kasss MAs 3770 =

A Study on DNA Coding Method
and Knowledge Discovery

Tomohiro YOSHIKAWA




A Study on DNA Coding Method
and Knowledge Discovery

v E RKFHE

%
£ | 1203449

Tomohiro YOSHIKAWA



A Study on DNA Coding Method
and Knowledge Discovery

(DNAZ—F 1 v 7E LSRR
2R A RFAR)

1997
Department of Information Electronics

Nagoya University

Tomohiro YOSHIKAWA



Contents

1 Introduction 1
1.1 Genetic Algorithm . . . . ... ..o 1
1.1.1 Outline . . . ... 1

1.1.2  Advantages of Genetic Algorithm . . . . .. . . ... ... ... ... 3

1.1.3 Modifications for GA . . . . ... ... 4

1.2 Discovery of Fuzzy Rules . . . . ... ... ... ... .. ......... 6
1.2.1 Fuzzy Inference . . . . ... ... .. ... 6

1.2.2 Application of GA to Discovery of Fuzzy Rules . . . . ... ... ... 8

1.3 ResearchGoals . . .. ... ... . .. ... 9

1.4 Composition of the Thesis . . . . . . . ... ... ... ... . ....... 11

2 DNA Coding Method 12
2.1 Introduction . . ... 12
2.2 DNA Chromosome . . . . . . . . . . . . e 13
2.3 Genetic Operations . . . . ... Lo e 18
2.4 Virus and Enzyme Operations . . . . . . . .. ... ... 20
2.5 Features of the DNA Coding Method . . . . . ... ... ... ........ 23
2.6 Conclusions . ... 25



3 Combination of the DNA Coding Method and Pseudo-Bacterial GA 26
3.1 Introduction . . ... 26

3.2 Transfer of Bacterial DNA . . . .. . ... ... ... ... ... ...... 28

3.3 Conventional PBGA . . ... .. ... ... 32

3.4 Combination of the DNA Coding Method and the PBGA . . . . .. ... .. .. 35

3.5 Conclusions . ... 37

4 Application of the DNA Coding Method 38
4.1 Introduction . . ..., 38

4.2 Problem Formulation for Knowledge Discovery . . . . .. ... .. ... ... 39

4.3 Representationof Rules . .. ... ... ... ... .. ... ... ... .. 42

4.4 Genetic Operations . . . .. ... ... 47
4.4.1 Payoffs for Fitness Value . . . ... ... ... .. ... . . ... .. 47

4.4.2 Virus and Enzyme Operations . . . . ... ... ... ......... 48

4.4.3 Bacterial Operation . . . .. .. .. ... ... ... ... 49

4.5 Conclusions . . ... 50

S Effectiveness of the DNA Coding Method 52
5.1 Introduction . . . ... ... 52

5.2 Virus and Enzyme Operations . . . . .. . ... ... ... ......... 53

5.3 Redundancy and Overlapping of Genes . . . ... ... ... ......... 59

5.4 Examples of the Robot Behavior . . . ... ... ... ..., .. .. ... 68

5.5 Bacterial Operation . . . . ... ..., 74

5.6 Conclusions . ... ... 81

6 Summary 82
6.1 Summary of the Thesis . . .. . ... ... ... .. ... ... ... ... 82

6.2 Future Outlook of the Study . . . ... ... ... .. .. ... .... ... 85
References 87

- i -



Chapter 1. Introduction

Chapter 1

Introduction

1.1 Genetic Algorithm

1.1.1 Outline

Genetic Algorithm (GA) [1-4] is a model for machine learning whose
mechanism is derived from a metaphor of evolutionary process in nature. This
algorithm is implemented in a machine by creating a population of individuals
represented by a set of binary or character strings. This representation is analogous
to the four-base chromosomes in biological DNA. Through selection, reproduction,
crossover, and mutation like the biological evolution, the set of strings evolves to
fulfill the tasks required of the machine.

Coding is the most important step in applying GA. There can be many ways
to encode a solution of the problem, such as binary encoding, gray scale encoding,
and real value encoding. There is no way which always outperforms others, since
- the coding way is problem dependent. Most of the application problems have a
definite structure of the solution. However, there are some problems in which the
structure of the solution is indefinite (e.g., the complex knowledge representation).

-1 -



Chapter 1. Introduction

In this case, GA itself is expected to find out the structure of the solution by
devising a coding way.

Reproduction is a process in which individual strings are copied according
to their objective functions. This objective function is called fitness function. In
practice, the fitness function is a measure of profit, utility, or goodness of
individuals under a task environment. Copying of strings according to their fitness
values means that individuals with higher fitness have higher probabilities to
contribute to the next generation. Various ways have been reported to implement the
reproduction. One of them is to create a biased roulette wheel where, for each
current individual in the population, a roulette wheel slot is sized in proportion to its
fitness. A simple spin of the roulette wheel selects an individual of the current
population to yield a new offspring. In this way, more highly fit individuals have
more offsprings in the succeeding generation.

In the process of crossover, a pair of chromosomes exchange chunks of
genetic information. Crossover is carried out in two steps: the newly reproduced
strings in the mating pool are mated at random. Then, each pair of strings
undergoes crossover as follows:

An integer position k along the string is selected at random in the domain of [1, [ -
1], where [ is the string length. Two new strings are created by swapping all the
characters between position k£ + 1 and .

Mutation, in simple GA, is occasional random alteration of the value at a
certain string position. For example, in a binary coding, this simply means to
change the value from 1 to 0, or vice versa. This operation is necessary because,
even though the reproduction and crossover operations effectively search better

combinations of strings, occasionally they lose some potentially useful strings and
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they probably cause premature convergence. In artificial genetic systems, the

mutation operator works against such misses of strings and local minima.

1.1.2 Advantages of Genetic Algorithm

Genetic Algorithm has been applied to a number of different appliéations [5-
14]. Multidimensional optimization problem is a typical application of GA.
Conventional search methods studied for the multidimensional optimization
problems are calculus-based, enumerative, and random searches.

Calculus-based search is local in scope, the optimum it seeks is the best in a
neighborhood of the current point, and it is not necessarily the global optimum.
Moreover, the calculus-based methods assume the existence of derivatives of
objective functions while many practical problems have difficulties in obtaining
differentiable functions to optimize.

Enumerative schemes have been considered in many shapes and sizes of a
objective function. The idea is fairly straightforward: looking at objective function
value at every point in searching space. Although it is attractive because of the
simplicity, it is lacking in efficiency. Many practical problems are simply too large
to search the optimum in the search space in a practical time.

Random search has achieved increasing popularity as researches have
shown the shortcomings of the above two methods. Yet, this algorithm is short of
efficiency. In the later search of the long run, it is not expected to do better than
enumerative schemes.

GA is different from these conventional optimization and search procedures

in several aspects. GA searches from a population of points, not a single point. In
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Chapter 1. Introduction

many optimization methods, a search point moves gingerly from a point in the
search space to the next, using some transition rules to determine the next point.
This point-to-point method is dangerous because it is probably trapped into a local
minimum located in the multimodal (many-peaked) search space. By contrast, GA
searches many points simultaneously, climbing a lot of peaks in parallel; thus, the
probability of finding a false peak is smaller than that of the point-to-point method.

GA uses payoff information (fitness function), not derivatives of objective
functions or other auxiliary knowledge. To perform an effective search for better
structures, they only require payoff values (objective function values) associated
with individual strings.

Conventional optimization methods can solve only problems which have
predictable structures of solutions. GA, on the contrary, can find out the structure
of the solution by contriving the way of coding. These characteristics make GA a

more useful method than many other search schemes.

1.1.3 Modifications for GA

In general, GA is said that the ability of global search is high but that of

local search is not. To solve this problem, modifications for GA have been studied.

Hybrid GA

One of the effective method to enhance the capability of the local search is
hybrid GA [15-18]. The hybrid GA is the method combining GA with heuristic
algorithms. In this method, GA is used for global searches and heuristic algorithms

are used for local searches. M. Malek et al. proposed a combination of plural search

-4 -



Chapter 1. Introduction

algorithms [16] for the improvement of precision and efficiency. D. Powell et al.
achieved a fast search of solutions for design optimization by a combination of GA
with an expert system [7] [17]. H. Kitano proposed a new weight training method
of neural networks, which uses GA in early generations and Back Propagation (BP)
in later generations [18]. He showed that the GA-BP method is faster than the

simple BP learning.

VEGA

Schemata theory is well-known as a fundamental theory of GA [2].
Abundance of various types of effective schemata in the population enables the
efficient search for the solution. A proportional selection and crossover of GA often
cause a premature local convergence because an individual with the higher fitness
value is selected many times. The proportional selection prevails not only effective
schemata but also ineffective schemata in the population. N. Kubota et al. have
proposed Virus-Evolutionary Genetic Algorithm (VEGA) [19-22] in order to
transfer only effective schemata. This method is based on the virus theory of
evolution, which is based on the view that virus transduction is a key mechanism

for transporting segments of DNA across species [23].

PBGA

T. Furuhashi et al. have proposed an efficient method for local searches
using a new GA technique. They have presented Pseudo-Bacterial GA (PBGA)
[24-26] which is simple and very efficient in improving local portions of
chromosomes. They have introduced mechanisms of genetic recombination in
bacterial genetics [27-30] into GA. The PBGA is very efficient in finding fuzzy

control rules.
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1.2 Discovery of Fuzzy Rules

1.2.1 Fuzzy Inference

Fuzzy inference is based on fuzzy rules described in IF-THEN rules [31-
34]. The process of the fuzzy inference used in this thesis is described in this
subsection.

The fuzzy rule is generally expressed as:

R': IFxiis Ait AND x2is Ai2 AND ... xm is Ain  THEN y=Bi

where R is the i -th fuzzy rule and Ajj, Bi are fuzzy variables. n is the number of
fuzzy rules. The following method is used to obtain the crisp output:

Fig.1.1 depicts an example of the inference method with three inputs x1 -

x3, and three fuzzy rules R! - R3. The triangular shapes in the figure are examples

of membership functions. The truth value for each rule is derived as the minimum
of the grades of memberships in the antecedent, and the height of the membership
function in the consequent is reduced to the truth value. The inferred value y* is
obtained by summing up the triangular membership functions in the consequent and
by calculating the center of gravity of the summed functions.

Since the minimum operation is used for deriving the truth value of the
fuzzy rule, the whole grades of the memberships Aij (j =1, 2, ..., m) in the

antecedent should have certain values so that the fuzzy rule is activated, i.e. the truth

value is greater than zero.
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Fig.1.1 An Example of Fuzzy Inference
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1.2.2 Application of GA to Discovery of Fuzzy Rules

Fuzzy rules can describe human knowledge using IF-THEN rules. Fuzzy
controls, described in linguistic IF-THEN rules, have been widely used in industry
for their high degree of performance in human-computer interactions. However, if
the knowledge is not known in advance, it can not be represented by fuzzy rules.
Therefore, GA has been applied to discovery of fuzzy control rules. C. L. Karr [35]
[36] has proposed an application of GA to the design of fuzzy logic controllers, and
his work was a pioneering effort in the application of GA to fuzzy controls. M.
Valenzuela-Rendon [37] has proposed a fuzzy classifier system (FCS) by
introducing fuzzy logic into the classifier system [38] and by applying the FCS to
approximate a nonlinear function. T. Furuhashi, K. Nakaoka et al. [39-41] have
studied applications of the FCS to knowledge finding for fuzzy controls. M. A. Lee
and H. Takagi [42] have devised another interesting approach to the fusion of the
fuzzy logic and GA. They have presented a method to control the parameters of
GA, i.e. mutation rate, crossover rate, etc., by fuzzy logic. Selection of input
variables for fuzzy control rules was addressed by T. Hashiyama et al. [25] using

the efficient Pseudo-Bacterial GA (PBGA) [24] [26].
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1.3 Research Goals

The above conventional methods encode the fuzzy rules directly using the
position and width of membership functions or linguistic labels of membership
functions, or real values of input/output parameters. This thesis presents a new
coding method for GA based on biological DNA and a mechanism of development
from the artificial DNA. This thesis calls this new coding method the "DNA coding
method". The DNA coding method and the mechanism of development from the
artificial DNA are suitable for knowledge representation. This method uses DNA
itself and a way of development from DNA to a set of fuzzy rules. This thesis calls
this chromosome the "DNA chromosome". Each fuzzy rule is translated from a part
of the DNA chromosome, and the DNA chromosome has many redundant parts just
as biological DNA. This method allows overlapped representation of genes, and
each overlapping gene plays an important role. It has no constraint on crossover
points, and the same type of mutation can be applied to every locus. The length of
the proposed DNA chromosome is variable and it is easy to insert and delete parts
of chromosomes. This thesis also presents a discovery of effective fuzzy control
rules using the DNA coding method. This thesis presents a simple method of
representing fuzzy rules developed from thi‘s DNA chromosome.

The fuzzy rules are discovered through controls of mobile robots which play
chasing and avoiding. Selection of input variables and tuning of membership
functions are done by this method. This thesis shows the effectiveness of the
redundancy and overlapping of genes realized by this DNA coding method. The
redundancy and overlapping of genes work well so that genes survive far beyond

the life time of individuals. Effective fuzzy control rules of robots are discovered by

-9 .



Chapter 1. Introduction

this method.

The VEGA described in subsection 1.1.3 uses some of the characteristics of
the biological virus, however the process of the virus infection is purely an artificial
one and special devices for each problem should be needed because of the constraint
of this coding method. For example, the biological virus inserts its own DNA into
the DNA host. However, the VEGA is applied to a Traveling Salesman Problem
(TSP) as a typical optimization problem, and the infection of the VEGA transfers a
strand of strings to other chromosomes. This operation makes duplicated cities in
the recipient chromosomes. Therefore, other loci of the chromosome should also be
modified by this infection. These devised operations are applicable only to this
particular TSP problem. This thesis also shows the effectiveness of an application
of virus and enzyme operators into the proposed DNA coding method. The enzyme
operation is introduced in this thesis to cut the chromosome short. This is because
the virus operation just makes the length of the chromosome longer. These virus
and enzyme operations on the DNA chromosome can be applied easily with no
difficulty to apply. |

Though the PBGA applied the mutation operation to all of the parts of a
chromosome, the division of the chromosome into the parts needed heuristics. This
thesis presents a combination of the DNA coding method and the PBGA. The
mutation of the PBGA in this combined method, which is called the "bacterial
operation", is applied to meaningful parts of a chromosome. It means that just the
activating fuzzy rules are changed. This combination of the DNA coding method
with the PBGA accelerates the knowledge discovery process. The simulation results

show how the bacterial operation is applied and how to change the genes (fuzzy

- 10 -
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rules) by this operation. The change of a gene and the overlapped gene by this

operation results in effective movements of the robots.

1.4 Composition of the Thesis

The DNA coding method and the combined method with the PBGA are
applied to the discovery of fuzzy control rules. This thesis consists of six chapters.
The background and the research goals are described in chapter 1. The DNA coding
method is presented in chapter 2. The flow of development from the DNA
chromosome, the genetic operations including virus and enzyme operations, and the
features of the DNA coding method are also described in this chapter. In chapter 3,
the biological way of transfer of bacterial DNA, the conventional way of the PBGA
and the proposed combination of the DNA coding method and the PBGA are
examined. Chapter 4 describes the problem formulation for knowledge discovery,
which is a discovery of effective fuzzy control rules using the DNA coding method.
The way of development from the DNA chromosome to the fuzzy rules and the
concrete way of the genetic operations including virus, enzyme, and bacterial
operations are presented. Chapter 5 shows simulation results of the knowledge
discovery by chasing and avoiding operations of two mobile robots to show the
effectiveness of this proposed method. The effectiveness of redundancy and
overlapping of genes realized by the proposed method is also shown. The
redundancy and overlapping of genes work well so that genes survive far beyond
the life time of individuals. Chapter 6 summarizes this thesis and discusses the

future prospects of this method.

- 11 -



Chapter 2. DNA Coding Method

Chapter 2

DNA Coding Method

2.1 Introduction

Genetic Algorithm [1-4] has been widely studied, and it has been applied to
the discovery of fuzzy control rules [35] [36] [39] [43]. It is difficult, however, to
acquire effective rules when the system becomes very large. Coding method has
been one of the main issues to select effective input parameters from various
candidates of the large system. Various coding methods have been studied [25] [26]
[41] [46]. However, these GAs encode the fuzzy rules directly using the position
and width of membership functions, or linguistic labels of membership functions,
or real values of input/output parameters. Furthermore, GA usually uses a coding
method which has no redundant parts. As a result, the genetic operations have some
constraint to apply. For example, the crossover points are limited to the border of
rules, the changeable range by mutation varies at each locus, and it is difficult to
insert and delete random portions of chromosomes.

This chapter presents a new coding method for GA based on biological

DNA and a mechanism of development from the artificial DNA. This thesis calls

- 12 -



Chapter 2. DNA Coding Method

this new coding method the "DNA coding method" [47-53]. The DNA coding
method and the mechanism of development from the artificial DNA are suitable for
knowledge representation. This method uses DNA itself and a way of development
from DNA to a set of fuzzy rules. This thesis calls the chromosome used for this
method the "DNA chromosome". Each fuzzy rule is translated from a part of the
DNA chromosome, and the DNA chromosome has many redundant parts just as
biological DNA. This method allows overlapped representation of genes, and each
overlapping gene plays an important role. It has no constraint on crossover points
and the same type of mutation can be applied to every locus. The length of the
proposed DNA chromosome is variable and it is easy to insert and delete any parts
of chromosomes.

This chapter describes the flow of development from the DNA chromosome
to fuzzy rules, and genetic operations including virus and enzyme operations
proposed. The features of the DNA coding method are also described in this

chapter.

2.2 DNA Chromosome

Fig.2.1(a) shows a flow from biological DNA to cells. The biological DNA
consists of nucleotides which have four bases, Adenine(A), Guanine(G),
Cytosine(C), Thymine(T) [28-30] [54]. Most of these bases in the top figure in
Fig.2.1(a) are not used for the synthesis of proteins. A messenger RNA (mRNA),
which has many unused parts, is first synthesized from DNA. In the synthesis of

RNA, each base is translated into the complementary base i.e. T into A, G into C

- 13 -
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and so on. Moreover in RNA the base U is used instead of T. Then the unused
parts are cut out. This operation is a splicing. After this splicing has occurred, the
mRNA is completed. Three successive bases called codons are allocated
sequentially in the complete mRNA. These codons are the codes for amino acids.
All of the 64 kinds of codons (4 bases’) except end codons (TAA, TAG, and TGA)
correspond to 20 kinds of amino acids. The details of translation into amino acids
from codons are omitted here. This allocation of amino acids makes proteins, and
proteins make up cells.

Fig.2.1(b) shows the DNA coding method and the flow of development to a
set of fuzzy rules. This figure shows a correspondence of this method to the
biological development. GA usually used a coding method specifically devised for
each problem and it had no redundant parts. This conventional coding method could
be regarded as a coding into the complete mMRNA. The new coding method uses
DNA itself and a way of development from DNA to a set of fuzzy rules. A
chromosome consists of combinations of four bases, A, G, C, T. The chromosome
has many redundant parts, and after the splicing, the mRNA is completed. In this
artificial RNA synthesis, each base is translated into the same base. Moreover in
RNA T is also used instead of U of the biological RNA. The codons in Fig.2.1(b)
also correspond to amino acids. Unlike the biological amino acid, each artificial
amino acid has several meanings, and the meaning of a gene is determined by the
combination of the amino acids. An amino acid can be translated to be an input
variable, a form of a membership function, and so on. A sequence of amino acids
makes a fuzzy rule. One gene corresponds to one fuzzy rule. The DNA
chromosome having several genes makes up a set of fuzzy rules for controlling a

mobile robot.

- 14 -
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Fig.2.2 shows an example of the DNA chromosome and its translation
mechanism. In this figure a gene starts from the start codon ATG, and ends at the
end codon TAG, and codons ivn the gene are translated into amino acids: Tyr, Thr,
eee_ Each amino acid has its own role for the problem.

The biological $X 174 phage, bacteriophage, has 11 genes in DNA. In this
phage the starting point is shifted and some genes are overlapping on other genes,
and each overlapping gene plays an important role [28] [30]. By the new
mechanism of development from DNA, the starting point can be also shifted from a
base to another and some genes overlapping on other genes can be translated. Each
overlapping gene plays an important role. Fig.2.3 shows this overlapped
representation. In this figure, GENES5 in addition to GENE3 and GENE4 can be
read from the DNA chromosome. This DNA chromosome has redundancy and also

compresses information by the overlapping of genes.
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Fig.2.1 Flows of Development from the DNA Chromosome
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DNA Chromosome :
GAAIGTACACCTGTCAATTACGGTAGTAAATCC ,TACGGTTGTGGC#;AQGTCTTAGG

Amino Acid ;| Tyr Thr Cys Gln Leu Arg
GENE 1 GENE 2

Fig.2.2 An Example of the DNA Chromosome and its Translation Mechanism

GENE 5

— L
CTGTATGCATGCAATTACGGTCTAGACCCAATGGGTAGTGGCGGTCTCTACCGTTAGCTAG
L M 1 [

GENE 3 GENE 4

Fig.2.3 Overlapping of Genes
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2.3 Genetic Operations

Fig.2.4 shows examples of crossover and mutation. Fig.2.4(a) is an
example of one point crossover. Right hand sides of the crossover points are
exchanged and new GENE2', 4', 5' are generated.

Fig.2.4(b) shows an example of mutation. One base indicated in the figure
is changed from T to G. As a result, GENE1 is changed to GENEI'. The start
codon ATG is newly generated and new GENE?7 is read. The mutation can be done
equally to every locus by changing each base. The changes of bases in the
redundant parts by this mutation are accumulated. Once these parts are used, this
accumulation of change is expected to make the phenotype drastically change just in

the same way as the neutral mutation in biology [55].
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GAATGTACACCTGTCAATTACGGTAGTAAATICCATGTACGGTTGTGGCTAGGTCTTAGG

GENE 1 Crossover Point GENE 2
GENE 5

— L
CTGTATGCATGCAATTACGGTCTAGACCCAATGGGTAGTGGCGGTCTCTACCGTTAGCTAG

GENE 3 GENE 4

<

GAATGTACACCTGTCAATTACGGTAGTAAATGGTAGTGGCGGTCTCTACCGTTAGCTAG

GENE 1 GENE 4'
GENE 2

GENE 5' I

— —J
CTGTATGCATGCAATTACGGTCTAGACCCAA]%CCATGTACGGTTGTGGCTAGGTCT'IAQG
,__
GENE 3 GENE 2'

(a)Crossover

GAATGTACACCTGTCAA'I*ACGGTAGTAAATGGTAGTGGCGGTCTCTACCG’ITAGCTAG

GENE 1 % GENE 4'

GENE 7

GAATGTACACCTGTCAA CGGTAGTAAATGGTAGTGGCGGTCTCTACCGTTAGCTAG
— 1 I"_

GENE 1I' GENE 4'

(b)Mutation

Fig.2.4 Crossover and Mutation
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2.4 Virus and Enzyme Operations

N. Kubota et al. have proposed Virus-Evolutionary Genetic Algorithm
(VEGA) [19-22]. This method is based on virus theory of evolution, which is
based on the view that virus transduction is a key mechanism for transporting
segments of DNA across species [23]. This method uses some of the characteristics
of the biological virus, however the process of the virus can not be completely
realized and special operations are required to use this method because of the
constraint of the coding. For example, the VEGA was applied to a Traveling
Salesman Problem (TSP) which was a typical conventional optimization problem
[56]. The infection by the VEGA transfers a strand of strings to other
chromosomes. This operation makes duplicated cities in the recipient chromosomes.
Therefore, other loci of the chromosome should also be changed by this infection.

It is easy to insert and delete parts of chromosomes represented by the DNA
coding method. The process of the virus infection can simply be realized by the
application of virus operator. Furthermore, since the length of the chromosome is
made longer and longer by the virus operation, the author proposes a new operation
which is called enzyme operation.

Fig.2.5 shows examples of the virus and enzyme operations. The biological
function of virus and enzyme is not known completely. The artificial virus and
enzyme are applied in the following way: Fig.2.5(a) shows a virus operation. A
part of sequence of DNA from other DNA chromosome moves into the
chromosome. As a result, the two genes of GENE7", GENE7"" are generated from
GENE7. Fig.2.5(b) shows an enzyme operation. The enzyme distinguishes two

amino acids, and splices the part between the two. In this figure the part between
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the codon AGT (Ser) and the codon GGT (Gly) is cut out, and GENE4' is deleted

and GENE7"" is produced from GENE7.
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Virus Z[CTAG ATGTAA

GENE 7

GAATGTACACCTGTCAATGACGGTAGTAAATGGTAGTGGCGGTCTCTACCGTTAGCTAG
— 1 —

GENE I’ % GENE 4
GENE 7" GENE 7"

L
ATGGTAGTGGCGGTCTCTACCGTTAGCTAG

GAATGTACACCTGTCAATGACGGTAGTA Af

GENE I' GENE 4'

(a)Virus

Enzyme : AGT GOT
Reqognition Cqdon

GENE 7

GAATGTACACCTGTCAATGACGGTAKL AGTGGCGGTCTCTACCGTTAGCTAG

st
GENE I % GENE 4
GENE 7"
—_ —

GAATGTACACCTGTCAATGACGGTAGTGGCGGTCTCTACCGTTAGCTAG

GENE I'

(b)Enzyme
Fig.2.5 Virus and Enzyme Operations
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2.5 Features of the DNA Coding Method

The DNA coding method has the following features:

(a)Flexible representation of knowledge is realizable.

This artificial chromosome consists of four bases and three continuous
bases called codons correspond to amino acids. Each amino acid has several
meanings, and each parameter of fuzzy rules i.e. an input/output variable, a form of
a membership function, and so on is determined by the combination of the amino
acids. The correspondence between amino acids and the parameters of fuzzy rules
can be determined flexibly, and the DNA chromosome is translated into a set of
fuzzy rules flexibly. Therefore, the flexible knowledge representation given by

fuzzy rules is realizable.

(b)The coding is redundant and overlapped.

The DNA coding method uses DNA itself and the DNA chromosome has
many redundant parts just the same as biological DNA. Usually these redundant
parts are not used for synthesis of fuzzy rules. Potential and inactive genes are
probably accumulated in these redundant strings. The chromosome can adapt itself
to varying environment by having these redundant parts. The neutral theory of
molecular evolution in biology is also expected to be observed in the simulation
using this method. This method allows overlapped representation of genes, and
each overlapping gene plays an important role. The DNA chromosome has
compressed information by the overlapping of genes. The overlap of genes means
inter-dependence of plural genes, and a change of a gene causes another change of

overlapping gene. The details of effectiveness of redundancy and overlapping of
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genes are shown in chapter 5.

(¢)The length of the chromosome is variable.

The DNA chromosome generates fuzzy rules by translating the genes from
start codons in the chromosome. The number of genes in a chromosome is not
fixed. The length of the DNA chromosome is changeable. In addition to this flexible
representation of fuzzy rules, it is easy to insert and delete parts of chromosomes.
As a result, the genetic operations including virus and enzyme operations can also

be applied easily with no difficulty to apply.

(d)No constraint on crossover points is imposed.

The conventional coding has constraint on crossover points because
crossover operations cause overlaps of the same variable in one rule. So
conventional GA limits the crossover points to the border of rules or the same
points in a rule in both chromosomes. This proposed method has no constraint on

crossover points even if any type of crossover is used.
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2.6 Conclusions

This chapter presented a new coding method, DNA coding method, and a
mechanism of development from the artificial DNA. This DNA coding method and
the mechanism of development from the artificial DNA are suitable for knowledge
representation. Selection of input variables and tuning of membership functions are
done. The DNA chromosome has redundancy and it can be translated flexibly.

The flow of development from the DNA chromosome was shown with the
correspondence to the biological development. The new coding method uses DNA
itself and a way of development from the artificial DNA to a set of fuzzy rules. The
DNA chromosome has many redundant parts, and allows overlapped representation
of genes. This DNA chromosome has compressed information as well as redundant
ones.

Examples of the genetic operations were also shown in this chapter. The
length of the chromosome is variable, and it had no constraint on genetic
operations. The virus and enzyme operations were proposed. These operations also
have no difficulty to apply because it is easy to insert and delete parts of

chromosomes. The proposed coding method makes these genetic operations easy.
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Chapter 3

Combination of the DNA Coding

Method and Pseudo-Bacterial GA

3.1 Introduction

Fuzzy controls, described in linguistic IF-THEN rules, has been widely
used in industry for its high degree of performance in human-computer interactions.
Demand for fuzzy inference systems which can describe complex, multi-
input/output systems is growing. The difficulties associated with the fuzzy inference
include the discovery of fuzzy rules and the tuning of membership functions. To
address these problems, genetic algorithm (GA) [1-4], one of the basic models of
evolution and an effective tool for constructing evolvable/adaptive complex
systems, has been applied [35] [36] [39] [43] [44].

T. Furuhashi et al. have proposed an efficient method for finding fuzzy
rules using a new GA technique. They have presented Pseudo-Bacterial GA
(PBGA) [24-26] which is simple and very efficient in improving local portions of

chromosomes. They have introduced mechanisms of genetic recombination in
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bacterial genetics [27-30] into GA. In this study, the PBGA is applied to find fuzzy
rules for an obstacle avoidance problem involving a mobile robot. The simulation
result shows that the PBGA is very efficient in finding control rules with limited
information from the payoffs provided by the task environment.

This chapter presents a combination of the DNA coding method and the
PBGA [57] [58]. The PBGA proposed in [24-26] applied the mutation operation to
all of the parts of a chromosome, and the division of the chromosome into the parts
needed heuristics. In the DNA chromosome, a gene corresponds to a fuzzy rule.
Accordingly, the PBGA mutation applied only to the activating fuzzy rules is
expected to be effective in improving local portions of chromosomes. This
combination of the DNA coding method with the PBGA accelerates the knowledge
discovery process.

This chapter describes the biological way of transfer of bacterial DNA.
Bacteria can transfer its own DNA from male cells to female cells. By this transfer,
the characteristics of one bacterium can be spread among the entire bacteria
population. This chapter describes the conventional way of the PBGA, and the

combination of the DNA coding method and the PBGA.
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3.2 Transfer of Bacterial DNA

Bacterial genetics provides interesting mechanisms for genetic
recombination [27-30]. Bacteria can transfer DNA to recipient cells through mating.
Male and female cells are distinguished by the presence of a distinct supernumerary
sex chromosome called F (fertility) factor [28]. When it is present as a discrete
body, the cells are male (F*) and capable of transferring genes into female cells. In
its absence, the cells are female (F) and act as recipients for gene transfer from male
cells. The F factor is a circular double-helical DNA molecule present in one copy
per cell. Male cells possess F sex pili on its surface to attach to female cells.
Transfer of most bacterial genes from male to female cells only occurs when,
through a crossing-over process, the F' factor becomes integrated into the cell's
single main chromosome. Such Hfr (high frequency of recombination) cells remain
male, possess F sex pili, and fuse with F cells as frequently as F* cells do. When
an Hir cell joins to an F cell, conjugation-induced replication of F DNA begins, and
because the leading edge of the F* factor is now attached to the main chromosome,
transfer of the main chromosome follows. Fig.3.1 shows the biological way of
transfer of bacterial DNA from an Hfr (male) cell to a female cell. Hfr cells, which
have F factor, transfer strands of chromosomes into female cells as explained
above. Then the female cells acquire characteristics of the Hfr cells and F factor,
and finally change into Hfr cells. By these means, the characteristics of one
bacterium can be spread among the entire bacteria population. Fig.3.2 shows the
DNA transfer process of bacteria. When bacteria are reproduced, some bacteria are
mutated. The bacteria which can adapt the environment transfer its own DNA to

female cells with F factor. Then the female cells become the Hfr cells. By this
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transfer, more adaptable bacteria can spread their DNA strands among the
population.

Bacteriophages carry a copy of the host gene across and incorporate it into
the chromosome of the infected cell. This process is called transduction. By the
transduction, it is also possible to spread the characteristics of a single bacterium
among other bacteria. These genetic recombination have led to a mechanism of
microbial evolution [27]. Mutated genes can be transferred from a single bacterium

to others and effect rapid evolution.
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Fig.3.1 Transfer of Bacterial DNA from an Hfr Cell to a Female Cell
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Fig.3.2 DNA Transference Process of Bacteria
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3.3 Conventional PBGA

T. Furuhashi et al. have introduced the meéhanisms of the bacterial genetics
described in 3.2 into GA. Multiple bacteria are reproduced and some genes of each
chromosome are mutated and tested. The best genes are chosen and transferred to
other bacteria. The PBGA streamlines this mechanism in the extreme.

Fig.3.3 shows the basic flow of the conventional PBGA.

(1) Generation of the initial population

nehr individuals are generated randomly. Each chromosome is evaluated.

(2) Genetic operators

The following genetic operations are applied to individuals and new
populations of chromosomes are generated:

(i) Mutation and Selection of genes

Suppose there are np parts in a chromosome. One chromosome "1" is
chosen and this is reproduced to m clones. Part i (i is randomly decided) of m - 1
clones are mutated. Each chromosome is evaluated. The elite among m
chromosomes is selected and the rest are deleted. The above process - reproduction,
mutation, evaluation, and selection - is repeated. The mutation is applied to a
randomly chosen part, excluding previously chosen parts, and a new chromosome
"1'" is finally obtained. This genetic operation is applied to all the nchr
chromosomes one by one.

The above process can be interpreted as follows:
A bacterium is reproduced to m clones and the same parts of their chromosomes are

mutated. The elite bacterium is selected and transferred to other m - 1 bacteria, and
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inferior parts are replaced with elite one. Then other parts of the chromosomes are
mutated, evaluated, selected, and transferred. All the elite parts are aggregated to a
chromosome of one bacterium. Bacteria evolve in this way.
(ii) Selection and reproduction of chromosomes
The selection and reproduction steps are applied to the chromosomes. Each
chromosome has its fitness evaluated through the above operations. Those with
lower fitness values are deleted. Some chromosomes randomly chosen from the
remaining chromosomes are reproduced. In fig.3.3, chromosome k' is deleted,
since its fitness value is the least. The chromosomes i, j' are selected and
reproduced.
(i11) Crossover
The crossover operation is applied to the newly generated chromosomes and
the offsprings i", j" are generated and evaluated. This is an operation of the

conventional GA and is also efficient for improving the chromosomes.

(3) Stopping condition
If a stopping condition is not satisfied, go back to (2). If satisfied, stop. The

stopping condition is, for example, a certain value or a number of generations.

The above genetic algorithm is efficient in the local improvement of

chromosomes, since the evolution is carried out on the level of chromosomal parts.
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3.4 Combination of the DNA Coding Method
and the PBGA

The author has combined the DNA coding method with the PBGA. The
PBGA applies the mutation to all the separated parts of a chromosome. However,
any effective way of separation is not shown in [24-26]. The author applies the
mutation of the PBGA to meaningful parts. This combined method applies the
mutation of the PBGA to genes each of which correspond to a fuzzy rule. The
mutation of the PBGA is applied not to all parts or genes in a chromosome but only
to n genes. This combination of the DNA coding method with the PBGA accelerates
the knowledge discovery process.

From one chromosome, multiple bacteria are reproduced, and the same gene
in each new born bacterium is mutated. The best gene among the bacteria is chosen
and transferred to other bacteria. In this thesis this operation is called "bacterial
operation”. Fig.3.4 .shows an example of the bacterial operation of this combined
method. In this figure, GENEI is chosen and reproduced to four clones. The clones
except one are mutated. The elite among them is selected and the rest are deleted.
This operation is applied to randomly selected genes of the chromosome, and to the
whole population one by one. After this operation, the conventional selection,

reproduction, crossover, and mutation operations are applied.
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TAAATCCATGT ACGGTTGTGGCTAGGTCTTAGG
= —

=

GENE | GENE 2

% Reproduction
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ATGTACACCTGTCAATTACGGTAG

ATGTABACCTGTCAATT(RGGTAG Mutated
Elite ATGTACACCTGECAATTCCGATAG Mutated

ABRTACACCTGTCAATTRCGCTAG Mutated

Fig.3.4 An Example of the Bacterial Operation
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3.5 Conclusions

This chapter described Pseudo-Bacterial GA (PBGA). The PBGA is simple
and very efficient in improving local portions of chromosomes. The biological way
of transfer of bacterial DNA was shown. Bacteria can transfer their own DNA from
male cells to female cells through transfer of F factor. New bacteria whose parts of
DNA are mutated are tested in the environment, and the bacteria which can adapt
themselves to the environment can survive. By these process, the characteristics of
more adaptable bacteria can be spread among the entire bacteria population.

The author has combined the DNA coding method with this PBGA. This
combination was also shown in this chapter. The conventional PBGA has applied
the mutation to all of the separated parts of a chromosome. However, any effective
way of separation is not shown. The author applied the mutation of the PBGA to
genes each of which corresponded to a fuzzy rule. Not all the parts of chromosome
are the subject to this operation. This combination of the DNA coding method with

the PBGA is expected to accelerate the knowledge discovery process.
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Chapter 4

Application of
the DNA Coding Method

4.1 Introduction

This chapter, first, describes the problem formulation for knowledge
discovery, which is a discovery of effective fuzzy control rules using the DNA
coding method. These fuzzy rules are used to control mobile robots which play
chasing and avoiding in the area surrounded by walls. The robot which reaches or
avoids the other robot receives more payoffs from the environment. Considering
these payoffs as fitness values, the genetic operations are applied to the
chromosomes, and the fuzzy rules are evolved. Selection of input variables and
tuning of membership functions are done.

This chapter, second, describes the way of development from the DNA
chromosome to the fuzzy rules. The correspondence between amino acids and the
parameters of fuzzy rules is given. Like the biological process, 64 kinds of codons

correspond to 20 kinds of amino acids. One gene which starts from a start codon
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corresponds to one fuzzy rule. Each fuzzy rule is translated from the DNA
chromosome according to the translation rule.

The concrete way of genetic operations including virus, enzyme, and
bacterial operations is also described. The payoffs for fitness values of the
chromosome are given from the environment according as the movements of each
robot having a set of fuzzy rules translated from the DNA chromosome are effective
or not. Using these payoffs of each chromosome, selection and reproduction are
done. The virus and enzyme operations are carried out by inserting and deleting a

part of a chromosome.

4.2 Problem Formulation for
Knowledge Discovery

The effects of the new method are demonstrated through the evolution of
fuzzy rules. Fig.4.1 shows the simulation conditions of the problem and the
construction of two robots. Two different types of mobile robots play chasing and
avoiding in the area of 2.33m wide and 3m long surrounded by walls. There are
several food in the area for the avoiding robot, however the avoiding robot cannot
recognize the food in the area. The radius of the chasing robot is 150mm, and that
of the avoiding robot is 100mm. The chasing robot has eight ultra-sonic sensors
(seven in the front, and one in the rear). These sensors can measure the distances
between obstacles and themselves in the range of 200mm to 1700mm. The
measured time is 0.1 seconds per a sensor. So it needs about one second to measure

all directions. Therefore the chasing robot must acquire rules to catch the other robot
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avoiding crashes into the walls using the measured values one second before. The
avoiding robot has twelve infrared sensors to see around. These sensors can
measure limited distance less than 350mm. Therefore the avoiding robot cannot
recognize the approaching robot until the enemy comes near to it. The avoiding
robot must find fuzzy rules not to be caught by moving quickly. The serial number
of the front sensor of each robot is No.0. That of the next sensor in the
counterclockwise side is No. 1. Each robot has a DNA chromosome containing a set
of fuzzy rules. The fuzzy rules steer and accelerate/decelerate the robot to
chase/avoid the other robot and stay away from the walls.

The robot which reaches or avoids the other robot and stays away from the
walls receives more payoffs from the environment. Considering these payoffs as
fitness values, the genetic operations are applied to the DNA chromosomes of the

robots, and the fuzzy rules are evolved.
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Fig.4.1 The Simulation Conditions and the Construction of Two Robots

- 41 -



Chapter 4. Application of the DNA Coding Method

4.3 Representation of Rules

The candidates for the input variables of each robot are the detected values
of sensors D and the velocity of a robot V, and those for the output variables are the
steering angle u, and the velocity V. The DNA chromosome has a set of fuzzy rules
which are represented by IF-THEN rules. The chromosome determines
combinations of input/output variables and membership functions of each fuzzy
rule. The central position xc and the width ¢ of the membership functions are also
encoded into the chromosome. The detail way of fuzzy inference in this method is
shown in chapter 1.

In the biological DNA, a gene starts from the start codon ATG, and ends at
the end codon TAA, TAG, or TGA. In this thesis, a gene also starts from the start
codon ATG which corresponds to IF. The end codon is not definitely determined.
A gene consists of the codons between IF codon and some related codons
succeeding to THEN codon. When there is no rule in a chromosome, the robot
having that chromosome moves only straight forward. Even if the lengths of all the
chromosomes in the population are too short to have a rule, the robots in the
population will get rules by the genetic operations i.e. crossover, mutation, and so
on. Reading from the top of the DNA chromosome, the translation to a fuzzy rule
starts upon finding the start codon ATG. As described in chapter 2, the overlaps of
genes are allowed in the DNA chromosome. After reading a fuzzy rule, re-reading
is restarted from the second base of the IF-codon and a new IF codon is sought.
Fig.4.2 shows the flow of translation from the DNA chromosome into a fuzzy rule,
and Table 4.1 shows the correspondence between amino acids and the parameters

defined in this section. Like the biological process, 64 kinds of codons correspond
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to 20 kinds of amino acids. The meaning of each amino acid is determined by its
position in the sequence of amino acids. For example, (1) When Phe is in the next
position of the start codon ATG, its meaning is that the input variable is the sensor.
(2) When Tyr follows Phe, the meanings of Tyr becomes that the number of
sensors is 2. (3) In this case, succeeding two amino acids determine the sensors to
be used. In the same way, the meaning of amino acids in the sequence are
determined by the translation rules in Table 1. Fig.4.3 shows an example of the
DNA chromosome and genes (fuzzy rules). In this figure, the bases are read from
the head of the DNA chromosome, and if the start codon ATG is found, a fuzzy
rule starts from this part. In this example, the next codon GCT is Alanine, and
Alanine here means that the input variable is sensor. The sequence of Alanine,
Serine, Leucine means that this sensor is No.0 sensor (input variable is Do). The
next part of Glycine, Cysteine determines the form of membership functions, the
central position xc and the width o, for the input Do. The next codon GCC makes
also Alanine, and this Alanine here means AND of the fuzzy rule. Like this, each
amino acid has several meanings, and one meaning is selected based on the position
in the gene. In this example, GENE?2 in addition to GENE1 can be read from the
DNA chromosome. The amino acids for virus and enzyme operations are defined in

subsection 4.4.2.
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Table 4.1 The Correspondence between Amino Acids and the Parameters

Amino
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GENE2
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Fig.4.3 An Example of the DNA Chromosome and Genes
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4.4 Genetic Operations

4.4.1 Payoffs for Fitness Values

For the genetic operations, plural robots are needed. There are seven
chasing robots and seven avoiding robots in one generation. Each robot, either
chasing or avoiding, is tested twice by randomly choosing its opponents from the
seven counterparts. Each robot has initial payoffs E1. Each test ends when either of
the two confronting robots crashes into the wall, the chasing robot catches the
other, or a certain amount of time has passed. The payoffs for fitness values of the

chromosomes are given as follows:

If the robot crashes into the wall, the robot loses payoffs Ew ;

If the chasing robot reaches the avoiding robot within a fixed time, the chasing

robot receives payoffs Ec , conversely the avoiding robot loses payoffs Ea ;

If the chasing robot does not reach the avoiding robot in a fixed time, the chasing

robot loses payoffs Em ;

If the avoiding robot reaches the foods, the avoiding robot gains payoffs Ef per a

food.

After these tests are done, the genetic operations are applied to the
chromosomes of the robots by regarding the payoffs of the robots as their fitness
values. One chromosome of chasing robot which has the smallest payoffs is
deleted. Two chromosomes which are selected from the remaining six robots are

reproduced, and one-point crossover shown in section 2.3 is applied to them to
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generate a new chromosome for a chasing robot. The chromosome of avoiding
robot is newly generated in the same way. There is no constraint on the crossover
points as described in chapter 2. The mutation operator is also applied to the newly
generated chromosomes. The mutation operation can be done simply by changing
the bases. This mutation is done to each base at a rate of Pm. The payoffs of all the
robots are reset at E1 again. After another simulation for the new generation is done,
the genetic operations are applied again. These steps are repeated, and fuzzy rules
which control the robots to chase or avoid the other robot and to stay away from the

walls are expected to be evolved.

4.4.2 Virus and Enzyme Operations

Each chromosome is made to contain virus and enzyme rules. The flow of
translation from the DNA chromosome to these virus and enzyme rules in this
thesis is also shown in Fig.4.2. The translation rules are defined in Table 1. If one
of codons GG* which make the amino acid Gly is found in the DNA chromosome,
the next codon decides the virus or enzyme rule. The third and fourth codons
determine the start amino acid and the end amino acid of the virus or enzyme,
respectively. If more than two rules are in one chromosome, the first virus or
enzyme rule will be used. The virus is copied from other randomly selected DNA
chromosome. A virus starts from the start amino acid and ends at the end amino
acid determined by the virus rule and moves into the chromosome. The codon ATG
must be included in between the start amino acid and the end amino acid. By this
virus operation, at least one more rule is added into the DNA chromosome.

An enzyme cuts the part of the chromosome between the start amino acid
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and the end amino acid. The codon ATG must also be included in this part. If the
payoffs of the robot becomes less in the next generation compared with that in the
previous generation, the changed part by the virus or enzyme operation restored to
the previous part. The virus or enzyme operation onto the part will be prohibited for
the future generations. The chromosome on which the virus or enzyme operation
was once applied has immunity of that virus or enzyme to prevent the same virus or

enzyme from changing the chromosome again.

4.4.3 Bacterial Operation

This section describes the combination of the DNA coding method and the
PBGA. The bacterial operation is applied to each chromosome one after another. In
chapter 3, Fig.3.4 shows the case where the bacterial operation is applied to one
gene and the number of the clones are four. In this thesis, the number of the genes
and clones are defined by the parameters n, m and this operation is applied as
follows:

From a chromosome, one gene is randomly chosen and reproduced to m clones. To
the m - 1 clones, the mutation is applied at the rate of Pm per a base. However that
means possibility of disappearance of an impediment or useless rule. Each clone is
recombined with the rest of the chromosome and evaluated. The evaluation of each
chromosome having one clone is done in the same way as in section 4.3.

Each of m clones is tested one by one. The elite among m clones is selected and the
rest are deleted. The above process: reproduction, mutation, evaluation and
selection is repeated to randomly selected n genes of the chromosome. After this

bacterial operation is done to all of the chromosomes, the conventional genetic
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operations described in section 4.3 are applied to the population of chromosomes by

regarding the payoffs of the robots as their fitness values.

4.5 Conclusions

This chapter described the problem formulation for discovery of effective
fuzzy control rules. These fuzzy rules are used to control mobile robots. The
simulation conditions and the construction of two robots which play chasing and
avoiding were shown. The robot whose movement with a set of fuzzy rules
translated from the DNA chromosome is effective receives more payoffs from the
environment. Considering these payoffs as fitness values, the genetic operations are
applied to the chromosomes, and the fuzzy rules are evolved. Selection of input
variables and tuning of membership functions are done.

This chapter also described the way of development from the DNA
chromosome to the fuzzy rules. The flow of translation from the DNA chromosome
and the correspondence between amino acids and the parameters were defined. One
gene which starts from a start codon corresponds to one fuzzy rule. Each fuzzy rule
is translated from the DNA chromosome according to the translation rule defined in
this chapter.

The way of genetic operations including virus, enzyme, and bacterial
operations was also described in this chapter. The virus and enzyme operations are
done in the simple way by inserting and deleting a part of a chromosome. The

bacterial operation is carried out through the process: reproduction of genes,
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mutation of genes, evaluation and selection of genes. After this bacterial operation is
applied to all of the chromosomes, the conventional genetic operations are applied to

the population of chromosomes by regarding the payoffs of the robots as their

fitness values.
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Chapter 5

Effectiveness of

the DNA Coding Method

5.1 Introduction

Simulations were done, and the effectiveness of the proposed DNA coding
method and the mechanism of development from the artificial DNA was examined.
This chapter describes the simulation results. The value of each parameter was as
follows:

The length of each initial DNA chromosome was 500. The payoffs Ei, Ew, Ec, Eq,
Em, Ef were 0, 20, 50, 20, 20, 5, respectively. Though these parameters were
determined after several trials, the effects of changing these parameters were little.
The probability of the mutation Pm was 0.05. The numbers of genes and clones n,
m for the bacterial operation were 1, 6, respectively, in this thesis. The chasing
robot which could not reach the avoiding robot within 30 seconds lost payoffs Em.
The genetic operations were applied to the chromosomes of chasing and avoiding

robots for 100 generations alternately. If the genetic operations are applied to both
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the robots simultaneously, the environment for each robot changes too rapidly to
adapt itself.

The effectiveness of virus, enzyme, and bacterial operations was also tested
under the confrontation of the two mobile robots. The effectiveness of redundancy
and overlapping of genes realized by the proposed method is also shown in this
chapter. The redundancy and overlapping of genes work well so that genes survive
far beyond the life time of individuals. Some improvements of robots' behavior
observed in the simulations were examined. A small change of a gene could cause a

drastic improvement in the performance of the robots.

5.2 Virus and Enzyme Operations

First, the effectiveness of the DNA coding method was examined.
Fig.5.1(a) shows the averages of payoffs of 7 chasing robots until 5000th
generation and Fig.5.1(b) shows those values obtained during the 3000-5000th
generation. The solid line is the case (i) where the chasing robots used the proposed
coding method and the avoiding robots used the conventional method in [25]. The
dotted line is the case (ii) where the chasing robots used the conventional method
and the avoiding robots used the proposed coding method. In both the cases, no
virus, enzyme, nor bacterial operations were used. Each is the average in 10 trials.
In a trial, the simulation from the initial generation to the 5000th generation was
done. Since the genetic operations were applied to the chromosomes of chasing and
avoiding robots for 100 generations alternately, the payoffs fluctuated periodically.

The parameters of the genetic operations of the conventional method were tuned and

- 53 -



Chapter 5. Effectiveness of the DNA Coding Method

the result in Fig.5.1 was the best among obtained. This figure shows the advantage
of the new coding method.

Next, the effectiveness of the virus and enzyme operations was examined.
Fig.5.2(a)(b) shows the averages of payoffs of 7 chasing robots in 10 trials. The
solid line is the result of the case (iii) where the chasing robots used the virus and
enzyme operators and the avoiding robots used no virus nor enzyme operators. The
dotted line is that of the case (iv) where the chasing robots did not use the virus nor
enzyme operators and the avoiding robots did. In both the cases, no bacterial

operation was used. The virus and enzyme operations worked well.
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5.3 Redundancy and Overlapping of Genes

The author examined the effectiveness of the redundancy and overlapping of
genes. Fig.5.3(a)(b) shows the averages of payoffs of 7 chasing robots in 10 trials.
The solid line is the case (v) where the chasing robots used the proposed coding
method with redundancy and overlapping of genes and the avoiding robots did not.
The dotted line is the case (vi) under the condition vice versa. In the case of no
redundancy and overlapping, no start codon was used. The DNA chromosome was
translated from its head.’ In both the cases, no virus, enzyme, nor bacterial
operations were used. This figure shows the effectiveness of the proposed coding
method having redundancy and overlapping of genes. The alternating period of the
application of the genetic operations to the chromosomes of chasing and avoiding
robots was changed from 100 to 200, 300, and 500. The results showed the same
effectiveness of the redundancy and overlapping of genes. The effects of the
redundancy and overlapping of genes were investigated further. Fig.5.4 shows life
time of the genes survived for more than 300 generations in one of the simulations
in Fig.5.3. One gene corresponded to a fuzzy control rule which had truth value
larger than 0.1 in the chasing or avoiding control. The horizontal axis is the
generation. The vertical axis is the type of genes. The higher the density of the line,
the more the number of the genes of same type in the population. Fig.5.4(a) shows
an example of the case where (A) the genes or chromosomes used the DNA coding
method with redundancy and overlapping of genes. Fig.5.4(b) shows another
example of the case where (B) no redundancy nor overlapping was used. The genes
in the early generations disappeared in a short time, and the genes in the later

generations survived for longer generations. Fig.5.5 shows durations of each
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chromosome while it was unchanged. Fig.5.5(a) and (b) show the cases (A) and
(B), respectively. The horizontal axis is the generation and the vertical axis is the
serial number of chromosomes. From Fig.5.5(a), it is known that the durations of
chromosomes were shorter than the long lived genes in Fig.5.4(a). Some genes in
Fig.5.4(a) survived for thousands of generations. The chromosomes did not live
longer than one thousand generations. The disappearance of chromosomes did not
mean the disappearance of genes. It is also interesting to note that many genes were
activated again after long inactive time. These genes were kept in chromosomes,
even though they did not work. Fig.5.4(b) and Fig.5.5(b) show a different story.
From the early generations, some genes lived for a very long time. The
chromosomes in this case also lived very longer than in the case (A). The deletion
of the chromosomes meant the disappearance of the genes. The inredundant coding
in this case worked against quick generation of effective sets of genes. The average
numbers of the genes which lived for more than 300 generations were 588 in the
case (A), 236 in the case (B), respectively. Each was the average in 10 trials. In the
case (B), it was difficult to generate new chromosomes which had better
combinations of chromosomes and were able to overcome the existing ones. Thus,
most of the genes other than those shown in Fig.5.4(b) were short lived.
Fig.5.6(a)(b)(c)(d) show examples of genes in a DNA chromosome at the 300th,
1000th, 2500th, and 5000th generations, respectively. The robot having the
chromosome received the highest payoffs at the generation. The black parts are the
genes, i.e. fuzzy control rules, which had truth values larger than 0.1 in the chasing
or avoiding control. In Fig.5.6(a), most of the genes especially the overlapping
genes were not used yet. In Fig.5.6(b), though some of the overlapping genes were

used, most of the genes were not used. In Fig.5.6(c), the length of the chromosome
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became very long, and many overlapping genes were used. In Fig.5.6(d), useless
rules had been cut out, and the length of the chromosome became short. Fig.5.7
shows the averages of (a)the number of the genes, (b)the number of the genes
which had truth values larger than 0.1, (c)the number of the overlapped genes in the
chromosomes. This is the average in 30 trials. This figure shows the similar results

shown in Fig.5.6.
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5.4 [Examples of the Robot Behavior

An example of evolution of control rules of chasing and avoiding robots is
shown in Fig.5.8. Fig.5.8(a) shows the initial position and direction of the chasing
robot and the avoiding robot. Fig.5.8(b), (¢), (d), (e) and (f) shows an example of
each movement at the 300th, 400th, 500th, 2300th, and 5000th generation,
respectively. In Fig.5.8(b), the avoiding robot turned right at first and went
straight. The chasing robot only went straight and reached the avoiding robot. In
Fig.5.8(c), the avoiding robot went straight and the chasing robot crashed into the
wall. In Fig.5.8(d), the chasing robot turned right at first, went straight, and
reached the avoiding robot. In Fig.5.8(¢), each movement was became a little
complex. The chasing robot moved around in the upper left area, and the avoiding
robot drew a rhombus. For the avoiding robot, the rhombic movement was able to
get much food, but it was dangerous to be caught by the chasing robot. Fig.5.8(f)
was the case where the avoiding robot acquired very effective rules. The avoiding
robot was running along the walls. The chasing robot could measure only the
distance using the ultra-sonic sensors. Therefore, the avoiding robot had, so to
speak, protective coloring. The avoiding robot could avoid the chasing robot for 30
seconds. The followings are the examples of the acquired rules of the avoiding
robot. These were the rules mainly used to run along the walls. The membership
functions determined by the central position xc and the width ¢ in the DNA

chromosome are labeled for clarity.
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IF Do is Medium AND D2 is Medium AND D1 is Far AND D11 is Medium

THEN u is Very Small Left, V is Medium Small

IF D1 is Medium AND Do is Medium AND D11 is Medium

THEN u is ZERO, V is Medium Big

IF D3 is Near AND Do is Far THEN u is Small Right

IF Do is Near THEN u is Medium Right

These rules are used to go along the walls on the left-hand side. In this case,
the avoiding robot acquired very effective rules. In other cases, the chasing robot
acquired effective rules. For example, the chasing robots ran along the walls

looking for the avoiding robots.
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(a)The Initial Position and Direction

Fig.5.8 Movements of Each Robot
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5.5 Bacterial Operation

Lastly, the author examined the effectiveness of the bacterial operation.
Fig.5.9(a) shows the averages of payoffs of 7 éhasing robots until 6000th
generation and Fig.5.9(b) shows those during the 3000-6000th generation. The
solid line was the case (vii) where the chasing robots used the DNA coding method
and the bacterial operation and the avoiding robots used only the DNA coding
method. The dotted line was the case (viii) under the condition vice versa. The
alternating period of the application of the genetic operations to the chromosomes of
chasing and avoiding robots was 120. To make the evolutional opportunity equal,
one generation of the bacterial operation was converted to n X m = 6 generations in
Fig.5.9. The bacterial operation also worked well. The parameters (n, m) were
changed from (1, 6) to (2, 3), (1, 4), (2, 2), (1, 8), and (2, 4). The results showed
the same effectiveness of the bacterial operation.

This thesis studied the effects of changes of genes by the bacterial operation.
Fig.5.10(a)(b) and Fig.5.11(a)(b) show examples of the changes in genes and
movements of robots at (a)the 500th and (b)the 2000th generations, respectively. In
Fig.5.10(a), the bacterial operation was applied to GENE2 and three bases were
changed by this operation. As a result, the amino acids were changed from Thr,
Gly, and Ser to Lys, Asp, and Thr, respectively. The overlapping GENEI1 on
GENE2 was also changed by this operation. Two fuzzy rules were changed as

follows:
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IF Do is Medium AND D10 is Very Near THEN u is Medium Right, V is Small

--»»IF Do is Medium THEN V is Very Small

IF D2 and D1 is Medium AND Ds is Near AND D11 is Near THEN u is Left

--»»IF D6 is Near AND D11 is Near THEN u is Left

Before these changes, the chasing robot was turned right by the first rule
and crashed into the wall at the point A in the Fig.5.11(a). The second rule did not
fire before the change. By the change, the first rule had no steering commandu in
the consequent and the second rule fired. As a result, the chasing robot turned left at
the point A and avoided crashing into the wall. In GENEI, since the change of
amino acid from Thr to Lys changed AND into THEN in the fuzzy rule, the length
of the first rule became shorter.

At the 2000th generation, GENE1 and the overlapping GENE2 on GENE! were
also changed as shown in Fig.5.10(b). The fuzzy rules affected by this operation

were as follows:

IF D3 is Very Near THEN V is Small

IF Do is Medium THEN u is Left

The changes were the width of membership function in the consequent part
of the first rule and the position of that of the second rule. Though these

modifications were a little, the movement of the chasing robot was drastically
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changed and it could reach the avoiding robot. The codon AGG was changed into
AGA, but the amino acid corresponding to these codons was not changed. The
change of amino acid from Asn to Lys did not change the parameters in that rule.

The change from Gly to Arg just changed the membership functions a little.
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(a)The 500th Generation
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Fig.5.11 Examples of Changes of Movements by the Bacterial Operation
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5.6 Conclusions

Using the DNA coding method and its combined method with the PBGA,
simulations were done. The effectiveness of the proposed DNA coding method and
the mechanism of development from the artificial DNA was shown.

The effectiveness of this method was shown by comparing its performance
with that of the conventional coding method of fuzzy rules. This comparison was
done through competition of chasing and avoiding mobile robots. One robot had the
proposed method and the other had the conventional method. The evaluation was
the payoffs which the chasing or avoiding robots could obtain. The effectiveness of
virus, enzyme, and bacterial operations was also examined under the same
simulation conditions. The effects of changes of genes (fuzzy rules) by the bacterial
operation were also studied in this chapter. The small change of a gene could cause
a drastic improvement in the performance of robots. The effectiveness of
redundancy and overlapping of genes realized by the proposed method was
examined in details. The redundancy and overlapping of genes worked well so that
genes survived far beyond the life time of individuals. The DNA coding method
having the features of the redundancy and overlapping of genes is suitable for

discovery of fuzzy control rules.

- 81 -



Chapter 6. Summary

Chapter 6

Summary

6.1 Summary of the Thesi»s

A new coding method for GA based on the biological DNA, called the DNA
coding method, and a mechanism of development from the artificial DNA have been
proposed in this thesis. The DNA coding method and the mechanism of
development from the artificial DNA are suitable for knowledge representation. One
of the features of this method is that the length of the proposed DNA chromosome
is variable and it is easy to insert and delete parts of chromosomes. By these
features, various operations including virus and enzyme operations can be applied
easily with no constraint. Another feature of the proposed coding method is that this
method has redundancy and overlapping of genes, and this flexible coding works
well so that genes survive far beyond the life time of individuals. This method was
combined with the PBGA. This combination of the DNA coding method with the
PBGA accelerates the knowledge discovery process. The summarized results
obtained in this thesis are as follows:

In chapter 2, the flow of development from the DNA chromosome, the
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genetic operations including virus and enzyme operations, and the features of the
DNA coding method were described. The new coding method uses the four bases
of DNA, and the way of development from DNA to a set of fuzzy rules is a simple
analogy of development of biological DNA. The DNA chromosome has many
redundant parts, and allows overlapped representation of genes. This DNA
chromosome compresses information by the overlapping of genes. Length of the
DNA chromosome is variable, and it has no constraint on genetic operations. The
virus and enzyme operations also have no difficulty to apply because it is easy to
insert and delete strands of strings from the DNA chromosomes.

In chapter 3, the DNA coding method was combined with the PBGA. The
biological bacteria can transfer its own DNA from male cells to female cells through
transfer of F factor. New bacteria whose parts of DNA are mutated when
reproduction has occurred are tested in the environment, and the bacteria which can
adapt themselves to the environment best can survive. By these process, the
characteristics of more adaptable bacteria can be spread among the entire bacteria
population. The PBGA utilizes mechanisms of genetic recombination in bacterial
genetics. The PBGA is simple and very efficient in improving local portions of
chromosomes. Genes are reproduced and tested, and the elite genes are transferred
to the chromosomes. The PBGA can be combined with the DNA coding method
easily and accelerates the knowledge discovery process.

Chapter 4 described the problem formulation for knowledge discovery,
which was a discovery of effective fuzzy control rules using the DNA coding
method. The concrete ways of genetic operations including virus, enzyme, and
bacterial operations were also presented. These fuzzy rules are used to control

mobile robots. The simulation conditions and the performance of two robots which
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play chasing and avoiding were described in this chapter. The robot which performs
well with a set of fuzzy rules receives more payoffs from the environment.
Considering these payoffs as fitness values, the genetic operations are applied to the
chromosomes, and the fuzzy rules are evolved. This chapter defined the flow of
translation from the DNA chromosome and the correspondence between amino
acids and the parameters. One gene which starts from a start codon corresponds to
one fuzzy rule. The virus and enzyme operations are applied in the simple way by
inserting or deleting a part of a chromosome. The bacterial operation is also applied
to fuzzy rules. After this bacterial operation to all of the chromosomes, the
conventional genetic operations are applied to the population of chromosomes by
regarding the payoffs of the robots as their fitness values.

Chapter 5 showed the effectiveness of the proposed DNA coding method
and the genetic operations described in the previous chapter. Simulations of
competitions between the chasing robots and the avoiding robots were done. The
effectiveness of this method and the virus, enzyme, and bacterial operations was
shown. The performance of this method and these operations showed better result
than that of the conventional method and those without these operations. The effects
of changes of genes by the bacterial operation were studied in this chapter. The
small change of a gene could cause a drastic improvement in the performance of
robots. The effectiveness of redundancy and overlapping of genes realized by the
proposed method was also shown in this chapter. The redundancy and overlapping
of genes worked well so that genes survive far beyond the life time of individuals.
The results showed that durations of chromosomes were shorter than long lived
genes. The disappearance of chromosomes did not mean the disappearance of

genes. Forthermore, many genes were activated again after long inactive time.
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These genes were kept in chromosomes, even though they did not work.

6.2 Future Outlook of the Study

We, human beings, have DNA. In the real world, various creatures,
including us, have evolved through very long history of change of biological DNA.
DNA chromosome has amazing mechanisms of adaptability to varying
environment. In this thesis the DNA coding method is applied to the discovery of
fuzzy control rules. However, there are tremendous possibilities of making good
use of its flexibility not only for optimization but also for discovery of knowledge
representation, and so forth.

The artificial DNA chromosome in this paper consists of four bases. This
number is not necessarily limited to the natural four bases. Analysis on the
appropriate number of bases for the artificial DNA should be done.

The way of development from the DNA chromosome to fuzzy rules, and the
correspondence between amino acids and the parameters of the fuzzy rules given in
this thesis are the first trials of the author. In the future, this development
mechanism to fuzzy rules should be reexamined and theoretical paths should be
cultivated.

There are various gaps between the simulated robots and the real world
robots. It is time consuming to make the robots evolve using the real mobile robots.
Combination of simulations and experiments should be studied and some efficient
ways to evolve the control rules in real time should be devised.

In future, a framework for evolvable hardware as well as software should
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be established and it is the real goal of this research.
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