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Abstract— A genetic algorithm is developed to find an 
optimal solution in a large search space using selection, 
crossover, and mutation. Some researchers have studied 
techniques for analysis of evolution process in genetic algorithm. 
In most cases, they were applied to only simple problem or they 
used schema theorem and numerical statistics to examine the 
process. These techniques are mostly developed because tracing 
schemas and interpreting semantics of the schemas require 
much effort and time. In this paper, we propose modular 
encoding of gene, which is used to facilitate the interpretation of 
the gene, identification of important parts of genetic code using 
evolutionary activity statistics, and analysis of the schemas. Also, 
we show the feasibility of the proposed method by tracing the 
evolution process of fuzzy robot controller. 

I. INTRODUCTION

Evolutionary algorithm is a search algorithm to discover 
optimal solutions approximately in a large solution space. 
Particularly, the nature of the genetic algorithm, which is 
based on survival of the fittest, is to find a solution using 
selection, crossover, and mutation. This algorithm has 
already been used in many areas, and it has numerous 
variations. However, genetic algorithms cannot always 
guarantee successful discovery of the optimal solution in the 
large search space. The result of the evolution may fail 
depending on the initial population, crossover rate, mutation 
rate, and elitism. Therefore, fitness of final result of evolution 
cannot determine whether the process of the evolution is 
adaptive or not. It is necessary to analyze which features of 
gene affects the fitness in the evolution process, and to 
understand how the adaptive features could be made. We can 
lead the evolution to the desired direction through addition or 
deletion of important features. We need a method for analysis 
of features in gene, trace and interpretation of the evolution 
process. 

Here, we propose a schema analysis technique to examine 
the process which finds an optimal solution in the 
evolutionary algorithm. The difficulties of schema analysis 
depend on a large amount of schemas and frequent 
modification of them by crossover and mutation. Therefore, 
we select genes with high evolutionary activity statistics, and 
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analyze the features of the schemas. Generally, most schemas 
disappear before the fitness converges. While analysis of all 
the schemas requires great effort and time, the result of the 
analysis is not very helpful to examine the evolutionary 
process for optimal solution. We first extract candidates 
among all genes for the analysis, and then analyze the 
schemas of the genes. Also, modular encoding is used for 
effective schema analysis. 

II. RELATED WORKS

A. Modular Encoding 
Typically, the genetic code used in evolutionary algorithms 

often consists of 0 and 1. The combinations of 0 and 1 in the 
gene change the behavior and the fitness. However, there are 
many variants using integer value or real value instead of 0 or 
1. One of gene encoding techniques is modular encoding in 
which each module in a gene instead of entire gene has its 
own meanings [1]. Modular gene encoding is modeled on 
modular structure in gene of living organism. 

 Figure 1 illustrates difference between modular encoding 
and general encoding for a gene. Modular encoding 
sometimes shows better performance depending on domain 
of problem [1]. Another advantage of modular encoding is 
easy to analyze each module in entire genetic code. Many 
applications and experiments already used the encoding 
method like modular encoding without the term 'modular 
encoding'. 

B. Evolutionary Activity 
Bedau proposed evolutionary activity statistics for 

identification of adaptive evolution [2][3]. Evolutionary 
activity is used to visualize birth, increase, and death of a 
gene as a graph. Therefore, we know which gene is superior 
to the other competitors from the evolutionary activity. If we 
extract superior genes in each generation, it is possible to 
analyze features of the superior genes as well as identification 
of adaptive evolution by comparing relationships between 
fitness and population of the superior genes. Equation 1 
shows a basic formula to calculate evolutionary activity. 
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 where Acum(t) is a total evolutionary activity at generation t,
ai(t) represents the number of i th gene at generation t.
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Fig. 1.  Difference between modular encoding and general encoding 

Bedau applied the evolutionary activity to artificial life 
experiment. Lee and Cho used it to analyze adaptive 
evolution of fuzzy robot controller [4].  

C. Schema Analysis 
Schema theory has been used as a method to explain the 

evolution process for a long time since schema theorem is 
defined. Some researchers have studied to examine the 
process to find the optimal solution of given problems by 
BBB (Building Block Hyperthesis) in schema theory. 
Mitchell et al. defined a royal road function and demonstrated 
the process to find the optimal solution using the royal road 
function in 1992[5]. Royal road function is a simple function 
for easy analysis and visualization. They visualized schema 
history of evolution process using schema tree. Poli et al. 
have studied process of schema creation, propagation [6]. 
McPhee et al. studied combination of schema mathematically 
by using schema theory. 

Le et al. proposed a method to select frequent schemas and 
to analyze them for effective schema analysis [8][9]. The 
method is applied to royal road function. However, these 
methods typically provided a mathematical analysis only 
without schema trace because schemas for the real problem 
are too various to trace one by one, and schemas are 
constantly changing through mutation and crossover. 

III. PROPOSED METHOD

We propose a method to analyze evolution process with 
schema analysis. The purpose of the proposed method is 
investigation of the results of evolution and adaptive features 
in a gene. Also, the proposed method is applied to Khepera2 
robot controller to show the feasibility. Fuzzy rules are easy 
to interpret because they are similar to human language. It can 
be applied to a real problem like a fuzzy controller for a robot. 

A. Modular Encoding of Gene 
Practical critical points of schema analysis are vast size of 

the schema and difficulty of interpretation. To interpret the 
semantics of a specific schema, we should exactly know what 
means combinations of 0 and 1 in the schema. However, 
detail interpretation of the combinations needs a lot of time 

and effort. In order to reduce the difficulty, modular encoding 
is used here. Modular encoding in previous section make a 
gene that each module has a feature. If we know functionality 
of each module in a gene, combination of modules can be 
analyzed. The modular schema can also reduce the size of the 
schema sometimes.  

Fig. 2. Split of a schema

Figure 2 shows an example. A schema with 210 length can 
be split two schemas with 25 length.
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The maximum number of schema of a gene is shown in 
equation 2. However, modularization of gene with length L 
can reduce schema size in shown as Equation 3. 
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B. Schema Selection using Evolutionary Activity 
In order to trace the evolution process, it is necessary to 
record and analyze all genes which are constantly changing 
through mutation and crossover. However, this analysis 
requires a lot of time. The evolutionary activity that is 
proposed by Bedau helps us find dominant genes during 
several generations. Dominant genes have appropriate 
characteristics to win over several generations. Thus, 
evolutionary activity can be used to identify genes suitable 
for the evolution. In order to reduce the time, evolutionary 
activity is analyzed over several generations. Therefore, we 
focus on only schemas with high evolutionary activity as 
candidates to investigate evolutionary process. 
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Equation 4 represents the maximum number of candidate 
schemas to analyze and equation 5 represents number of 
candidates selected by evolutionary activity. Nt is the number 
of the gene at t generation and selected function returns the 

General gene 

= {(0 or 1, …  entire gene)  entire function} 

Modular encoding

= {(module1  function1), (module2  function2), (module3

 function3), ..., (modulen  functionn)  entire function}



number of selected genes at t generation. Table 1 shows the 
criteria to identify important genes using evolutionary 
activity and fitness. Important genes should have both high 
fitness and high evolutionary activity. In other words, a 
dominant gene, of which the time coincides with increase of 
fitness, is important in adaptive evolution. 

Table 1. Identification of important genes 

Fitness Evolutionary 
activity Importance 

High High The gene has good features 
Low High The gene is not adaptive  
High Low The gene has good feature but is 

not dominant 
Low Low Meaningless gene 

C. Inherited Feature Analysis using Schema 
Schema tree is organized using schema analysis for selected 
candidates of genes in the previous section. We find superior 
characteristics of the candidates through schema analysis. We 
also examine inheritance of the characteristics of schemas in 
the next generation.  
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genei, j is a gene that creates at i generation and become 
extinct at j generation. diff (A, B) function represents a 
function that returns comparison of gene A and B. It marked 
same parts with 0 or 1 and different parts are displayed with *.  
In equation 6, i<n and j<m. So, relation between A and B and 
succeeded attributes can be discovered. 

IV. EXPERIMENTAL RESULT

A. Environment 
Here, we use Khepera2 robot simulator as experimental 

environment which is used in previous studies for fuzzy 
controller [10]. Khepera2 simulator is run on Ubuntu 9.10 
Linux virtual machine. The development environment is gcc 
and gedit in GNOME X Window environment. 

B. Parameters and Settings for Experiment 
The purpose of evolution is to create fuzzy controller to 

control Khepera2 without bumping against obstacles in the 
environment like Figure 3. Considering constraints of a 
mobile robot, it is determined that fewer fuzzy rules and 
conditions of fuzzy rule increase fitness. The fit function used 
in previous study [10] is modified for the experiment. 

Fig. 3. Khepera2 simulator 

1) Fuzzy membership function 
Khepera robot has two motors and eight distance sensors. 
Value of distance sensors is from 0 to 1024 and the motor's 
rotational speed is from -10 to 10. Fuzzy membership 
function is necessary to change the integer value into literal 
value.  
Distance value for each distance sensor is changed into VC 
(Very Close), C (Close), F (Far), VF (Very Far). The motor 
rotational speed is also transformed into BH (Backward 
Highly), B (Backward), F (Forward), FH (Forward Highly). 
Figure 4 shows an example of fuzzy membership functions. 

Fig. 4. Fuzzy membership function (distance, speed) 

In this experiment, the membership function is decided by 
genetic algorithm. Speed and distance membership is 
encoded with 12 bits in a gene shown in Figure 5. 

Fig. 5. Encoding for fuzzy membership 

2) Fuzzy Rules 
Fuzzy rules determine 2 motor's rotational speed with 8 input 



sensors like Figure 6. The encoding of the fuzzy rule is 
illustrated in Figure 7. 

Fig. 6. An example of fuzzy rule

Fig. 7. Genetic encoding of fuzzy rule

A gene includes 10 fuzzy rules. Modular encoding is 
naturally applied because each fuzzy rule is considered as a 
module. Each module has influence in robot's activity and 
fitness rather than each bit. Therefore, we can analyze the 
schema by analysis of fuzzy rules in the schema.  

3) Fitness Function 
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Equation 7 shows the fitness function in this experiment is 
Therefore, collision, fuzzy rules, and fuzzy condition 
decrease the fitness but distance increases fitness. Also, the 
fewer fuzzy rules are, the easier schema analysis is. 

C. Result  
Figure 8 and 9 shows the trend of average and best fitness 
respectively. Parameters for genetic algorithm in this 
experiment are that population size is 200, generation is 1000, 
elitism rate is 0.01, crossover rate is 0.5, and mutation rate is 
0.01. Simulation of each gene are processed for fitness 
evaluation during 5000 step in the given map. 

Fig. 8. Average fitness

Fig. 9. Best fitness

As a result, the optimal solution in the given environment is a 
circular movement for Khepera2 to avoid collision with 
obstacles. Looking into a given fitness function, the most 
appropriate gene has rules for collision avoidance and long 
distance. It is better that the number of fuzzy rule and 
condition are as few as possible. The most suitable act is a 
circular movement for these conditions. Here, process of 
evolution of Khepera movement is analyzed until the creation 
of circular movement. 

Fig. 10. Evolutionary activity

First, evolutionary activity is visualized to select candidates 
among genes shown in Figure 10. In order to select good 
genes, we extract genes of which number is more than 20 

IF (D0 = VF) AND (D1 = C) .... 

THEN (V1 = F) AND (V2 = F) 

Dn : nth distance sensor, Vn : nth motor 



over four generations. Total 29 candidate genes are selected. 
Interestingly, 4 groups appear in the evolutionary activity 
graph. There is long term between each group without 
dominant genes. Identification number from 1 to 29 is given 
to each candidate gene. The differences between each 
candidate are analyzed by schema. 

First, changes of fragments of gene corresponding to fuzzy 
membership functions are analyzed. Figure 11 shows the 
changes of 1,2,3,4 genes in first group. Same parts of gene 1, 
2, 3 are the first three digits '101' which represents 
membership function of motor rotational speed. In contrast, 
changes of schema of 13,14,15,16 gene shows last three 
digits are '000' in Figure 12. In addition, first three digits for 
distance membership function are fixed as '000'. 

Fig. 11. Fuzzy membership (early stage)

Fig. 12. Fuzzy membership (middle stage)

Figure 13 shows schemas of fuzzy membership function 
near 1000 generation. Schemas for fuzzy membership in 
26,27,28,29 genes are almost fixed. Especially, speed 
membership is combination of '101' in 1,2,3,4 genes and '000' 
in 13,14,15,16 genes. Schema for distance membership also 
is fixed. 

Fig. 13. Fuzzy membership (final stage)

As the result of evolution, distance membership functions 
become crisp functions. B and BH are always same speed in 
speed membership function. Next, Figure 14 shows schemas 
for fuzzy rules of gene 1,2,3,4 in the early stage of evolution. 
Every gene has 10 fuzzy rules. Each rule has a on/off flag 
with 0 or 1 at the end. If the flag is off, the rule is ignored. The 
number of 'on' flag is actual number of rules. In early stage in 
the evolution, genes with few rules survive more than others. 
Red digit strings in Figure 14 are a few rules that are not 
ignored. 

Fig. 14. Schemas for fuzzy rules (early stage)

Fig. 15. Interpretation of fuzzy rule schema (early stage)

Figure 15 shows an interpretation of the fuzzy rules. First rule 
inherited from gene 1 to gene 2 is to determine V0 motor 
speed with F (Forward). A propagated rule from gene 2 to 
gene 3 decides that V0 motor speed is F (Forward) and V1 
motor speed is FH (Forward Highly) when value of fourth 
distance sensor is C (Close). Same schema between gene 3 
and 4 have the combination of previous characteristics.  

Fig. 16. Schemas for fuzzy rules (middle stage)

Fig. 17. Interpretation of fuzzy rule schema (middle stage)

Figure 16 and 17 shows schemas of fuzzy rules in middle 
stage of evolution. New fuzzy rule is created when distance 
value of fourth distance sensor is F or VF. In similar manner, 
Figure 18 and 19 show schemas for fuzzy rules at near 1000 



generation. Same part of gene 25 and 26 are based on a rule 
created in the middle stage. It defines robot activity when 
value of the fourth distance sensor is VF. On the other hand, 
same parts between gene 27 and 28 is inherited from gene 1, 2, 
3, and 4 at early stage. In conclusion, fuzzy rule at final stage 
is created by combination of rules at both early stage and at 
middle stage. 

Fig. 18. Schemas for fuzzy rules (final stage)

Fig. 19. Interpretation of fuzzy rule schema (final stage)

V. SUMMARY AND FUTURE WORKS

In this paper, we proposed a method to analyze evolution 
process through schema trace and showed feasibility of the 
method for Khepera2 simulator. Schema selection using 
evolutionary activity and modular encoding are used to 
reduce number of schemas to analyze. Evolutionary activity 
mainly helps us to extract candidate schemas. Modular 
encoding allows us to make candidate schemas for effective 
interpretation and analysis.  

Future research has to include analysis of more 
sophisticated fuzzy rules. Here, simplicity of the fuzzy rules 
is considered to calculate fitness for easy interpretation. 
Generated gene code is more complex than royal road 
functions but it is still simple. It is also necessary to show 
application of the proposed method on other platforms except 
Khepera2 simulator. 
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