, B(t) is a standard Brownian process, and ¢ is a small con-
stant. They use the theoretical results from diffusion processes [7] to show that



the punctuated equilibria appear in the natural evolution with the exponential
duration time of metastability as ¢ decreases to zero [8].

In this paper, we adopt the formalization of Computational Ecosystems to
show that the dynamics of the Simple Genetic Algorithm is represented by a
differential equation like dZ = F'(Z) + edB focusing on the population mean of
a phenotype. Referring to the studies of differential equations of this form, we
show that the duration time of metastability is exponential in the population size
and other parameters, on the one dimensional bistable fitness landscape which
has one metastable and one stable state.

In section 2, the CE and the equation from the diffusion process are described.
We analyze the dynamics of the SGA adopting the methods of CEs in section
3. The bistable fitness landscape is introduced and the simulation results are
shown in section 4. In section 5 we discuss the results obtained in previous
sections focusing on the duration time of metastability. Conclusion and further
work are covered in section 6.

2 Background

2.1 Computational Ecosystems

The CE is a very similar model to GAs. A population contains NV agents, and each
agent chooses one from R resources to get some payment which is determined
by the payment function f. f is the function of the chosen resource and the
population state which is represented by a vector r = (ry, 72, -+, rgr) whose i-th
element is the ratio of agents choosing the resource i. During a unit time, each
agent has the a chances to change the resource to the new one according to p;,
which is the probability that resource i perceived to be the best choice and is
the function of r.

The possible population states at time ¢ compose the ensemble represented by
P(r,t) which is the probability of the population state to be r at ¢. Considering
only one possible change of an agent’s resource in a short time interval,
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where nl¥ is such that ng-j’i] =n;+1,n/" =n; — 1 and all other elements are

the same as n. And p; and pgj ' are evaluated at n and nl respectively.
The ensemble mean < r; > of r; satisfies
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using equation (1) [5].



2.2 Diffusion processes
Consider the one dimensional diffusion process z(t) satisfying
dz(t) = F'(z) +edB(t) (3)

where B(t) is the standard Brownian process and ¢ is a small constant. Let F
satisfy the following conditions :

— Fis a differentiable function defined on —oco < z < o0,

— there exists z1 < z2 < z3 such that F is strictly increasing on (—oo, z1] U
[22, 23] and strictly decreasing on [z1, za] U [23, 00), and

- F(Zl) < F(Z3)

If 2(0) = 21, then the punctuated equilibrium appears and the duration time
T of metastability satisfies

2(F(21) — Flz))
82

T o exp( ) (4)
when € <« 1. And the transition is unidirectional in the sense that the system
remains in the stable state permanently [7]. These results about the duration
time can be expanded to the cases that F' has more than two peaks or z is
multidimensional [7, 2].

3 Analysis

The analysis of genetic algorithms in the genotype is somewhat complex since it
considers vector values and matrix operations. We focus on the phenotype z; of
an individual where z; corresponds to the genotype .

3.1 Simple Genetic Algorithms

A SGA in this paper deals with a population which consists of N individuals.
Each individual is a binary string of L bits, each bit has one of two values 0
and 1, and there are R = 2" genotypes. The phenotype for the genotype i is z;
and the fitness f is the function on the phenotype domain. The population state
is represented by n = (n1,n2,...,ng) or r = (r1,r2,...,rg) where n;(t) is the
number of individuals with the genotype i and r = n/N.

The population of the next generation is produced from the current one
through some SGA operators : roulette wheel selection, 1-point crossover and
simple mutation [3]. After two individuals are selected from the current pop-
ulation by the roulette wheel selections, the 1-point crossover and the simple
mutation are applied to the pair. In the 1-point crossover, each individual is
cut at the same point and divided into two substrings, and then the second
substrings are exchanged. The cutting point is determined randomly among all
the points between two bits. And then, the simple mutation toggles each bit of



individuals with the probability p,,. After the mutations, one of two children is
chosen randomly and added into the next generation.

Repeating this process N times, the new generation with the generation gap
1 can be completely produced. For the simplicity, the crossover is not considered
in the analysis and is mentioned in section 5.2. The parameters and the functions
related to selection, crossover and mutation are superscripted with ®, ¢ and ™
respectively.

3.2 Brownian part

As it is defined in the CE, let P(r,t) be the probability that the population
state is r at time ¢. Then the ensemble mean and the population mean of z are
represented, respectively as < z >= ) . zP(r,t) and Z =), 2r;.

Let o be the average number of generations per unit time. Then the SGA
changes the population state a At times during A¢t. When an individual is chosen
after selection, crossover and mutation, the phenotype of the individual can be
considered as a random variable X. Using the central limit theorem [10], the
population mean X of the phenotypes follows

Z(t + At) — T(t) =< Z(t + At) > —Z(t) + aAtG (5)

where G is a Gaussian random variable with mean 0 and variance V (X).

Since the dispersion of the ensemble starts from the instantiated state with
Z(t), < Z(t) >= Z(t). The accumulation of Gaussian random variables, each of
which has the variance 1, makes the standard Brownian process. Then, since
V(X) = V(X)/N by the central limit theorem,

V(X
dz(t) = d < Z(t) > +a %dB(t). (6)
Ignoring the crossover, the random variable X of phenotype is composed of
X% and X™,
X=X+X" (7)

where X ® is the result of the selection and X™ is the change due to the mutation.
The effects of the mutation is dependent on how the genotype is decoded into the
phenotype, and then into the fitness. To obtain a general feature of the simple
mutation, we define the phenotype as x; = [;/L, where [; is the number of bits
with the value 1 in the genotype i. In case of L = 1, X™ has the probability
distribution with mean (1 — 2I(t)/L)p,, and variance p,, — (1 — 2I(t)/L)*p?2,.
Thus, in general, X™ has the Gaussian distribution with

E(X™) = (1-2I(t)/L)p,, and
V(X™) = [pm — 1= 26)/L)*pp]/L =~ pm/L (8)

by the central limit theorem.
Considering only the selection, the variance of the phenotype seems to be
dependent on f)/f, where f(™ is the m-th derivative of f(z). Even when the



fitness landscape is flat, the selection makes the variance decrease by the factor
of 1/N [9], and then

N
0< Vsteepest < V(X) < Vflat = % (9)

where Viteepest and Vi are variances when | f(l)/f_ | is maximum and zero,
respectively. That is, V(X)) is finite within the range of equation (9).

3.3 Ensemble mean part

Consider the case of the generation gap 1/N, in which a child is produced from
the SGA operators, a victim is chosen randomly from the current generation and
then it is replaced by the child, producing the next generation. When genotypes
of the child and the victim are 7 and j respectively, this random event corresponds
with the resource changing from j to i for an agent in CEs. That is, the SGA
with the generation gap 1/N is the special case of the CE, when p; is interpreted
as the probability that the child with the genotype ¢ would be produced by the
SGA operations.

However, if the generation gap is 1, equation (1) can not be used by the SGA
since it is the result of considering maximally one change of an agent in a given
time interval. Thus we focus on the macroscopic equation (2) whose right hand
side is interpreted as INa generations per unit time multiplied by the effect of one
generation, (< p; > — < r; >)/N on condition that the generation gap is 1/N.
If one generation contains N changes of individuals and they are all relatively
independent, the effect of one generation is enlarged to be (< p; > — < r; >).
Strictly speaking, the changes of individuals in one generation of the SGA is
not independent since the victim is selected in round robin. But it makes the
same effect to the independent case since the round robin guarantees that each
individual has the same probability to be selected as a victim. Modifying the
definition of a as the average number of generations per unit time, equation (2)
can also be used for the SGA with the generation gap 1.

From equation (2), we can obtain

_ R
=202 _ o3 i) — i), (10

i=1

Considering only the selection,

i ;)T r—I = f(F) —
sz(% —r;) = Q = %— Z 4 )(m_x)m—H- (11)

On condition that



for each individual in the population, equation (11) becomes

A i)Ti 0 T

where s% = (z — z)2, the population variance.
The change due to the mutation is, from equation (8),
{d < Z(t) >

o } = P (1 = 25°) ~ pp(1 — 27). (14)

3.4 Dynamics due to selection and mutation

Let V¥ be the some constant representing the selection term of V' (X') within the
range of equation (9). If we assume that s% is independent of Z for the simplicity
then the global fitness function F' can be defined by

F(z) = sX log f(z) + pm(z — 7°). (15)
This assumption will be mentioned again in section 5.3. Finally, from equations
(6), (8), (13) and (14), we can summarize the dynamics of the SGA as

de(t)  0F(x)  [Ve+ pn/LdB(t)
adt ~ 0F + N dt (16)

considering selections and mutations except the crossover.

4 Simulation

4.1 Bistable landscape

Punctuated equilibria appear if F' has the landscape as is shown in section 2.2.
In this simulation, we restrict f to have three features. First, F' satisfies the
conditions in section 2.2 except that F' is not differentiable at finite number of
points. Secondly, the selection pressures from the barrier are the same for the
metastable and stable attractors. And lastly, the condition of equation (12) is
satisfied for each individual. Strictly speaking, the third is not always true since
there are some generations in which some individuals are in the right side of the
barrier and the others remain in the left side. But this dispersion is condensed
into a population in one side very quickly and hence we ignore the effect. The
phenotype z is defined by x; = [;/L as in the case of mutation analysis.

The typical f and F are shown in figure 1, where d = f(0) — f(1/3) is the
barrier depth in f landscape. Other fitness function like the generalized deceptive
functions [12] could also be used if it has the deceptiveness and the multistep
trajectory from the local optimum to the global optimum state, but are not
covered in this paper.

Figure 2 shows typical punctuated equilibria appeared in the running of the
SGA. The population starts from the state £ = 0, converges quickly into the
metastable state, and shows perturbations around it. After a long duration, Z
transits the fitness barrier to the stable state suddenly.
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Fig. 1. A fitness function with barrier depth d
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Fig. 2. The punctuated equilibria are shown on the graph of z as generations are
succeeded. (a) and (b) are Z and s% respectively, where N = 20, p. = 1.0, p,, = 0.012
and d = 0.5. (c) and (d) are & and s% respectively, where N = 30, p. = 0.0, p., = 0.008
and d = 0.5.

4.2 The time of metastability

Beginning with the population state with Z = 0, we record the duration T' of
metastability varying some parameters, where 7' is defined as the number of
generations till the transition to the stable state occurs. The time required for
the transition is so short relative to 7' that it is ignored. Considered parameters
are the population size NV, the barrier depth d in f landscape, and the mutation
probability p,.

Figure 3 is the simulation results when p. = 0. Figure 3(a) and 3(b) shows
that T is a rapidly increasing function of N and d. And figure 3(c) shows that



T is a rapidly decreasing function of p,,.
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Fig.3. The duration T of metastability versus some parameters. Each point is an

average of 30 runs. Default parameter values are L = 30, N = 40, p. = 0, p.» = 0.01
and d =0.7.

In case of p. = 1, figure 4 is the counterpart of figure 3. This shows that the
crossover makes the duration be longer for any parameter set in this simulation
environment,.
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Fig.4. The duration T of metastability versus some parameters. Each point is an

average of 30 runs. Default parameter values are L = 30, N = 40, p. = 1, p,» = 0.01
and d =0.7.

5 Discussion

5.1 Effects of selection and mutation

Since equation (16) has the form of equation (3), the duration 7" of metastability
satisfies

T  eVorem/E (17)



by equation (4), where D is the barrier depth in F' landscape.

The mean population phenotype Z(¢) oscillates around the equilibrium value
x, which is determined from the non-Brownian part of equation (16), 0F (z)/0% =
0. Given p,, and d, the relation between s% and z. can be obtained from this
equation and is approximately consistent with the graphs of figure 2.

Among the SGA runs in the simulation, there is not any case that the pop-
ulation returns to the metastable state once the punctuated equilibrium occurs,
provided that p,, < 1. This means that the transition is unidirectional.

Figure 3(a) qualitatively confirms that T is exponential in the population
size N. But figure 3(b) needs an explanation since the barrier depth d is the
quantity of f landscape. Let z, be the root of 0F(Z)/0% = 0 in the metastable
area. Then, from equation (17),

K
T o Kllog f(ze)—log(1—d)] — [%} (18)

where K is a constant. That is, the shape of the graph of T is that of 1/(1 — d)
rather than that of e?. Figure 3(c) shows that why the condition of p, < 1
is needed for the punctuated equilibria to be appeared, and is consistent to
equation (17).

5.2 Effects of crossovers

In a bistable problem, individuals can be divided into two types according to
which basin of attractor they belong to : A-type and B-type, respectively in
metastable and stable area. Let rp and fp be the ratio and the average fitness
of B-type individuals, respectively.

For most generations, rg = 0, and rp becomes positive at long intervals by
crossovers or mutations. When this event occurred at 7-th generation,

rp(r+1) = [rp(n)] + Briy(r)ri (1) (19)

since the term of [r% (7)]? and the effect of mutation can be ignored. The param-
eter [ is the rate that B-type children are produced from the crossover of one
A-type and one B-type parents.

When the phenotype is defined as = [/L, the crossover has the tendency
that the z’s of two parents are averaged. If one A-type and one B-type parents
crossover then the children would be around the barrier terminating the appear-
ance of the B-type, and hence g <« 1. That is, the crossover not only enhances
the appearance of B-type individual, but also would eliminate it. Figure 5 shows
that the crossover interrupts the appearance of the B-type as a whole if the
genotype is decoded into the fitness as is done in section 4. On condition that
[ is larger than a particular criterion, this interrupt would be replaced by the
enhancement. But the crossover is highly dependent on the definitions of x and
f, and the generalization is not considered in this paper.
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Fig.5. The individual with the maximal phenotype in the population is traced. It
sometimes goes and comes across the particular phenotype criterion value after each
SGA operation. The criterion is 1/3 for (a), and 14/30 for (b). For the parameters in
this simulation, the individuals in 1/3 < z < 14/30 disappear by the selections. Hence
we focus on (b) to elucidate the contributions of GA operations to the transition
into the stable state. The number of goings or comings in a run is counted until the
transition occurs, and then averaged over 100 runs. g and c represent ‘going’ and
‘coming’, respectively. Paremeter values are L = 30, N = 20, p,, = 0.012 and d = 0.5.

5.3 Variance of phenotype

Since the population variance s% is the sample variance corresponding to the
ensemble variance V(X), the sampling of s% has the distribution with mean
E(s%) = V(X) and variance V(s%) = 2(V(X))?/(N — 1), in which V(s%)
represents the sampling perturbation [10].

The selection makes V(X)) decrease according to the relative gradient of f,
(0f/0x)/f. As the relative gradient of f decreases, the selection force decreases
and V(X) increases. However the increment is small relative to the change of
log f as shown in figure 6 and this supports the assumption for equation (15).

As the population size N increases, the diversity of genotypes within the
population increases but it does not directly mean that the phenotype variance
increases. Instead, figure 7 shows two things that, as N increases, the increment
of V(X) is negligibly small compared with the linear increment, and the am-
plitude of sampling perturbations of s decreases as predicted above. The first
supports the assumption that V¢ is approximately independent of N. The second
means that, as N increases, the effect of increasing V(X) could be dominated
by that of decreasing V (s%) in the small range of N.

6 Conclusion and future work

In this paper, we have analyzed the dynamics of the SGA to get a differential
equation about the population mean of phenotype values. It is divided into the
Brownian part and non-Brownian part by the central limit theorem, as shown in
equation (6). Detailing the equation, we have considered selections and mutations
except the crossover for the simplicity, and the result is equation (16).
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Fig. 6. The population variance s% of phenotype at each generation. Parameter values
are N = 20, p. = 0 and p,, = 0.01 except that d = 0 and d = 0.5 for (a) and (b)
respectively. The fitness function of (c) is the same as that of (b) except that the
gradient is increased to 1500 on z > 1/3. The population goes into the stable area
after several generations in these cases, where the gradients are 0, 1.5 and 1500 for (a),
(b) and (c), respectively.
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Fig. 7. The population variance s% of phenotype at each generation. Parameter values
are pc = 0, pm,, = 0.005 and d = 0.5, except that NV = 40, N = 400, and N = 1600 for
(a), (b) and (c), respectively.

The non-Brownian part is the dynamics of the ensemble mean of pheno-
type values and has been analyzed adopting the method of the CE. The effect
of roulette wheel selections is proportional to the population variance and the
logarithm of the fitness function in condition of equation (12). The effects of mu-
tations and crossovers are dependent on how the genotype is decoded into the
phenotype, and then into the fitness. When the phenotype is defined as ¢ =1/ L,
the effect of simple mutations is proportional to the mutation probability and
(1/2 — 7).

For the equation (16) has the typical form which has been analyzed in diffu-
sion processes, we can adopt the theoretical results from them. That is, running
the SGA on the bistable global fitness landscape F' which is defined as equation
(15), (i) the punctuated equilibrium appears, (ii) the duration time of metasta-
bility is exponential as shown in equation (17), and (iii) the transition is unidi-
rectional. These theoretical results are qualitatively confirmed by the simulation



results.

These results about the duration time could be expanded to the cases that
F has more than two peaks or z is multidimensional [7, 2].

Though this paper shows some interesting results, it has some defects to
be supplemented. The major one is that the effect of crossovers is just roughly
analyzed. When the phenotype is defined as & = [ /L, 1-point crossovers make the
duration of metastability be longer. The next one is that, we have regarded the
variance of the phenotype V' (X) to be constant, on a basis of simulation results.
For the more accurate analysis, the relation between V(X) and GA parameters
such as the population size and the gradient of the fitness landscape should be
examined.

Since GAs have direct relations with CEs, the results obtained from the
studies of CEs could be applied to GAs. These include the issues about time
delay, cooperation, competition, chaos, and so on [6, 4]

References

1. H. A. Ceccatto and B. A. Huberman. Persistence of nonoptimal strategies. Pro-
ceedings of the National Academy of Sciences of the United States of America,
86:3443-3446, 1989.

2. A. Galves, E. Olivieri, and M. E. Vares. Metastability for a class of dynami-
cal systems subject to small random perturbations. The Annals of Probability,
15(4):1288-1305, 1987.

3. D. E. Goldberg. Genetic algorithms in search, optimization, and machine learning.
Addison-Wesley, New York, 1989.

4. Tad Hogg and Bernardo A. Huberman. Controlling chaos in distributed systems.
IEEE transactions on Systems, Man, and Cybernetics, 21(6):1325-1332, 1991.

5. B. A. Huberman and T. Hogg. The behavior of computational ecologies. In B. A.
Huberman, editor, The Ecology of Computation. North-Holland, Amsterdam, 1988.

6. J. O. Kephart, T. Hogg, and B. A. Huberman. Dynamics of computational ecosys-
tems. Physical Review A, 40(1):404-421, 1989.

7. C. Kipnis and C. M. Newman. The metastable behavior of infrequently observed,
weakly random, one-dimensional diffusion processes. SIAM Journal on Applied
Mathematics, 45(6):972-982, 1985.

8. C. M. Newman, J. E. Cohen, and C. Kipnis. Neo-darwinian evolution implies
punctuated equilibria. Nature, 315:400-401, May 30 1985.

9. A. Priigel-Bennett and Jonathan L. Shapiro. An analysis of genetic algorithms
using statistical mechanics. Physical Review Letters, 72:1305-1309, 1994.

10. R. L. Scheaffer and J. T. McClave. Probability and statistics for engineers. PWS-
KENT, Boston, 1990.

11. M. D. Vose. Punctuated equilibria in genetic search. Complex Systems, 5:31-44,
1991.

12. L. Darrell Whitley. Fundamental principles of deception in genetic search. In
Gregory J. E. Rawlins, editor, FOGA. Morgan Kaufmann, San Mateo, California,
1991.

This article was processed using the I¥TEX macro package with LLNCS style



