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Abstract

Semantic Net is among the problem solving systems
in artificial intelligence fields. In this paper, we
demonstrate how to design DNA-typed Semantic Net
in order to apply DNA computing to artificial
intelligence. Moreover, we propose a problem-solving
method with DNA-typed Semantic Net. In this method,
it is possible to reason out a reference object by using
DNA computing algorithm. Proposed DNA-typed
Semantic Net is used as a molecular knowledge based
system. Vertexes and edges of the DNA-typed
Semantic Net are encoded to four kinds of nucleotide.
Single-stranded DNAs are hybridized and ligated to
let them the double-stranded DNAs with the
complementary sequences of input molecules and
knowledge based ones. For the molecular knowledge
based system, we estimate the computational
complexity by wusing a simulation. Proposed
problem-solving method is performed by DNA-based
computer for a future generation of artificial
intelligence.

1 Introduction

The development of computers has been in progress up to
silicon-based computers. However, it is obvious that there
is the limitation to make a micro-elemental device of
which the computers are composed. In order to realize the
further innovative development of the computers, there is
an approach to molecular computing aiming at making
an element device molecules. In particular, a technique
by using DNA (Deoxyribo Nucleic Acid) is called DNA
computing. DNA-based computers are a new
computational paradigm with massive parallelism and
complementality. In general, DNA molecules are
composed of single or double-stranded DNA. A
single-stranded primer has four based denoted by the
symbols ‘A’, ‘T°, ‘C’, and ‘G’. A double-stranded oligo
may be formed of two single primers due to
hybridization reaction, because ‘A’ is based paired with ‘T’
and ‘C’ is based paired with ‘G’ complementalily [1]. The

research of DNA computing started in 1994. It is widely
known that Adleman [2] solved Hamilton Path with DNA
molecules. The paper suggests that biomolecules solve the
network problems by DNA self-assembly. In 2002, a finite
automaton operates with DNA molecules in special cases
[3]. The report describes applicability to replace modern
computers with DNA computer as Turing machine [4]. In
this field most of the papers, such as the two papers, have
been proposed in order to calculate mathematic problems
or to construct mainframe computers, and not to solve
problems concerning artificial intelligence.

It is possible to reason out an object by Semantic Net [5]
which is one of the problem solving systems in artificial
intelligence. We propose a new method to apply a DNA
computing strategy to artificial intelligence fields. Newly
defined Semantic Net is used as a knowledge based
system, and modeled into DNA molecules. Although a
basic method for constructing a database with DNA
molecules [6] has been already proposed, it does not fill a
complicated network like Semantic Net. Artificial
intelligence often needs a lot of computational efforts with
knowledge bases. Similarly, the size of Semantic net
increases exponentially with the amount of knowledge.
However, by using Semantic Net based on DNA
molecules, it is effective in reducing the computational
complexity. In addition, a part of the parallel work of
human’s brains is represented. For the molecular
knowledge based system, we evaluate the proposed
method with a simulation of computational complexity.
These approaches indicate molecular biology should be
applicable to engineering fields as a molecular application
in the future.

2 A problem- solving method by using DNA
computing algorithm

In this section, a new problem-solving method by using
DNA computing is demonstrated in order to reason out an
object. We describe the way to design DNA-typed
Semantic Net, and outline chemical processes in DNA
computing for the solution.



2.1 Newly defined Semantic Net

Semantic Net would mimic intellectual ability of people if
they were based on associative memories. Its structure is a
two-dimensional graph like a network. It is relatively easy
for a man to deal with Semantic Net, because it represents
an object (or concept) constructed from knowledge based
on human’s memories. The Semantic Net is made of three
relations, Object: O, Attribute: A and Attribute value: V. In
general, these list representations is denoted as follows.

(<0, A, V> |i=1,2,...m; j=1,2,....n}

A basic Semantic Net as graph is designed with vertexes,
edges and label representing their relations as shown in
Figure 1. O is reasoned out by relation between A; and V.
Because the Semantic Net is simply standardized with
vertexes and edge between them, it is suitable for a system
to search for some objects in parallel and to be used as a
knowledge based system. The size of Semantic Net
increases exponentially with the attributes or attribute
values.

Vertex ¢ Object and attribute value
Edge < Attribute

Semantic Net

Figure 1:

The other hand, if there is a complicated graph, it is
imperative to transfer it into simple one. The graph of
AND/OR type enables us to lessen the size of the graph
and to understand it more easily. We demonstrate a new
graph using the type of AND/OR and describe the way to
design it. Thus, we do not use the normal existent
Semantic Net like Figure 1, but the DNA-typed Semantic
Net which is newly designed and defined in order to make
the most of DNA computing as follows.

First, a tag as a name of a target object is set to an initial
vertex in the graph. After we determine the number and
the kinds of the attribute of the target object, both the
attribute and attribute value are also set to another vertex
following by the tag vertex. Second, the relation between
vertexes and edges is represented using a new defined
AND/OR graph. In Figure 2-a a directive edge in the
terminal direction is connected between the vertexes in
series except the following case. If there are two vertexes
which have same attributes and different attribute values,
each of directive edges is connected in parallel as shown
in Figure 2-b.The edge denotes only connection between
the vertexes in the directive graph. Finally, labels are
attached to the vertexes, such as ‘(Tag)’ and ‘(Attribute,
Attribute value)’.

The vertexes denote either a name of the target or both the
attribute and attribute value. In short, one path from an
initial vertex to a terminal vertex means one object named
on the tag. We define this graph as DNA-typed Semantic
Net. The graph explains a target object is reasoned by the
combinations between the vertexes. For example, we
design the graph in the case of an apple named on the tag
as shown in Figure 3. Now consider a method to reason
out an object using DNA to present the vertexes, edges
and paths in the DNA-typed Semantic Net above: (1)
Design and modeling of DNA presenting vertexes and
edges in the graph. (2) Reaction of DNA to form paths. (3)
Analysis of the reaction to identify paths between initial
and terminal vertexes by gel electrophoresis.

(A, Vy) (Air, Vy)

2-b: OR

Figure 2: AND/OR design

(Color, Red)

(Size, Small)

(Apple)
PP (Shape, Circle)

(Size, Medium)

(Color, Green)

Figure 3: DNA-typed Semantic Net (Apple)

2.2 Design and modeling

In the graph of DNA-typed Semantic Net, every vertex
and edge is modeled into a DNA strand as follows:

The vertexes, except the tag’s one, are modeled into a
short (0-12 nucleotide) piece of a single-stranded sequence
by table 1. In table 1, a row shows attributes, a column
shows attribute values and DNA sequence is designed by
these relations so that it might not over lapping with the



other sequences at random. Every tag vertex of the objects
has random sequences of unique number (200, 300,
400...) at the other end to distinguish the objects as shown
in Figure 4. The edge (Ai, Vs)—(Ait], Vs) from Vel’teX(Ai’ Vs) to
verteXai+1, vy are modeled into complementary sequences
to the vertex sequences derived from the 3’ 6- mer of
vertex (ai, vs) and from the 5’ 6-mer of vertexai1, vi , as
shown in Figure 5. It is a short (0-12 nucleotide) piece of
single-stranded DNA except initial and terminal edges.
These two DNA pieces are modeled respectively by the
size which suits the end of the DNA pieces of the initial or
the terminal exactly.

In this way, the DNA-typed Semantic Net is modeled into
double-stranded = DNA. Figure 6 shows one
((Apple)—(Shape, Circle)—(Color, Red)—(Size,
Medium) ) of the paths in the case of the apple is modeled
into a double-stranded DNA.

Table 1: Design of attribute and attribute value

Shape Color | Size

Gircle TCGATCTACTTA White TACGATTEGGAT | wevveeee | s Large TAGTCGATAGAT

Sauare TTGOATCGTTAG ATCGTACCTGAT e e CAGCTGAAATCA

Triangle ATCCATGGATCG Green arraTrococAG | e | Small AATTACGGGATA

A le
200 13

Other objects
5] 300 |3
5 400 |3
Figure 4: Tag design

(Ai, Vs) (Ai+1, Vv)
5-AGATTACTACGG-3’ 5-GCTTAGCTAAAG-3’

Complement

3-GATGCCCGAATC-5
(Ai, Vs)—(Ais1, Vi)

Figure 5: Edge design

Path : (Apple)—(Shape, Circle)—(Color, Red)—(Size, Medium)

g:,::Ch g ........................ g
Figure 6: Double- stranded DNA (Apple)

2.3 Reaction
One to P reference objects are reasoned out by using DNA

computing algorithm. We describe defined processes of
the chemical reaction in DNA computing for the solution
by a virtual operation. Figure 7 shows the reasoning
system composed of the knowledge base and a premise for
the solution. In the knowledge base, each of DNA pieces
of edges and tags is synthesized as a knowledge based
molecule. In the premise, the attribute values are
extracted from 1-P reference objects separately under the
previously determined attributes at 2.2. These labels are
represented as ‘(Attribute, Attribute value)’. Using the
(Attribute, Attribute value), a piece of a single-stranded
DNA is synthesized as an input molecule by Table.1.

We have to amplify each of the knowledge-based
molecules and the input molecules sufficiently with PCR
(Polymerase Chain Reaction). PCR is a technique which is
used to amplify the number of copies of a specific region
of DNA, in order to produce enough DNA to be
adequately tested. This technique can be used to identify
with a very high-probability, disease-causing viruses
and/or bacteria, a deceased person, or a criminal suspect.

Figure 8 shows a molecular knowledge based system
composed of input molecules and knowledge based
molecules in DNA computing algorithm. Now, we prepare
virtual 1-P tubes to reason out 1-P reference objects. The
knowledge based molecules divided into 1-P equal
aliquots are put into each test tube. Each of 1-P input
molecules are put into 1 to P test tubes respectively. Figure
9 shows the single-stranded DNAs will anneal to a
complementary sequence under defined reaction
conditions in each test tube. The DNA sequences
representing input molecules and knowledge based
molecules are mixed in the presence of a DNA ligase. This
enzyme will form a covalent bond between two DNA
molecules as long as they have complementary
single-stranded overhangs. Thus, the sequences are ligated
to form a duplex DNA which represents a path between an
initial vertex and a terminal vertex. As a result, all
possible double-stranded DNAs representing the paths are
generated at random.

Premise

Knowledge base

Input molecule Knowledge based molecule

4 L

Solution

Analysis

Figure 7: Reasoning system



Input molecule
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Figure 8:

Molecular knowledge based system
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Figure9:  Annealing

2.4 Analysis

The generated DNAs are analyzed into necessary strands
which is double-stranded DNA representing the target
objects for the solution. If the necessary strands exist, it
comes to that a reasoned reference object is one of the
target objects. Generated DNAs are submitted to gel
electrophoresis which separates the strands based on size
(Figure 10-a). Gel electrophoresis refers to the technique
in which molecules are forced across a span of gel,
motivated by an electrical current. Activated electrodes at
either end of the gel provide the driving force. A
molecule's properties determine how rapidly an electric
field can move the molecule through a gelatinous medium.
It is possible to measure the size of double stranded DNAs
by comparing with DNA markers. All the DNA markers of
the same size as modeled double-stranded DNAs are
prepared to distinguish generated DNA. Therefore, paths
which have been are the same size as the marker will
appear as bands on the gel.

In 1-P tubes, generated DNAs are put into 1-P lanes
respectively. After gel electrophoresis is carried out, the
result of the analysis is shown in lane 1 to P on Figure

10-b. It is possible to distinguish the objects by their size
in respective lanes, because of unique number of the tag
vertexes. The size of the necessary double strand is given
by N_S. It is denoted as follows:

N S=S DXN A+S T (1)

where S_D is the size of a DNA piece, N_A (1SN_A<7) is
the number of attributes and S_T is the size of the tag. For
instance, if a reference object is an apple such as Figure 3,
N D=12, NA =3 and ST = 200, we find out
double-stranded DNAs of 248 bp (base pair) exist in lane
L.
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10-b: Solution

10-a: Picture

Figure 10: Gel electrophoresis of reaction

3 Discussion

In proposed method, there are some chemical processes,
PCR, annealing, hybridization, ligation and gel
electrophoresis. We survey the several steps for the
solution with virtual DNA molecules and we are sure that
it is feasible algorithm in real chemical experiment based
on the proposed method, because there are many
remarkable papers [2][3][6]-[8] including this processes.
They were primitively used and regarded as effective for
the solution in DNA computing field. Thus, nowadays, we
have focused on the proposing a new method for DNA
computing application. In this section, we discuss on the
effectiveness of proposed method, and view the capacity
of DNA pieces for a large scale knowledge base, and view
the computational complexity with a simulation result.

3.1 DNA molecules as a knowledge base

In this method, the knowledge (Attribute, Attribute Value)
is made a DNA molecule as molecular knowledge, which
is the effective in storing a lot of information in
knowledge base. One piece, except tag piece, has



information of both the attribute and attribute value of the
target object. we have to consider an effective way to
select the symbol to avoid the error caused by mismatched
hybridization which denotes that a sequence is hybridized
with not its complementary sequence. Recently, the
research concerning that has been in progress. Whereas
some papers [9]-[12] report effective methods to resolve
the error, in this research we indicated the effectiveness
for the molecular knowledge based system through the
produced equation below. We determine the size of a DNA
piece representing a tag and/or the knowledge as the
unique number and/or twelve nucleotides respectively.
These size has the limitation of a capacity to store
information of the knowledge. If the number of the target
objects and determined attributes in the molecular
knowledge based system increases to the limitation of the
capacity, the knowledge is not fully able to be encoded
into twelve nucleotides. Here, we discuss on the size of a
piece of DNA molecule with the number of target objects
and attributes to use Semantic Net as a molecular
knowledge based system. In modern computing, it is
widely known that the amount of information per unit
value is defined as ‘bit’ (0/1). In DNA computing, we
determine a unit as symbols, ‘A’, ‘T’, ‘C’ or ‘G’. Each of
the symbols is selected with the same probability. The
amount of information of a DNA piece is given by

W(v,)=-log, ] N )

izvu

1=1 J=1

where p(y,)is a positive integer and v,, (=1, 2,., M ;
J=1, 2,.,N) is the number of attributes 4, of target
object O,. w(v,) equals to the size of one DNA piece.

Although in general for organizations, DNA sequence is
naturally designed to store their genetic information, for
molecular knowledge based system DNA is regarded as a
medium of knowledge information. It is possible to store
knowledge information represented by combinations of
the each symbol. Double-stranded DNA, one path with a
meaning, is formed by bonding some knowledge based
molecules with each other. A large scale knowledge base is
searched for a specific object (or concept) by the
DNA-typed Semantic Net in massive parallelism.

3.2 Evaluation

We outlined the way to encode newly defined DNA-typed
Semantic Net into sequences and to reason out a reference
object. We have to evaluate the advantage of the proposed
method by using a DNA computer as compared with a
silicon-based computer. It commonly says that it is
difficult to evaluate a simulation of DNA computing
algorithm on the silicon-based computer. DNA computer
integrates software with hardware and calculates in
parallel. If the algorithm is simulated on mnormal
silicon-based computer, it will cause combinatorial
explosions depending on the size of a problem. Thus, in

order to demonstrate the advantage of the proposed
method, we estimate computational complexity needed for
the solution comparing the DNA computing with the
modern computing. It is possible to reason out an object
by the combinations between input molecules and
knowledge based molecules. In short, the number of the
combinations increases with the number of target objects
and attributes. This figure 11 shows relations between the
attributes and the combinations. X-axis is the number of
attributes and y-axis (logarithmic scale) is the number of
combinations. On a normal silicon based computer, the
number of combinations is carried out by simulating the
proposed method with silicon-based architecture and with
DNA- based architecture separately when there are 3, 100,
and 1000 objects in the molecular knowledge base,. With
silicon-based architecture, blue, green and red lines are
shown in the case of 3, 100 and 1000 objects respectively.
Every three line increases exponentially with the number
of attributes. The other hands, with DNA-based
architecture, light blue line is shown in all the case of 3
100, and 1000 objects. This line increases logarithmically.
The number of combinations does not depend on the
number of the target objects. We are sure that it was
because the proposed method did not require complicated
mathematical calculation due to DNA self-assembly and
DNA computers calculate in parallel. The simulation result
suggested effective in reducing the computational time
under ideal conditions, even if a large scale knowledge
base is searched.

——  The number of object:3
——  The number of object:100
———  The number of object: 1000

SUOT)BUIQUIOD JO JOqUINU dY ],

30 _ 40 a0 . B0 70 g0 90 100
The number of attributes

Figure.11 Simulation result

4 Conclusion

In this paper, we have presented a problem-solving
method with DNA-typed Semantic Net and several
procedures to reason out an object by using DNA
computing algorithm. Furthermore, we have discussed on
the effectiveness for the proposed method. It is
demonstrated by following items.

(1) Newly defined Semantic Net is designed and
modeled into duplex DNA to be used as a molecular
knowledge based system.



(2) Reaction and analysis based on DNA computing
algorithm was outlined with a virtual operation from
theoretical point of view.

(3) We considered a capacity as a molecular knowledge
base to store the knowledge information.

(4) The simulation result demonstrated the advantage of
the proposed method by using a DNA-based computer.

It is important to propose effective problem-solving
methods to be performed by a new type of computer like
DNA-based computer for a future generation of
engineering fields. Proposed problem-solving method
suggests DNA computing be applicable to artificial
intelligence fields. This approach will be utilized as a
natural application system for solutions of pattern
matching, deduction and retrieval problems in near future.
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