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Abstract—Conventional schemes  for DNA  sequence
representation, storage, and processing areusually developed
based on the character-based formats.We propose the quaternion
number system for numerical representation and further
processing on DNA sequences.In the proposed method, the
quaternion cross-correlation operation can be used to obtain both
the global and local matching/mismatching information between
two DNA sequences from the depicted one-dimensional curve and
two-dimensional pattern, respectively.Simulation results on
various DNA sequences and the comparison result with the well-
known BLAST method are obtained to verify the effectiveness of
the proposed method.
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l. INTRODUCTION

Recently, the great progress on biotechnology makes the
deoxyribonucleic acid (DNA) sequencing more efficiently.
Huge amount of DNA sequences of various organisms have
been successfully sequenced with higher accuracy. Analyzing
DNA sequences can investigate the biological relationships
such as homologous andphylogeny of different species.
However, the analysis of DNA sequences using the biological
methods is too slow for processing huge amount of DNA
sequences. Therefore, the assistance of computers is necessary
and thus bioinformatics is extensively developed. Efficient
algorithms are desired to deal with the considerable and
tedious biomolecular data.

Computer-based algorithms have solved various problems
dealt in bioinformatics, such as the sequence matching (two
and multiple sequences, global and local alignments),
fragments assembly of DNA pieces, and physical mapping of
DNA sequences. Most of the algorithms consider the data
structures of DNA sequences as the string, tree, and graph.
The artificial intelligence techniques such as the genetic
algorithm [1], artificial neural networks [2], and data mining
[3] have been intensively employed in this research area. In
[4], the study of genomic signals mainly at scales of 104~108
bp, to detect general trends of the genomic signals, potentially
significant in revealing their basic properties and to search for
specific genomic signals with possible control functions. On
the other hand, many distributed databases over the Internet
have been constructed and can be easily accessed from the
World Wide Web [5]-[7]-Most of the techniques treat the
DNA sequences as the symbolic data, which are the
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composition of four characters A, G, C, and T corresponding
to the four types of nucleic acids: Adenine, Guanine, Cytosine,
and Thymine, respectively. However, the biomolecular
structures of genomic sequences can be represented as not
only the symbolic data but also the numeric form.

Recently the genomic signal processing era has received a
great deal of attention [8], [9].The well-known digital signal
processing (DSP) techniques have been developed to analyze
the numeric signals for many applications [10].1f the symbolic
DNA sequences can be transformed to the numeric ones, then
the DSP-based algorithms would provide alternative solutions
for the bioinformatics problems defined in the symbolic
domain. Hsieh et. al. proposed DNA-based schemes to
efficiently solve the graph isomorphism problems [11], [12].
Some previous studies have shown various methods of
mapping the symbolic DNA sequences to numeric ones for
further processing such as discrete Fourier transform or
wavelet transform [13]-[15].Then, the periodic patterns existed
in DNA sequences can be observed from the determined
scalograms or spectrograms. In assigning the four bases as
some real or complex numbers such as +1 + i, the further
mathematical ~ operations  are  straightforward  and
simple.However, exploring the biological relationship is
difficult in the mapping between the bases and numbers.

Magarshak proposed a quaternion representation of RNA
sequences [16].Four bases with eight biological states form the
group of quaternions and the tertiary structure of the RNA
sequence can be analyzed through the quaternion formalism.
Hypercomplex signals can be considered as the general form
of quaternion signals [17]. Shuet. al. proposed hypercomplex
number representation for pairwise alignment and determining
the cross-correlation of DNA sequences [18]-[20].The DNA
sequences are aligned with fuzzy composition and a new
scoring system was proposed to adapt the hypercomplex
number representation. Based on the similar ideas shown
above, we adapt two implications using the quaternion number
system [21] for DNA sequences. The quaternion numbers are
complex numbers with one real part and three imaginary parts.
Here four bases in a DNA sequence are assigned with four
different quaternion numbers. A DNA sequence can thus be
transformed into a quaternion-number sequence. Instead of
finding the local frequency information of DNA sequences,
the cross-correlation algorithm based on quaternion numbers
is proposed for both the global and local matching between
two DNA sequences. Since the real parts of four quaternion
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numbers are all zero and the imaginary parts are with certain
properties. The matching information can be observed from
the real part in the result of the quaternion cross-correlation
operation. In addition to the global cross-correlation result, the
local matching information can be extracted from the product
of each multiplication in the correlation operation. The global
and local comparisons can be represented by 1-D curve and 2-
D pattern, respectively. The simulation results show that the
proposed quaternion number system can efficiently represent
DNA sequences and then be used to determine the global and
local sequence alignment with the help of the cross-correlation
operation.

The organization of this paper is as follows: Section 2
introduces the basics of quaternion number systems and the
quaternion number representation of DNA sequences. The
global and local sequence matching based on the quaternion
correlation is described. Section 3 provides the simulation
results for certain DNA sequences, which verify the
effectiveness of the proposed method. Finally, the conclusion
is drawn in Section 4.

Il.  QUATERNION CORRELATION FOR SEQUENCE
MATCHING

A. Quaternion Number Sequence Representation

Quaternion numbers [21] (also called the hyper-complex
numbers) are the generalization of complex numbers. They
have been applied in certain applications such as the color
image filtering [22] and segmentation [23] and, the design of
3-D infinite impulse response filters [24].Since the quaternion
number system is not well known in all signal processing
areas, here their properties are briefly reviewed.

The quaternion number has four components: one real part
and three imaginary parts. The notation of a quaternion
number q is defined as

0 =0, +iq, + jq, +ka, (1)

& oA

Where ., On, 0. Qg are real numbers, and |,J,|2 are

operators for the three imaginary parts. The conjugate of
quaternion number, g*, is defined as

2

q*=q, —1q, — jq, —kag - )

More detailed description of quaternion operations can be
referred in [25].

Table I shows the proposed mapping method between the
four characters and the corresponding quaternion numbers.
Note that all the real parts are zero, while the imaginary parts
can be considered as the coordinates of four vertices of a
regular tetrahedron in 3-D space.

That is, the 3-D coordinates (x,y,z) of the vertices of a
regular tetrahedron are applied to the imaginary part “b,c,d’ of
quaternion numbers, and the real part "a' of quaternion
numbers are set to zero. Then, a character sequence is mapped
to a quaternion number sequence. For example, a character
sequence s;[n]={A,A,T,A,G,C,G, T} is mapped to a quaternion
number sequence Sq[n]={da, da, G, da, G, dc, e, At}
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TABLE I: THE MAPPING TABLE FROM A, C, T, AND G TO CORRESPONDING
QUATERNION NUMBERS.

qd

Ga [ q
Ao 0 0 1
T oo 2 o i
SRS S
G 0 —¥2 6 1

After the mapping procedure in the former discussion, a
quaternion number sequence standing for a DNA sequence is
obtained:

sq[n] = {d1, G2, 93, -, Gn}- 3)

Then, an accumulating process is applied to obtain another
quaternion number series

§q[n]={q1qulq31K ’qn}‘ 4)

where
G =0, 5)

By extracting the imaginary part of seriess [n], the 3-D

coordinates for each accumulated quaternion number in the
series can be obtained. Line segments are used to connect
these points in order, and a 3-D trajectory can thus be obtained
for DNA sequence visualization [26]-[28].

B. Quaternion Correlation

Once the quaternion number sequences of two DNA
sequences have been obtained, the cross-correlation operation
is performed for the global comparison. The cross-correlation
of two quaternion number sequences s, [n] and s, [n] of

lengths M and N, respectively, is defined as

r[€]= Y s, [nls; [n+£], ©)

n=—o0

where £ is the index of the correlation function and
0<ESN+M-1.

In the correlation operation, the conjugate operation is
applied on one of the two quaternion numbers multiplied.
Therefore, the cross-correlation of two identical and different
symbols contributes +1 and -1/3 to the result, respectively. If
there are two sequences to be correlated with length N and M
(N>M), the real part of correlation result, vge, forzbp overlap
(0<z=M) is

Vee = P+ (2 - p)x(-1/3), ()

Where p is the matching counts and z-p is the mismatching
counts.

Equation (6) shows that the cross-correlation result for a
specific & value is the sum of the product of the original and

the shifted and conjugate sequences. The products in certain n
are non-zero and zero values when two sequences overlap and
not, respectively.
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When the two sequences overlap, the product of two
quaternion numbers reflects whether they are the same or not.
That is, during the cross-correlation operation, the local
alignment proceeds under a given ¢ value. For example, if

there are z overlapping numbers between two sequences, Eq.
(6) becomes

m+z-1

nolE1= > s, [nls [n+&], forz>1, 8)

Where m denotes the starting position of the overlap region
under the given & value. Since there are (N+M-1) possible &
values in the cross-correlation result, all the possible local
alignments between two sequences can be obtained. Therefore,
the local alignment results can be shown in a 2-D array of size
(N+M-1)x(N+M-1), in which the entry denotes the matching
status of two nucleotides from two DNA sequences. A
grayscale image fre(x,y) of size (N+M-1) x (N+M-1)
corresponding this 2-D array can be generated based on the
following rule:

0, if Refs, [nls, [x+yI}=1
fre(X, ) =1255,if Re{s, [n]s; [x+ y]}= _%, (overlap but mismatch)
128, if Re{s, [n]s, [x+y1}=0,

(overlap & match)

(non - overlap)
9)

Here Re{-} denotes the real part of the complex value in
the bracket and 0<x, y<N+M-1. If the connected pixels in the
horizontal direction constitutes as a black line in the image,
the local matching between two sequences exists. Therefore,
the local matching information between two DNA sequences
can be obtained from the quaternion correlation result in
addition to the global matching information.

TABLE I1.THE IMAGINARY PARTS OF THE MULTIPLIED VALUES OF EVERY TWO
DIFFERENT QUATERNION NUMBERS.

AXT | AxC AxG | TxC TG CxG

1o | 6 [ B | VB | 26

3 3 9 9 9

Mo | 2| 2| 2| 2 0
3 3 3 3 3

Lo o] o |ar| ab| e

9 9 9

TXA CxA | GxA CxT GxT GxC

26

G
3

M 2|z | | &
3 | 3
0 | O

4B
9

C. Mismatching Analysis

The real part of correlation result reflects the matching
information, while the imaginary part reflects the mismatching
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information in sequence comparison. Therefore, the number of
the matching and mismatching counts from the real and
imaginary parts of the correlation result could be investigated.
Let g3 and g,denote the products of two quaternion numbers q;
and @,. That is, 0s3=0: X ¢, and @s=0, X (,where
0, =0, +i0, + Ja, +kg, » n=1,2.3,4. According to the rules
of quaternion multiplication, the following results can be
obtained:

U, =0, X0, =g, X e, —Cg, Xy, (10)
qu = qc1 quz _qd1 quz J (11)
0, =—Cy, Xy, + g, Xy, » (12)
qu = qb1 X qC2 - qc1 X qb2 ) (13)
and
Us, =—Oa,» Oy, =0, A, =0, g, =—Cg,- (14)
AxT TxA Cx A Gx A
AxC TxC CxT GxT
AxG TxG CxG GxC

Figure 1.The colors corresponding to the different combination of the
multiplied quaternion numbers.

In addition to the real part of the calculated quaternion
number, the rest imaginary parts can provide further more
mismatching information between the two sequences. A color
image in which the R, G, and B components are respectively

corresponding to the three imaginary parts i, j k in the

quaternion number can be generated.

First, the possible values of the three imaginary parts are
determined and listed in Table I. Second, for each component,
the finite values are normalized into the monotone pixel values
between 0 and 255.

There are six, five, and three possible values for the
i, ], and k imaginary parts, respectively. Each value in each
imaginary part can be assigned to as a grayscale value.
Therefore, three grayscale images for the R, G, and B
components can be generated. By combining the three
components, different colors corresponding to the various
mismatching conditions between two nucleotides can be
obtained. Figure 1 shows the different colors and the
corresponding mismatching conditions. According to the color
assignments in Fig. 1, a 2-D pattern f,,(x,y) that reflects the
imaginary parts of the correlation results can be generated.
The image fi,(x,y) is similar to the image fre(x,y) that reflects
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the real parts of the correlation results. However, each pixel
represents one of the different mismatching conditions.

D. Complexity Analysis

General performance measurements of an algorithm are the
time/computation and space complexity. By definition, the
correlation of two sequences x;[n] and x,[n] of size N needs N?
multiplication and N-1 addition if the two sequences are of
Iength N. The time complexity of the original correlation is
O(N?). In DSP theories, the discrete Fourier transform (FT) is
used to accelerate the speed of correlation (the correlation
theorem).That is,

FEE Z x[nlx; [+ & = FTX[eIX, 60y, (19)

where X, [«]=FT{x[n]} and X,[x]=FT{x,[n]} are the
FTs of two sequences x;[n] and x,[n], respectively. In Eq. (15),
the time complexity depends on the FT. Because the time
complexity of the FT is O(N? and time complexity of
multiplication is O(N) the time complexity of correlation
operation is O(N?). With the fast FT algorithm, the time
complexity can be improved to become O(Nlog;N).

Let FTq and FT[; denote the quaternion Fourier transform
(QFT) and inverse QFT, respectively. From the Hypercomplex
Wienear-Khintchine theorem [23], Eq.(15) becomes:

r.[&l= FTél{X1 [K]X;” [x1}+ FTQ{Xl [’(]le[’(]}x (16)

Xi[kl=FT{x[nl} .+ X,[xk]=FTo0e[n]}
Xylxll 4+ and X, [x] L 4 .Note that ; is the unit pure

quaternion and it is referred to as the eigen axis, which
represents the direction in the 3-D space of imaginary part of a
quaternion. A QFT can be implemented by two ordinary FTs
[29]. That is,

rl,z[g] = FT_l{le [K]X;u [x]— Xy, [-x1X,, [-«1}, (17

where

Where x,[n]= Xa[n]+ixp[n],x,[N]= X[X]-ixq[n]. Therefore, the
time complexity of quaternion correlation can be significantly
reduced toO(Nlog,N).

Regarding to space complexity, the most memory-
consumable is the storage of numerical data for DNA
sequences. If the correlation is calculated by using the QFT, it
needs additional memory space to store data of frequency
domain in the computational process. Therefore, this method
trades the memory space for efficiency.

I1l.  EXPERIMENTAL RESULTS

In  computer simulation, computer-generated random
sequences and real DNA sequences are used to perform the
quaternion correlation. Consider a random quaternion
sequence su[n] and let s, [n] denote the prefix (first eight
quaternion numbers) of the sequence s,[n].Following the
cross-correlation operation, the cross-correlation result is also
a quaternion number sequence. Figure 2 shows the real part of
the correlation results, which distribute over the eight discrete
levels. Actually, there are nine situations in the correlation
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results from the matching counts being zero to eight. By
observing the coefficients, it shows that each level differs by
4/3.Therefore, the real parts of cross-correlation coefficients
are relative to the matching counts between two sequences.
There is a maximum correlation at the position zero because
this is the exactly matching position.
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Figure 2. The real-part correlation coefficients of two quaternion sequences
s«[n] and let se[n].
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(a) (b)

Figure 3. The real-part correlation coefficients of the sequences for the TGFA
genes of Human and Mouse. (a) The highest correlation peak appears at the
best-matching position; (b) The detailed center region.

Three DNA sequences retrieved from the web-based
databases of National Center for Biotechnology Information
(NCBI) [30] are then used to test the proposed method. Each
sequence has an accession number for identification. First of
all, consider two sequences from highly similar genes: the
human TGFA sequence (Accession: K03222, 867 bp) and the
mouse TGFA sequence (Accession: BC003895, 1024 bp).The
DiHydro Folate Reductase (DHFR) gene (Accession: L26316,
1042 bp) from a mouse is also considered. Figure 3(a) shows
the quaternion cross-correlation result of the two TGFA genes.
A correlation peak with value 807 appearing at the position ¢&

=867 represents that there exists large similarity (822 identical
base pairs) and the best matching position of two sequences
can be obtained. Figure 3(b) shows a detailed region from ¢

=840 to 900.The correlation values at other positions are much
smaller than the peak value. Therefore, it is verified that the
proposed method can determine the best global matching
position of two sequences. On the other hand, consider the
cases of base-pair deletion and insertion, which commonly
happens in DNA sequences. To investigate the effects, the
sequence of mouse TGFA gene is modified and then used to
determine the correlation result. Figure 4(a) and 4(c) show the
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correlation results when 1-bp deletion and insertion happen in
the center position of the TGFA gene, respectively. As shown
in Figs. 4(b) and 4(d) for details, two half values of the
original correlation peak value appear at the deletion/insertion
positions.

(a) (b)

400 600 800 000 1200 1400 1600 1800 840 *0 3 670 820 0 800

(c) (d)

Figure 4. The correlation results for (a) 1-bp deletion in the center position of
the Human TGFA sequence; (b) the detailed center region in (a); (c) 1-bp
insertion in the center position of the Human TGFA sequence;(d) the detailed
center region in (c).

900 T T T T

800

500 4
400~ 1
300+ -4
200~ 4
100 1

=100

I
o 500 1000 1500 2000

Figure 5. The real-part of cross-correlation coefficients of the sequences for
the Human TGFA and Mouse DHFR genes.}

According to the peak value in the correlation result, the
number of matched base pairs can be estimated by the use of
Eq.(7).If the number of insertion/deletion increases, the
corresponding correlation peak values decrease. The partial
matching positions can still be detected from the decreased
correlation peaks. Therefore, the deletion or insertion in
sequences can be estimated from the correlation result. Figure
5 shows the correlation result of two quite different (human
TGFA and mouse DHFR) genes. There is no significant peak
value among all the real-part coefficients. It verifies that the
similarity between these two gene sequences is small.
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The sequence matching results obtained from quaternion
correlation are compared with the well-known BLAST method
[31].Figure 6 shows the top 34 sequences retrieved by the use
of BLAST when using the Human TGFA gene (Accession;
K03222, 867 bp) as the query sequence. The sequences for the
first 10 high scores (excluding the query sequence itself) are
used to perform the quaternion cross-correlation with the
query sequence. Each cross-correlation result shows a
correlation peak at the best-matching position. Table Il
summarizes the correlation results and BLAST scores for
comparison. The peak values almost follow the trend of
BLAST scores. Since BLAST is designed specifically for
local alignment of sequences, the small difference between the
scores and peak values is reasonable.

24 RID=1113203373-15713.74190224873. BLASTQZ, - Mictosoft Iaternat Exploter

BARTW LRD WG

Y e Lansr @ -2 =UEES

HEEE

|
<

o omo <ap
1 Pan troglodytes TGFA gens, YIRTU
Synthetic construct Howo sapiens
Homo sapiens transforming growih
Synthetic construct Home sapiens

Synthetic construct Homo sapiens

Synthetic construct Homo sapiens
AP145098 Howo sapiens transforming
IAF140007 Heme sapiens transforming

364,11 Synthetic sonstruct Howe sapiens..

=8 7 €, TEED

Figure 6. The query result of the Human TGFA gene using the Nucleotide-
nucleotide BLAST (blastn) tool.}

TABLE Ill. THE CORRELATION PEAK VALUES AND POSITIONS AND
CORRESPONDING TOP TEN SCORES WHEN USING THE BLASTN TO QUERY THE
HUMAN TGFA SEQUENCE IN NCBI DATABASE.

Sequence information Position  Peak value  Blast score
Homo sapiens TGFA, K03222, 867 bp 86T 86T 1719

Homo sapiens TGFA, NM_00 1119 bp 1122 860 1699
Homo sapiens mRNA for TGFA, X70340, 4119 bp 4122 860 1699
Mus musculus ¢cDNA clone, BC024928, 1097 bp 1027 862 1697
Mus musculus ¢cDNA clone, BC031432, 1109 bp 1032 862 1697
Mus musculus ¢DNA clone, BC003895, 1042 bp 1035 860 1689
Homo sapiens TGFA, M31172, 867 bp BGT 862 1687
Homo sapiens TGFA, BCD05308, 1254 hp 889 739 1677
Pongo pygmaeus (orangutan), CR859636, 4135 bp 1019 831 1515
Synthetic construct TGFA, AY707639, 600 bp 634 492 952
Homo sapiens TGFA, AF149096, 782 bp 811 470 952

The local alignment results of two DNA sequences are
derived from the real parts of the products during the cross-
correlation operation. A 2-D pattern is generated by the use of
Eq.(9).Figure 7(a) show the local alignment result for human
and mouse TGFA genes. During the cross-correlation
operation, the product of two quaternion numbers is not zero
only when two sequences overlap. The non-zero products
form a parallelogram in the rectangular pattern. A horizontal
line appears at the index of correlation £ =867, which

corresponds to the peak correlation result shown in Fig.
7(b).In addition to the cross-correlation values, which
represent the global matching information of two sequences,
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the local matching information can be observed and measured
in the parallelogram. To demonstrate the capability of the
proposed quaternion correlation method, Figs. 7(c), 7(e), and
7(g) show the alignment results when 70 bp deletion, insertion,
and substitution occur in one of the two sequences. For the
cases of deletion and insertion, the horizontal line breaks into
two parts, which are shifted horizontally by 70 bp. For the
case of substitution, part of the line corresponding to the
substituted nucleotides disappears. Figs. 7(d), 7(f), and 7(g)
show that the corresponding correlation peaks appear
accordingly.In addition to the peak values, the local matching
positions can also be directly observed from the 2-D pattern.
Compared with the 1-D correlation result, obviously, the 2-D
pattern provides more information on the local matching result.

50 000

(b)

0 00

(¢) (d)

200

1400

1600

re00

Ty

D 200 400 ie0 800 ° =0 1000 1500

(2) (h)

Figure 7. (a) Local matching results obtained from the cross-correlation
operation of two quaternion sequences; (b) Corresponding 1-D cross-
correlation result of the 2-D pattern shown in (a);(c) 70 bp deletion in one of
the sequences;(d) Corresponding 1-D cross-correlation result of the 2-D

Vol. 3, No. 11, 2012

pattern shown in (c).(e) 70 bp insertion in one of the sequences;(f)
Corresponding 1-D cross-correlation result of the 2-D pattern shown in (e);(g)
70 bp substitution in one of the sequences;(h) Corresponding 1-D cross-
correlation result of the 2-D pattern shown in (g).

Finally, Fig. 8 shows the 2-D color pattern in which the
mismatching information can be directly observed. According
to Fig. 8, four kinds of mismatching (AT, TA, CG, and GC)
are the major parts. More information can be observed by
examining the detailed parts in this pattern.

20 400 600 800 1000 1200 1400 1600 1800

Figure 8. The 2-D pattern corresponding to the imaginary parts of quaternion
correlation results of the two sequences for the Human TGFA and Mouse
DHFR genes.

IV. CONCLUSION

In this study, the quaternion correlation based on
quaternion number systems is proposed for DNA sequence
representation and alignment. From the cross-correlation result
of quaternion-number sequences, two DNA sequences can be
compared in a pair-wise mode. The peak value of real part of
the correlation result corresponds to the globally best-
matching position of two similar sequences. On the other
hand, the 2-D image obtained from the product terms in the
cross-correlation operation can provide more information on
local alignment of two DNA sequences. For the deletion or
insertion happening in the sequences, they can be
discriminated by analyzing the correlation results. Moreover, a
color 2-D image can also be generated to visualize the
mismatching conditions of two DNA sequences. The
simulation results show that the proposed method is of
promising potential in bioinformatics. Future work will focus
on extracting more information and relationships between two
sequences from the generated 2-D pattern.
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