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Abstract
The coronavirus has influenced the lives of many people since its identification in 1960. In
general, there are seven types of coronavirus. Although some types of this virus, including
229E, NL63, OC43, and HKU1, cause mild to moderate illness, SARS-CoV, MERS-CoV, and
SARS-CoV-2 have shown to have severer effects on the human body. Specifically, the recent
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known type of coronavirus, SARS-CoV-2, has affected the lives of many people around the
world since late 2019 with the disease named COVID-19. In this paper, for the first time, we
investigated the variations among the complex structures of coronaviruses. We employed the
fractal dimension, approximate entropy, and sample entropy as the measures of complexity.
Based on the obtained results, SARS-CoV-2 has a significantly different complex structure
than SARS-CoV and MERS-CoV. To study the high mutation rate of SARS-CoV-2, we also
analyzed the long-term memory of genome walks for different coronaviruses using the Hurst
exponent. The results demonstrated that the SARS-CoV-2 shows the lowest memory in its
genome walk, explaining the errors in copying the sequences along the genome that results in
the virus mutation.

Keywords : Coronavirus; Genome Walk; Complexity; Fractal Dimension; Approximate Entropy;
Sample Entropy; Memory; Hurst Exponent.

1. INTRODUCTION

COVID-19 is the most dangerous disease since 2019,
which has affected the lives of many people around
the world. This disease which is caused by an
RNA virus (SARS-CoV-2) has similar symptoms
like flu.1,2 Due to the high infection and fatality
rate, investigating this virus has become one of the
most important research areas in science. In fact,
analysis of the virus genome is a crucial step for
developing a vaccine for the disease.

An important category of works in investigating a
virus is to study its evolution. Therefore, researchers
look at other versions of a virus in the past and
analyze how it has been changed. It is known that
the coronavirus is a family of seven viruses that
for the first time identified in 1960. For years, the
structure of this virus has been changed. SARS-
CoV-2, as the last type of coronavirus, is the most
dangerous member of this family. Between differ-
ent identified coronaviruses, the analysis of SARS-
CoV-2, SARS-CoV, and MERS-CoV has aroused
many scientists’ attention due to the highest rate
of infection and fatality. Reviewing the literature
shows great works that focused on the analysis of
SARS-CoV,3–5 and MERS-CoV.6–8 Specifically, we
can identify some categories of works that inves-
tigated the SARS-CoV-2 genome. The studies on
the analysis of the virus genomic variance,9 track-
ing of virus’ movements,10 phylogenetic analysis of
the virus,11 and characterization of its genome12 are
worthy of being mentioned.

We can also find some limited studies that com-
pared SARS-CoV-2 with other types of coronavirus.
This is specifically important in comparing the
SARS-CoV-2 genome with the genomes of other
members of this family. The reported studies that
analyzed genome composition, nucleotide, codon

usage indices, relative synonymous codons usage,
and the effective number of codons (ENc) between
SARS-CoV-2, SARS-CoV, and MERS-CoV13–17 are
worthy of being mentioned. The common point
between all these studies is that they ignored the
complex structure of genome walks. To address this
issue and make a more precise comparison between
different coronaviruses, we analyzed the differences
in these coronaviruses’ complexity.

Since the genome walks have chaotic patterns,
complexity-based techniques can be utilized to
investigate the genome alterations among the dif-
ferent coronaviruses.

The fractal theory quantifies the complexity of
self-affine and self-similar objects. In fact, a self-
affine object does not follow the same scaling expo-
nent in various directions, which causes its com-
plexity. Therefore, the fractal dimension is utilized
to quantify complexity.18 Genome walks that map
genome sequences into chaotic fluctuations are self-
affine fractals, and therefore, we can use fractal
analysis to decode their complexity.

Many works have evaluated the various kinds
of time series19–22 and images23–25 using the frac-
tal theory. The review of the literature shows the
application of fractal theory in the analysis of
genomic sequences. The studies that investigated
lung cancer DNA sequences,26 evaluated the frac-
tal shape of DNA walks,27 compared the DNA
walks between cancerous and normal cells,28 ana-
lyzed binary images of DNA,29 and studied the 3D
fractal assembly of DNA,30 are worthy of being
mentioned. In a recent work, we showed that the
SARS-CoV-2 genome walk has larger complexity
than the ones for HIV and dengue virus genomes.31

In another investigation, we evaluated how the
complexity of the SARS-CoV-2 genome walks
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changes among various countries32 and cities in the
USA.33

We also employed approximate entropy to inves-
tigate the genome walks’ complexity. Approximate
entropy is an index to identify the amount of
complexity in time series. In fact, a time series
with greater approximate entropy is more complex.
Researchers have widely used approximate entropy
to evaluate the complexity of different data.34–37

However, there have a few studies that evalu-
ated genomic data using approximate entropy. The
works that identified the similarity among different
DNA sequences38 and analyzed cervical neoplasia
gene-expression signatures39 can be mentioned. In
a recent work,31 we proved that the genome walks of
SARS-CoV-2 has greater approximate entropy than
the ones for HIV and dengue virus.

As another index, we also employed sample
entropy to analyze the alterations of the complex-
ity of genome walks among various kinds of coron-
avirus. Sample entropy is independent of the length
of data, and since the genome walks of various coro-
naviruses have various lengths, it is used in this
study to verify the findings of fractal analysis and
approximate entropy. Based on our search, only two
studies worked on the analysis of genome sequences

Fig. 1 Partial genome sequences for different coronaviruses.

using sample entropy. In Ref. 40, researchers used
sample entropy to predict enhancer regions from
DNA walks. In Ref. 31, we showed that the genome
walks of SARS-CoV-2 have larger sample entropy
than the ones for HIV and dengue virus.

This work, for the first time, not only checked the
difference in the genomic sequences of different coro-
naviruses but also decoded the hidden complexity in
the genomic sequences to distinguish between these
coronaviruses. Besides, by analyzing the memory of
genome walks, we discussed the genomic mutation.

We detail the method of analysis in the fol-
lowing section. Then we present the database and
the conducted analysis. The results of the analy-
sis will be presented thereafter. The discussion and
some concluding remarks will be brought in the last
section.

2. METHOD

In this study, we examined the alterations among
the complex structures of three dangerous types
of coronavirus, namely, SARS-CoV-2, SARS-CoV,
and MERS-CoV. For this purpose, first, we
extracted the genome walks of these viruses. To
do this job, we employed the technique that
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was developed by Peng et al.,41 which maps the
nucleotide sequences onto a walk. Peng et al.41

called this map as a DNA walk. In this research,
since coronaviruses are RNA-type viruses, we call
the generated random walk as a “genome walk”,
which indicates the correlation between nucleotides
along the genome chain.

Parts of different coronaviruses’ genome
sequences are illustrated in Fig. 1. The genome
sequences in the case of each virus mainly consist of
four characters A, G, C, and T, which respectively
indicate adenine, guanine, cytosine, and thymine
bases. In Peng et al.’s method, purines (A/G), and
pyrimidines (C/T) are considered for the generation
of genome walks.

According to this method, we mapped each
purine (A/G) and pyrimidine (C/T) to −1 and
+1, respectively, and then defined the displacement
(dimensionless) using Eq. (1). As shown in Eq. (1),
displacement (W ) is defined as a combination of
up (c(j) = +1) and down (c(j) = −1) fluctua-
tions after N steps. By plotting displacements in
different nucleotide distances, we obtained the coro-
navirus genome walk. As illustrated in Fig. 2, the
genome walk is a random walk, and therefore, we
can employ complexity techniques to analyze it.

W (l) =
N∑

j=1

c(j). (1)

We employed the fractal analysis to investigate
the alterations in the complex structure of differ-
ent coronaviruses. We quantified the complexity of
genome walks using the fractal dimension.

Fig. 2 Partial genome walks for the SARS-CoV-2.

The fractal dimension can be calculated using dif-
ferent techniques. In this work, we utilized the box-
counting algorithm. In several steps, this algorithm
segments the genome walk using boxes of the same
size (φ) and count their number (N). Finally, the
fractal dimension is computed using the following
series of φ and N42:

F = lim
φ→0

log N(φ)
log 1/φ

. (2)

The general fractal dimension is formulated as fol-
lows:

Ft = lim
φ→0

1
t − 1

log
∑N

i=1 pt
i

log φ
, (3)

where t is the order of F , and pt
i demonstrates the

probability:

pt
i = lim

l→∞
ri

l
, (4)

where ri is the number of occurrences in the i’th
segment, and l denotes the whole nucleotide dis-
tance.

Besides, we also computed the genome walks’
approximate entropy. Non-stationary biological
data are usually split into short time intervals in
which the physiological system can be assumed in
(quasi) stationary conditions.43 It is known that the
estimation of the regularity of these data is not
easy since the system dynamics cannot be explored
fully. To overcome this issue, Pincus44 introduced
the approximate entropy as a rough but quite stable
indicator of complexity even from short and noisy
epochs.

Approximate entropy indicates the probability of
none-repetition of similar patterns in the length
of data.45 Therefore, a greater value of approxi-
mate entropy indicates greater complexity in the
data. Here, we define the mathematical concept of
approximate entropy.46

If we consider a genome walk that includes
“n” sample points in the form of “(w(1), w(2),
w(3), . . . , w(n))”, we can formulate a vector in
m-dimensional space in the form of

V (i) = [w(i), w(i + 1), . . . , w(i + m − 1)]. (5)

Considering “r” as the tolerance (filtering level),
and d[V, V ] = maxk|w(k) − w∗(k)|, in which, w(k)
are the m scalar components of V , we define
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Pm
i (r) as number of V (j) such that

Pm
i (r) =

× d[V (i), V (j) ≤ r]
n − m + 1

. (6)

We define Lm(r) as the average of log(Pm
i (r)) over

n − m + 1:

Lm(r) =
∑n−m+1

i=1 log(Pm
i (r))

n − m + 1
. (7)

Then approximate entropy is defined using the fol-
lowing equation:

AppEntropy = Lm(r) − Lm+1(r). (8)

Since the lengths of genome walks for various types
of coronavirus are different, we verified the find-
ings of fractal analysis and approximate entropy
by calculating the sample entropy of genome walks
for various kinds of coronavirus. Sample entropy
as the indicator of complexity is independent of
data length and has been used by researchers
to verify the result of other non-linear analysis
techniques. Considering a signal with “n” sample
points “(w(1), w(2), w(3), . . . , w(n))”, the embed-
ding dimension of m and the tolerance of r, sample
entropy (SamEntropy) is defined as47

SamEntropy(m, r, n) = −log
B

C
. (9)

In Eq. (9), B and C are defined as the number
of vector pairs that d[vm+1(i), vm+1(j)] < r and
d[vm(i), vm(j)] < r respectively, in which, vm(i) is
defined using the following equation:

v(i) = [w(i), w(i + 1), . . . , w(i + m − 1)]. (10)

As was mentioned previously, we are also inter-
ested in studying the high mutation rate of SARS-
CoV-2. As was indicated by Loewe,48 one way to
think of DNA and RNA is that they are substances
that carry the long-term memory of the information
required for an organism’s reproduction. On the
other hand, it is known that the mutation of a virus
is due to mistakes in copying some characters (A, G,
C, T) along its sequence.49 Therefore, we hypoth-
esize that these mistakes could be related to the
memory of the genome. Since SARS-CoV-2 has a
high mutation rate,50 therefore, we hypothesize that
its genome should have less memory than SARS-
CoV and MERS-CoV. Therefore, in this study, we
evaluated the memory of genome walks for vari-
ous types of coronavirus using the Hurst exponent.
Based on the results, we discussed the link between
the variations of memory of coronavirus RNA and
the memory of its genome walk. Although Hurst

exponent has been used in some studies for the anal-
ysis of DNA walks, however, linking the concept of
virus memory to the genome walk memory is novel.

Hurst exponent is the index of long-term memory
of time series. For a time series, Hurst exponent (H)
has a relationship with the fractal dimension (F ):

H = 2 − F. (11)

Hurst exponent can have any value between 0 and
1. The value of 0.5 for the Hurst exponent indicates
a completely random process. If the value of the
Hurst exponent deviates from 0.5 toward 0 or 1, it
indicates the higher memory of the process.

Therefore, we computed the Hurst exponent of
genome walks for different coronaviruses to evaluate
which one has the lowest memory.

We computed the fractal exponent, approximate
entropy, and sample entropy for the genome walks
of different samples of coronaviruses to evaluate
the differences in these coronaviruses’ complexity.
Then, we computed the Hurst exponent of genome
walks to relate the virus mutation to the long-term
memory of the genome in copying itself.

We also checked the non-linearities of genome
walks using surrogate analysis. This technique
specifies a null hypothesis, which describes a lin-
ear process and generates several surrogate data
sets accordingly. A discriminating statistic (frac-
tal dimension, sample entropy, and approximate
entropy in this research) is then computed for the
original (genome walks) and all the surrogate data,
and if its value is significantly different between the
original and the surrogate data, the null hypothesis

Table 1 Used Genome Sequences.

SARS-CoV MERS-CoV SARS-CoV-2
Genome Genome Genome
Accession Accession Accession

AY291451 KF600620 MT079843
AY502923 KF600627 MT079846
AY502924 KF600628 MT079847
AY502925 KF600630 MT079849
AY502927 KF600634 MT079853
AY502928 KF600644 MT079854
AY502929 KF600645 MT428551
AY502932 KF600652 MT435080
FJ882945 KP719929 MT435084
FJ882948 KP719930 MT435085
FJ882951 KP719931 MT435086
FJ882952 KP719932 MT483553
FJ882957 KP719933 MT483557
FJ882958 MK357908 MT483558
FJ882961 MK357909 MT483560
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Fig. 3 Complete genome walks for different coronaviruses.

is rejected, and therefore the non-linearity is con-
cluded.

2.1. Database and Analysis

We extracted the coronaviruses genomes from the
open-access nucleotide database that is available in
Ref. 51. In the case of each type of coronavirus, we
selected fifteen samples from this database. These
samples represent complete genome sequences. The
genome accession number for each used sample in
this study is listed in Table 1.

We mapped the genome sequences for each sam-
ple in the form of genome walks. Figure 3 illustrates
the samples of genome walks for various viruses. As
can be seen, all plots show similar patterns. There-
fore, complexity theory was used to decode their
differences.

We computed the fractal dimension, approximate
entropy, sample entropy, and Hurst exponent for
different samples of coronaviruses genome walks
using a set of codes that have been written in MAT-
LAB, according to the discussed methodology.

We also ran ANOVA tests on the calculated
fractal dimension, approximate entropy, sample
entropy, and Hurst exponent to check the sig-
nificance of their changes between different coro-
naviruses. Besides, the posthoc Tukey test was
chosen to perform pairwise comparisons between
different types of coronavirus. All statistical analy-
ses were performed using a significance level of 0.01.

Besides, to check the behavior of non-linearities
of genome walks, we ran the surrogate analysis.
For this purpose, we generated amplitude adjusted
phase shuffled surrogate genome walks in MAT-
LAB. To obtain the significance level of 2/(39+1) =
5% for each genome walk, we generated 39 different
sets of surrogate data for each set of original data
belong to SARS-CoV-2, SARS-CoV, and MERS-
CoV.

3. RESULTS

Figure 4 shows the fractal exponents of different
coronaviruses’ genome walks. The standard devia-
tion of calculated values for fifteen samples of each
type of coronavirus is shown using the related error
bar.

The genome walk for SARS-CoV-2 has the high-
est fractal dimension compared to other types of
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Fig. 4 The fractal exponent of the genome walks.

coronavirus. By moving to SARS-CoV and MERS-
CoV, the genome walks’ fractal exponent decreases.
Therefore, the genome walk of SARS-CoV-2 has
a higher complexity than SARS-CoV, and MERS-
CoV genome walks. The alterations of the genome
walks’ fractal exponent among various types of
coronavirus reflect their different genomic struc-
tures.

The ANOVA test’s result (p-value= 0.0000,
F -value= 215.8735) on the computed fractal expo-
nents indicates that these viruses have significantly
different structures. On the other hand, the Tukey
test results in Table 2 demonstrate significant dif-
ferences in pairwise comparisons of these viruses’
genomic structures. In other words, these viruses
have significantly different structures.

The results of the calculation of approximate
entropy of different genome walks are illustrated in
Fig. 5. The error bars represent standard deviations.

As it is clear, the trend of alterations of the
genome walk’s approximate entropy is similar to
the trend of the alterations of the fractal expo-
nent for these genome walks. Since greater approx-
imate entropy stands for the greater complexity,
therefore, we can state that the genome walks of
SARS-CoV-2 has the highest complexity compared

Table 2 Comparison of Genome Walks
Based on the Fractal Dimension.

Comparison P-Value

SARS-CoV-2 genome walk versus
SARS-CoV genome walk 0.0000

SARS-CoV-2 genome walk versus
MERS genome walk 0.0012

SARS-CoV genome walk versus
MERS genome walk 0.0000

Fig. 5 The approximate entropy of the genome walks.

to other types of coronavirus. This result indicates
differences between the genomic structures of dif-
ferent types of coronavirus.

The ANOVA test’s result (p-value= 0.0000,
F -value= 279.1928) on the computed values of the
approximate entropy indicates that these viruses
have significantly different complex structures. On
the other hand, the Tukey test results in Table 3
demonstrate significant differences in pairwise com-
parisons of these viruses’ genomic structures. In
other words, these viruses have significantly differ-
ent structures. Therefore, the results of the approx-
imate entropy validate the fractal analysis results.

Since the lengths of genome walks for various
types of coronavirus are different, we verified the
results of fractal analysis and approximate entropy
by calculating the sample entropy of genome walks
for different types of coronavirus. The results of this
analysis are presented in Fig. 6. The error bars rep-
resent the standard deviations.

As can be seen in Fig. 6, the result of the anal-
ysis of sample entropy is similar to the findings
of fractal analysis and approximate entropy, where
the genome walks for SARS-CoV-2 and MERS-
CoV respectively has the largest and smallest sam-
ple entropy. In other words, the complexity of

Table 3 Comparison of Genome Walks
Based on the Approximate Entropies.

Comparison P-Value

SARS-CoV-2 genome walk versus
SARS-CoV genome walk 0.0000

SARS-CoV-2 genome walk versus
MERS genome walk 0.0265

SARS-CoV genome walk versus
MERS genome walk 0.0000
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Fig. 6 The sample entropy of the genome walks.

genome walks between SARS-CoV-2, SARS-CoV,
and MERS-CoV reduces. Besides, the ANOVA
test’s result (p-value= 0.0000, F -value= 415.4311)
on the computed values of the sample entropy indi-
cates that these viruses have significantly different
complex structures. Therefore, the findings of the
sample entropy analysis verify the obtained findings
in Figs. 4 and 5.

As was mentioned previously, to investigate the
genetic mutation, we computed the Hurst exponent
of genome walks. These findings are illustrated in
Fig. 7.

Based on the results, the genome walks of SARS-
CoV-2 has the lowest value of the Hurst exponent
compared to other coronaviruses. Since the bigger
deviation of the Hurst exponent from 0.5 (com-
pletely random process) indicates less irregularity
and higher memory in the random walks, there-
fore, we can state that genome walks of SARS-
CoV-2 is more irregular and contains less memory
than the genome walks of SARS-CoV, which itself
is more irregular and contain less memory than
the genome walks of MERS-CoV. Therefore, the
variations of the Hurst exponent between different
types of coronavirus also prove different structures
of these viruses.

Fig. 7 The Hurst exponent of the genome walks.

Table 4 Comparison of the Hurst Exponent
of Genome Walks Among Various Coron-
aviruses.

Comparison P-Value

SARS-CoV-2 genome walk versus
SARS-CoV genome walk 0.0000

SARS-CoV-2 genome walk versus
MERS genome walk 0.0012

SARS-CoV genome walk versus
MERS genome walk 0.0000

Table 5 Comparison (p-Value) Between Original
and Surrogate Data.

SARS-CoV-2 SARS-CoV MERS-CoV

Fractal 0.00001 0.00001 0.00001
dimension

Approximate 0.00001 0.00001 0.00001
entropy

Sample 0.00001 0.00001 0.00001
entropy

The ANOVA test’s result (p-value= 0.0000,
F -value = 215.8735) on the computed values of the
Hurst exponent indicates that these viruses have
significantly different irregular structures and con-
tain different memories. The results of the Tukey
test in Table 4 also indicate significant differences in
pairwise comparisons of genomic structures of these
viruses.

As was mentioned previously, we checked the
nonlinearity of genome walks for various coron-
aviruses using surrogate analysis. Table 5 indi-
cates significant differences in the fractal dimen-
sion, approximate entropy, and sample entropy of
original versus surrogate data. Therefore, the null
hypothesis is rejected, and we can conclude on the
nonlinearity of genome walks for various coron-
aviruses.

Overall, based on the conducted analysis, we
can state that three dangerous types of coron-
avirus have significantly different structures. Since
all these viruses have the same root as the coron-
avirus, the variations between their structures are
due to the virus’s genetic mutations.

4. DISCUSSION AND
CONCLUSION

In this work, we evaluated the differences among
the genomic structures of different coronaviruses.
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We extracted the genome walks of the coron-
aviruses and then analyzed their complexity using
fractal exponent, approximate entropy, and sam-
ple entropy. Although mapping of genomes in the
form of genome walks showed that three types of
coronavirus have similar patterns of genome walks,
however, our analysis demonstrated that the SARS-
CoV-2 genome walk has a more complex structure
than other coronaviruses. The ANOVA test’s result
demonstrated a significant difference in the struc-
tures of different types of coronavirus. Besides, pair-
wise comparisons also indicated that each type of
virus has a significantly different genomic structure
than other types of coronavirus. Besides, we also
verified the nonlinear structure of genome walks
using surrogate analysis, where the results showed
the non-linearity of genome walks in the case of dif-
ferent coronaviruses.

In Ref. 31, we showed that the higher com-
plexity of genome walks could be related to the
greater danger of the virus. Since, based on the
results, SARS-CoV-2 has higher complexity than
other coronaviruses, we can state that SARS-CoV-
2 is more dangerous than SARS-CoV and MERS-
CoV. Therefore, this finding is in line with the
reported studies,52,53 which state SARS-COV-2 is
more dangerous than SARS-CoV and MERS-CoV.
Here, we should note that we cannot exactly prove
that such a coupling may always exist. However, we
can state that based on our obtained results, there
is an association between the complexity of genome
walks for a virus and its danger for humans. This
investigation should be further continued in case of
other types of viruses.

To investigate the virus mutation, which is
caused by mistakes in copying the virus sequence,
we analyzed the long-term memory of genome walks
for different types of coronavirus using the Hurst
exponent. The obtained results demonstrated that
the genome walk of SARS-CoV-2 has lower memory
than SARS-CoV and MERS-CoV genome walks.
The statistical analyses also proved the significant
differences in the long-term memory of genome
walks among these viruses. Therefore, we can state
that the higher mutation of SARS-CoV-2 than
SARS-CoV and MERS-CoV54 can be understood
by analyzing the long-term memory of genome
walks using the Hurst exponent. In fact, in this
study, for the first time, we showed a coupling
between the memory of the virus and the mem-
ory of its RNA walk. The proposed methodology
for the memory of coronavirus and its genome walk

has been initiated from our recent study55 in which
we reported a link between the fractal dimension of
EEG signals (as the feature of brain activity) and
the correctness of answers that subjects gave after
watching videos in normal and 3D modes, which
reflects their memory. In that study, we found that
while watching a 3D video, the fractal dimension of
EEG signals is larger compared to watching a video
in normal conditions. Considering the link between
fractal dimension and Hurst exponent (H = 2−F ),
the value of Hurst exponent for EEG signals in
3D mode was more deviated from 0.5. Therefore,
EEG signals contained higher memory in 3D mode
than the normal watching condition. On the other
hand, subjects gave more correct answers when they
watched a video in 3D mode compared to the nor-
mal watching mode that reflects their higher mem-
ory. We concluded that the memory of the system
(brain) is reflected on the memory of EEG signals
(as the indicator of this system). Similarly, in this
study, we followed the same strategy in which coro-
navirus replaces the brain, and RNA walks replace
EEG signals. We found that there is a link between
the memory of coronavirus and the memory of its
RNA walk. Besides, we can also refer to our other
study56 in which we showed that by presenting a
stimulus to a subject, the Hurst exponent of his/her
EEG signals increases. As it is known, each stimulus
that we receive increases our memory, and there-
fore, the observed increment in the Hurst exponent
(memory) of EEG signals can be a good indicator of
memory of the brain. Here, we should note that our
work in this paper can be examined in the case of
other systems to study the link between the memory
of a system and the memory of its random walk.

Therefore, we can conclude that analyzing the
complexity and memory content of genome walks
is a robust tool to not only decode the differences
between different types of coronavirus but also to
explain the virus mutation.
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