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Abstract—A method has been developed for detecting inexact repeats in character sequences that can use
alphabets consisting of any number of randomly selected characters. Reduction of the problem of detecting
repeats in character data to the problem of detecting repeats in continuous numerical sequences is proposed.
A theorem is proved on the one-to-one representation of a character sequence by a bundle of continuous
functions of a discrete argument. To detect and visualize repeats, a similarity dot matrix is used, which is cal-
culated on the basis of a metric in the space of expansion coefficients of function bundle fragments. The prob-
lem of choosing the parameters of the method based on the estimation of the correlation integral is discussed.
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INTRODUCTION

Over the past decades, a huge number of extensive
databases of various character sequences have been cre-
ated in the world. In this connection, new tasks arise in
linguistics (for example, anti-plagiarism), in bioinfor-
matics (for example, evolutionary connections), in
medicine (for example, genetic mutations and predis-
position to any disease). Despite the rapid development
of methods for analyzing large volume symbolic data,
the task of creating an effective method for searching for
inexact repeats in character sequences remains relevant.
The disadvantage of many existing methods is the
dependence on reading sequences that at least partially
match the reference sequence. In particular, problems
arise when long, relative to the reference genome,
inserts are encountered in the genome. In [2], a method
for searching for extended repeats and analyzing read
sequences that do not match the standard is proposed.
This method does not require prior knowledge of the
genomic coordinates of extended repeats, detects
changes in extended repeats, and can be applied to
motifs of various lengths.

It is pointed out in [3] that many existing algo-
rithms for searching for tandem repeats cannot cope
with a high error rate when reading long sequences.
The authors have developed new statistical methods
for predicting the boundaries of a tandem repeat and
determining the most likely repeating single copy – a
fairly short -measure. This algorithm aligns the rep-k
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resentative unit with the input sequence using cyclic
dynamic programming and evaluates the boundaries
of repeats.

A computational method for detecting both exact and
fuzzy tandem repeats was proposed by the authors of [7].
Their algorithm is based on the Ramanujan–Fourier
transform and is used to detect periodicity in DNA
sequences. A feature of this approach is that the transfor-
mation evaluates the period directly, without deriving it
from the signal spectrum. In the opinion of the authors,
this allows this method to be sensitive and effective.

Thus, despite the existence of a large number of
existing methods for detecting repeats in character
sequences, the task of constructing a fast and efficient
method for analyzing long sequences remains relevant.

In this paper, we propose an algorithm for detecting
inexact repeats in character sequences based on a gener-
alized spectral-analytical method, which is a combina-
tion of numerical and analytical approaches to solving
various problems associated with processing large data
or image analysis. According to the chosen methodol-
ogy, the original signals are represented by segments of
orthogonal series, and data processing is carried out in
the space of expansion coefficients. This approach has
already been demonstrated in solving problems of
searching for repeats in DNA sequences in [4–6].

1. THE THEOREM ON THE DECOMPOSITION 
OF A CHARACTER SEQUENCE

The basis for applying the spectral-analytical
approach to character data is the transformation of a
character sequence into some functional numerical
625. © Pleiades Publishing, Ltd., 2022.
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representation suitable for applying data approxima-
tion methods. In this case, the following properties of
the functional representation are important: (1) com-
pleteness and (2) continuity. The completeness of the
description means that the original sequence can be
reconstructed from the characteristic curves. Conti-
nuity is necessary to apply signal approximation meth-
ods. The fulfillment of these conditions in the case of
character sequences is ensured by the fact that the
content curves of character subsets are calculated in a
window of a given length along the sequence. This
type of curves includes the well-known and studied in
bioinformatics GC-content curve. In this case, the
window size, which is a parameter of such a descrip-
tion, actually introduces the concept of scale for the
considered character sequence.

Theorem (on decomposition of a character sequence).

Let  be an arbitrary character sequence in the
alphabet .

Then there exists a one-to-one representation of S as
a bunch of  -valued functions, where  is the
scale parameter.

Proof. Let us encode the characters of the sequence
with a numeric vector in the binary number system. It
will take an integer number of bits, not less than the
value of . Now consider a sliding window of
width , and sum up the number of ones of a certain
bit of all characters in the sequence in this window.
The function defined in this way, which depends on
the beginning of the position of the window in the
sequence, we will call the characteristic function of the
sequence corresponding to the given bit of the binary
character encoding. Each bit of each symbol of the
sequence can be recovered from its corresponding
characteristic function. In this case, the value of the
characteristic function is equal to the number of char-
acters in the encoding of which the corresponding bit
contains one, i.e. is a function of the content of some
subset of characters (at least half of the entire alpha-
bet) in a window sliding along the sequence.

For example, in the case of genomic sequences
given in the 4-letter alphabet {A, T, G, C}, 2-bit
encoding can be used, thus achieving 4-fold compres-
sion of genomic files originally given in 8-bit encod-
ing. In this case, the curves of the content of nucleo-
tides {G, C} and {A, G} in a sliding window of length
k can act as characteristic functions [4, 6]. For poly-
peptide sequences, a 20 letter alphabet is used {A, R,
N, D, C, Q, E, G, H, I, L, K, M, F, P, S, T, W, Y, V},
including of the 26 letters of the English alphabet all
except {B, J, O, U, X, Z}. To encode the character
sequences of these alphabets, 5 characteristic functions
will be required. In general, alphabets consisting of any
number of arbitrarily chosen characters can be used.
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2. SPECTRAL METHOD
FOR DETECTING REPEATS

The characteristic curves that make up the descrip-
tion of the object are divided into overlapping frag-
ments of length  with a step . After that, a pairwise
comparison of all fragments , considered as dis-
crete functions with numbering of samples within a
window of length , is performed based on the stan-
dard metric in Euclidean space:

To shorten the calculation of distances between frag-
ments, the approximation of fragments of characteristic
functions by segments of an orthonormal series is used. In
this case, the distance is estimated using the formula:

where ,  are vectors of expansion coef-
ficients in an orthonormal Fourier series, and n is their
number (and, as a rule, , but not necessarily).
The use of spectral decomposition allows not only
economical distance estimation, but also transforma-
tions to estimate inverted and complementary
sequences in the space of decomposition coefficients,
which means simultaneous recognition of all types of
repeats without transforming the sequence itself [4].

To recognize repeats, a threshold decision rule is
used: if , where  is a threshold value, then the
fragments are considered similar, and if , then
the fragments are not similar. If there are several char-
acteristic curves that make up a complete description
of the object, recognition is carried out simultane-
ously, and the final result is a logical multiplication of
the decision rules for each of the characteristic func-
tions. This approach improves the stability of recogni-
tion to errors. This follows from the fact that the deci-
sion rule works in the region of the minima of the met-
ric , which is considered as a function of the fragment
number. Thus, the set of minima determines the set of
candidates for repeat. In the case of two features, for
example, GC- and GA-curves, the set of repeats is
taken as the intersection of sets of candidates for
repeat, obtained for each of the features separately [4].

After carrying out these operations, the results of
the comparison are displayed on a dot matrix, on
which each point, however, corresponds to a compar-
ison of two whole fragments, and not just sequence
sites. The dot matrix is one of the visual standard rep-
resentations of the results of comparing two
sequences, which allows you to display the alignment
of inexact repeats, as well as their relative position. The
generalized dot matrix provides new opportunities for
aligning inaccurate repeats. For example, it has been
shown that an inexact extended tandem repeat can be
displayed as a perfect square on a dot matrix. This is
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Fig. 1. Dot matrix and correlation integral as its cumulative function and density distribution from  on a logarithmic scale for an
inexact repeat (top row) and for a random sequence (bottom row). The marker denotes the chosen value of  for which the dot
matrix is constructed.
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achieved due to the correct selection of the ratio between
the window sizes and the approximation window step.
Based on this important result, a fully automated method
for recognizing tandem repeats was constructed and pre-
viously unknown repeats were found.

The structural scheme of the method looks like this:
(1) Preprocessing of a character sequence. At this

stage, the formation of the initial alphabet takes place:
the removal of unnecessary characters, the coding of
the characters of the sequence.

(2) Transformation of a character sequence into a
bundle of continuous characteristic functions.

(3) Transformation of characteristic functions into
spectral representation. Unlike the previous steps, this
stage may imply irreversible compression of information.

(4) Spectral comparison of fragments of the
sequences.

(5) Display and analysis of the dot matrix in order
to identify extended repeats, tandem repeats and study
the relative position of repeats.

(6) Verification of repeats by one of the methods of
discrete mathematics, for example, by dynamic pro-
gramming or suffix tree.

Thus, an original method for detecting inexact
repeats in signals of a character nature has been devel-
oped and presented. Compared to the classical
approaches of discrete mathematics, this approach has
a number of features:

(1) The transformation of a sequence into a signals
bunch is performed by a sliding window, the width of
which determines the scale at which the sequence will
be processed. This allows the analysis of character
sequences on a small scale, while the processing of
PATTERN RECOGNIT
sequences on a large scale must be carried out using
methods of discrete mathematics.

(2) The spectral approach contains a threshold deci-
sion rule, i.e. based on finding inexact repeats. This deter-
mines the effectiveness of the method in relation to the
methods of discrete mathematics, which are building
inexact repeats through the finding of exact repeats.

3. ESTIMATE 
OF THE CORRELATION INTEGRAL

For an integral assessment of the quality of repeat
detection, the correlation integral is used [1]:

where  is the number of fragments of functions for
comparison,  is the vector of expansion coefficients of
the ith fragment, and  is the Heaviside step function.

In the example shown in the figure (Fig. 1), a
sequence of 20000 characters in length in the alphabet
of amino acid bases was considered. For the top row of
pictures, the sequence consisted of 10000 random
characters with the concatenation of the same
sequence, but with 5000 mutations introduced into it.
For the bottom row of pictures, all 20000 characters
were random. The parameters of the calculations were
the same in both cases: , , ,

, with the exception of the value of . The value
of  was chosen as follows: for the first sequence, it
corresponded to the minimum distribution density
between two peaks of the distribution, and for the sec-
ond sequence, it corresponded to the maximum distri-
bution density. The evaluation of the correlation inte-
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gral shows an almost perfect separation between the
peaks corresponding to an inexact repeat (to the left of
the optimal value of ) and the bit peak responsible for
the random component of the signal (to the right of
the optimal value of ). For the case of a completely
random sequence, the distribution has a single peak.
Thus, when searching for inexact repeats, a strategy is
used that corresponds to a completely random
sequence with random repeats displayed on a dot
matrix, but if the parameters of the detected repeat are
known, then the sensitivity selection strategy of the
method can correspond to the first example, in which
the optimal separating rule is found.

CONCLUSIONS
This paper shows the fundamental possibility of

searching for repeats and the high computational effi-
ciency of the proposed algorithms in the case of con-
structing dot matrices. The results matrices allow us to
conclude that it is possible to further improve the quality
of the method and its applicability to specific problems. It
is possible to sign out significant advantages of the pro-
posed solution to the problem of detecting inexact repeats
in character sequences. Proposed method:

• smooths out local inexactness in signal repeats
using integral estimation of these repeats;

• allows f lexible alignment of inexact repeats by
changing the size of the window and its step, i.e. scale
selection;

• uses the spectral decomposition of signals, which
leads to a significant reduction in calculations;

• possesses a high degree of vectorization and par-
allelization of calculations.

Thus, we can conclude that this method is effective
for the analysis of long character sequences in order to
detect or recognize extended inexact repeats.
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