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1 Introduction

In Head (1987) proposed the idea of using DNA molecules to compute. Limbachiya et al.
(2016) also mentioned in his literature that Tom Head gave the idea of using DNA
computing. Professor Adleman of the University of Southern California used DNA
molecules as the computational medium to successfully solve the directional Hamilton
path problem of seven vertices in the biological laboratory by using modern
biotechnology in 1994. For more details, reader can refer to Adleman (1994) and Garzon
(1997). The advent of Professor Adleman’s research has immediately attracted
worldwide attention from scientists in the fields of mathematics, physics, chemistry,
biology and computer science. In 1995, Professor Lipton of Princeton University
published an article in ‘Science’ inspired by Professor Adleman’s thought to further
demonstrate the complete problem of DNA computing (Lipton, 1995).

Then more than 200 experts from around the world discussed the feasibility of DNA
computing and optimistically believe that once the DNA computer is successfully
developed, its computing power is beyond the reach of traditional computers, which is a
field with great science, engineering, social and economical value. Compared with
traditional computers, DNA computers have the following outstanding advantages:

1 Highly parallel: the amount of computation in a DNA computer is the total amount
of computation since the advent of traditional computers.

2 Mass storage capacity: 1 cubic metre DNA solution can store 1,023 binary numbers.

3 Low energy consumption: the energy consumed by DNA computer is 10—10 of the
energy consumed by a traditional computer to perform the same computing.

4 Abundant resources: the technology for extracting DNA from plants and animals is
very mature and animals and plants in nature can be seen everywhere.

DNA is composed of three components: nitrogen base, sugar and phosphoric acid. The
nitrogen-containing base components in DNA are adenine A, guanine G, cytosine C and
thymine T. The DNA sequence is made with series of these four letters, AGCT. It is an
ideal material for DNA computing due to its density, stability and self-replication
properties. The basic idea of DNA computing is to use the special double helix structure
of DNA molecules and the principle of base pair matching to encode information. In
general, DNA Computing includes the following three steps:

1 Encode: maps the original problem to be solved into a collection of DNA molecules.

2 Computing process: all biochemical reactions are carried out to generate all possible
solution spaces with the participation of related enzymes.

3 Separation and reading of the solution.

Designing reliable DNA sequences is an important task in DNA computing.
Hybridisation between a sequence and a complement sequence is the most core reaction
in DNA Computing. The efficiency and precision of the hybridisation reaction directly
affect the efficiency of DNA Computing and the reliability of the final output. At present,
there are two main aspects in DNA Computing to ensure the smooth progress of the
Computing: one is to optimise each information element in DNA computing by code; the
other is to improve the reliability and accuracy of biochemical operation. The purpose of
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the code problem in DNA computing is to hope that in the DNA computing process, the
DNA molecules encode each information element can be uniquely identified, that is,
completely hybridised, thereby minimising the occurrence of non-specific DNA
hybridisation (Tulpan, 2006).

At present, DNA computing research has been applied in many aspects such as: DNA
tile components (Winfree, 1998; Winfree et al., 1998), the establishment of DNA
nanostructures (Rothemund, 2006; Seeman, 1998), to study the error correction
characteristics in DNA sequences (Arita, 2004; D’Yachkov et al., 2003), DNA-based
data storage systems (Limbachiya and Gupta, 2015; Garzon et al., 2006), molecular
barcode (Tulpan et al., 2002; Wang et al., 2018b), biomolecular Computing (Frutos et al.,
1997), DNA microarrays (Graves, 1999; Pirrung, 2002), image encryption (Wang et al.,
2018a), PCR amplification (Dan et al., 2012; Rose et al., 2003).

RNA computing is a molecular computing model similar to DNA computing
(Chidchob and Sleiman, 2018). Faulhammer et al. (2000) extended the idea of DNA
computing to RNA and proposed a general RNA computing way to solve SAT problems.
Due to the new discovery of RNA thermodynamic stability (Dineen, 2011), RNA
nanoparticles are becoming another promising computing medium for nanotechnology
and nanomedicine (Qiu et al., 2013). Recently, nanotechnology plays an important role in
medicine (Ma et al., 2018) and gene logic chip (Masubuchi et al., 2018). RNA molecular
is not easy to operate in vitro and is not convenient to process information like DNA
molecular (Jin, 2014). More details about RNA computing can refer to Cukras et al.
(1999).

This paper provides a detailed summary of DNA code algorithms in terms of both
quantity and quality optimisation. The main research direction of designing set problem
in recent years is to improve the lower bound of code. The most important contribution to
optimisation is the multi-objective optimisation problem. Among the algorithms for
designing DNA code listed in this paper, the exhaustive method is the most direct and
least complex algorithm, but this type of algorithm is not very efficient because it
consumes a lot of computing resources. Evolutionary algorithms and improved
evolutionary algorithms have been widely used in the design of sequences.

The rest of the paper is organised as follows. In Section 2, details the DNA code
problem. In Section 3, we introduce the algorithms for designing DNA code. Finally, the
conclusions and future works are included in Section 4.

2 DNA code problem

The code problem is the first and most important step in DNA computing. The so-called
code problem is to design an isometric DNA code that satisfies certain combinatorial
constraints with four bases A, T, C and G. The quality of the code directly affects the
speed and efficiency of the reaction process. The purpose of the code problem research in
DNA computing is to reduce the probability of false hybridisation as much as possible in
the biochemical reaction process and to improve the efficiency and reliability of DNA
computing.

In the process of hybridisation of DNA molecules, there are generally two types of
non-specific hybridisation forms (Deaton et al., 1997; Deaton and Garzon, 1998):
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1  False positive: DNA molecules that are not completely complementary hybridise
under appropriate conditions to form double-stranded molecules, which is mainly.
The two DNA molecular sequences of hybridisation are caused by sufficient
‘similarity’.

2 False negative: completely complementary DNA molecules do not hybridise as
expected during the reaction, mainly due to reaction conditions and biochemical
operations.

Caused by its own mistakes. Figure 1 shows several hybridisation methods that may exist
between DNA molecules.

Figure 1 Several possible hybridisation methods of DNA molecular sequences

AGGCTTTAGC AGG|CTTTAGC
TCCGAAATCG TCC [TCAATCG
1.Complete Match 2.Incomplete Match
T
agcC @
AGGCTTTAGC G
TCG
CGAAATCGAT = TG
3.Shift hybridization 4.Hairpin structure

Therefore, reasonable code can minimise the occurrence of false positives and also
contribute to the occurrence of false negatives.

2.1 Definition of code problem

The definition of code problems in DNA computing w and as first mentioned by Garzon
(1997). After refining, they gave a complete definition of the code problem in DNA
Computing in the literature Garzon and Deaton (2004). An example of an algorithmic
problem is systematically mapped to a particular sequence of DNA molecules that are
capable of ensuring that subsequent biochemical reactions are carried out without any
errors. Moreover, the product after biochemical reaction must contain enough, stable and
reliable solutions to the original problem that can be successfully extracted in Garzon and
Deaton (2004). In formal language, it can be expressed as: on the four bases of the DNA

molecule Z{A, G, C,T}, there is a code set S of DNA molecules of length m. Find a
subset of S called C, So that for VS, S; € C is satisfied.

(8, S;) 2K )

Here, K is a positive integer and is an evaluation criterion of the code property, such as a
Hamming distance, GC content, a shift distance and a minimum number of identical
subsequences.
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Followed studies have shown that in the study of DNA code problems, two indicators
are mainly concerned: code quantity and quality. The higher the code quality, the higher
the reliability of the computing; the larger the number of code, the larger the
problem-solving scale. However, in practical problems, these two indicators are
contradictory: the higher the code quality, the less the number of code. Therefore, this
paper summarises the work related to DNA code in recent years from the perspective of
code quality and number of code. That is, under the condition that a certain code quality
is satisfied, the obtained maximum code sequence set is obtained; when a certain number
of codes is satisfied, the quality of the code is optimised.

2.2 DNA code constraints

There are many constraints that DNA code needs to satisfy, which can be divided into the
following three categories:

1 Eliminate similarity constraints.
2 Thermodynamic constraints.

3 Application-oriented constraints.

2.2.1 Eliminate similarity constraints
2.2.1.1 Hamming distance

Given two encode of the same length X = X, X5, ... X, and Y =1, V>, ..., ¥,. Here,
H(X, Y) > d is used to indicate that the Hamming distance constraints is satisfied between
the code X and the code Y and the two code are different (Kawashimo et al., 2006a).

H(X, Y) represents the total number of coded and encoded coded characters on all
corresponding coded bits, that is (Chee and Ling, 2008):

HX,Y)={1<i<n: X 27}| ()

2.2.1.2 Reverse hamming distance

Given two encode of the same length X = X1, X5, ..., X, and ¥ = Y3, 1o, ..., Yo
Xy =X, ..., X2, Xi denotes the inverse sequence of the code. Here, using H(X", ¥) > d
denotes code X and Y satisfied inverse Hamming distance and the two code are the same.
That is:

H(X",Y)={1<in: X" #Y}| 3)

2.2.1.3 Complementary hamming distance

Given two encode of the same length X = Xi, X5, ..., X, and Y =73, 1>, ..., ¥,. Using
X¢=X7X5,..., X; represents the Complementary Hamming distance of X. Using
H((X)<, Y) > d represent code X and code Y satisfied complementary hamming distance
constraints, this two code can be same. That is (Tanaka et al., 2002):

H((X),Y)=[1<i<n:(x) #7]| @)
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2.2.1.4 Reverse complement hamming distance

Given two encode of the same length X=X\, X, ..., X, and Y=1,, 1>, ..., ¥,. Code (X)
represents Reverse Complement Hamming distance of X. Using H((X), Y) > d represents
X and Y satisfied Reverse Complement Hamming distance, this two code are the same.
That is (Chee and Ling, 2008):

H((xy,Y)={1<i<n:(Xy=7}| (5)

The researchers (Cervantes-Salido et al., 2013; Santalucia, 1998) considered that a
suitable inverse complement Hamming distance constraints would reduce the
non-specific hybridisation between the inverse sequence of the code sequence and the
complement of the code sequence to some extent.

2.2.1.5 H-measure

Garzon propose an H-distance criterion in Xiao et al. (2013), which is defined as the
minimum of the Hamming distances obtained by moving any two sequences by
k(-n < k < n) distances. In theory, Garzon’s H-distance criterion can minimise the
similarity between two codes, but its computational complexity greatly increases the
computational difficulty of code problems (Banzhaf et al., 2000).

2.2.1.6 Hairpin structure

If the DNA code sequence designed in the biochemical reaction process is partially
hybridised, a hairpin structure will be formed (Shin et al., 2005). The mathematical
expression of the hairpin structure is as follows:

Sraiin(Z) = Y, Hairpin(%,) (6)
. I—=Rmin 1-2p pinlen(p,r,i) lnlen
Halrpm(z)=zpzp_ Z,.:R T (Z 0 bp (Xptiejs Xprivrsjii)s P > ) (7

The hairpin structure constraints can effectively avoid the formation of the secondary
structure of the same DNA code sequence in the hybridisation reaction to a certain extent
and allows the specific hybridisation to be carried out efficiently, thereby ensuring the
smooth operation of the DNA computing.

2.2.1.7 Continuity

If the designed DNA code often contains many consecutive identical bases, then the
internal code of the DNA will be hydrogen bonded to form a secondary structure in the
hybridisation reaction (Shin et al., 2005). The DNA code continuity (Cervantes-Salido
et al., 2013) is constrained as follows:

Con(@) =" > " (i=DN} ®)

Here Nj(f) represents the total number of times the same coded character in the DNA

code o is repeated j times.
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2.2.2 Thermodynamic constraints
2.2.2.1 Melting temperature

The melting temperature 7, is the temperature at which 50% of the DNA double-stranded
molecules become single-stranded during DNA denaturation. It is an important parameter
to determine the efficiency of the reaction. Generally, the melting temperature 7,, of the
DNA molecules participating in the reaction is substantially the same. The factors
affecting the melting temperature T, are: the composition, concentration and pH of the
DNA molecule. The 7, formula proposed by Santalucia (2013) based on the Breslauer
scheme is:

AH

S — kR T )
AS+ RxIn(c/4)

m

where R is the molar gas constant, C is the nucleic acid concentration and AS and AH
represent the entropy change and enthalpy change between the bases at a certain
temperature, respectively. After AS and AH are determined, the formula
AG = AH — T x AS derives the free energy change between the bases.

2.2.2.2 Free energy

Free energy change is an important parameter for evaluating the thermodynamic stability
of DNA molecules. The hybridisation reaction between any two DNA molecules can be
expressed by the following chemical equation:

X+Y o XY (10

where in XY represents the double strand after hybridisation. It is known from chemical
thermodynamics that the direction of the hybridisation reaction is the direction in which
the free energy is reduced. Free energy is the energy released by a single-stranded DNA
molecule participating in a chemical reaction from a high-energy state to a low-energy
state double-stranded molecule. The free energy is calculated using the nearest-neighbour
thermodynamic model in Kawashimo et al. (2006b). The formula is as follows:

AG =" mAG()+AG(iniGC)+AG(iniAT)+ AG(sym) (11

In the above formula, AG(i) represents the free energy of adjacent base pairs, for
example: AG(1) = AG(AA4 / TT), AG(2) = AG(TA / AT), a total of ten species of adjacent
base pairs of Waston-Crick, where i is the number of AG(i), AG(iniGC) is the correction
value of GC pairing at the starting position and AG(iniAT) is the correction of the AT
position of the starting position. The value, AG(sym), is the corrected value of the
self-complementing DNA sequence , reader can refer to Tulpan et al. (2015).

2.2.2.3 Constant GC content

In DNA, the bases C and G in the deoxyribonucleic acid pair, three hydrogen bonds are
formed between them and two hydrogen bonds between the paired bases A and T
generate two hydrogen bonds and connect them together. The number of hydrogen bonds
in DNA directly reflects its thermal stability. The higher the GC content, the higher the
number of hydrogen bonds and the higher the thermal stability of DNA molecules (Chee
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and Ling, 2008), so good GC content constraints are designed. An important guarantee
for good thermal stability DNA code. In general, the GC content constraints means that
for any one code ¢, the total number of characters G or C in the code « is half the code
length [#/2]. In this paper, GC(0) is used to indicate the GC content of ¢, which is (Chee
and Ling, 2008):

GC(a)=[{1<i<n:ee (G, Cl (12)

In the formula (9), the subscript i indicates any one of the code ¢.

2.2.3 Application-oriented constraints

Irrelevant constraints: Any code sequence X in a DNA sequence set moves to the right
space (m < n) and does not hybridise with other remaining sequences. The DNA
sequence X and sequence Y irrelevant constraints are denoted as X°Y, for example
X =CATCATC, Y = ATCATCGG, X°Y =0100100. Figure 2 is The Computing process.

Figure 2 The computing process

X = cC A T C A T C

Y = A T C A T cC G G 0
Y A T C A T C G G 1
Y = A T C A T C G G 0
Y = A T cC A T C G G 0
Y = A T € A T C G G 1
Y = A T C A T C G G 0
Y = A T C A T C G G 0

3 Algorithms for the DNA code

3.1 Algorithms for designing DNA code set

Under the condition that a certain number of code is satisfied, the largest set of code
sequences is required, which may be called a DNA code set design. The main research
work of DNA code set design is to improve the lower bound of code (Chee and Ling,
2008). There are many algorithms for designing DNA code set. Such as the algorithm of
code theory, but this algorithm is hindered by the complexity of combinatorial
constraints, it is often difficult to use theoretical reasoning. Therefore, it is mainly a
heuristic intelligent optimisation algorithm. This paper systematically summarises the
algorithms used for designing DNA code set.

3.1.1 Genetic algorithm

Deaton first applied genetic algorithm in 1996 to design a DNA sequence that satisfies
the Hamming distance and the Reverse complement Hamming distance and found its
upper bound value, (Deaton, 1996) can be referred. They used an accurate experiment to
analyse the performance of the sequence generated by this algorithm for DNA
Computing. In Zhang (1998) used an iterative genetic search to design DNA sequences in
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1998. Deaton used genetic algorithms to design a code set that avoids false positives in
the reaction to solve the Hamiltonian problem in 1999. Arita et al. (2000) designed a
DNA sequence using a genetic algorithm that satisfies three fitness functions in 2000, can
be referred. They designed a self-complementary code for the Whiplash model and
compared the results with a randomly generated test algorithm. The results of repeated
experimental simulations show that the algorithm obtains the lower bound value better
than the experimental results provided by the previous literature.

3.1.2 Stochastic local search algorithm

Stochastic local search algorithm was first described in Tulpan et al. 2002 was used to
design a set of DNA code. In 2003 used the hybridisation randomisation neighbourhood
to improve the stochastic local search algorithm in the literature (Tulpan and Hoos,
2003). In Tulpan (2006) used an effective heuristic algorithm to design DNA sequences
in his PhD thesis. The Stochastic local search algorithm is suitable for the search space of
infeasible solutions. This algorithm starts with a given large number of DNA sequences
that satisfy the combined constraints. There is fitness metric to estimate the severity of
the solution’s violation of the overall constraints. The algorithm iteratively modifies
DNA sequences with the goal of improving fitness. Finally, if all the constraints are met,
then a feasible solution is found; otherwise, the smallest set of DNA sequences that
caused the violation can be deleted, so that there is a feasible solution. In 2008, Chee and
Ling introduced a group search in stochastic local search to make the lower bound value
of the generated DNA set greatly improved.

3.1.3 Linear code-based algorithm

Gaborit et al. first proposed using a linear code algorithm in 2004 to construct DNA code,
(Gaborit and King, 2004) can be read. In his paper, a new construction algorithm for
DNA code is proposed, which requires that the code satisfies the reverse complement
constraints, the GC content constraints, or both. Aboluion et al. (2011) made further
improvements based on this idea in 2010.

1 Linear code based on GF(4): in Varbanov et al. (2015) this algorithm maps the
elements in GF(4) to nucleotides in the DNA molecule sequence using different
one-to-one mappings to construct a DNA code. The preferred mapping is from {0, 1,
w, w*} to {A, T, C, G}, reader can refer to Dan et al. (2014) and Macwilliams and
Sloane (1997). This algorithm yields some of the best lower bounds for
GC-constrained code sets and further enriches the design of DNA-encoded sets.

2 Extension based on GF(4), additional and additional extension code: With the
different mapping from domain or ring to DNA code, based on extension, addition
and additional extension code and using computer algebra systems to improve the
lower bound of the code set in Aboluion (2012).

3 Ring-based code: algebraic DNA code construction further extends ring-based code
in Rocha et al. (2010). In recent years, more research has been done to map
high-quality DNA code sets based on different loops by mapping loops to DNA
code.
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4 Algebraic number theory code: the algorithm (Hong et al., 2016) uses algebraic
number theory to obtain a coded set with a larger code length by means of
irreducible cyclic code.

3.1.4 Template mapping

The algorithm of template mapping was originally proposed by Frutos et al. (1998) from
Wisconsin University in 1998. They are mainly engaged in research on DNA computing
based on surface algorithm. The template mapping algorithm is to divide the encode
process of DNA molecules into two steps:

1 Search for a binary string satisfying certain conditions as a template set T, where ‘1’
represents the position of A/T and ‘0’ represents the position of G/C.

2 Searching for a binary string satisfying certain conditions as a mapping set M and
finally obtaining a desired set of DNA encode sequences.

Japan’s Arita and Kobayashi (2002) further studied the template mapping algorithm in
2000. In order to overcome the shift hybridisation between DNA sequences, they
introduced a minimum distance definition. Arita et al. (2002) proposed a template
mapping strategy in 2002 to select a large number of dissimilar sequences by using only a
small number of templates and mappings. They built some pre-designed templates and
then statistically generated a set of sequences to ensure a small probability of mismatch.
The advantage of the template approach is that it can find a reliable sequence in a short
time within a given error rate. In the same year, Arita et al. (2002) used template mapping
to generate DNA sequences.

In this paper, a design algorithm using two binary words, namely a template and an
error correction codeword, is introduced. The basic idea is to design the sequence in two
steps by fixing the [AT] and [GC] positions of all sequences. In the first step, the
positions of [AT] and [GC] are determined. These locations are specified by template
X1, X2, ..., xi. Where 1 represents [AT] and 0 represents [GC] (and vice versa). In the
second step, select A or T as the template position x; = 1 and select G or C as the position.
These choices are specified by the error correction codeword. Liu et al. (2003) also used
template mapping in 2003 to design DNA code. In this document the authors combine
template strategies with H-measure. Experimental simulation results show that
H-measure can be used to optimise templates and mapping sets more easily and more
importantly, it improves the quality of DNA sequences generated by template strategies.

3.1.5 The Salmon algorithm

The Salmon algorithm was inspired by the behaviour of squid to spawn upstream. But it
is not the same as the real world of salmon spawning behaviour, but an idealised
imitation, but there are many commonalities (Bodo, 1997).

Ashlock used the Salmon algorithm to design DNA error correction code in 2009,
reader can refer to Ashlock and Houghten (2009). This paper addresses the problem of
cross-operator utility for optimising DNA error correction code in earlier studies. Most
cross-evident events produce violations of the minimum distance constraints required for
error correction. A new algorithm, modified evolutionary strategy form, has been tested
and found to have a record size record and updated the set size of the DNA error
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correction code. In Ashlock et al. (2002) introduced a new algorithm to synthesise DNA
error correction code. This new algorithm is used by the Salmon algorithm to search for
DNA error correction code (Orth and Houghten, 2011). The algorithm is a heuristic
intelligent algorithm obtained by simulating Salmon’s spawning behaviour, which is
similar to the artificial ant colony optimisation algorithm, about ant optimisation can be
read in Dorigo et al. (2007). In Orth and Houghten (2011) realised the use of the Salmon
algorithm to generate DNA error correction code through experiments and adjusted the
specific values of the algorithm parameters through a large number of experiments.

3.1.6 Neighbourhood search algorithm
3.1.6.1 Variable neighbourhood search algorithm

Montemanni and Smith (2008) used a neighbourhood search in 2008 to construct DNA
code that satisfies GC content. This algorithm combines four local search algorithms
based on the variable neighbourhood search framework. This algorithm was first
proposed by Montemanni and Smith (2009b). The first local search algorithm used is the
seed construction algorithm (Brouwer et al., 1990). These initialised seed sequences all
satisfy a constant GC content and are added to the seed if the necessary combinatorial
constraints are met. The second local search algorithm is a group search (Bomze et al.,
1999), which mainly deletes a subset of the code set, leaving a partial code set. The third
way of local search is hybrid search. The main idea of this algorithm is to combine the
ideas of the first two local searches. The last local search algorithm is iterative greedy
search (Tulpan et al., 2002), which is different from the previously described local search
algorithm. Iterative greedy search is devoted to some inflexible code sets, that is, not all
code are compatible with each other according to constraints. This improved version of
the variable neighbourhood search has been widely used and the lower bounds of DNA
code have been well improved in this experiment. Tulpan in literature also used variable
neighbourhood search techniques in 2014 and assembled four different local searches
into this framework (Hansen and Mladenovié, 2007). Their goal is to change the structure
of neighbourhood searches over time (Montemanni and Smith, 2008). Through repeated
experimental simulations, this algorithm effectively increases the lower bound value of
DNA code.

The variable neighbourhood search algorithm in Montemanni and Smith (2008) uses
the advantages of different local search algorithms to search for DNA code sets. Some of
the search algorithms currently applied in the variable neighbourhood is as follows:

1 Build a seed search: Montemanni and Smith (2008) first introduced four local search
algorithms in 2008 and combined the variable neighbourhood search framework.
Followed, in Montemanni and Smith (2009a) designed a binary code that satisfies
constant weight according to this idea. In the same year, Montemanni et al. (2009)
designed the DNA sequence to meet specific GC content in the literature. This
algorithm is suitable for the search space of a viable solution. The algorithm uses a
set of null DNA code and as a set of repeated iterations to increase the encode of
DNA sequences. The set of DNA encode that are added to the collection are
collections of code that satisfy the constraints.

2 Clique search: the problem of code can be addressed by solving the problem of the
largest group in Bomze et al. (1999). This search algorithm is to create a graph of
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compatible sets of code. The vertices are represented by code and the pair of vertices
is connected if and only if the two vertices in the figure satisfy a particular
combinatorial constraints. After the graph is established, the heuristic algorithm or
the determined algorithm is used to combine the coded set obtained by the algorithm
with the previous code set. If the code set obtained after iteration is completed is
larger than the current best code set, the set is retained.

3 Hybrid search: the hybrid search uses the coded set constructed by the seed as input
to the group search and then continues to search for the optimal code using the group
search.

4 Greedy approach: according to reference Tulpan et al. (2002) a greedy search will
discard the poorer code from the set every iteration.

3.1.6.2  Dynamic neighbourhood search algorithm

A dynamic neighbourhood search algorithm was proposed by Kawashimo to design DNA
code that satisfy thermodynamic combinatorial constraints in 2007, reader can refer to
Kawashimo et al. (2006b). The research work of this paper considers the DNA sequence
design algorithm under thermodynamic constraints from the perspective of combinatorial
optimisation. More specifically, a local search type algorithm is used for thermodynamic
DNA sequence design. Local search is a way to find a good solution by replacing the
current solution with a better solution until a better solution is not found (Kawashimo
et al., 2006a. The algorithm can dynamically change the neighbourhood structure and has
high search performance. Experiments show that the algorithm has good design ability
and successfully produces a better sequence set than the previous algorithm Arita et al.
(2002). The simulation results show that the algorithm has good flexibility, can adjust the
constraints well and design thermodynamic based DNA code.

3.1.7 Improved leapfrog algorithm

The hybrid frog leaping algorithm (SFLA) is a group-based sub-heuristic collaborative
search group intelligent algorithm proposed by Eusuff and Lansey (2003). The hybrid
frog leaping algorithm is based on the meme evolution of individuals in the population
and the use of memes to achieve global information exchange. The Hybrid Frog Leaping
Algorithm (SFLA) combines the advantages of genetic algorithm-based meme calculus
algorithm (MA) and particle swarm optimisation algorithm based on group foraging
behaviour (PSO). It has simple concept, few parameters, fast computing speed and global
the ability to find superior ability, easy to achieve and so on.

The frog leaping algorithm generates population P of N individuals in the
D-dimensional space. According to the evaluation rules, the individuals in the population
are arranged in descending order of fitness. According to the evolutionary thought of the
memes, the frog populations sorted in descending order are divided into X meme groups.
Y individuals per memetic group and. The worst individuals in each memetic group are
updated, so that information is exchanged within each memetic group and a global search
for the optimised solution is completed in the local search process.

A leapfrog algorithm is used to construct a DNA code set that satisfies the
Combinatorial of Hamming distance, inverse complement Hamming distance and fixed
GC content. The improved frog leaping algorithm is used to initialise and generate
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20 DNA code as the initial population. The code of the initial population itself satisfies
the fixed GC content and the inverse complement Hamming distance. Next, the
populations are grouped according to the memetic group and the information exchange is
performed in the meme group to complete the global search of the optimal solution. With
this improved leapfrog algorithm, the lower bounds of the previous code set are well
improved.

3.1.8 Quantum evolutionary algorithm

Narayanan and Moore (1996) first introduced the idea of quantum into genetic algorithm
in 1996 and proposed a quantum heuristic genetic algorithm. Compared with traditional
genetic algorithms, quantum genetic algorithms can maximise the diversity of
populations. In Guo et al. (2017) proposed a quantum chaos algorithm based on Bloch
spherical coordinates to design DNA code set. The algorithm uses the insect model in the
chaotic equation to initialise the qubits in the Bloch sphere coordinates. Then the full
interference crossover strategy is used for cross operation, then the quantum non-gate is
used for mutation operation and finally the dynamic rotation strategy is used to adjust the
quantum rotation angle.

Based on the Block quantum chaos algorithm, a chaotic system, that is, an insect
model, also called a logistics map, is initialised to generate r random variables. The
qubits of the population Bloch spherical coordinates are initialised using the generated r
random variables. The algorithm uses a quantum revolving door to update the population,
so that each chromosome in the population gradually approaches the optimal
chromosome in the population under the action of the quantum revolving door. This
process will generate a large number of new chromosomes and the population will
evolve. In order to solve the problem that the algorithm falls into local optimum, the
algorithm introduces the intersection of quantum chromosomes, which improves the
diversity of the population and maintains the better individuals in the group. The
intersection algorithm adopted in this paper is not the intersection of traditional genetic
algorithms, but the full interference intersection of all chromosomes in the population
participating in information exchange. Such crossover greatly increases the diversity of
populations. The variation of quantum chromosomes is done by means of NAND gates.

3.1.9 Other algorithm

The easiest way to design DNA sequences is to exhaustive search and random search.
Hartemink et al. used an exhaustive algorithm to generate DNA sequences in 1998, refer
to Hartemink et al. (1999) and Hybridisation et al. (1997). According to Penchovsky and
Ackermann (2003) designed DNA sequences in 2003 using a random search algorithm.

The simulated annealing algorithm is a meta heuristic algorithm derived from the
thermodynamic principle. It was first proposed by Kirkpatrick in 1983 and applied to
combinatorial optimisation problems (Kirkpatrick et al., 1983). Tanaka et al. (2001)
provided some sequence adaptation criteria and generated sequences using simulated
annealing. They also tried to find the appropriate Combinatorial of fitness functions to
find a viable solution.

The ant colony algorithm is a population-based heuristic bionic evolution algorithm
proposed by the Italian scholar Colorni (1992) and Dorigo (1992) in the early 1990s by
simulating the behaviour of ants collective path finding in nature. The hybrid search
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algorithm first initialises a certain number of DNA code sets V (the code set satisfies a
certain GC content). The ant k is used to construct a DNA code set S that satisfies the
constraints condition. The ant k randomly selects a code from the code set V, adds it to
the set Sk and then continuously expands the set Sy and selects the code rule to obey the
roulette principle. The process is iterated until the candidate solution is an empty set and
the ant k constructs the DNA code set Si.

3.2 Algorithms for optimising DNA code

The expansion of the number of code is conducive to solving the problem of large scale,
but the optimisation of the code quality can improve the accuracy of the hybridisation
reaction. The optimisation problem of code quality is generally divided into
single-objective optimisation and multi-objective optimisation. The so-called single-
objective optimisation is to convert the multi-objective problem into a single-objective
problem by adding different combinatorial constraints to generate a fitness function
through the generated weights. This paper provides a detailed review of the quality
optimisation algorithms used for DNA code.

3.2.1 Genetic algorithm

Genetic algorithms combined with many emerging intelligent optimisation algorithms
produce many improved hybrid intelligent optimisation algorithms. These improved
algorithms have been very good for quality optimisation of DNA code and optimisation
of multi-objective problems.

Quantum genetic algorithm is a new optimisation algorithm that combines quantum
computing and genetic algorithm. In recent years, many scholars have used particle
swarm optimisation to automatically follow the new quantum angular size. At the same
time, in order to overcome the shortcomings of the particle swarm optimisation
algorithm, it is easy to fall into the local optimal solution (Xiao et al., 2009). The
commonly used Tent mapping chaotic search is introduced into the quantum genetic
algorithm and a new hybrid quantum genetic algorithm is proposed and applied to DNA
code. Sequence optimisation problem. By incorporating particle swarm optimisation and
Tent mapping, the algorithm can not only have fast convergence, but also overcome the
shortcomings of the algorithm being easy to fall into the local optimal solution.
Simulation of DNA sequence code problems revealed that efficient DNA sequences were
available.

In the same year, Xia proposed a multi-target carrier chaotic evolution to optimise the
multi-objective problem of DNA code (Xiao et al., 2009). The traditional weighting
algorithm has the disadvantage of difficulty in selecting weights. In the paper, the chaotic
search of power function carrier is integrated into the intensity Pareto evolutionary
algorithm and the multi-target carrier chaotic evolution algorithm is proposed. It is
applied to solve the optimisation problem of DNA sequence and obtain the DNA code
sequence with good quality.

Wang proposed a micro-genetic algorithm in reference Peng et al. (2016) to introduce
a shared function based on similarity and Hamming distance in 2016. Six design criteria
were applied and four genetic operators were applied to obtain higher quality DNA
sequences.
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NSGA-II (rapid non-dominated genetic sorting genetic algorithm) is a multi-objective
optimisation reference algorithm developed by Deb (2000). Chaves-Gonzalez et al.
(2014a) used a fast non-dominated genetic algorithm in 2014 to generate DNA
sequences. This sequence generation problem is a multi-objective optimisation problem.
The optimisation function requires similarity, H-measure, continuity and hairpin structure
to be minimal, while meeting the melting temperature and GC content. The algorithm
randomly selects two sequences from the population according to the operation of the
genetic algorithm and then merges the parent population with the parent population and
then performs fast non-dominated sorting. The resulting sequence is a reliable sequence
capable of biocomputing.

3.2.2 Particle swarm optimisation algorithm

Cui et al. (2007) used particle swarm optimisation algorithms in DNA code optimisation
problems in his paper. In this paper, a discrete problem continuous strategy is proposed,
so that the standard particle swarm optimisation algorithm which can only solve the
continuous optimisation problem can be used to solve the DNA quality optimisation
problem belonging to discrete problems. A DNA code sequence design is also proposed.
A quaternary discrete particle swarm optimisation algorithm. The simulation results show
that these two algorithms have a good effect on the code problem of smaller scale.

Xu et al. (2008) treated DNA sequence design problems as multi-objective problems,
using genetic algorithms and particle swarm optimisation algorithms to optimise DNA
sequences. In this paper, the GA/PSO algorithm is used, which combines the
convergence of the genetic algorithm with the fast convergence of the particle swarm
optimisation algorithm. This algorithm can enhance the diversity of the population and
improve the ability of the seed to converge. In order to avoid the traditional fitness
algorithm to ignore the best fitness, the best preservation strategy is adopted here. Better
code quality is obtained with the improved algorithm. In the same year, Khalid et al.
(2009) and Xu and Zhang (2008) used a binary particle swarm optimisation algorithm to
optimise DNA sequences in 2009. This algorithm uses a weighted approach to convert
Hamming distance, similarity, continuity and hairpin into a single target problem. Binary
particle swarm optimisation is to satisfy the melting temperature and GC content to solve
the target problem. After repeated simulation experiments, this algorithm can obtain
better quality DNA code sequences than other algorithms.

3.2.3 Invasive weed algorithm

Under the guidance of his tutor Wang, Yang introduced the niche exclusion mechanism
into the DNA code sequence optimisation design of the invasive weed algorithm in 2016.
Inspired by natural phenomena, according to Mehrabian and Lucas (2006) proposed a
new intelligent optimisation algorithm invasive weed optimisation algorithm in 2006.
The algorithm is an intelligent optimisation algorithm for simulating the weed colony
diffusion process in nature. The invasive weed algorithm gives full play to the
‘leadership’ role of the outstanding individuals in the population, which guides the
evolution of the group. The descendants of the descendants choose to distribute around
the parent individuals in a normal distribution. The invasive weed algorithm has strong
robustness and adaptability and can converge to the optimal solution of the problem
simply and effectively. Jong (1975) first proposed a niche strategy based on crowded wit.
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The main idea of the algorithm is to set a crowding factor CF, randomly select 1/CF
individuals in the population as the crowding members and replace the newly generated
individuals with the crowded members to eliminate some similar individuals according to
the similarity. In this paper, the standard invasive weed algorithm is improved. The
improved children are distributed around the parent in the Cauchy distribution. And
introduce the idea of niche exclusion mechanism. The improved algorithm uses a
weight-based fitness function to calculate the fitness value. The DNA code quality
generated by the algorithm is higher by analysing the experimental results.

3.2.4 Harmony search

The harmony search algorithm is a novel intelligent optimisation algorithm proposed by
Korean scholar Zong et al. (2001). The algorithm simulates the process of music
musicians in their music, by repeatedly adjusting the pitch of each instrument in the band
and finally achieving a wonderful harmony state. A great feature of the harmony search
algorithm is that the initial solution can be given randomly and other heuristic algorithms
can be used to construct an initial solution. For complex optimisation problems, a
heuristic algorithm should be used to construct a feasible solution as the initial solution.

Kennedy and Eberhart (1995) proposed a particle swarm optimisation algorithm
based on the simulation of bird behaviour and fish behaviour in 1995. Particle swarm
optimisation is initially dealing with continuous optimisation problems and its
applications have been extended to combine optimisation problems. Due to its simple and
effective characteristics, the particle swarm optimisation algorithm has been valued and
studied by many scholars.

The fitness function of the algorithm is different from the fitness function of the
harmony search and particle swarm optimisation algorithm, but a fitness function based
on small population is proposed. Thereby greatly improving the optimisation results of
the DNA sequence. In each generation of the particle swarm algorithm, the individual
performs the harmony search in the late stage, so that each individual searches for the
best position around himself and adjusts the population structure. In order to solve the
defect that the particle swarm algorithm is easy to fall into the local optimal solution, the
algorithm also adds the optimal preservation strategy to ensure the obtained result is the
global optimal solution.

3.2.5 Artificial bee colony algorithm

Chaves-Gonzalez et al. (2013) proposed a multi-target swarm intelligence algorithm
based on artificial bee colony to generate reliable DNA sequence design. Traditional
optimisation algorithm does not meet the heterogeneous and conflicting criteria for
designing reliable DNA sequences. A multi-objective artificial bee colony algorithm was
introduced to solve this problem. MO-ABC considers six different conflicting design
criteria to generate reliable DNA sequences that can be used for biomolecular
Computing. In addition, in order to verify the effectiveness of the improved
multi-objective algorithm, it is compared with the well-known multi-target standard
NSGA-II. After detailed research, the results show that our artificial bee colony
intelligent algorithm has obtained a satisfactory and reliable DNA sequence. Specifically,
Karaboga (2009) improved the artificial bee colony in 2009, including several
multi-objective features, such as the concept of non-dominated solutions and the concept
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of non-dominated sorting (Deb and Goel, 2001). At ABC, the group of artificial bees
contains three types of bees: hired bees, bystanders and scout bees. Hire bees to go to
their food source and go back to the bee to dance here. The onlookers watch the dances of
the hired bees and select the source of food based on them. Finally, Scouts explore new
areas to find new sources of food. Since DNA sequence design is formulated as a multi-
objective optimisation problem, a new multi-objective algorithm (MO-ABC) is defined.
This new algorithm includes some of the techniques from the well-known multi-objective
algorithms in the original ABC design. For example, the non-dominant ordering of the
NSGA-II (Xu and Zhang, 2008) fast non-dominated sorting genetic algorithm is used.
This sorting organises the population into different categories based on their dominance
relationship (Deb et al., 2002). Other multi-objective concepts are taken from Pareto
archived evolution strategy (PAES) (Knowles and Corne, 2012): Non-dominated solution
files (NDS files). Based on the acceptance function, the file remains updated to find the
best solution.

From the results of repeated simulation experiments, MO-ABC obtained better results
than the classic NSGA-II algorithm. Globally, the MO-ABC algorithm seems to be very
promising to generate reliable DNA sequences that can be applied to molecular
Computing.

3.2.6 Membrane evolutionary algorithm

Xiao et al. (2012) used membrane evolution algorithms in 2011 to design reliable DNA
code for DNA computation. P system is a computing model simulated biotechnology. It
was founded in structure of biological cells. The emergence of a model based on the P
system has led to the born of a new research direction called membrane computing, more
details about P system can refer to Pang et al. (2018) and Song et al. (2018c, 2018a,
2018b);. Membrane computing is a new branch of natural computing, first proposed by
Paun (2000). Membrane computing is a Bio-inspired algorithm (Song et al., 2016; Zhang
et al., 2017). Membrane computing is a computational model abstracted from the
function and structure of biological cells and tissues and organs composed of cells, with
good distribution, parallelism, non-determinism and so on. Literature (Paun, 2018) details
the latest research progress in membrane computing. In recent years, membrane
computing has a widely application in robot (Perez-Hurtado et al., 2018), virtual network
(Yu et al., 2018), database (Kumar et al., 2018) and solid waste transportation (He et al.,
2015).

Although membrane Computing have achieved many good results, there are few
membrane computing for the optimisation of DNA sequence code. Based on this, this
paper constructs a DNA sequence design membrane system and proposes a string
optimised membrane system DNA sequence code algorithm. The simulation results have
achieved satisfactory results. This algorithm not only introduces new ideas and design
algorithm for DNA code, but also enriches the application field of membrane computing.

3.2.7 Differential evolution optimisation algorithm

Differential evolution algorithm is an emerging evolutionary computing technology. It
was proposed by Storn and Price (1997). The unique memory of differential evolution
makes it possible to dynamically track the current search situation to adjust its search
strategy, with strong global convergence and robustness. In Chaves-Gonzalez et al.
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(2014a) designed a DNA sequence for DNA computation using a multi-objective
differential evolution algorithm. Based on the differential evolution algorithm, the paper
introduces the Pareto tournament and proposes a new algorithm DEPT. The DEPT
algorithm is based on the DE algorithm (Storn and Price, 1997), but it combines some
multi-objective features, such as the Pareto tournament concept or non-dominated sorting
(Zitzler and Thiele, 2001), to make it possible for true multi-objective optimisation.

The original differential evolution algorithm finds the optimal solution to a particular
problem by maintaining a set of candidate solutions that are created by combining
existing candidate solutions based on simple formulas of vector intersections and
variations and then by using saved the update process saves solutions with the best fitness
value and discards other solutions. One of the most important features of the original DE
algorithm and the DEPT version is the mutation mechanism.

From the experimental results, the algorithm of this paper has obtained good results in
the DNA sequence optimisation problem.

3.2.8 Other intelligent optimisation algorithms

Kurniawan et al. (2018) designed a thermodynamic-based DNA sequence using the ant
colony system in 2008. An ant colony system was proposed to solve DNA sequence
design problems. The algorithm uses a four-node model that uses the Watson-Crick base
pair AG_37° closest to the thermodynamic parameters as the distance between the nodes.
The results of this algorithm were compared with the genetic algorithm and obtained
relatively good results. Ibrahim et al. (2009) optimised DNA sequences based on ant
colony algorithm in 2009.

Chaves-Gonzales in his paper used a multi-target approach based on firefly behaviour
in 2014 to generate reliable DNA sequences for molecular Computing. They expressed
the problem as a multi-objective optimisation problem and we solved it with a new
multi-target algorithm based on firefly behaviour. Specifically, our approach, the multi-
target firefly algorithm (MO-FA), uses six combined constraints to measure the reliability
of the generated sequence. In addition, in order to compare our multi-objective results,
we also developed and adapted the famous fast non-dominated genetic algorithm
(NSGA-II). The results show that the proposed algorithm has achieved very satisfactory
results. In fact, the reliability of the resulting DNA sequences significantly exceeds the
reliability of sequences obtained by other algorithm previously disclosed in the literature.

In 2012, Rao proposed a hybrid multi-objective heuristic algorithm for designing
DNA sequences. In this paper, a multi-objective evolutionary algorithm is proposed,
which combines the local search heuristic algorithm to design DNA sequences. The
proposal is based on a multi-objective variant of the teaching-learning optimisation
algorithm. The MOEA we chose is a multi-objective variant based on the
teaching-learning optimisation (TLBO) approach, a very new group intelligent
evolutionary algorithm (Rao et al., 2012). We call it MO-TLBO. In addition, we mix
MO-TLBO with local search (LS) heuristics designed specifically for this problem. In
this regard, it is well known that the LS algorithm helps metaheuristics find optimal
solutions in a reasonable time period (Talbi et al., 2002). In order to test the accuracy of
(H-MO-TLBO), this paper compares it with other multi-objective algorithms, such as:
NSGA-II, fast non-dominated sorting genetic algorithm and SPEA2, intensity Pareto
evolutionary algorithm (Laumanns, 2001).
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4 Conclusions and future works

The rapid development of modern molecular biology technology has made DNA code
problems popular among many scholars. The problem with DNA code is to design a set
of DNA molecules that meet the combined constraints and thermodynamic constraints.
The robustness of the code is better in the hybridisation reaction not only to avoid the
formation of undesired secondary structures by the DNA itself, such as hairpin structure,
but also to prevent non-specific hybridisation between DNA molecules and improve the
accuracy of DNA Computing.

In this paper, the definition of DNA code, the problems of code and the constraints
of code are introduced in detail. Two types of errors occur in the process of
complementary pairing of DNA molecules. One is a false positive, i.e., a DNA molecule
that is not fully complementary hybridises under appropriate conditions to form a double
strand. The other is a false negative, i.e., a fully complementary DNA molecule does not
hybridise as expected during the course of the reaction. Therefore, designing high quality
DNA code that conforms to various constraints is critical to the correct conduct of the
hybridisation reaction. This article has a detailed categorisation of constraints. It mainly
includes three categories: combinatorial constraints, thermodynamic constraints and
application-oriented constraints. The combinatorial constraints mainly include hamming
distance, complement hamming distance, inverse Hamming distance, inverse
complement hamming distance, H distance criterion, hairpin structure, continuity and
fixed GC content. Thermodynamic constraints include melting temperature, free energy.
The use of each of these constraints can improve the reliability of DNA code and each
condition is based on the mandatory needs of DNA sequence technology. The use of the
above conditions in the design of DNA sequences can make the code more biologically
significant. The similarity is used to calculate the inverse hamming distance between two
sequences; the H distance, Hamming distance is used to test the possibility of unintended
DNA base pairing. The use of continuity allows the DNA code of the design to avoid
secondary structure formation. These secondary structures are produced by the reaction
of single-stranded DNA itself, including inner loops, raised loops and hairpins. Free
energy, the energy required for a DNA double strand to become a single strand; Melting
temperature, half of the DNA sequence in the duplex is in the state of the double helix
and half of the dissociation state; GC content, percentage of guanine (G) and cytosine (C)
in the DNA strand. Both free energy and melting temperature are conditions for
controlling the relative stability of DNA duplexes. GC content is not very accurate, but it
is easy to calculate. In this paper, the algorithm used in DNA code are classified and
reviewed in detail.

The problem of DNA code can be divided into two aspects: quality optimisation and
collection design. In this paper, the algorithm of quality optimisation is summarised in
detail, including particle swarm optimisation algorithm, cultural evolution algorithm, ant
colony algorithm, multi-target firefly behaviour algorithm, weed algorithm, differential
evolution algorithm and so on. Designing a larger number of DNA code can be put into
large-scale practical applications. Therefore, increasing the lower bound value of the
DNA code set is a problem worth studying. Genetic algorithms so far, as well as
improved algorithms based on genetic algorithms, are the main algorithm to improve the
lower bound of code. The rest also include linear code algorithm, template mapping,
squid algorithms, variable neighbourhood search algorithms, simulated annealing and
more. Although DNA code has made some progress, DNA code has certain problems



Designing DNA code: quantity and quality 317

both in quantity and quality. These problems are also problems to be solved in the field of
DNA code in the future. In the design of the number of code, when there are too many
combinatorial constraints to be satisfied, it is difficult to design a sufficient number of
DNA code for large-scale applications. When the DNA encode length is long, the
intelligent optimisation algorithm runs for a long time. In code quality optimisation, when
multi-objective optimisation is converted to single-objective optimisation, the selection of
weight coefficients has not been unified. The quantity and quality of DNA code is always
an inconsistent contradiction. The greater the number of DNA code, the larger the
problem-solving scale, but the fewer combinatorial s of constraints are met and the
quality of the code is not high. If the DNA quality is high, the constraints are met, but the
number of code is difficult to guarantee. Therefore, designing a large number of DNA
code and simultaneously encode the higher quality is a serious problem faced by DNA
code and is also a problem to be solved by future researchers.
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