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Abstract

As a new research field, DNA computing has received much more and more attention by
the researchers all over the world. DNA computing is a new biologic computing method,
which uses DNA molecule as computing medium and biochemical reaction as computing
tool. Because DNA computing is carried out by hybridization reaction, the quality of
DNA sequences is very important for DNA computing. DNA coding could decrease the
emergence of false negative and false positive, which affects the reliability and the accu-
racy of DNA computing. The problem of codeword design plays an important role in the
DNA coding. In this paper, the improved lower bounds of DNA codeword is established
for the capacity of DNA to encode information using a combinatorial model of DNA
homology given by the so-called h-distance. By comparing our experimental results with
the previous works, the results improve the lower bounds and further shorten the value
range of DNA codeword.

1 Introduction

The combination of computer science and biological science-DNA computing is a new
field which uses DNA molecule as computing medium and biochemical reaction as compu-
ting tool. In 1994, Dr Adleman released Molecular Computation of Solutions to Combinato-
rial Problems in Science, which indicates DNA computing comes into being [1,23,24]. Be-
cause the structure of DNA molecule could store an enormous amount of data and have the
ability of parallel reaction, DNA computing will replace the traditional electronic computer in
the future. Along with the development of biologic technology, DNA computing will solve
more and more complex problems, especially NP problems. Finally, it will product a new

DNA computer which could bring the flying development of Mathematics, Computer Science
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and other subjects.

Hybridization reaction is the important step in DNA computing between DNA sequences
satisfied the principle of Watson-Crick complement, which directly influences the reliability
and accuracy of DNA computing [26-30]. Then, the good DNA sequences are closely related
to improving the efficiency and reliability of DNA computing. To obtain good DNA se-
quences, researchers always introduce the characteristic physical chemistry and combinatorial
constraints. For these reasons, the DNA coding problem is an important step for DNA com-
puting. About the DNA coding, the first researcher is Baum who proposes a new method
which used the DNA sequences to code every information unit, and defines that the minimal
length of same subsequences should be more than a constant [2]. This method could decrease
the nonspecific hybridization between DNA sequences. Deaton [3,4] proposes the DNA cod-
ing should be combined with biochemistry reaction. According to the information theory, he
further researches the reliability of coding problems. What’s more, he proposes the coding
method based on genetic algorithm. Garzon [5] firstly proposed the definition of coding
problem in DNA computing. Wood [6] proposes a method of designing DNA sequences
which has an error correction function. Hartemink [7,8] proposes a coding method based on
constraints and a coding designing method based on Gibbs energy standard. Soo-Yong Shin
[9] also develops a system which is named NACST based on genetic algorithm. L.Wenbin
[10] proposes a method to optimize the template frame in DNA computing.

Although the research of DNA computing has obtained a lot of enormous progress in
many fields, there are a number of problems which are not solved, such as DNA word sets
which satisfy the distance constrains and thermodynamics constrains, biologic technology
problem and so on. The problem which is urgent to solve is that how to combine the recogni-
tion of information specific in DNA computing with varied kind of biochemical reaction fac-
tors and build a standard of DNA coding. At present, the coding problem has been noticed by
more and more researchers. However, there is no the better method to solve the coding prob-
lem. In the DNA coding constrains, the most common constrains are distance constrains and
thermodynamics constrains. The distance constrains commonly includes Hamming distance
constrain, shift distance constrain, h-distance and so on. The thermodynamics constrains

commonly includes GC content, Gibbs energy AG , melting temperature 7,, and so on [9].
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1.1 The significance of researching DNA word sets

In the DNA coding, most researchers are to produce DNA sequences which satisfy the
constraints, but they do not deeply research the DNA word sets which satisfy one or more
constraints. That is the core point which we propose in this paper. Its significance can be
briefly stated as follows:

(1) The problem of designing DNA word sets is to produce the DNA sequences which
satisfy the constraints. So it could ensure the quality of DNA coding and use the shortest
DNA sequences to code every information unit.

(2) According to the actual needs, it can obtain the better DNA sequences and use them
to improve the accuracy of DNA computing.

(3) According to the researchful results, we could use the least DNA sequences to ex-
press the data in the DNA data storage. It could decrease the redundancy of DNA data stor-

age.

1.2 Progress in DNA word sets

The main problem of DNA word sets is to research the bounds of DNA word sets. The
ways obtained the bounds of DNA word sets include two main methods: one is theoretical
derivation. It could obtain the structural method of DNA sequences which satisfy the con-
straints and the approximate upper or lower bounds, such as [11-13]. The other is to use the
intelligent algorithm to search the DNA word sets which satisfy the constraints and obtain the
improved lower bounds of DNA word sets, such as stochastic local search algorithm[14,15],
hybrid randomized neighborhoods search algorithm [16], dynamic neighborhood search algo-
rithm [17] and so on.

In the theoretical derivation, the main idea is to apply the research results of
2-component code and g-component code to the DNA coding and improve them [18], such as
Sphere-Packing bound, Singleton upper bounds, Gilbert-Varshamov lower bounds, Plotkin
lower bounds and so on. There are some introductions and some corresponding derivation in
the [11] and [12]. Applying these results, they could reduce the values range of DNA word
sets. In [12], the authors deeply research the theoretical bounds which satisfy the HD. In [11],
the authors deeply research the theoretical bounds which respectively satisfy the HD, HD and
RC, HD and HR, and give the relation between them. In [18], the authors research the GC
content, RC and GC content constraints. In [19], the authors use the method which combines

linear construction with stochastic local search algorithm. They improve the some lower
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bounds which satisfy the GC content, RC and GC content constraints.

In the research of intelligent algorithm, the main idea is to use intelligent algorithm to
search DNA sequences sets which satisfy constraints. In the single constraint, this method
usually is used to improve the lower bounds. Because the theoretical research is hard to find
the relation between the combinatorial constraints, such as the relation between GC content
and other distance constraints, intelligent algorithm could improve the upper and lower
bounds in the combinatorial constraints. In [14], the authors use the stochastic local search
algorithm to improve the lower bounds which satisfy the HD and RC combinatorial con-
straints. The results are compared with the theoretical value. At the same time, they also im-
prove the bounds which satisfy the HD and RC constraints and obtain the approximate
bounds which satisfy the RC and GC content constraints. In [16], the authors improve the
stochastic local search algorithm and the results which are from the [14]. In [17], the authors
use the dynamic neighborhood search to improve the lower bounds which satisfy the RC and
GC content constraints.

In this paper, we put emphasis on the problem of DNA word sets which satisfy
h-distance constraint and use dynamic genetic algorithm to improve lower bounds of DNA
word sets. By comparing our experimental results with previous researchful work, our results

improve the lower bounds and further shorten the value range of DNA word sets.

2 The H-Distance Constrains

Garzon firstly proposes the definition of DNA coding problem in DNA computing [5].
The definition is as follow: In the alphabet 2:{A,G,C,T} , it exists a set S with the length

ofn. The size of § is‘S‘=4". A subset of S,C < S and let x,,x; any two codes in the C

satisfy
T2 (1)

kis the positive integer andz is the criterion of estimating the quality of coding, such as
Hamming distance, shift distance and so on. The better quality of coding is, the more number
of constraints, and then it must lead to decrease the number of DNA sequences which satisfy

constraints.
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2.1 The H-Distance Constrains
To cope with DNA coding problem, a much simple and computationally tractable model
of the Gibbs energy landscapes given by the hybridization distance (namely h-distance), was
introduced in [5] as a measure of hybridization affinity. Hybridization reaction, naturally de-
pendents on many other reaction conditions such as temperature, salinity, and kinetic factors,
are reduced to a single numerical threshold m . Hybridization occurs if and only if their
h-distance does not exceed d . For example, under the tightest stringencyd =0, two strings
can only hybridize when they are perfect complements, whereas under the most relaxed
stringency d = n, any two strings will bind when they encounter each other. The h-distance
constraint is defined as follows [20]:
hry)=_ min {[k|+H(x0' (7)) @
where, x, yare two DNA strands of a given length# (written from the 5’- to the 3’-end),
o* is the (right-) left-shift by k positions (if k<0 , respectively.), y" is the Wat-
son-Crick-complement of y obtained by reversing y and exchanging A-T’s, C-G’s and vice
versa, and H is the ordinary Hamming distance. The h-distance considers hybridization
in all possible frame-shifts, which is more realistically restrictive than simple models in
which hybridization is considered only in the perfect alignment. Measure 0 indicates perfect
complementarities. A large measure indicates that even when x finds itself in the proximity

of 'y, they contain few complementary base pairs, and are less likely to hybridize.

2.2 The Bounds of the H-Distance constraint
According to the definition above, V.Phan provided lower and upper bounds of DNA

codeword sets which satisfy the h-distance constraint [20].

4n—d+l

arneit 5
d[ j 3)
d-1

where )/ = 4", the number of possible sequence sets of size 7—1that can be formed with”

code sequence is:

no\_ n!
d-1) (d-D)'(n—d+1)! )

Depending on the above inequation (3), we calculate the size of codes that satisfy the
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h-distance constraint as a function of sequence sets lengthn and threshold m . Table 1 is the
lower bounds of DNA word sets which satisfy the h-distance constraint as a function of word
length » and h-distance d . These bounds result from the V.Phan’s paper [20]. There do not

exist values in the blank which have ‘-°.

Tablel. Theoretical bounds on the size of codes that satisfy h-distance constraint [20]

n 3 4 5 6 7 8
d

3 1 - - - - -
4 1 1 - - - -
5 3 1 1 - - -
6 6 1 1 1 - -
7 17 2 1 1 1 -
8 25 4 1 1 1 1

3 Dynamic Genetic Algorithm

In this paper, we use dynamic genetic algorithm to improve lower bounds of DNA word
sets which satisfy combinatorial constraints. Genetic algorithm (for short GA) is stochastic
search algorithm based on nature selection and genetic mechanism. GA could solve a number
of problems, because the process of nature evolution is a process of learning and optimizing.
The main idea of this algorithm is that: the process of nature evolution (from simple to com-
plex, from low class to upper class) is natural and parallel; the intention is to adapt to envi-
ronment. The biological populations begin to evolve by survival of the fittest and genetic
variation. Genetic algorithm carries out the evolution of biology by selection, crossover and
mutation [21,22,25].

The dynamic genetic algorithm can conquer the premature problem of genetic algorithm
and be used to improve lower bounds of DNA word sets which satisfy the constraints. We
control the evolution by controlling the fitness function. The improved areas can be briefly
stated as follows:

(1) Initializing the populations of algorithm with evenly distributed method.

(2) In the mutation process, we adjust the probability of mutation operator with dynamic
method.

The main process is that: initializing DNA sequences with evenly distributed method,
selecting the sequences which satisfy the Hamming distance and GC content constraints from
these sequences, generating new DNA sequences by selection, crossover and mutation oper-

ator, last obtaining the DNA word sets. Fig.1 is the flowchart of algorithm.
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The steps of solving the sequence design by Dynamic Genetic algorithm are as follows:
Stepl: Setting parameters and initializing population with evenly distributed method.
Step2: Calculating the value of fitness function.

Step3: Generating next population by selection. crossover and mutation. In the selection
process, the algorithm use randomly selecting strategy. In the mutation process, If one of fit-

ness value satisﬁesF(i) <d-3, WhereF(i) is the fitness value, dis Hamming distance, it
will be generated again. And if F'(i) = d -2, its probability of mutation is 0.2. Else, its prob-
ability of mutation is 0.01. If the size of F(i) is more than 50, go to step2; if not then go to

step4.
Step4: end and output results.

Initialize populations with evenly distributed method |

4>| Calculate the value of fitness |

| Execute select, crossover and mutate

Generating again

Probability is 0.4

» Probability is 0.01 '—

le

Generate new populations [

Evolution
complete

Output results

Figurel. The flowchart of algorithm
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4 DNA Codeword Sets Obtained by Dynamic Genetic Algorithm

The parameters of dynamic GA used in our example are: the size of population is 1000.
The length of DNA sequences is #. The probability of crossover is 0.45. The probability of
mutate which is initialized is 0.05. In order to control the time of running algorithm, the gen-
eration is less than 1000, where » is the length of DNA codeword and d is the h-distance
threshold.

Table 2 shows the maximal lower bounds of DNA codeword sets obtained by the dy-
namic genetic algorithm when we performed ten trials for every value. In this table, entries in
bold face exceed the theoretical lower bounds from Table 1. The values are the minimal gen-
eration of dynamic genetic algorithm in the bracket. There do not exist values in the blank
which have ‘-“.

Comparing Table 1 with Table 2, we could find that the results of Table 2 improve the
lower bounds which satisfy the h-distance constraint, and further shorten the value range of
the bounds of DNA codeword sets. From the above empirical results, we could obtain the
shortest DNA sequences which meet the h-distance constraint, when we have known the scale
of the practical problem. We could use these sequences to deal with the NP problem, such as
using in Adleman’s experimentation, reduce the redundancy degree of storing information
and improve the veracity and efficiency of DNA computing.

Table 2. The lower bounds of DNA codeword sets from our algorithm

d|3 4 5 6 7 8
8(12) - - - 3 -
26(36) 16(10) - - - -

14428) | 5937) 32(2) - - -
436 (50) | 265 (19) |96 (15) | 62(10) - -
903 (2) | 566 (15) |261 (36) | 155 (6) |78 (2) -
652 (10) | 499 (15) |403 (23) |324 (1) | 204(5) 194(5)

[ B IEN I o N (LU, T O SN UV I =

5 Conclusions

The design of DNA sequence sets, or sets of short DNA strands that satisfy h-distance
constraint, is motivated by the tasks of storing information in DNA strands that are used for
computation or as molecular bar codes in chemical libraries. Design of DNA codeword sets
could produce enough good DNA sequences, which is important in order to minimize errors
due to non-specific hybridization between distinct sequence and their complements, and also
important to obtain a higher information density, and larger sets of sequences for large-scale

application. In this paper, we use dynamic genetic algorithm to design DNA codeword sets
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that satisfy the h-distance constraint. By comparing Table 1 with Table 2, it could prove the
efficiency of dynamic genetic algorithm, improve the lower bounds of DNA word sets and
further shorten the value range of DNA coding bounds. Furthermore, in the field of theoreti-
cal research of DNA sequence sets, the constructive method of DNA sequences that satisfy
constraints is not proposed, and it is difficult to be used in practical DNA computing. By us-
ing dynamic genetic algorithm, DNA sequences that satisfy constraints could be produced.
These sequences could decrease the emergence of false negative and false positive, and im-
prove the efficiency and reliability of DNA computing. However, we have some further work
need to do. Such as, if we increase the number of initializing populations, there maybe obtain
better results. In future work, we will improve our algorithm and combine the more con-

straints.
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