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Abstract—Prediction of protein coding regions is an important topic in the field of genomic sequence analysis. Several spectrum-based

techniques for the prediction of protein coding regions have been proposed. However, the outstanding issue in most of the proposed

techniques is that these techniques depend on an experimentally-selected, predefined value of the window length. In this paper, we

propose a newWide-RangeWavelet Window (WRWW) method for the prediction of protein coding regions. The analysis of the

proposed wavelet window shows that its frequency response can adapt its width to accommodate the change in the window length so

that it can allow or prevent frequencies other than the basic frequency in the analysis of DNA sequences. This feature makes the

proposed window capable of analyzing DNA sequences with a wide range of the window lengths without degradation in the

performance. The experimental analysis of applying the WRWWmethod and other spectrum-based methods to five benchmark

datasets has shown that the proposed method outperforms other methods along a wide range of the window lengths. In addition,

the experimental analysis has shown that the proposed method is dominant in the prediction of both short and long exons.

Index Terms—Protein coding region prediction, signal processing, sequence analysis, wavelet transform, period-3 spectrum

Ç

1 INTRODUCTION

GENOMIC sequences in eukaryotes include relatively
long intergenic spacers (regions) and genes. In most

eukaryotes, genes include relatively short protein coding
regions called exons, and these exons are interrupted by
long non-coding regions called introns [1], [2]. The predic-
tion of protein coding regions includes determining the
lengths and boundaries of these regions in genomic sequen-
ces. There are two classes of protein coding region prediction
methods which are model-dependent and model-indepen-
dent methods. Model-dependent methods rely on training
models to learn specific statistical features of already known
genes to predict protein coding regions in other homologous,
unknown genes. By contrast, model-independent methods
are designed to detect universal, statistical features in protein
coding regions without the need to train a model or estimate
parameters [3]. In protein structure prediction, there are two
types of methods which are homology-based methods and
de novomethods. Homology-basedmethods performwell on
proteins similar to those previously used in training the
model, while de novo methods are more efficient to analyze
proteins when no homologs exist.

While Hidden Markov Models (HMM) are a de facto stan-
dard for homology-based protein coding region prediction,
Digital Signal Processing (DSP) based methods are suitable
for de novo prediction because they are model-independent
methods. Even though they require tuning for some para-
meters such as the threshold and window length, they
do not require training on a dataset of sequences [4]. The

performance of HMM-based techniques is coupled to the
homology between the DNA sequences to be annotated and
the sequences of the datasets used in the training of
the model. Therefore, HMM-based techniques cannot be
expected to perform accurate prediction in the analysis of
novel sequences because these models are not trained on
sequences that are homologous to the novel sequences to be
labeled. In another work [4], we have re-implemented the
HMMgene technique in [5] based on the literature [5], [6], [7]
and personal correspondence with the author of the tech-
nique to train and test it in order to evaluate its performance
on data that are not similar to those used in the training. The
performance of the technique was not as good as described
in the literature. As per the correspondence with the author
of [5], he stated that “The tricky part is the discriminative train-
ing, which is quite unstable—the conditional log likelihood jumps
up and down, and the parameter tuning (“learning rate” and num-
ber of iterations) is difficult.” Our objective with that experi-
ment was to evaluate the effectiveness of HMMgene in the
prediction of protein coding regions in novel sequences.

DSP-based methods rely on the bias in the distribution of
nucleotides in the three codon positions in protein coding
regions to detect these regions. Researchers have shown
that protein coding regions have a prominent power spec-
trum peak at frequency f ¼ 1=3, while there is no such
strong spectrum peak in non-coding regions [8], [9], [10].
This property has been called the 3-base periodicity or
period-3 property. The period-3 property has been used by
researchers to develop DSP-based methods to predict pro-
tein coding regions in DNA sequences [1], [10], [11], [12],
[13], [14], [15], [16]. In order to process DNA sequences by
DSP tools, they must be converted into numerical strings.
Different DNA representation schemes have been proposed
to convert DNA sequences into a numerical form [17], [18],
[19], [20]. DNA sequences are analyzed by DSP tools to
extract the period-3 property. Vaidyanathan and Yoon [21]
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used the notch and anti-notch filters to extract the period-3
property and eliminate background noise in non-coding
regions [21]. The filter is designed at central frequency 2p=3
to extract the period-3 component and eliminate other fre-
quencies. Mena-Chalco et al. used the Modified Gabor-
Wavelet Transform (MGWT) to extract the period-3 compo-
nent [13]. Kotlar and Lavner proposed the spectral rotation
measure (SRM) to extract the period-3 component in DNA
sequences [11]. In their technique, they used the Short-Time
Fourier Transform (STFT) to extract the period-3 spectrum,
but they used some statistical parameters in the model to
maximize the distinction between coding and non-coding
regions [11]. For more reading about DSP-based protein
coding region prediction techniques and the representation
schemes used in the analysis, we recommend reviewing a
more comprehensive literature review that has recently
been published in Journal of Computational Biology [22].

The STFT has been used in some other DSP-based techni-
ques to analyze the period-3 spectrum [10], [12], [14]. One
disadvantage in using the STFT in the analysis of the
period-3 spectrum is the use of the sliding window. The
sliding window has an effect on the accuracy of prediction.
Using a sliding window causes a spectral leakage [23].
Spectral leakage happens because a segment of the signal is
processed by the Discrete Fourier Transform (DFT). Due to
the discontinuity of the window used in the analysis of the
sequences of data, DFT will assume that the signal is peri-
odic, and the power will leak over adjacent frequencies
causing side lobes.

The length of the window is another parameter that
effects the STFT analysis of DNA sequences [22], [24]. Most
of the techniques determine the value of the window length
experimentally [25]. Mena-Chalco et al. avoided using the
sliding window as they used the MGWT in the analysis
instead of the STFT [13]. They state that the model is inde-
pendent of the window length. However, the analysis of the
frequency response of this wavelet window given in
Section 2 and the analysis of the results in Section 4 show
that the window length affects the accuracy of prediction in
that technique. A fixed window length 351 base pairs (bp)
has been used in the methods of Tiwari et al. in [10],
Anastassiou in [12], and Kotlar and Lavner in [11]. Using a
fixed window length is not suitable for all sequences, and
the value of this parameter affects the performance of the
STFT as we have explained earlier. Shakya et al. in [15], pro-
posed an adaptive window length strategy. In their method,
they tuned a value for the optimum threshold difference
signal (OTDS) by analyzing already annotated datasets
based on a fixed window length (351 bp). Then, the tech-
nique has used the value of the OTDS to annotate other
sequences. They analyze a DNA sequence with different
values of the window length and determine the optimum
window length for the analysis of each base pair in the
sequence. Even though this method tries to find an opti-
mum window length, it still uses a fixed window length to
determine the OTDS which could be misleading in the next
stage of determining the optimum window. In addition,
they determine the value of the OTDS depending on the
ROC curve which itself requires an analysis of already iden-
tified protein coding regions. The analysis takes two stages
of processing, the first stage is to analyze the sequences for

determining the OTDS, and in the second stage the process-
ing is repeated to analyze the sequence with the optimum
window length. Therefore, in almost all the techniques that
have been mentioned, the window length parameter is still
an existing obstacle in the analysis of DNA sequences by
DSP tools. This parameter can degrade the accuracy of pre-
diction as long as the accuracy varies with the variance of it.

In this paper, we propose a WRWW to process DNA
sequences for the prediction of protein coding regions. The
experimental analysis of the proposed window with five
benchmark datasets shows that it has a stable prediction
accuracy along a wide range of its length. The remainder of
this article is as follows. Section 2 presents the proposed
wavelet window. Section 3 presents the datasets and the
methods used in the analysis of DNA sequences. Section 4
presents and discusses the experimental results. Section 5
concludes the important points about the proposed method
and the results.

2 WIDE-RANGE WAVELET WINDOW

The wavelet transform analyzes signals at different scales.
It has the capability of reducing the spectral leakage
caused when analyzing a signal by the STFT [26]. The
multiple scale wavelet transform of the signal u can be
formulated as follows:

Uðn; �Þ ¼
Z

uðxÞ’ðx; n; �Þdx; (1)

where x is the time or the position in the sequence, n is the
position in the transform Uðn; �Þ, � is the scale parameter
and must be greater than 0, and ’ is the analyzing window
function. In this work, we propose a new wavelet window
that has a wide, working range for the prediction of protein
coding regions. Our proposed window is defined as follows:

’ðx; n; �Þ ¼ 1� ðx� nÞ
L
2

 !2
0
@

1
Ae

�� b
ðx�nÞ

L
2

� �2

ejv0ðx�nÞ; (2)

where L is the window length, v0 is the basic frequency,
and b is a constant. In our experiments, we have set b to be
1.0e þ 4 and the scale parameter � to vary over 10 linearly
separated values between 1 and 10, so we have used a series
of 10 analyzing functions of the WRWW.

One advantage of our proposed window is that its fre-
quency response can adapt with the length of the window.
Depending on the length of the window, the width of the
frequency response of the WRWW can expand and narrow.
By contrast, the frequency response of the MGWT analysis
window has a fixed width regardless of the length of the
window. In Fig. 1, we have plotted the frequency responses
of the WRWW and the MGWT window with three different
lengths (150, 1,500 and 6,000) to highlight this difference.
Fig. 1a presents the frequency response of the WRWW
transform, where the window length is 150, and Figs. 1b
and 1c present the frequency response of the same window
but the lengths are 1,500 and 6,000 respectively. It can be
noticed that the frequency response has expanded in
Figs. 1b and 1c to accommodate the increase in the window
length. By contrast, the frequency responses of the MGWT
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window in Figs. 1d, 1e, and 1f show that the width
remained constant regardless of the change in the win-
dow length. This results in an over-smoothed signal
when sequences are processed with a relatively long
MGWT window. Fig. 2 shows a zoomed-in version of the
plots of the frequency responses shown in Fig. 1. In this
figure, the absolute range of the x-axis is 150, and the
basic frequency of the frequency responses (the center of
the peaks) is in the middle of the x-axis. The zoomed-in
plots clearly show the variation of the width with the
change in the window length.

When we compare Figs. 1a and 1d, we can notice another
difference in the frequency responses of small window
lengths of the WRWW and the MGWT, and this difference
is the WRWW has a frequency response that is narrower
than that of the MGWT for the same small window length
and this is another advantage of the WRWW. This is
important as frequencies other than the basic frequency
(f ¼ 1=3) will be less effective in the frequency response;
and, when sequences are processed with a short window,
the period-3 signal will have less spurious peaks. For the
two facts mentioned above, the WRWW has a wide,
working range when it is used to extract the period-3
spectrum in DNA sequences as we will show in the
experimental analysis later.

3 MATERIALS AND METHODS

3.1 Sequences and Datasets

In this work, we have focused on analyzing eukaryotic
sequences for the purpose of protein coding region predic-
tion. We are doing both a sequence level analysis (to show a
typical performance on one specific sequence) and dataset
level analysis (to show the performance over a larger num-
ber of sequences). In the sequence level analysis, we have
performed an analysis on the sequence F56F11.4 of Caeno-
rhabditis elegans of 8,000 bp. This sequence contains five
exons at base pair positions 928-1039, 2528-2857, 4114-4377,
5465-5644, and 7255-7605. This sequence has been used in
the analysis of previously published techniques [12], [13],
[14], [16], [27], [28]. The sequence F56F11.4 has been used to
visually compare the spectrum signal calculated by the
WRWW and MGWT methods for different values of the
window length. In addition, it has been used to numerically
compare the accuracy of prediction of the WRWW and
MGWTmethods for different values of the window length.

In the dataset level analysis, we have used five bench-
mark datasets to analyze and compare the performance of
the proposed method with other methods. The Asp67 data-
set consists of 67multiple-gene sequences ofAspergillus fumi-
gatus [29]. The BG570 dataset consists of 570 multiple-exon,

Fig. 1. The Frequency responses of the WRWWand the MGWTwindow for 150, 1,500, and 6,000 window lengths. Plots (a), (b), and (c) present the
frequency response of the WRWW, where the window length is 150, 1,500, and 6,000, respectively, and plots (d), (e), and (f) present the frequency
response of the MGWT, where the window length is 150, 1,500, and 6,000, respectively.
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single-gene sequences of vertebrates [30]. TheHMR195 data-
set consists of 195 multiple-exon, single-gene sequences of
human, mice and rats [31]. The ENm001 and ENm004 data-
sets consist of 33 and 48 multiple-exon sequences of the
human genome respectively [15], [32]. The Asp67, BG570,
andHMR195 datasets have previously been used in the anal-
ysis and evaluation of previously published protein coding
region prediction techniques such as in [1], [13], [15], [24],
[33]. The ENm001 and ENm004 datasets have been used in
[15]. The five datasets have been used to compare the perfor-
mance of the WRWWmethod with other methods for differ-
ent values of the window length. In addition, the WRWW
and other methods have been applied to the five datasets to
plot the receiver operating characteristic (ROC) curves and
to compare the general performance of the applied methods.
Sequences of the five datasets having specific ranges of exon
length have been used to evaluate the performance of the
WRWWmethod compared with other methods with respect
to the exon length.

3.2 Prediction of Protein Coding Regions

In this paper, we propose the WRWW for the prediction of
protein coding regions. Marhon and Kremer [22] proposed
that the process of DSP-based protein coding region predic-
tion consists of four stages which are the DNA sequence

mapping, sequence windowing, period-3 spectrum extrac-
tion and thresholding. In this work, we are focusing on the
stage of extracting the period-3 spectrum using the pro-
posed wavelet window. Since we are not using the STFT
and a sliding window in the proposed method, our method
will not include the sequence windowing stage.

3.2.1 Numerical Mapping of DNA Sequences

In order to process DNA sequences by DSP tools, these
sequences should be converted into a numerical form. In
this matter, we have used the binary representation scheme
to map DNA sequences into numerical strings. The binary
representation scheme converts a DNA sequence into four
numerical strings uA, uC , uG, and uT corresponding to the
four nucleotides Adenine (A), Cytosine (C), Guanine (G)
and Thymine (T) in the DNA sequence [17]. In this repre-
sentation method, the existence of a nucleotide a, where
a 2 fA;C;G; Tg, at the base pair position i in the DNA
sequence is substituted with 1 at the corresponding ith base
pair position in the numerical sequence ua, and the absence
is substituted with 0 at the corresponding base pair posi-
tion in the numerical sequence ua. Therefore, the length
of each of the four numerical sequences will be same as
the length of the original DNA sequence. We have tried
using the “paired-numeric” representation proposed in

Fig. 2. The zooming of the frequency responses of the WRWWand the MGWTwindow shown in Fig. 1. The plots clearly present the variations in the
widths. Each plot has been zoomed in so that the absolute range of the x-axis became 150, and the basic frequency (center of the peak) is in the
middle of the x-axis.
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[18], but the performance was less than that with the
binary representation scheme.

3.2.2 Application of the WRWW to DNA Sequences

The WRWW transform is applied to the four binary sequen-
ces. The transform is calculated at different values of
the scale parameter �, and the basic frequency v0 is kept to
be equal to L=3, where L is the length of the analyzing win-
dow (WRWW) as we have mentioned earlier. Therefore,
Equation (1) can be applied to each of the four binary
sequences uA, uC , uG, and uT as follows:

UAðn; �Þ ¼
Z

uAðxÞ’ðx; n; �Þdx; (3)

UCðn; �Þ ¼
Z

uCðxÞ’ðx; n; �Þdx; (4)

UGðn; �Þ ¼
Z

uGðxÞ’ðx; n; �Þdx; (5)

UT ðn; �Þ ¼
Z

uT ðxÞ’ðx; n; �Þdx; (6)

where x is the base pair position in the binary sequence, and
n is the base pair position in the wavelet transform Uaðn; �Þ
corresponding to the binary sequence ua, where a 2
fA;C;G; Tg. Each of the four binary sequences is analyzed
with a number of values of the scale parameter, so the
squared complex modulus is calculated for each of the
scales of the WRWW transform of each nucleotide to pro-
duce the period-3 spectrum for each of the four binary
sequences at each scale value � as follows:

PAðn; �Þ ¼ jUAðn; �Þj2; (7)

PCðn; �Þ ¼ jUCðn; �Þj2; (8)

PGðn; �Þ ¼ jUGðn; �Þj2; (9)

PT ðn; �Þ ¼ jUT ðn; �Þj2: (10)

The linear combination of the spectra (sum of the
squared moduli) of the four indicator sequences has always
been applied in all the spectrum-based methods [10], [13],
[14], [15]. Therefore, the period- 3 spectrum of the sequence
is calculated by calculating the sum of the four spectra and
projecting the result into the position axis ðnÞ to detect the
protein coding regions in the sequence as follows:

P ðn; �Þ ¼ PAðn; �Þ þ PCðn; �Þ þ PGðn; �Þ þ PT ðn; �Þ; (11)

and the total period-3 spectrum of the sequence is calcu-
lated as follows:

SðnÞ ¼
X
�

P ðn; �Þ: (12)

4 RESULTS AND DISCUSSION

The proposed WRWW method has been compared experi-
mentally with other previously proposed methods to evalu-
ate the performance and improvement in the new method.
We have used the sequence F56F11.4 to compare the results

of the WRWW method with the MGWT with respect to the
length and range of the wavelet window. In addition to the
MGWT method, the proposed WRWW method has been
compared with four other methods which are the Spectral
Content Measure (SCM) in [10], the Spectral Rotation Mea-
sure in [11], the Optimized Spectral Content Measure
(OSCM) in [12], and the Adaptive Window Short-Time
Fourier Transform (AWSTFT) technique [15]. The five data-
sets mentioned in the previous section have been used to
evaluate the performance of the WRWW method and com-
pare it with the aforementioned methods. In order to evalu-
ate the performance of the methods, we compute the counts
of the true positives TP , true negatives TN , false positives
FP and false negatives FN at the base pair level. We also
calculate the sensitivity SN and specificity SP as follows:

SN ¼ TP

TP þ FN
; (13)

SP ¼ TN

TN þ FP
: (14)

We evaluate the prediction accuracy by calculating the cor-
relation coefficient [30] as follows:

CC ¼ TP � TN � FP � FNffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðTP þ FP ÞðTP þ FNÞðTN þ FP ÞðTN þ FNÞp : (15)

We have applied the WRWW method and the MGWT
method to the F56F11.4 sequence to visually investigate the
performance of the WRWW method compared with that of
the MGWT method. Therefore, we have processed the
sequence using the two methods with a relatively low value
and a moderate value of the window length. Fig. 3 presents
the plots of the period-3 spectrum of the aforementioned
sequence calculated by the two methods. Figs. 3a and 3b
include the plots of the period-3 spectrum calculated by the
WRWW method, where the window length is 300 and 2,400
respectively, and the scale parameter is set to 10 linearly-
separated values between 1 and 10. We have used a rela-
tively low value which is 300 and a moderate value that we
experimentally prefer for our method which is 2,400. Even
though we stated 2,400 as an experimentally preferred value
for the window length in our method, our method has a
consistent performance with a wide range of the window
lengths from 300 and up, with no change in the accuracy of
prediction as we will show later in the experimental results.
Figs. 3c and 3d include the plots of the period-3 spectrum
when the sequence is processed by the MGWT method,
where the window length is 300 and 1,200 respectively, and
the scale parameter is set to 40 exponentially-separated val-
ues between 0.2 and 0.7. We have also selected 300 as a rela-
tively low value and 1,200 as it is an experimentally
preferred value by the authors of the method in [13]. By
comparing the plots in Fig. 3, we can notice that the
WRWW outperforms the MGWT when the sequence is
processed with a window length that equals 300. The plot of
the spectrum that is processed by the MGWT with a win-
dow length that equals 300 includes a lot of spurious peaks
that obstruct the distinction of protein coding peaks. In
addition, we can notice that the first peak corresponding to
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the exon at positions 928-1,039 has been degraded. The plots
in Figs. 3a and 3b reflect the consistency in the performance
of the WRWW method regardless of the big difference
between the window length values.

Table 1 presents the numerical results of the performance
of the two methods when they are applied to the sequence
F56F11.4 with different values of the window length. The
results represent the best sensitivity, specificity and predic-
tion accuracy in terms of the correlation coefficient when the
period-3 signal is classified by a threshold. The differences in
the accuracy of the two methods when the window length is
300 or 6,000 reflect the degradation in the performance of the
MGWT when a relatively low or high value of the window
length is used in the analysis. The results show that the two
methods have a close performance when an optimum value
of the window length is used with the MGWT, whereas the
WRWW method can work optimally in a wide range of the
window length ranging from 300 and up.

In order to evaluate and compare the performance of the
proposed method with other previously published methods

in the dataset level, we have applied the WRWW method as
well as the MGWT, SCM, SRM, and OSCM methods to the
five datasetsmentioned in the previous section. Eachmethod
has been applied to each dataset with different values of the
window length to evaluate the performance of each method
along a wide range of the window length. In each analysis,
the best accuracy in terms of the correlation coefficient has
been computed. Figs. 4, 5, 6, 7, and 8 present the plots of the
best prediction accuracy of themethodswith different values
of the window lengths when they are applied to the Asp67,
BG570, HMR195, ENm001 and ENm004 respectively. We
did not include the AWSTFT in this comparison because this
technique selects an optimal window length in the analysis
and does not use a fixed window length value. We have
selected a variety of the window length values in the this
experiment which are 150, 300, 600, 1,200, 2,400, 4,500, 6,000,
and 9,000. In the five aforementioned figures, the WRWW
method shows a consistent performance, and in almost all
the figures it outperforms the performances of the other
methods. It can be noticed that the prediction accuracy keeps

Fig. 3. The plots of the period-3 spectrum of the sequence F56F11.4. Plots (a) and (b) present the period-3 spectrum of the sequence using the
WRWW method, where the window length is 300 and 2,400, respectively, and plots (c) and (d) present the period-3 spectrum of the sequence using
the MGWTmethod, where the window length is 300 and 1,200, respectively. The figure visually shows the analysis of the period-3 signal with two
values of the window lengths for the proposed technique and the MGWT technique.
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consistent in the range of the window length from 300 and
up. However, the other methods including the MGWT show
a low or inconsistent performance along the range of thewin-
dow lengths. The plots clearly show that performance of the

SCM, SRM, and OSCMmethods degrades significantly with
the variation of the window length, and even the perfor-
mance of the MGWT method, which uses the wavelet trans-
form instead of the STFT, follows this trend.

TABLE 1
The Prediction Results of the Protein Coding Regions in the Sequence F56F11.4 in Terms of the SN, SP, and CC Using the

WRWWMethod, Where the Values of the Window Length are 300, 2,400, and 6,000, and Using the MGWT Method,
Where the Values of the Window Length Are 300, 1,200, and 6,000

Analyzing Window Window Length Sensitivity Specificity Correlation Coefficient

WRWW 300 0.90 0.90 0.71
WRWW 2,400 0.89 0.89 0.70
WRWW 6,000 0.89 0.89 0.70

MGWT 300 0.82 0.82 0.52
MGWT 1,200 0.90 0.90 0.70
MGWT 6,000 0.82 0.82 0.53

Fig. 4. The plots of the CC of the WRWW, MGWT, SCM, SRM, and the OSCM methods when they are applied to the Asp67 dataset with different
values of the window length.

Fig. 5. The plots of the CC of the WRWW, MGWT, SCM, SRM, and the OSCM methods when they are applied to the BG570 dataset with different
values of the window length.
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We have also applied the WRWW method and the other
five methods to the five datasets collectively to plot the
ROC curves in order to evaluate and compare the general
performance of the proposed method with that of the other
methods. The WRWWmethod has been applied with a win-
dow length L equals 2,400, and 10 scale parameter values
linearly-separated between 1 and 10, which experimentally
we have found works better than the exponential scaling. In
[13], the MGWT method has been applied with a window
length L equals 1,200, and 40 scale parameter values expo-
nentially-separated between 0.2 and 0.7. The SCM, SRM
and OSCM methods have been applied with a sliding win-
dow L equals 351 as this value is experimentally-preferred
by the methods that use the STFT [10], [11], [12]. The
AWSTFT technique has been applied with the value of
OTDS equal to 10, and 12, values of the window length
have been used in the analysis starting from 27 with an
increase of 36, as recommended by the authors in [15].

In order to plot the ROC curves, we have applied the meth-
ods and calculated the specificity, sensitivity with different
values of the threshold. Fig. 9 presents the plots of the ROC
curves of the methods. The intersection of the dashed line
with the curves indicates the location where the best accu-
racy is obtained. It can be noticed that the WRWW method
outperforms the other methods along the curves.

In order to comprehensively evaluate and compare the
proposed method with the other methods, we have con-
ducted a further experiment on the performance of the pro-
posed method. This experiment included applying the
WRWW method and the other five methods to classes of
sequences that include specific ranges of exon lengths. We
have conducted this experiment to evaluate the perfor-
mance of the WRWW method with respect to the exon
length. It has been shown that the exon length has a signifi-
cant effect on the performance of the spectrum-based pro-
tein coding region prediction techniques [22], [34], [35].

Fig. 6. The plots of the CC of the WRWW, MGWT, SCM, SRM, and the OSCM methods when they are applied to the HMR195 dataset with different
values of the window length.

Fig. 7. The plots of the CC of the WRWW, MGWT, SCM, SRM, and the OSCM methods when they are applied to the ENm001 dataset with different
values of the window length.
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In this experiment, we have separated the sequences in the
five datasets used in the experimental analysis into classes
of four ranges of exons lengths and filtered out the sequen-
ces that have exons not in these ranges of length. We
have selected four ranges of exon lengths which are
< 150; < 200; > 400 and < 600. We meant with these ranges
the exons that are relatively short and long in length. The
best accuracy in terms of the correlation coefficient has been
calculated at each group of exons. Fig. 10 presents the
obtained results in this experiment. The results show that
the performance of theWRWWmethod is same as that of the
MGWT at the range < 150 and slightly exceeds it at the range
< 200, while it outperforms the performance of the other
methods at these two ranges of exon lengths. In addition, the
performance of the WRWW method outperforms the per-
formance of the MGWT, SRM, OSCM and the AWSTFT at

ranges > 400 and > 600, whereas it has the same perfor-
mance of the SCM method at these two ranges of exon
lengths. In general, the performance of theWRWWmethod is
better and/or competitive to the performance of the best of
the othermethodswith relatively short and long exons.

In this paper, we proposed a new analyzing wavelet win-
dow that can analyze DNA sequences for the prediction of
protein coding regions. The proposed window can work in a
wide range of lengths with a consistent accuracy of predic-
tion. The frequency response of the proposed window has
shown that it is narrower than that of a comparable method
which is the MGWT with a small window length. In other
words, less harmonics can pass the filtering with the basic
frequency ðf ¼ 1=3Þ. This fact has been noticed clearly in
the plots when the two methods have been used to analyze
the F56F11.4 sequence with a small window length, where

Fig. 8. The plots of the CC of the WRWW, MGWT, SCM, SRM, and the OSCM methods when they are applied to the ENm004 dataset with different
values of the window length.

Fig. 9. The ROC curves of the WRWW, MGWT, SCM, SRM, OSCM, and the AWSTFTmethods when they have been applied to the Asp67, BG570,
HMR195, ENm001, and ENm004 datasets. The values of the window length for the WRWW method and the MGWTmethod are 2,400 and 1,200,
respectively, and the value of the sliding window of the SCM, SRM, and OSCMmethods is 351. The value of the OTDS in the AWSTFTmethod is 10.
The ROC curves have been plotted by making fine changes in the threshold and calculating the sensitivity and specificity of the classification.
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frequencies other than the basic frequency have appeared in
the spectrum signal of the sequence when it was analyzed
with the MGWTmethod as shown in Fig. 3c. In other words,
more spurious peaks appeared in the period-3 spectrum
plot. By contrast, less frequencies have appeared in the anal-
ysis of the WRWW as shown in Fig. 3a. In other words, less
spurious peaks appeared in the period-3 spectrumplot.

Another merit of the proposed window is that the width
of the frequency response can adapt to accommodate the
change in the window length. This merit has made the
WRWW capable of analyzing DNA sequences in a wide
range of values of the window length without degrading
the performance of prediction, and this gives confidence in
the proposed method so that it can work with a consistent
performance. Figs. 1a, 1b, and 1c have shown that the width
of the frequency response in the WRWW has adapted and
changed proportionally with the change in the window
length. By contrast, the frequency response of the MGWT in
Figs. 1d, 1e, and 1f has a fixedwidth regardless of the change
in the window length. This fact has made the WRWW out-
perform the MGWT technique and the other techniques in
the experiments shown in Figs. 4, 5, 6, 7, and 8, whereas the
performance of the othermethods has significantly degraded
or been affected in a very short range of the window lengths.

In general, the analysis of the ROC curves in Fig. 9 shows
that the WRWW method performs better than the other
methods. The ouperformance of the WRWW method in the
ROC curves is consistent with the trends of the other experi-
ments that have been shown in Figs. 3, 4, 5, 6, 7, and 8. The
evaluation of the performance of the WRWW with respect
to the exon length has shown that the proposed method is
competitive and/or better than all other methods when it
deals with exons that are either relatively short or long in
length. The results in Fig. 10 show that there are some meth-
ods having a performance is equal to that of the WRWW in
the analysis of short exons but less than it in long exons. In
addition, there are other methods having a performance that
is equal to that of the WRWW in the analysis of long exons
but less than it in short exons. But in no cases are themethods
that perform as well as the WRWW across a range of exon
lengths. We can connect this insight to the fact that unlike
other techniques, the WRWW can perform prediction with a
consistent quality regardless of the window length. This has
reflected on the prediction of short and long exons by the

technique. However, other techniques were good either at
short or long exons but not both of them because the window
lengthwas a player in the quality of prediction results.

As a de novo technique, the purpose of proposing the
WRWW technique is to improve the performance of the
model-independent techniques in terms of facilitating
the spectral analysis of DNA sequences andmaking it free of
the effect of the window length parameter. In addition to get-
ting rid of the effect of the window length parameter and
its tuning, the technique does not use any specific homology
information as (specific) training datasets in the design of the
model, and it does not include any training except the tuning
of a few parameters such as the threshold. Even though the
technique is capturing a statistical feature, which is the
period-3 property, in predicting protein coding regions, this
feature is universal and not a specific feature. In other words,
it is not specific to a particular species or dataset. However, it
is a universal feature in all coding regions regardless of
the species. Guigo [3] stated that model-independent techni-
ques capture universal features in coding DNA to predict
protein coding regions. The homology-free feature facilitates
the proposed technique to be powerful in analyzing novel
sequences that have no known homologs.

As we have mentioned earlier in Section 1, we have re-
implemented the HMMgene technique [5], in another work
that is in preparation, in order to evaluate its performance
on sequences that are not homologous to the ones used in
the training. The performance of that technique was not
quite as good as described in the literature because of the
instability in tuning the model parameters as per the com-
ment of the author in personal correspondence. Our objec-
tive of the re-implementation of the technique was to train it
on a dataset of sequences and testing it on sequences that
are different. The results have shown a decline in the perfor-
mance of the technique. This phenomenon is because
model-dependent techniques (HMM techniques) usually
capture specific features in coding DNA as stated by Guigo
[3], so they will not be be powerful when they are applied
to analyze sequences that are different from the ones used
in training the model.

To summarize, we have proposed the WRWW tech-
nique as a model-independent technique that can ana-
lyze novel sequences with a performance that is free of
the effect of the window length parameter where most

Fig. 10. The bar chart of the CC of the WRWW, MGWT, SCM, SRM, OSCM, and AWSTFT methods when they have been applied to sequences
of four ranges of exon lengths.
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of the spectrum-based techniques suffer from a decline
of performance because of the difficulty in tuning it.

5 CONCLUSIONS

In this work, a new analyzing wavelet window for the pre-
diction of protein coding regions has been proposed. The
wide-range wavelet window method can be applied to pre-
dict coding regions of different lengths. The selection of the
value of the window length has always been a problem in
methods that use the STFT and other DSP-based methods
as it has an effect on the prediction accuracy. In most of the
previously-published methods, the window length has
been selected as a predefined, fixed value, and it could not
be appropriate for all sequences. The design of the WRWW
makes it capable of working with a wide range of the win-
dow lengths without degradation in the performance of the
method. The analysis of the proposed window has shown
that its frequency response has an adaptive width which
changes proportionally to accommodate the change in the
length of the window, and this makes the method have a
wide, working range of the window lengths. The experi-
mental analysis has shown that the method outperforms
other model-independent methods used in the experiments.
In addition, the method can analyze the spectrum of DNA
sequences at multiple scales so that the method can analyze
both short coding regions with small scale values and long
coding regions with large scale values. The experimental
analysis has also shown that the technique is dominant in
analyzing both short coding regions and long coding
regions. The experimental analysis of the ROC curves has
shown that the WRWW outperforms the other methods
used in the analysis. Future work can focus on integrating
this technique with splice site detection techniques to refine
the predicted boundaries of protein coding regions.
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