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Abstract— Short Tandem Repeats (STRs)/ Microsatellites
are the key factors to find the individuality on a DNA. These are
playing an essential role in forensic science. Existing tools for
identifying the whole series of STRs/microsatellites necessitate a
complex computational method such as fast fourier transform,
pattern recognition etc. The study reflects, identifying the STR
regions, involving signal processing most preferably Haar
wavelet and covering the complete range of STRs in the long
chain of DNA sequence. The process demands less
computational complexity and time compared to the other tools.

Keywords— Short Tandem Repeat, Signal Processing, Haar
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L INTRODUCTION

Use of short tandem repeats (STR) analysis is increasingly
common in forensic applications and has been of a recent
research focus. A short tandem repeatis a microsatellite,
which is a repeated sequence of nucleotides at specific
location of nuclear DNA[1]. STR regions are polymorphic,
and the exact number of repeated regions uniquely
characterizes of an individual. The goal of STR analysis is to
measure the exact number of repeating units. The most
common method for STR analysis begins with polymerase
chain reaction (PCR) followed by counting the exact number
of repeats. Most common STRs consists of sequences of
length 4 bases in the 13 standard forensic locations of the
USA, but STRs of length 3 and 5 bases are also not
uncommon.

Essentially, STR analysis involves counting the repeated
number of patterns. In spite of having a finite length of the
DNA sequence, this may be computationally challenging to
find STR. In this paper, a faster method is proposed based on
wavelets that not only count the number of STR units but also
provides their locations on the DNA sequence.

STRs have much impact on genetic analysis, paternity
decision, forensic science etc. [2]. There are about 40 genetic
disorders related to STR mutations’ disorders [3,4].
Neurological disorder such as Huntington’s disease caused
by extension of a massive number of repetition part. About
3% of the entire human genome consists of STRs. The
scattering of STR in a chromosome is not uniform, and
maximum STRs are originated in the noncoding region. As
an example, an STR location is named as D3S1358, where
‘D’ is DNA, 3 is the chromosome number, ‘S’ means STR
and the digits 1358 is the identifier[5]. Based on repetition
unit size (quantity of base-pair(bp)), the tandem repeats are
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divided three classes, 1) Satellite repeats, 2) Minisatellite
repeats and 3) Microsatellite or Short tandem repeats(STR).
Satellite repeats have base-pair from 5 to 171 bp as a
repetition unit. For the minisatellite, the range of base-pair is
6 to 64, and finally, the shortest one STRs have 1-6bp long
repeat sequence, which can be appeared up to 50 times [6-8].

The Haar wavelet was applied by Padole [9]. The author
described a new way to identify the short tandem repeats
region using Haar wavelets. The technique is very efficient to
detect STR regions. In the study, many different lengths of
STR repeats in a different form was shown and detected very
effectively. But Haar wavelet is defined as having 2"
sampling points that can only identify 2™ length (n=0,1,2...)
STR sequence. Therefore, STR region of having 1,2,4,8... bp
length-STR, can be distinguished perfectly. On the other way,
those STR or microsatellite of length 3 or 5 bp cannot be
identified with the conventional Haar wavelet method, as
indicated by Padole[9]. So, in the present work, a new
wavelet function to detect the three, five and six sequenced
length-STR, and together with an algorithm, can identify the
complete range of STR lengths.

While a conventional pattern-finding algorithm on a DNA
string may work well for STR analysis, our method based on
Haar wavelets offers better computational efficiency. The
time complexity of Wavelet transforms is O(log n), where n
is the length of the given DNA sequence. In addition to a
lower computational cost, our method can be implemented as
a tool for detecting the STR region in forensic studies.

The rest of the paper is described as follows. In section 1,
some related works based on genome signal processing has
been discussed. The methodology is shown in section III. In
part IV & V, conventional and the new approach that can deal
with the problem have been shown consecutively. There are
experiments and results discussed in section VI. Finally, in
section VII, the work has been concluded.

II.  RELATED WORK

Signal processing theory has been playing a vital role in
analyzing the genome data. The study with genome data is
known as Genome signal processing (GSP). Here in the
discussion, most of the earlier studies identified sequences
such as protein, tandem repeats and coding region of genome
through GSP. FFT, period-3 property, pattern matching were
the techniques, which were applied as a part of GSP in
genome data. Translation of DNA message is not limited to
a character by symbol scheme; mathematical and logical



algorithms can be a follower for the purpose. Many
algorithms or mathematical theories are capable of defining
the hidden science in natural creations. Some previous works
identified protein region through GSP [10-14]. In most of
these works, the nucleotides are mapped into a numerical
array. Mapping with numerical values is considered single
dimension representations, and the numerical values can be
any numbers such as atomic weight values, random code of
protein or nucleotides. On the other hand, in multi-
dimensional/multi-layer representation more than one
dimension vectors replace a nucleotide, for example, Voss
representation [15]. In many studies, periodic nature was
found in the coding region. The periodicity can be captured
through some digital filters in GSP that help to predict the
gene location on the DNA string [16]. Deepak Sharma, 2004
has proposed spectral repeat finder (SRF) to find discrete
repeat sequence [8]. Most of the studies the coding region
were transformed to the frequency domain after converting
into a numerical array. Therefore, in the power spectrum, the
coding region can be viewed by applying period-3 property
[17] Tiwari, 1997). The peak of the power signal can be found
at the frequency 1/3, due to the recursive nature of the coding
region [8]. Translation of DNA message is not limited to a
character by symbol scheme; mathematical and logical
algorithms can be a follower for the purpose.

III. METHODOLOGY

Wavelet transforms was applied into the genome in some
early studies [5, 9, 18-21]. Wavelet is the rapidly decaying
wave-like oscillation that has zero mean infinite duration.
Wavelet can be different shape and sizes; some well-known
wavelets are morlet, daubechies and biorthogonal etc. The
strength of wavelets is its wide range of variety of various
forms of wavelet analysis. Wavelets are the class of function,
which are well localized in time and frequency, analyze the
abrupt changes of a signal and an image, and very fast in
transformation. A wavelet is a mathematical function, which
split a continuous-time signal into different scale modules or
several groups of coefficients. These module or coefficient
vectors hold information about features of the data in the
different scale module. Generally, a frequency range is
assigned to each of the module/ components. The discrete
wavelet transform (DWT) performs a windowing technique
with different sized window. It filters the long interval signal
and short interval signal for getting low and high-frequency
information respectively [22]. A signal ‘X’ pass through the
low pass filter (scaling function) and high pass filter(wavelet
function) and impulse response ‘g’ convolute with each of
the filtered signal [20]. A wavelet transforms data or signals
transform into coefficients based signal on wavelet
transforms; it is a lossless linear transform. The wavelet
function can be represented mathematically as
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The signal after passed through low and high pass filter
simultaneously and down sampled, the coefficient number
become half of its original input sample for each filter. The

DWT generates low-pass filtered and high-pass filtered
signals which are known as the approximation coefficient and
detail coefficient, respectively. The coefficients can be
represented through equation 2 and 3 and Fig. 1.
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Wavelet transform matrix form can be described asW, =
W.X, Where = [L; H] , X is the input signal. L and H are the
low-passes and high-pass filter impulse response. Wavelet
transform is useful to find the position of a character in a
string array of a time series data, and it can be applied to any
data sequence.
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Fig 1. Signal flow diagram of Wavelet transform

Haar Wavelet: Haar wavelet is the basic form of all wavelets,
which transforms a discrete signal into two sub-signals of half
equal lengths. Haar wavelets are very fast in computation,
and it is memory efficient and easily reversible without any
data loss [23]. Haar functions are orthogonal functions in the
unit interval [0, 1], that can analyze the frequency component
of the input signal. It is determined by the sampling point of
the power of 2, and its input signal length be 2"[24]. Fig. 2 is
a Haar function (equation 4) wave of its simplest form.

1 for x€[0,1]
0 elsewhere.

h(x) = { 4
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Fig. 2. The Haar Wavelet function.

IV. APPROACH BASED ON HAAR WAVELETS

The solution is proposed to overcome the problems of Haar
wavelets for detecting repeating sequences that are not of
length 2™, is following. Computation of Haar wavelet was
discussed and explained in earlier works [9, 25]. Considering
1-dimensional vector ‘S’ i.e, [42 4 2 1 1 4 2], the length of
the signal is 8 (N = 23). This means it needs three levels of
operations. In the process of Haar wavelet computational
operation, two coefficients appear a) pairwise averages and
b) detailed coefficient. The pairwise averages are for to get a
new set of data with “lower-resolution”. Detailed coefficient
holds the missing information, and it restores the original
data. So, the pairwise average date on the level one is
[(4+2)/2, (4+2)/2, (1+1)/2, (4+2)/2] = [3, 3, 1, 3]. In this, the
new averaging data set has an average loss of information.
The detailed coefficient is necessary to get back the original
data and the first set of the detail coefficients are [(4-2)/2, (4-
2)/2, (1-1)/2, (4-2)/2] =[-1, -1, 0, -1]. The original data set of
eight values can be reconstructed with the pairwise average
data and detailed coefficients without any data loss. This
process will be applied for further levels. On the second level,
the output of level one will act as an input signal, and the
coefficients are as follows.

Pairwise average data on level two: [(3+3)/2, (1+3)/2] = [3,
2].

Detailed coefficient: [(3-3)/2, (1-3)/2] =[O0, -1].

and on the level three,

the pairwise average data [(3+2)/2]=[5/2].

Detailed coefficient: [(3-2)/2]=[1/2].

TABLE 1. CONVENTIONAL HAAR WAVELET COMPUTATION.

Decomposition | Length | Pairwise Average | Detailed
Level (n) gf . Sq = coefficient. S =
ignal
(Si + Siv1)/2 | (Si — Siv1)/2

0 8 42421142
1 4 3313 -1,-1,0,-1
2 2 32 0,-1
3 1 572 Vs

Therefore, the wavelet transform of the signal ‘S’ is [5/2 1/2
0-1-1-10-1]. Haar wavelet transform process alternatively

performs averaging and differencing. Process of similar
consecutive data points results in zero value because of
differencing operation. Therefore, a zero or consecutive zero
in detailed coefficient in any level implies that a) there is a
sequence repetition in the input signal and b) the level
suggests the repetition sequence length. For example, from
the signal ‘S’ two zero has been found in the detailed
coefficient, one in level 1 and other in level 2. In level one
(n=1), a zero means one digit repetition. In the same way,
two-digit repetition can be found in level 2. The signal ‘S’ has
two ‘1 at 5™ and 6™ position, and three times ‘4 2, of which
two of them are consecutive. A wavelet gives zero mean
value if the wavelet coefficients of the signal come from
constant value. This principle is useful to mask the repeat
region of a numerical signal with constant intensity[28]._Fig.
3 shows the approach of 2™ length STR detection using Haar
wavelet, where DNA sequence is mapped into numerical data
then the data is filtered with Haar wavelet. The filtered results
indicate the STR regions on the graph.

'W]
| Sequence |
Mapping
»|  Filtering
Wavelet
STR Region Detect

Fig. 3: Block diagram for STR detection using Haar Wavelet.

V. PROPOSED APPROACH

Conventional Haar wavelet is zero mean value wavelet,
and masks two or 2™ sequence repeat data. In Fig. 2, the
wavelet function values are 1 and -1. The summation of these
two values of the wavelet function is zero. Based on the Haar
wavelet concept to mask the three and five sequence
repetition data, wavelet function should be zero mean value.
The three sequence mask wavelet can take any of these sets
of values, 1 1 -2, 1 -2 1,-2 1 1 and so on. Any combination
of these sequences which results in summation value of zero,
can be used for masking three sequence data. Here in Fig. 4,
[1 1 -2] is taken to mask the three sequence data. Similarly,
for five sequence wavelet signal is y[n]=[1 -1 1 -2 1] and six
bp length-STR can be found simultaneously both 2bp and 3bp
length-STR finding operation. Before applying the Haar



wavelet on the DNA sequence, the DNA sequence needs to
be mapped in numerical form. There are many mapping
techniques suggested in previous works [14, 15, 27]. Here in
this work, dipole moments values have been applied to map
the nucleotides A=0.4629, G=6.488, C=3.943 and
T=1.052[2,5].
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Fig. 4. Proposed wavelet to mask 3bp and 5bp repeat sequences.

Algorithm 1: Finding STR from a CODIS location.

Input: DNA Sequence.
Map: Into Numerical values
Process: Haar wavelet transform.
Wavelet to find 3 & 5 bp length STR
Count Zero in detailed coefficients
If Zero found
Mark: The level of the detailed coefficient
End
Output: a. Zero on the detailed coefficient shows the STR
region
b. Level tells the STR length.

Table 2 shows the computation steps of the three sequenced
repetitions. Here the one dimension vector is S1=[2 122 1
2212212424212212212]. The table has two parts,
the first one is for masking the three sequence data and the
second one is finding the repetitions. At level 2, zero has been
found. Therefore, there is a repetition of sequence in the
original signal. As it is found in level 2, the repeating
sequence lengths are

30D 420 =3,n=2 5)
[Always #n=2, three sequence masking is used one time and
got ‘0’ on level 2]. Also, another zero is found at level 3.
From equation 5, the zero is the result of 33~V % 22 = 6 bp
repetitions. It can be seen that the signal ‘S1” has 2122 1
2’ repeat region. The masking of the signal is important to get
the repetition regions. If the signal S1 having the same data
like“1 11111’ returns ‘0’ at level #1. Similarly, the same
method will be applied for the five sequence data masking.
The algorithm of the task is given below in algorithm 1.

TABLE II. PROPOSED WAVELET COMPUTATION.

Masking Lengt | Pairwise Average | Detailed coefficient.
Level # h of | S, = Sq =
n) Signa | (S;+ Siy1 +2#Siy2) (Si+ Sip1 — 2% Si42)
1
#0 24 21221221221
24242122122
12
#1 8 7/37/37/3 7/3 14/3 -1/3-1/3 -1/3 -1/3 -
7/37/37/3 2/3 -1/3 -1/3-1/3
Decompositi | Lengt Pairwise Average Detailed coefficient.
on h of Sa=(Si+5141)/2 Sa = (Si—Si11)/2
Level (n) Signa
1
1 8 7/37/37/37/3 14/3 -1/3-1/3 -1/3 -1/3 -
7/37/37/3 2/3-1/3 -1/3-1/3 -1/3
2 4 7/37/321/67/3 007/60
3 2 7/3 35/12 07/12
4 1 21/8 -7/24

VI. EXPERIMENTS AND RESULTS

The described method and algorithm can be applied for DNA

sequences. There are many microsatellites/STRs of various
lengths(2-6 bp) exists on the DNA string in different
locations. Example ‘a’, ‘b’, ‘¢’ and ‘d’ are the 2bp, 3bp, 4bp
and 5bp lengths repeat regions consecutively. These
sequences have been taken to check the reliability and
accuracy of the proposed algorithm. CODIS sequences
D3S1358 is one among the 13 USA standard CODIS
sequences and has a repetition of ‘TCTA’ [26]. Example ‘¢’
describes the CODIS sequence. The sequences can be
downloaded from gene banks, such as NCBI and Ensembl.

Example:

1) AATCAACAGAGGCTCATATATATATATAT
ATATATATATATATATATATATATATATA
TATATATATATATATATATATATATATAT
ATATATATATATATATATATATATATATA
TATATATATATATATATATATATATATAT
ATATATATATATATATATATATATATATA
TATATATATACCACTAC

2) TAGTAGTAGTAGTAGTAGTAGTAGTAGT
AGTAGTAGTAGTAGTAGTAGTAGTAGTA
GTAGTAGTAGTAGTAGTAGTAGTAGTAG
TAGTAGTAGTAGTAGTAGTAGTAGTAGT
AGTAATATATACATTGACA

3) ATGAAATCAACAGAGGCTTGCATGTATCTA
TCTGTCTATCTATCTATCTATCTATCTAT



CTATCTATCTATCTATCTATCTATCTATC
TATGAGACAGGGTCTTGCTCTGTCACCCAG
ATTGGACTGCAGT

4) ATGAAATCAACAGAGGCTTGCATGTATCTA
TCTGTCTAGTCTAGTCTAGTCTAGTCTAG
TCTAGTCTAGTCTAGTCTAGTCTAGTCTA
GTCTAGTCTAGTCTATGAGACAGGGTCTT
GCTCTGTCACCCAGATTGGACTGCAGT
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Fig. Sa. Visual representation of STR regions (Example 1).
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Fig. 5b. Visual representation of STR regions (Example 2).
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Fig. Sc. Visual representation of STR regions (Example 3).
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Fig. 5d. Visual representation of STR regions (Example 4).

Command Window

The Sequence has 2bp Tandem repeats, & repeat region is

ans =
3x70 char array
' 1 TATATATATA TATATATATA TATATATATA TATATATATA TATATATATA TATATATATA'
' €1 TATATATATA TATATATATA TATATATATA TATATATATA TATATATATA TATATATATA'

'121 TATATATATA TATATATATA TATATATATA TATATATATA TATATATA r

Command Window

The Sequence has 3bp Tandem repeats, & repeat region is

ans =
2x70 char array

' 1 TAGTAGTAGT AGTAGTAGTA GTAGTAGTAG TAGTAGTAGT AGTAGTAGTA GTAGTAGTAG'
' 61 TAGTAGTAGT AGTAGTAGTA GTAGTAGTAG TAGTAGTAGT AGTAGTAGTA GTAGT .

Command Window

The Sequence has 4bp Tandem repeats, & repeat region is

ans =

' 1 TATCTATCTA TCTATCTATC TATCTATCTA TCTATCTATC TATCTAICT !

Command Window

The Sequence has Sbp Tandem repeats, & repeat region is

ans =
2x69 char array

' 1 CTAGTCTAGT CTAGTCTAGT CTAGTCTAGT CTAGICTAGT CTAGICTAGT CTAGTCTAGT'
'él C !

Fig. 6. MATLAB results for STR region and lengths.

Fig. 5a, 5b, 5c and 5d are the analysis of the different
sequences. The straight line on y=0 axis is the main search
finding from the graph. The consecutive points on y=0 axis
indicate the repeat region for the sequence. The graph of the
first example shows in Fig. 5a, which has ‘y=0 line on 2bp,
4bp and 6bp subgraphs (The straight line of 3bp and 5bp
graphs have very small amplitude; the figures are very close
but not on the ‘y=0" line). 2bp(‘CA’ ‘CA’ ‘CA’ ‘CA’ ‘CA’
‘CA’) sequence repeats appear as 4bp (‘CACA’ ‘CACA’



‘CACA”’) repeats and also 6bp(‘CACACA’ ‘CACA,CA’)
repeats. But the STR is considered 2bp because it is the
shortest tandem repeats for the sequence. Also it is noticeable
that there are straight lines on 3bp and Sbp subgraphs, but
they are on lies on ‘y=0’ line.

Similarly, 3bp and 6bp repetition can be found in Fig. 5b. Fig.
Sc and Fig. 5d show the graph where repeat regions have been
found in 4bp and 5bp subgraphs for 4bp and 5bp length STR
sequences consecutively.

The STR region can be found by having zeros in the detailed
coefficients. The number of zero indicates the number of
repetitions of microsatellites. No ‘zero’, means no repetition
on the experimented signal. If a zero is found in detailed
coefficients that can be tracked until it reaches level 0, to get
the microsatellite sequence in the DNA, all these experiments
have been done in MATLAB. Fig. 6 shows the MATLAB
results of STR regions and STR lengths.

VIL

STR analysis plays a key role not only in forensic science,
but also in genetic mapping, phylogenetic, and population
studies. While the conventional methods rely on string
pattern finding, our method proposes a novel approach to
perform STR analysis based on Haar wavelets. The time
complexity of Wavelet transforms is O(log n) of n length
DNA sequences. Our method is computationally efficient
and is readily implementable tool facilitating STR detection
for forensic analysis. We show that our approach can not only
detect STRs of length 2", but also of lengths 3, 5, or any other
number. In this paper, we proposed a theoretical analysis and
practical implementation in MATLAB to validate our
method.

CONCLUSION.
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