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Abstract. Evolutionary algorithms have been used in more and more
research fields. However, it is very usual that an optimal of nontrivial
problems cannot be found by an evolutionary algorithm. In fact, only
if the balance between exploration and exploitation is achieved in runs,
good solutions can be obtained. In this paper, we observe the changing
trend of genotype diversity in runs, which cannot obtain the optimal,
of different EAs. Then, we illustrate the main cause of the imbalance
between exploration and exploitation in different situations.
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1 Introduction

Evolutionary algorithms (EAs) including genetic algorithm, genetic program-
ming, evolutionary programming, evolution strategy and differential evolution
are stochastic search methods and have been used in many field. An EA proceeds
in an iterative manner by generating a new population, P(¢t + 1), from an old
one, P(t)(t € [0,n]). Every individual in a population is a tentative solution of
the current problem encoded in a type of chromosome representation. For indi-
cating suitability of an individual to problem, an evaluation function associates
a fitness value to it. The initial population, P(0), is produced randomly, Then,
in each generation, crossover, mutation, etc are used to obtain new individuals
based on the original ones. These new individuals are collected into a temporary
population P’(t). After that, P(¢ + 1) is produced through selection by picking
up some individuals from P(t) and some from P’(¢). The halting condition of EA
is usually set as reaching a preprogrammed number of generations, or obtaining
a satisfactory solution [1].

In theory, the task of EAs is to find the optimal of problem. However, for
nontrivial problems, it very usual that EAs cannot find an optimal in runs. In
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fact, exploration and exploitation require to be addressed for EAs. Exploration
is the process of visiting entirely new regions in search space, while exploitation
is the one of visiting the neighborhood of previously visited points [4]. They
are two cornerstones in search [5]. Only if the balance between exploration and
exploitation is achieved in runs, EAs can obtain good solutions.

In EAs, both exploration and exploitation are realized by operators. More-
over, population size and chromosome representation have important impacts on
exploration and exploitation. Nevertheless, it is difficult to measure exploration
or exploitation directly [4]. On many occasions, diversity, which can be mea-
sured at genotype level or phenotype level, is used to measure exploration and
exploitation. In fact, existing methods for the balance between exploration and
exploitation are classified according to their effect on diversity in [4]. Although
there are methods to achieve the balance between exploration and exploita-
tion, further studies need be done. Provided that causes of imbalance are better
known, we can get more ideas for the balance. That is the motivation of this
paper.

In this paper, experiments are carried out based on three EAs including a
state-of-the-art EA. In our experiments, these EAs do not obtain the optimal
in most cases. Thus, it can be inferred that the imbalance between exploration
and exploitation occurs in runs of these EAs. Based on experimental results,
the changing trend of genotype diversity in runs is shown in figures by us. By
observing the trend, we illustrate causes of the imbalance between exploration
and exploitation and propose a method to identify the main cause in certain
runs.

The rest of this paper is organized as follows. Related works are introduced
in Sect. 2. Then, experiments on different EAs are given in Sect. 3. In Sect. 4, we
illustrate our finding based on experimental results. Finally, a conclusion and a
prospect are dealt with in Sect. 5.

2 Related Works

As above mentioned, in the EA community, diversity is widely used to reflect
exploration and exploitation. Diversity refers to differences among individuals. It
can be measured at the genotype level or the phenotype one. Genotype diversity
reveals differences among genomes within a population, while phenotype one
just shows differences among fitness values. Compared with phenotype diver-
sity, genotype diversity is more costly to calculate. So far, for both genotype
diversity and phenotype diversity, many different measures have been proposed.
Nonetheless, diversity measures are problem-specific [2,6,9]. Consequently, cal-
culation steps of the same measure may be still distinct in EAs if these EAs are
based on different chromosome representation. According to [4], most of existing
approaches applied in EAs for the exploration and exploitation balance can be
explained through their effect on diversity.

Although causes of the imbalance between exploration and exploitation are
remained to be studied, phenomena arisen from the imbalance are widely known.
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In practice, the imbalance between exploration and exploitation can be judged
when no better individual can be obtained any more in a run in spite of an
optimal not found. Based on diversity d € [0, 1], which refers to the differences
among individuals, two phenomena can be distinguished from the situation that
no better individual can be obtained any more in spite of an optimal not found.
One is premature convergence, which features low diversity. The other is stagna-
tion, which features much higher diversity. When premature convergence occurs,
there is almost no difference between any two individuals in population. In other
words, diversity tends to be zero. When stagnation comes, there are still differ-
ences among individuals. That is, diversity value is still high [4].

Here are examples to make these phenomena be understood well. After
enough generations, individuals are fairly good in fitness. In this case, the proba-
bility of mutated individuals winning in selection may become less and less since
their competitors have fairly good fitness. Provided that current diversity level
has been low, it is difficult for crossover to generate offspring which are different
from their parents since parents are very similar or even identical. Consequently,
premature convergence comes soon. If well maintained diversity still can sup-
port crossover generating offspring different with their parents, the probability
of they selected may become less and less for their competitors is good in fitness.
As a result, stagnation happens soon.

3 Experiments to Show the Changing Trend of Genotype
Diversity in Different EAs

In this section, three EAs based on different chromosome representations are
involved in our experiments to cover the three main types of chromosome rep-
resentations. In detail, they are a Genetic Algorithm (GA) for the Travelling
Salesman Problem (TSP), a GA for the one-max problem and the Differential
Evolution (DE) based on the covariance matrix learning and the bimodal distri-
bution parameter setting (CoBiDE) for continuous function optimization. In the
three EAs, the CoBiDE is a state-of-the-art one. For different tasks, each EA
runs thirty times, respectively. We set enough generations for all algorithms. In
each runs, genotype diversity is computed at every interval. Based on these data
of genotype diversity, we draw figures showing the changing trend of genotype
diversity during runs for each task.

3.1 Experiment on the EA for TSP

The EA for the TSP proposed by [14] and discussed in recent papers, such as
[7,8,10], is employed by us. Details of the algorithm can be found in [14]. This EA
are based on integer chromosome representation. It uses only one parameter, p, to
control both crossover and mutation. In its crossover, a parent plays a major role
and can be called the primary one. In crossover, two parents produce only one
offspring. Then, in its selection, every offspring competes only with its primary
parent. Thus, this algorithm is good at maintaining diversity. Datasets of TSP
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from TSPLIB [11], which are difficult for this EA, are used in the experiment.
Settings this TSP EA are shown in Table 1.

Table 1. Settings of the EA for the TSP

Population size 100
P 0.02
Length of interval | 4000 generations

Terminal criterion | 400000 generations done

The method for genotype diversity computation in this EA comes from [3].
Let z; and x; be two individuals. Matrix M in Formula1 is connection matrix
of TSP tour. In the matrix, k& is the number of cities and a;,, € {0,1},(0 <
1 <k—-—1,0<m<k-—1). aj, = 1 represents that there is a connection from
city (I 4+ 1) to city (m + 1) in tour, while a;,,, = 0 denotes that such a connection
does not exist. Then, a k x k connection matrix can be built for z; and x;,
respectively. Let &’ be the number of rows which are same in the two matrixes.
Then, the distance between z; and z;, D(x;,x;), can be defined as Formula 2.
Further, diversity, PD, can be defined as Formula 3, where NP is population
size and C means combination.

aoo aor " Qao(k—1)
e (1)
A(g—10 0 Qk—1)(k—1)
k/
D(ws,xj) =1 (2)
NP NP
- - D(xy,x;
PD — Zl—l 23_21 ( J) (3)
Cyp

For 1in318, linhp318, rd400, {1417, pr439, pcb442 and d493, the TSP EA runs
thirty times, respectively. Diversity value is recorded at each interval in runs.
Then, for every dataset, the thirty time average of diversity at every interval
is plotted in Fig.1 to show the changing trend of diversity in runs. It can be
seen that, for each dataset, the trend in runs is very similar. In detail, after the
sharp and short decrease at the initial stage, diversity stays at a low level in the
remaining part of run. Such a type of trend shows runs go to stagnation soon
after the initial stage.

3.2 Experiment on the EA for the One-Max Problem

We design a EA with binary chromosome representation for this problem which
employ the uniform crossover [13], the bit string mutation and rank-based select-
ing model. Settings of this EA are listed as below.
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Fig. 1. The average diversity during runs of the EA for the TSP
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Fig. 1. (continued)

Table 2. Settings of the EA for the One-Max Problem

Population size 100
Mutation rate 0.20

Crossover rate 0.80

Length of interval Five generations

Terminal criterion 500 generations done

In this EA, the method for genotype diversity computation is very simple.
Let k&’ be the number of bits which are same in the two individuals and k be the
that of total bits. Then, Formula2 can be used to compute genotype distance
between ; and x;. Then, Formula 3 is for diversity computation.

When the scale is set 300 and 500, this EA cannot obtain an optimal. In this
case, the EA runs thirty times under the control of given settings, respectively.
As the previous experiment, genotype diversity is recorded at each interval in
runs. Then, the thirty time average of diversity at every interval is plotted in
Fig.2 to show the changing trend of genotype diversity in runs (Table 2).

For each dataset, it can be seen that the trend in runs is very similar. How-
ever, the trend is quietly different with that of the TSP EA runs. In detail,
diversity declines sharply and comes to minimum soon.
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Fig. 2. The average diversity during runs of the EA for the One-Max Problem

3.3 Experiment on CoBiDE

Wang et al. [15] proposed the CoBiDE. The covariance matrix learning based
coordinate system is established in the algorithm. Besides, the bimodal dis-
tributing parameter setting is employed to control parameters. This algorithm
has been tested on benchmark test functions provided by [12], which can be clas-
sified into four categories, unimodal functions, basic multimodal ones, expanded
multimodal ones and hybrid composition ones. Experimental results in [15] show
it has overall better performance compared with some earlier DE variants and
other state-of-the-art EAs. The detailed procedure of covariance matrix learning
based coordinate system and that of setting two groups of parameter, F; , and

CR; 4, can be found in [15]. Settings for the CoBiDE are given in Table 3.

Table 3. Settings of the CoBiDE

Function dimension | 30

Population size 60
pb 0.40
ps 0.50

Length of interval | 500 generations

Terminal criterion | 50000 generations done
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The measure to calculate diversity for the CoBiDE is as below. Distance, D,
between two individuals, x, 4 and x4, is given in Formula4, where d denotes
the function dimension and g represents generations.

2?21 |Za,j,9 = Tb,j,g]
D(@ag:04) = . @

In the formula, z; ; 4 is the jth dimension of x; ;. Then, diversity, PD, is given
in Formula 5 based on Formula 4, where N P still represents the population size
and m; , denotes the median of the jth dimension in the gth generations.

d
ZNP 2o lmigg—mygl

i=1 d (5)

PD =
NP

Table 4. Results of the CoBiDE

Function | Average (standard deviation) | Average final diversity
F1 0.0000E+4-00 (0.00E4-00) 0.00E+4-00
F2 1.9390E—28 (1.42E—28) 2.63E—20
F3 1.1434E402 (1.60E+02) 4.92E—05
F4 2.0600E—28 (1.27E—28) 2.65E—-20
F5 7.0031E—12 (9.30E—13) 5.30E—17
F6 1.3829E—26 (3.11E—26) 0.00E+-00
F7 2.5449E—-03 (5.39E—03) 1.38E—11
F8 2.0001E+01 (2.88E—03) 2.39E—11
F9 0.0000E+00 (0.00E4-00) 6.67TE—11
F10 4.4942E+401 (1.51E401) 6.64E—11
F11 6.1589E+00 (3.08E4-00) 2.92E-17
F12 3.7778E+403 (4.28E4-03) 4.44E-10
F13 1.6766E+00 (4.12E—01) 1.27E—10
F14 1.2356E+4-01 (4.32E—01) 4.81E—06
F15 4.0667E+02 (5.83E+01) 1.49E-10
F16 9.2541E+401 (6.78E+401) 5.01E—-12
F17 7.9355E4+01 (2.75E+01) 2.00E—-04
F18 9.0423E+02 (8.80E—01) 8.38E—19
F19 9.0429E+02 (1.10E4-00) 4.45E—19
F20 9.0411E+02 (5.82E—01) 4.62E—19
F21 5.0000E+02 (0.00E4-00) 2.49E-10
F22 8.3259E+02 (2.20E4-01) 1.28E—18
F23 5.3416E4-02 (1.83E—04) 9.50E—-03
F24 2.0000E+-02 (0.00E4-00) 1.52E—09
F25 2.0962E+02 (5.22E—01) 1.35E—01
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We run the CoBiDE 30 times for each of the 25 functions. Results are given
in Table4. According to Table4, the CoBiDE can obtain an optimal at 100%
for F1 and F9. In fact, when we observe the detailed results, we find that the
CoBiDE obtains an optimal in a part of runs for F2, F4, F6 and F7. In other
words, the CoBiDE cannot obtain an optimal of F3, F5, F8 and F10-F25 in the 25
benchmark test functions under the above settings. Therefore, genotype diversity
is recorded at each interval in runs for these functions. Then, the average of
diversity at every interval is plotted to show the changing trend of diversity in
runs for them. In Figs.3, 4, 5 and 6, we show the changing trend of genotype
diversity of the selected 19 functions.

It can be seen that the trend in runs shows difference in different functions.
During the whole course, genotype diversity of runs for F3 shows constantly
decrease, while that for F23 shows high fluctuates. For remaining functions, the
trend in runs consists of one or several declining periods and flat ones. However,
details are different. That of F5, F10-F13, F15-F17, F21 and F24-F25 begins
with a declining period and then has a flat one. Meanwhile, a declining period
and a flat one alternately appear in the trend in runs of F8, F14, F18-F20 and
F22. Besides, the trend of these functions except F8 always ends in a flat period.
For all functions, diversity never comes to zero.

4 Discussion

In the experiment on the EA for the TSP, runs for all datasets are similar in the
changing trend of diversity. In detail, diversity declines only at the beginning
and then remains at a level. The value of genotype diversity stable in the later
stage shows that runs come to the steady state. On one hand, these runs never
find an optimal. On the other hand, diversity value is still high after the steady
state coming. It can be inferred that runs of this EA are always trapped into
premature stagnation.

The experiment on the EA for the one-max problem shows that genotype
diversity in runs declines to the minimum soon. However, no optimal is obtained
in runs. The above phenomena illustrate that runs of this EA fall into premature
convergence.

In the experiment on the CoBiDE, the changing trend of genotype diversity
is very complicated and needs be further analyzed. Since the trend of runs for
F3, F8 and F23 does not finish with a flat period, it can be inferred that they
still do not fall into premature stagnation or premature convergence after 50000
generations. Meanwhile, the trend of runs for other functions always ends in a
flat period with a value larger than zero. Besides, an optimal is never obtained in
these runs. Therefore, these runs fall into premature stagnation. Further, the fact
that the trend in runs of F14, F18-F20 and F22 shows more than one flat period
can be attributed to the effect of particular procedures applied in the CoBiDE,
such as the covariance matrix learning. In detail, though the sign of premature
stagnation, a flat period with diversity value higher than zero, appears in runs,
the particular procedures may make runs jump out of premature stagnation for
one or more times.
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Based on our experimental results, we can explain causes of the imbalance
between exploration and exploitation as follow. In general, the combination of
operators and settings of an EA is the main cause of the imbalance. When it is
the main cause, runs of an EA for different tasks show the similar changing trend
of diversity. For example, runs of the GA for the TSP for the seven datasets show
premature stagnation, while those of the GA for the one-max problem for the two
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scales show premature convergence. However, a state-of-the-art EA can provide
a more appropriate ratio of exploration and exploitation by its combination of
well-designed operators and dynamic settings. In this situation, the combination
of operators and settings cannot be the main cause of the imbalance. Instead,
fitness landscapes of the current task becomes the more important cause of the
imbalance than the combination of operators and settings. Therefore, runs for
different functions which are distinct in fitness landscapes show difference in the
changing trend of genotype diversity.

Hence, we can give a method to judge the main cause of the imbalance
between exploration and exploitation. The changing trend of genotype diversity
in runs for different task can be gotten by plotting average of diversity at every
interval just as we do. Provided that the changing trend is similar in runs for dif-
ferent tasks, the main cause of the imbalance is the combination of operators and
settings of this EA. In this case, modifying algorithm may lead to improvement
on solutions for all tasks. However, if the trend is different in runs for different
tasks, the main cause is fitness landscapes of the tasks. In this case, to improve
solutions, algorithm need be modified for a special type of tasks.

5 Concluding Remark

In this paper, we executed experiments on three EAs. In experiments, we select
datasets, scales and functions to make runs fall into stagnation or premature
convergence. Based on experimental data, we used figures to show the changing
trend of genotype diversity in runs. Based on the figures, we drew a conclusion as
follow. The changing trend of diversity similar in runs illustrates that the main
cause of the imbalance between exploration and exploitation is the combination
of operators and settings of the current EA, while the trend showing different in
runs for different tasks reveals that fitness landscapes of tasks is the main cause,
instead. In this way, the main cause can be detected. Our work can help to find
some more pointed measures based on features shown in runs for achieving the
balance for further improving solutions. In the future, we will focus on proposing
such measures.
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