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Abstract—Molecular communication (MC) represents a novel
approach to communication that employs nanoengineering and
bioengineering technology to establish transient communication
links in challenging environments. Deoxyribonucleic acid (DNA)
molecular communication can transmit more and faster data than
traditional molecular communication. Deoxyribonucleic acid
(DNA) has been demonstrated to offer significant advantages over
traditional information carriers, including its excellent storage
density and structural stability, which renders it an ideal medium
for information transmission. It is therefore imperative to in-
vestigate methods of increasing the data information density of
DNA in order to reduce costs and enhance overall performance.
LZW encoding is Lempel-Ziv—Welch encoding which creates
a string table with shorter codes representing longer strings.
Arithmetic coding is a compression process that involves the
continuous refinement of probabilities of the input stream within
an interval. A notable drawback of LZW coding is its suboptimal
compression efficiency and the presence of data redundancy
after dictionary mapping. Conversely, arithmetic coding attains
compression efficiency that approaches the Shannon limit. In this
study, we propose a novel DNA encoding method which is capable
of adaptively generating coding streams in accordance with the
characteristics of the stored content. The contribution of this
paper is as follows: 1) A bespoke coding dictionary is constructed,
which is capable of intelligently generating the corresponding
coding stream in accordance with the specific characteristics of
the file to be stored. 2) Utilising arithmetic coding techniques,
these coding streams are converted into the final DNA sequence
by means of compression techniques. Following comprehensive
verification, it has been established that the information density
of this encoding method is markedly superior to that of the
prevailing mainstream encoding schemes.

Index Terms—DNA encoding,arithmetic encoding, Lem-
pel-Ziv—Welch encoding, molecular communication information
density

I. INTRODUCTION

RESENTLY, optical and electromagnetic communication
have become integral aspects of our daily lives, with each
technological advancement significantly impacting human so-
ciety. However, the prevailing communication methods are
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contingent upon a stable electromagnetic environment, which
is ineffectual in certain contexts, including underwater, in
battle, within mountain tunnels and in metal-confined spaces.
In light of these considerations, molecular communication
(MC) technology has emerged as a prominent area of interest
and development. Among the various avenues of research, the
utilisation of short sequences for the efficient transmission of
information has emerged as a particularly active area of focus.
Globally, the overwhelming majority of data transmission
continues to rely on electromagnetic waves and opticalmedia.
Nevertheless, even optimised disc technology necessitates the
utilisation of millions of storage units, thereby occupying a
considerable quantity of physical space for the storage of a
single zettabyte of data. In the long term, the continued use
of existing transmission media may give rise to a number
of issues, including increased land and energy consumption,
elevated data migration and maintenance costs, and heightened
data security risks. Deoxyribonucleic acid is short for DNA.
In light of the mounting challenge posed by the exponential
growth in data volume, it has become imperative to identify
a novel transmission medium. In this regard, DNA data
transmission represents a pioneering solution. The four bases
of DNA offer a high degree of flexibility in encoding any letter,
number, or character, akin to the capacity of a binary number
[1]. In the domain of data transmission, DNA has demonstrated
exceptional capabilities, with a superior information density
and stability compared to the current silicon-based transmis-
sion media. The primary work focus in the field of molecular
communication is DNA-based molecular communication . The
primary objective of this paper is to explore the efficient use
of DNA as a medium for data transmission. The application of
digital coding to DNA coding has revealed the necessity for
refinement in mainstream coding schemes, particularly with
regard to the development of DNA sequence data compression
algorithms [2]. The existing LZW encoding algorithm is found
to have certain deficiencies, including its low compression
efficiency and its inability to achieve an adaptive expansion
of the dictionary size. Concurrently, LZW encoding algorithm
is continually generating a dictionary sequence, resulting in
data redundancy in the final result, which is a disadvantage in
its own right. The present paper proposes a methodology for
the implementation of dynamic dictionary expansion, whereby
the size of the input stream is calculated in order to ensure
that the final dictionary is as small as possible. This ap-
proach obviates the need for blind expansion of the dictionary



when the input flow is substantial. In addition, this paper
proposes the integration of arithmetic coding for the purpose
of enhancing the compression efficiency of the data following
LZW encoding algorithm processing, with the objective of
approaching the Shannon limit. The four-base coding process
of DNA itself is more conducive to probability calculation and
final data transmission, because in the final DNA sequence, it
is necessary to attach the probability of different symbols [3].
The efficiency of processing DNA sequences is significantly
superior to that of processing data due to the limited number
of bases in DNA.

II. RESEARCH BACKGROUND
A. Introduction of DNA encoding

As an ancient and highly efficient information storage
medium in living organisms. Deoxyribonucleic acid is short
for DNA, has become a highly promising storage medium
due to its high density, excellent durability and nearly infinite
storage time. The storage of digital information in the form
of DNA molecules, which is the basis of DNA encoding tech-
nology, involves encoding the core digital data in a sequence
of nucleotides (A, C, G, T). These sequences can then be
synthesised into DNA molecules for long-term storage. This
chapter will provide a comprehensive examination of the two
principal methodologies employed in the domain of DNA data
coding. This chapter will introduce two main approaches to
DNA data coding: 1zw encoding and arithmetic encoding. It
will then present an innovative scheme that improves and
merges these two methods, achieving a higher information
density coding effect than a single method [4] [5].

B. DNA molecular communication process

DNA is a biological macromolecule comprising four distinct
nucleotides, which are themselves composed of phosphoric
acid, sugar, and nitrogenous bases. In the context of data
storage and transmission, DNA displays the potential to
surpass traditional electronic storage media, exhibiting high
information density and long-term stability as its most notable
characteristics. The utilisation of DNA in data transmission
can be conceptualised as an organic digital signal carrier,
whereby digital information is converted into a chemical
form, thereby facilitating the storage and transmission of
information. The process of DNA molecular communication
is contingent upon the accurate encoding and transmission
of information [6]. This process entails the conversion of a
digital signal into a chemical signal through the encoding of
a stream of data into a DNA sequence. The digital nature
of DNA renders it a distinctive digital medium, wherein
the nucleotide bases (adenine, A; thymine, T; cytosine, C;
guanine, G) function as symbols for the digital code [7].
Current mainstream DNA encoding uses an efficient mapping
mechanism, shown in Table 1 [8], that pairs binary data
with DNA bases: A (adenine) for 00, T (thymine) for 01, C
(cytosine) for 10, G (guanine) for 11. This mapping reduces
the number of binary symbols by half, since each DNA base
can represent two binary symbols. The prevailing approach
to DNA encoding technology is to map binary code based

TABLE I
DNA ENCODING MAPPING RULE.

Base type | Binary symbol
A 00
T 01
C 10
G 11
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Fig. 1. DNA molecular communication process

on the four bases adenine (A), thymine (T), cytosine (C),
and guanine (G), which provides a more stable and dense
storage solution than traditional data transmission media. The
process of encoding data into DNA entails the conversion of
diverse forms of data, including multimedia formats such as
movies, books, and images, into nucleotide sequences [9].
This process must be accomplished through chemical DNA
synthesis techniques, thereby ensuring that each data sequence
can be written with precision.

The entire process of DNA molecular communication can
be summarised in the following six steps: The coding stage
involves the conversion of raw data into a format that can
be interpreted by the DNA molecular communication system.
The process of transforming raw data into a sequence of DNA
bases. In this phase, the binary data is mapped to the four bases
of DNA [10]. The synthesis phase involves the production of
the actual DNA molecule, which is created from the encoded
sequence using chemical synthesis methods. The actual DNA
molecule is synthesised from the encoded sequence using
chemical synthesis methods. The subsequent stage is trans-
mission. The synthesised DNA molecules are transmitted by a
variety of means, including test tubes and microfluidic devices
[11]. The next stage is the acquisition of the DNA sequence.
At the point of reception, the DNA molecules are extracted
from the conveyance medium in preparation for the subsequent
sequencing stages. The sequence information of extracted
DNA molecules is read using DNA sequencing technology
[12]. The process of decoding is initiated. The DNA sequence
obtained by sequencing is converted back to the original
digital data, thus completing the transmission of information.
Figure 1 illustrates the complete pathway of DNA molecular
communication, from the encoding to the decoding of data.
Each step is meticulous and highly specialised, ensuring the
accurate transmission of information at the molecular level
[13]. As technology progresses, the utilisation of DNA as a
data transmission medium is poised to become a significant
field of study in the domain of information science.
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III. DNA ENCODING BASED ON LZW ALGORITHM
A. Basic conception

LZW (Lempel-Ziv-Welch) encoding is an adaptive dictio-
nary encoding technique that does not depend on the proba-
bility distribution of the input data, thus ensuring a relatively
fast encoding speed [14]. LZW (Lempel-Ziv-Welch) encoding
will be referred to as LZW encoding in the following. This
technology is capable of effectively compressing data into a
shorter encoding form while ensuring the integrity of the infor-
mation without any loss of content. The fundamental premise
of 1zw encoding is the utilisation of repetitive patterns within
data in order to achieve compression. The algorithmic process
commences with the construction of an initial dictionary table
comprising all potential symbols. A symbol may be either a
single character present in the input data or a string of multiple
characters. As the algorithm progresses, it performs a scan
of the input data, seeking to identify any entries that appear
within the dictionary table [15]. Upon identifying a matching
entry, the algorithm proceeds to output the corresponding
encoding. In the event of a lookup failure, this indicates
the presence of a novel string pattern. In such an instance,
the algorithm proceeds to incorporate the new entry into the
dictionary table and subsequently outputs the corresponding
encoding. LZW encoding is distinctive in its capacity to
adaptively extend the dictionary table in order to accommodate
novel patterns that emerge continuously in the input data [16].
As the encoding process continues, the number of entries in
the dictionary increases, beginning with simple two-character
combinations and subsequently expanding to longer strings.
Each new entry comprises an existing prefix string and a
new tail character. LZW encoding is rapid in part because

its dictionary can be maintained with an efficient hash table
structure, which allows both encoding and decoding operations
to be conducted expeditiously. Furthermore, because LZW
encoding employs a fixed-length symbol encoding mode, its
encoding and decoding process is relatively straightforward,
which further enhances the processing speed.

B. DNA encoding based on LZW algorithm code principle

Figure 2 illustrates the LZW encoding processThe compre-
hensive procedure is outlined as follows.The complete code
necessitates the use of two variables, PW and CW, which
denote the Previous Code Word and the Current Code Word,
respectively. The specific encoding procedures are outlined
below: In the event that the initial PW and CW are devoid of
data, Step 2: We will read a new character, CW, and combine
it with PW to form the string PW+CW. Step 3: The dictionary
is then consulted to ascertain whether PW+CW is present. (1)
In the event that PW+CW is present within the dictionary,
PW is then equal to PW+CW. (2) In the event that PW+CW
is not present within the dictionary, the PW symbol is output.
Subsequently, a token map is created for PW+CW within the
dictionary, and PW=CW is updated. Step 4:0ne must then
return to Step 2 and repeat this process until all the characters
in the original string have been read [17].

To illustrate, consider the generation encoding sequence
“abbababac’. In accordance with the aforementioned encoding
rules, the initial character of the sequence is designated as a,
and the prefix PW is considered to be vacant. Consequently,
the current character CW is taken to be a, and the determi-
nation is made as to whether*PW+CW?” (that is, a) is present
in the dictionary. As a is in the dictionary, update PW to a
(that is, PW=PW+WC) and continue reading the next character
b. The second character is b, where the prefix PW is a, to
determine whether “PW+CW?” (ab) is in the dictionary. As ab
is not present in the dictionary, it is necessary to add ab to the
dictionary with an index of 256, and to output the ASCII value
of the first character a, which is 97. The prefix PW is then
updated to b, and the next character is read. The third character
is b, where the prefix PW is b, and this determines whether
“PW+CW?”(bb) is in the dictionary. As ba is not present in
the dictionary, it must be added to the dictionary with an
index of 257. The ASCII value of the second character b,
which is 98, is then output, PW is updated to b, and the next
character is read. The fourth character is a, where the prefix
PW is b, and determines whether “PW+CW?”(ba) is in the
dictionary. As ba is not present in the dictionary, it should
be added to the dictionary, index 258, and the ASCII value
of the third character b, which is 98, should be output. The
prefix PW should then be updated to a, and the reading of the
next character continued. The fifth character is b, where the
prefix PW is a, in order to ascertain whether “PW+CW?”(ab)
is present in the dictionary. Given that ab is present in the
dictionary, it is not necessary to output and update PW to ab
at this time. Instead, the next character should be read. The
sixth character is a, where the prefix PW is ab, to determine
whether “PW+CW”(aba) is in the dictionary. As aba is not
present in the dictionary, it is necessary to add aba to the



dictionary with an index of 259. The ASCII value of ab is 256,
PW should be updated to a, and the next character should be
read. The seventh character is b, where the prefix PW is a, to
determine whether “PW+CW”(ab) is in the dictionary. Since
ab is not in the dictionary, at this time do not output and update
PW to ab, and continue reading the next character. The eighth
character is a, where the prefix PW is ab, to determine whether
“PW+CW?”(aba) is in the dictionary. As aba is present in the
dictionary, it is not necessary to output and update PW to
aba at this time, and the reading of the next character should
continue. The ninth character is ¢, where the prefix PW is aba,
to determine whether “PW+CW?”(aba) is in the dictionary. As
abac is not present in the dictionary, it should be added to the
dictionary with an index of 260, and the index of aba, 259,
should be output, and the next character should be read. Upon
reading the final character, c, the ASCII table’s index 99 is
printed. The original sequence is then encoded as follows: ab
ba ba a c, encoded 97 (a), 98 (b), 98 (b), 256 (ab), 259 (aba),
99 (c). It can thus be seen that the input used 72 bits, and the
output after encoding only used 54 bits.

The LZW decoding principle is analogous to the encoding
principle. The LZW decoding algorithm commences with
the identical decoding dictionary as the encoding dictionary,
comprising all potential prefix roots. The decoding algorithm is
as follows: The initial stage of the decoding process entails the
utilisation of the dictionary, which encompasses the entirety of
potential prefix roots. Step 2: The code word CW is set to the
first code word in the code word stream. Step 3: The prefix
string CW is then output to the code word stream. Step 4:
The preceding code word, PW, is identical to the current code
word, CW. Step 5: The current code word, designated as CW,
is equal to the subsequent code word in the code word stream.
Step 6: Determine whether the prefix string CW is present
within the dictionary [18]. (1) If the answer is affirmative,
the prefix string CW is then output to the character stream.
The present prefix, PW, is identical to the prefixed string, PW.
The character currently designated as CW is identical to the
initial character of the string of characters that constitutes the
current prefix. The prefix string PW+CW should be added to
the dictionary. (2) In the event of an affirmative response, the
current prefix PW is equal to the prefixed string PW, and the
current character CW is equal to the first character of the prefix
string CW. The prefix string PW+CW should then be output
to the character stream and added to the dictionary. Step 7:
Determine whether there are still code words to be translated
in the code word stream.(1) If Yes, go back to Step 4. (2) If
no, no further action is required.

To illustrate, the final sequence is accepted to be 97, 98, 98,
256, 259. Upon encountering 97 in the base dictionary, it is
decoded as A; when 98 is encountered in the basic dictionary,
it is decoded as B, expanded as AB, and it can be seen that
256 corresponds to AB, decoded and added to the dictionary.
Ultimately, the original character sequence abbababac can
be losslessly restored, and the entire decoding process can
be completed only by relying on the basic dictionary. The
encoded sequence adheres to the mapping rule of four DNA
bases. In this paper, the coding rule of A-00, T-01, C-10 and
G-11 is adopted as the basis for the proposed methodology.
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Fig. 3. Unlimited and limited dictionaries.

The number of bits in the resulting DNA sequence will be
reduced by approximately 50% in comparison to the original
binary sequence. In the typical LZW code [19], two additional
marker bits must be transmitted for the purpose of clearing
the dictionary of the previous transmission and indicating the
decoding position of the current one. In DNA encoding based
on the LZW algorithm, an additional marker bit is necessary
to indicate the number of the extended dictionary in a given
transmission [20], representing the output of an N-bit binary
code word stream.

C. Improvements in LZW encoding

Once the LZW encoding has formed a mapping dictio-
nary, the size of the dictionary will influence the size of
the final transmission of the data [21]. This is because the
LZW encoding represents the final transmission of a string
of binary numbers, with the number dependent on the size
of the dictionary to be binary encoded. To illustrate, if the
dictionary contains 1025 mapping pairs, each mapping pair
requires 11 bits to represent, resulting in a total of 11 bits
needed for each transmission number. Conversely, if we limit
the dictionary to 1024 mapping pairs, we can reduce the
number of bits needed for each transmitted number to 10
bits, thereby saving more bits. Nevertheless, if the number
of mapping pairs in the final dictionary amplification is 1023
and we limit the dictionary amplification to 512, it will
frequently result in a greater number of required bits as Figure
3. Consequently, in order to accommodate different scenarios,
we utilise both unlimited and limited dictionary amplification
in the final comparison, employing the minimum number of
bits for the subsequent compression. It is also noteworthy that
LZW encoding employs dictionary-amplified mapping pairs
for encoding. Consequently, even after the final formation of
the number string to be transmitted, there will be repeated
occurrences of the same number. In such cases, the use of
arithmetic encoding can facilitate further compression of the
data [22].

IV. DNA ENCODING BASED ON ARITHMETIC ENCODING
ALGORITHM

A. Basic conception

The arithmetic encoding correlation algorithm is primarily
employed in the field of data compression. The fundamental
premise of this concept is that the lower the probability of a
given symbol occurring in a given information set, the greater
the amount of information that symbol carries, and vice versa.
To illustrate, a symbol with probability p(0 < p < 1) transmits
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1og2(%) bits of information. By selecting a symbol from a set
of symbols with a probability distribution of p(s)(0 < s < K),
the average amount of information that can be transmitted is
H(s) bits, where H(s) is Shannon entropy [23].
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The output of a data compression algorithm typically exhibits
a uniform or near-uniform frequency distribution for each
symbol. This is due to the fact that the average information rate
(in bits per symbol) is optimised when symbols are distributed
uniformly.

B. arithmetic encoding code principle

The flow chart illustrating the arithmetic encoding process
is presented in Figure 4. The following steps constitute the
coding process: The initial step is to set the input symbol
string, denoted by s, and to define the set of symbols in
s, which we will denote by S = {al,a2,....,an}. An
initial coding interval is then established, which is defined
[LO, L0 + RO0).Step 2: The statistical symbol occurrence
probability p(an) = {pl,p2,...pn}. Step 3: The cumulative
probability of updating the symbol is the lower limit of the
probability interval, given by the following equation:

P(an) =Y p(i). ©)
1=0

Step 4: The size of the coding interval is updated:
R;11 = R; x p(an). 3)

Step 5: The size of the coding interval is updated as follows:
Li+1 = Lz + Rz X P(cm) (4)

Step 6: The final mapping interval is obtained by repeating
steps 3, 4, and 5 and continuously updating the mapping
interval until the symbol coding is complete. The shortest
binary decimal in the final mapping interval is then selected.

To illustrate, consider the sequence aabbc, where the prob-
abilities of a, b, and c are 0.4, 0.4, and 0.2, respectively. In
this case, we update the size of our encoding interval, i.e.,
a:[0, 0.4), b:[0.4, 0.8), and c:[0.8, 1.0), given that the first
character is A. Consequently, we select the mapping interval
[0, 0.4). Subsequently, the mapping interval is continuously
subdivided in accordance with the order of characters, and
the size of the encoding interval is updated in line with the
string probability. Thus, a is mapped to the interval [0, 0.16),
b to [0.16, 0.32), and ¢ to [0.32, 0.4). Given that the second
character is ”a,” the mapping interval selected is [0, 0.16)
[24]. According to the recursive interval mapping, the final
aabbc sequence mapping interval is [0.111008, 0.1152]. It is
necessary to select a decimal within this mapping interval
to represent the interval, as the computer encoding decimal
will result in a repeated binary sequence. Consequently, the
shortest binary sequence within this interval must be chosen
as the final encoding. The arithmetic decoding process is
analogous to the encoding process, with the exception of the
necessity to ascertain the interval in which the representative
decimal is situated, according to the probability of the string,
in order to determine the input symbol sequence [25]. In
arithmetic encoding, a marker bit is typically set to terminate
the infinite decoding process, preventing an infinite loop. This
will not be discussed further here. In DNA encoding combined
with arithmetic encoding, an additional sequence must be
transmitted. Consequently, the decoding process must refer to
the probability of the string, which is masked after encoding.
The additional sequence is used to represent the probability
of occurrence of four bases for decoding. The following proof
demonstrates the mathematical derivation of the compression
effect of arithmetic encoding.

As is well known, the decimal [y requires at least
—log, (I )binary digits. The length of the subinterval resulting
from this is given by [y. The product of the probabilities of
the states, p(sy ), represents the first k coding frequency of the
characters. Therefore, the average number of bits per character,
where o is a constant. must be calculated as follows:

_ —logyly +o

B,
N

&)

This is because the character frequency and other related
information must be storeg in the code, which also occupies
space and thus Bg < Mhﬁs /symbol. Defining
E {-} as the expected value operator, the expected number of
bits per symbol is B as following:
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Since the average number of bits per symbol cannot be smaller
than the entropy, we have H(Q) < B < H(Q) + &, and it
follows that

lim B = H(Q). @)

N—o00

H () represents the limit of information entropy It can be seen
that arithmetic encoding can reach the limit of approximate
information entropy [26].

C. Improvements in arithmetic encoding

arithmetic encoding represents a specific form of entropy
coding. Its capacity to compress data hinges on the utilisation
of a broader decimal interval for high-frequency characters,
while ensuring the preservation of the compressed characters’
data order. The objective of arithmetic encoding is to identify
the shortest decimal number within the final target interval
as the final encoding result. As the range of the final target
interval increases, the precision of the small numbers within
the interval decreases, resulting in a shorter encoding length
for the final encoded binary decimal number. The objective
of arithmetic encoding is therefore to make the final target
decimal space as large as possible.

Accordingly, in arithmetic encoding, the higher the fre-
quency of characters, the larger the corresponding decimal
interval; conversely, the lower the frequency of characters,
the smaller the corresponding decimal interval. Once all the
characters to be encoded have been considered, the target
interval for the final iteration will be relatively larger, the
decimal precision will be lower, and the binary code length of
the decimal number that can be selected will be shorter. The
more efficient the coding, the greater the overall efficiency
[27].

Subsequently, the arithmetic code will incorporate redun-
dancy to represent the probability of the string. In contrast,
the DNA code comprises a mere four characters, namely A,
T, C and G. It is thus necessary to add four probabilities to the
final encoded DNA sequence in order to represent the content
of the four bases. It should be noted that arithmetic encoding
is a form of entropy coding. In the event that the probability
of the original sequence, ATCG, has been entirely equalised,
it is not possible to utilise a coding algorithm in order to
achieve the compression function. Subsequently, the number of
bases saved by compression and the size of the DNA sequence
that was added must be calculated. In the event of an uneven
probability distribution, a significant degree of compression
is possible. As the probability distribution becomes more uni-
form, it becomes necessary to alter the methodology employed
in the addition of DNA sequences [28]. Rather than utilis-
ing concrete numerical transmission, differential transmission
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Fig. 5. Joint encoding flowchart.

must be employed. To illustrate, consider two digits, 00000101
and 00000100, which originally necessitated the transmission
of eight bits. When transmitted, a difference transmission
approach is employed, whereby the digits are represented by
the difference between them, thus further reducing the number
of bases required. In the final stage of decoding, it is only
necessary to calculate the probability of each base based on
the difference between the current value and the minimum
value. Furthermore, the probability sum of the four bases,
ATCG, is 1. As illustrated in Figure 6, among the 1000 DNA
sequences randomly generated by the four bases, ATCG, each
sequence contains 40000 bases. Given an 8-bit resolution, the
minimum resolution of the difference is thus 278, It was
determined that the maximum probability difference among
the four bases of ATCG is no greater than 4x2-8 [29] [30].
It can thus be concluded that differential transmission allows
for a reduction in the final transmitted DNA sequence. The
occurrence probability of each base can be determined by
the difference between the occurrence probability of the four
bases. It can be demonstrated that the sum of the probabilities
is equal to 1.

As illustrated in Figure 7, the statistical analysis of the DNA
sequence from 20,000 bases, with an incremental increase of
5,000 bases at regular intervals up to 80,000 bases, revealed
that over 99% of the DNA sequences from 40,000 bases exhib-
ited a maximum of four 278 values between the highest and
lowest values of the four bases. The aforementioned analysis is
designed to generate four bases with equal probability. How-
ever, it is possible to achieve a more pronounced compression
effect by modifying the probability distribution. In practice,
the degree of compression may vary depending on the specific
information in question. However, the overall compression
effect can be achieved [31] [32]. The mathematical derivation
of arithmetic encoding has been demonstrated above, and the
effect of approximate information entropy can be achieved. It
can thus be concluded that the 40,000 base probability rep-
resentation employing the difference representation is suitable
for a greater number of base sequences, including those with
60,000 and 80,000 base lengths.

V. JOINT ENCODING BASED ON LZW AND ARITHMETIC
ENCODING

A. Joint encoding process

As demonstrated in Figure 5, the original information is
initially encoded by LZW into a dictionary sequence string,
where the dictionary sequence string is represented by bi-
nary, with each digit representing the meaning mapped in
the amplified dictionary. Consequently, the final sequence
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generated by LZW encoding is a long sequence of digits
represented by binary. The sequence of numbers is encoded
with DNA bases, yet there are still some repetitions of the
same number. Following this, the DNA sequence encoded
by LZW is subjected to arithmetic encoding to calculate
the probability of four bases [33]. This is then compressed
further to reduce the number of bits occupied by the original
repeating number, and finally generates a decimal within the
representative interval. This decimal is represented in binary
to carry out the final information transmission. The DNA
sequence received by the receiver is first converted into a
binary sequence, then arithmetically decoded into a DNA
sequence, and then the DNA sequence is decoded through the
LZW amplified dictionary to complete the LZW decoding,
and finally the original information is restored. Since both
encoding methods are lossless compression, the final joint
encoding is also lossless compression [32] [34].

B. Simulation results of Izw encoding combined with arith-
metic encoding

As illustrated in Figure 8, the encoding of a randomly gener-
ated 4549 English character text document requires 32052 bits
for conventional computer coding, 16,027 bases for ordinary
DNA encoding, and 15,468 bases for arithmetical coding-
based DNA encoding. The encoding of DNA based on lzw en-
coding requires 9,273 bases, while the encoding of DNA based

Diforent bylos of text:

Fig. 9. Comparison of four encoding methods for multiple documents.

on lzw encoding and arithmetic encoding necessitates 9,045
bases. It can be observed that the combined coding method,
based on Izw encoding and arithmetic encoding, exhibits a
superior compression effect compared to the individual coding
methods. This research will compare the compression effect
of four different compression methods for a sample.

As illustrated in Figure 9, the randomly generated 4,549
English characters, 10,849 English characters, and 113,799
English characters were subjected to comparison through
the application of ordinary DNA encoding, DNA encoding
based on arithmetic encoding, DNA encoding based on LZW,
and combined DNA encoding based on lzw encoding and
arithmetic encoding [35] [36]. It can be observed that in DNA
sequences of varying lengths, the joint DNA encoding based
on lzw encoding and arithmetic encoding exhibits the most
effective compression, with a potential reduction of up to
30%. The following study will compare the compression effect
of four different compression methods for three samples of
different sizes.

C. Comparison of computational complexity

This paper presents a detailed analysis of the time com-
plexity of the LZW compression algorithm. In light of the
length of the input data, denoted by n, and the maximum
number of entries in the dictionary, represented by D, it is
reasonable to assume that the average time complexity of each
lookup and update operation of the dictionary entry is O(1).
For each input character, the algorithm performs a lookup
operation in the dictionary. In the optimal case, the time
complexity per lookup is (O(1)), thus the total search time
complexity is (O(n)) for (n) input characters. Furthermore,
the time complexity of each update operation, that is, the
addition of a new entry to the dictionary, is also (O(1)). In the
least favourable scenario, an update operation may be required
for each input character, resulting in a total time complexity
of (O(n). In the most extreme cases, if the dictionary is
of a considerable size and the new string is not present
within it, each lookup may necessitate traversing the entire
dictionary, thereby raising the time complexity of each lookup
to (O(D)). Nevertheless, this is not a realistic scenario, given
that the input data frequently exhibits repeating patterns and
the dictionary size is typically constrained. In consideration of
the information entropy of the input data, the time complexity
of lzw encoding is observed to be greater than O(n) but
less than O(n?) in practical applications. In order to facilitate
comparison with arithmetic encoding, the time complexity of
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Fig. 10. Comparison of time complexity of three DNA encoding methods.

LZW in this paper is expressed as (O(n*log, (n))), which does
not signify that the actual time complexity of each operation is
this value. Rather, it is intended to indicate that its complexity
lies between (O(n)) and (O(n?)).

As LZW does not carry dictionary information during trans-
mission, but instead builds the dictionary during decoding, the
spatial complexity of the output data is given by the following
equation: O(n).

In the context of arithmetic encoding, the input data length is
typically assumed to be (n), with the average time complexity
of each probability update and interval calculation assumed to
be (O(1)). In the context of DNA encoding as presented in this
paper, the static model is adopted, whereby the type of fixed
symbol and its probability are taken as given. Consequently,
the time complexity is low. arithmetic encoding necessitates
probabilistic updates and interval calculations for each symbol,
resulting in a total time complexity of (O(n)).

In the static model, the arithmetic encoder requires a fixed
amount of space to store the symbol probabilities, typically
(O(M)), where (M) is the total number of different symbols.
The arithmetic encoder is required to store the low and high
values of the current encoding in the requisite space, which is
of the order of (O(1)). In consequence, the spatial complexity
of arithmetic encoding in the fixed model presented in this
paper is (O(1)).

In conclusion, we undertake an analysis of the complexity of
joint DNA encoding. The time complexity of the joint coding
is (O(n*log,(n )+n)) when LZW and arithmetically encoded
DNA encoding are combined. The space complexity is (O(n +
1)). The time and space complexity of the three DNA encoding
modes are illustrated in Figures 10 and 11, respectively.

As illustrated in the figure, the time complexity of DNA
joint coding is marginally higher than that of 1zw encoding.
However, the time complexity of both is considerably higher
than that of arithmetic encoding. The spatial complexity of
DNA joint coding is slightly higher than that of arithmetic
encoding; however, the spatial complexity of both is consider-
ably higher than that of LZW. In other words, the use of DNA
joint coding entails a certain degree of compromise in terms
of complexity, with the objective of achieving enhanced data
compression.

VI. CONCLUSIONS AND PROSPECTS

This paper presents a comparative analysis of four DNA
encoding methods: ordinary DNA encoding, LZW-based DNA
encoding, arithmetical DNA encoding, and combined DNA
encoding based on LZW encoding and arithmetical encoding.

— Avrithmetic-DNA coding
o] —LZW-DNA coding
Avithmetic-LZW-DNA coding

Fig. 11. Comparison of spatial complexity of three DNA encoding methods.

The simulation results demonstrate that the combined DNA
coding method based on LZW coding and arithmetic coding
exhibits superior compression efficacy in comparison to the
two primary DNA coding methods, namely LZW coding and
arithmetic coding. However, it is important to note that the
combined DNA coding methods based on LZW encoding and
arithmetic encoding exhibit a higher time and space complex-
ity compared to the two principal DNA coding techniques,
as illustrated in Figures 10 and 11. The following two areas
are identified as promising avenues for future research. 1.
The subsequent stage is to enhance and utilise multi-layer
arithmetic encoding, thereby enabling the nesting of multi-
layer arithmetic encoding to achieve an optimal compression
effect. Furthermore, the potential for further derivation of the
compression range and compression capacity for the approxi-
mate equal probability of four bases should be investigated.
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