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Capsule  Endoscopy  (CE)  is  a non-invasive  clinical  procedure  that  allows  examination  of the  entire  gas-
trointestinal  tract including  parts  of  small  intestine  beyond  the scope  of  conventional  endoscope.  It
requires  computer-aided  approach  for  the  assessment  of  video  frames  to reduce  diagnosis  time.  This
paper  presents  a  computer-assisted  method  based  on a classifier  fusion  algorithm  which  combines  two
optimized  Support  Vector  Machine  (SVM)  classifiers  to automatically  detect  bleeding  regions  present
in  CE  frames.  The  classifiers  are  based  on  RGB  and  HSV  color  spaces;  the  image  regions  are  character-
ized  on  the  basis  of  statistical  features  derived  from  the first-order  histogram  probability  of  respective
color  channels.  A  nested  cross  validation  strategy  has  been  adopted  for  the  parameter  tuning  and  feature
utomated bleeding detection
lassifier fusion
ested cross validation
VM score

selection  to  optimize  the  classifiers.  The  optimum  feature  sets  for the  best performance  are  evaluated
after  exhaustive  analysis.  The  proposed  fusion  approach  achieves  an  average  accuracy  of 95%,  sensitivity
of  94% and specificity  of  95.3%  for a dataset  of  8872  CE  frames,  which  is  higher  than  that  obtained  from
a  single  classifier.  Comparison  with  the  state-of-the-art  algorithms  exhibits  that  the  proposed  method
yields  superior  performance  for  diverse  dataset.

© 2017  Elsevier  Ltd. All  rights  reserved.
. Introduction

The invention of fiberoptic endoscopy made it possible to visu-
lize the gastrointestinal (GI) tract from the outside world, but was
ssociated with pain and discomfort of patients. Wireless Capsule
ndoscopy (WCE) is thus an important innovation in diagnostic
ndoscopy to examine human GI tract without any pain, sedation or
ir insufflation. It is especially useful in finding the origin of obscure
astrointestinal bleeding (OGB), which is defined as chronic bleed-
ng from a source not found from traditional endoscopy. Although
GB is responsible for approximately 5% of all GI bleeding [1], it
as crucial economic impact on health budget, with an estimated
ost per patient of $35,000 [2]. For the ability to directly image the
ntire small bowel, CE is considered as a breakthrough in diagnosis
f OGB.

A major drawback of CE procedure that affects correct diagnosis

s the time consumed in image screening process, demanding an
ndivided attention of the clinician to review over 14,400–72,000
aptured frames among which only 1% may  be of clinical inter-

∗ Corresponding author.
E-mail address: farah.deeba@usask.ca (F. Deeba).

ttps://doi.org/10.1016/j.bspc.2017.10.011
746-8094/© 2017 Elsevier Ltd. All rights reserved.
est [3]. The reported time for the complete review of a single VCE
case ranges from 45 min  to two hours [4]. Some image process-
ing techniques have been incorporated by the manufacturers to
speed up the process, such as, Given Imaging’s Rapid Reader Soft-
ware that includes a blood detection tool called Suspected Bleeding
Indicator (SBI). However, studies have shown that accuracy profile
of SBI is suboptimal and highly variable for different cases [3,4].
This has motivated a lot of studies in the development of computer
assisted diagnosis tools to automatically detect bleeding areas in
capsule endoscopy images. These studies have the potential to not
only reduce the time of reading but also improve the diagnosis, by
drawing attention to clinically significant images, which could have
otherwise been missed among many thousands normal images.

In current literature, several supervised and unsupervised learn-
ing algorithms have been employed for bleeding detection. The
unsupervised methods [37] primarily rely on salient features char-
acterizing the particular abnormality. However, these methods
have not be tested on large dataset. Supervised bleeding detec-
tion methods are more commonly found in literature. Among the

supervised methods, pixel-wise classification [5–8] is a widely
used approach which is suitable for obtaining pixel-perfect delin-
eation of bleeding region. Due to high computational complexity,
this approach is not suitable for processing large number of video

https://doi.org/10.1016/j.bspc.2017.10.011
http://www.sciencedirect.com/science/journal/17468094
http://www.elsevier.com/locate/bspc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bspc.2017.10.011&domain=pdf
mailto:farah.deeba@usask.ca
https://doi.org/10.1016/j.bspc.2017.10.011
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rames, especially in case of high resolution images. The limita-
ions have inspired feature extraction from image patches [9,10]
r whole images [11,12]. These methods are likely to have reduced
ensitivity for the detection of small bleeding regions [13]. To gen-
rate features precisely characterizing bleeding or non-bleeding
egions, regions of arbitrary shape are considered in recent papers.
hese regions are obtained by image segmentation techniques,
or example, region growing [14], super pixel [15], growcut [36]
r mean-shift [16] segmentation algorithms. In this paper, an
mproved region growing algorithm has been proposed for select-
ng regions of arbitrary shape requiring reduced human interaction.
tudies show that color features are more discriminative for detec-
ion of bleeding than texture features [17]. So we limit the search
pace for feature selection into first order histogram moment of
elected color channels. RGB and HSV color space are chosen for fea-
ure extraction based on the assumption that (1) bleeding exhibits
tself as specific shades of red and (2) HSV color space is less sensi-
ive to illumination change [18], which is suitable for CE images.

Recently, deep learning is bringing a new paradigm shift in the
eld of bleeding detection [38]. However, deep learning frame-
ork requires intensive and time-consuming training involving

ery large training dataset and additional hardware. We  can argue
hat traditional supervised algorithms are sufficient to achieve
uperior bleeding detection performance. The objective of this
aper is to propose an efficient cascade system for bleeding detec-
ion that is suitable for practical application and with minimal
uman interaction and superior performance index. We  have
mployed a two-step preprocessing step that utilizes uniform black
ackground of the frames as reference that ensures consistent
rightness for all video frames taken from different parts of GI
ract, different patients and also different sources. This will enable
he applicability of the proposed system to a wide variety of situ-
tions prevalent in clinical setting. Again, we have adopted region
election methods for “bleeding” frame (frame containing bleed-
ng region) which require minimum human interaction by taking
dvantage of continuous bleeding frames. And the region selec-
ion from “normal” frame (frame containing no bleeding) is an
utomated segmentation process. For the classifier optimization,
e have reviewed the problem of biasing and overfitting [19,20]

ssociated with cross-validation and other standard methods used
n current literature very carefully. Though SVM has been widely
sed in field of CE video classification [11,12,21,22] little attention
as been given to prevent possible biasing and overfitting while
erforming SVM optimization. As a result, a classifier optimiza-
ion scheme for ensuring unbiased optimization is presented in
his work to address the issue. Finally, a classifier fusion algorithm
ased on SVM score has been proposed to combine the results of
wo classifiers: one based on RGB color space and another on HSV
olor space.

Incorporating all the above mentioned features, we  are able to
uild a classification system which is applicable for a general and
iverse data set. This fact is validated by applying the system on

 test dataset taken from different sources to ensure high vari-
bility and minimum training. The results show high performance
ndices in terms of accuracy, sensitivity and specificity which shows
romise to be used in clinical setting. Also the low computation
omplexity (0.215 s/frame) makes it possible to perform real time
valuation of CE frames where CE frames are generated at a rate of

 frames/s.
The proposed system can be divided into three stages: training,

lassifier optimization and application stage as illustrated in Fig. 1.
n the following sections, we present the detailed description of

ach processing stage.
ng and Control 40 (2018) 415–424

2. Proposed system: training stage

2.1. Pre-processing

2.1.1. Eliminating unwanted information in background
Generally, CE frames are circular in shape with black background

containing texts in white. The texts can interfere in the subsequent
segmentation stage. So in the pre-processing stage, we eliminate
the text by: (1) extracting an elliptical ROI from the image, (2) cre-
ating a mask using this ROI and (3) multiplying the original image
with the mask as shown in Fig. 2. For the automation of the process,
we select a fixed size ROI, which is applied to all the video frames
in training and testing dataset.

2.1.2. Vignetting correction
The CE hardware is equipped with four to six white light emit-

ting diodes (LED) as illumination source [23]. This illumination
system causes a non-uniform spatial light distribution resulting in
poor image quality [24]. Especially, the directional nature of illu-
mination source often causes an artifact in the CE frames, known as
vignetting, which refers to the brightness attenuation away from
the image center. To minimize this artifact, we apply a vignetting
correction algorithm [25] on the CE frames.

CE frames from different videos largely vary in brightness due to
different beam angle of LED sources [26] as can be seen from Fig. 3.
The high variation in brightness can cause overlapping between
bleeding and non-bleeding features obtained from different video
frames, thus leading to less separability between different classes
and inferior classification performance. Vignetting correction of
frames minimizes this problem. From Fig. 3, it is evident that the
estimated vignetting provides an estimation of the light distri-
bution of the frame. For example, frame (iv) is more contrasting
than frame (i), if we take the black background as reference. The
estimated vignetting in image (ii) and (v) reflect the difference in
contrast in image (i) and image (iv). The estimation of non-uniform
brightness allows normalization of illumination of different frames
in the vignetting correction step, which can be seen from the
vignetting corrected images in Fig. 3.

2.2. Region selection for training phase

After the pre-processing step, we create a training dataset con-
taining CE videos. Then we manually sort the videos in two classes:
1) videos containing occasional bleeding region and 2) videos con-
taining no bleeding. For region selection from “bleeding” frames
and “normal” frames, we apply two  different methods.

2.2.1. Modified semi-automatic region-growing algorithm for
“Bleeding” region selection

Acute bleeding typically occurs in several consecutive frames
[18], as can be seen in Fig. 4. This prior knowledge can be utilized
for devising a semi-automatic bleeding-region selection algorithm.
For taking advantage of the occurrence of bleeding in consecu-
tive frames, we propose a semi-automatic region growing method
for bleeding region selection, which is an improved version of the
semi-automatic ground truth annotation scheme proposed in [14].
According to that work, the seed for the first frame of a consecutive
frame sequence containing bleeding, is manually provided by the
user which is used for region growing. Then the centroid of the cur-
rent frame is calculated and the coordinate of the centroid is used
as the seed point for the next frame. One limitation of that method
was that it does not take into account the absence of bleeding in

one or few intermediate frames which belongs to a frame sequence
containing bleeding in all other frames. For the forward-backward
motion and tilting of the CE camera, there could be sudden absence
or major displacement of bleeding region (Fig. 4) which can fail the
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Fig. 1. Overview of the proposed system showing the three major parts of the system: training stage, classifier optimization stage and application stage.
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ig. 2. Elimination of unwanted information in the background of CE frame: (a) Orig
eplacing the background with a plain black one.

ondition of automatic seed search. The previous algorithm [14]
ill terminate in this case and has to be started again with pro-

iding new seed for the next frames of bleeding sequence. In our
roposed work, we improve the scheme to minimize the human

ntervention by keeping a provision of skipping one or few frames
ased on some condition, which can be seen in Fig. 6. This allows
utomatic seed selection for more frames compared to the original
ethod.
Another limitation of the previous work [14] is that it extracts

 single bleeding region from the successive video frames con-
aining bleeding. This feature has a potential limitation which can
ead to the imbalance between bleeding class and non-bleeding
lass of training data. Generally, bleeding frames are less probable
han the non-bleeding frames. This unequal distribution is intensi-

ed by extracting single region from multiple frames, instead of a
ingle frame. To address this problem, we extract bleeding region
rom single frame, rather from the entire video sequence containing
mage with the delineated ROI, (b) Binary mask made from ROI, (c) Final image after

bleeding. The improved semi-automatic bleeding region selection
algorithm is presented in Fig. 5.

We have also experimented with different threshold values for
optimum region selection result. Empirically it can be found that, a
threshold between 1.5–3.0 yields optimum results for region grow-
ing from the centroid in a single frame. And a threshold value
between 2.0–3.0 is used for the condition of centroid transfer from
one frame to next frame. HSV color space is used for calculating the
color distance in both cases.

2.2.2. Region selection from “non-bleeding” image
We  employ Minimum Variance Quantization technique [14] for

non-bleeding region selection. Minimum Variance Quantization

algorithm cuts the RGB color cube into maximum n number of
smaller boxes of different sizes depending on the color distribu-
tion of the image where each box represents a single color in the
output image.
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Fig. 3. Vignetting Correction: left: Original image, middle: Estimated vignetting, right: Final image after correction.
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ig. 4. Example of bleeding region in continuous frames with intermediate frames 

The quantization of the image can be considered as a rough seg-
entation, where all the pixels with same color values are grouped

s the same region. We  have adopted n = 24 as the number of
educed color palette in output image due to the satisfactory per-
ormance exhibited in the other work [14]. Fig. 7 gives an example
f segmentation using color quantization. For the training purpose,

e eliminate the region corresponding to the background as it does
ot belong to either “bleeding” or “normal” class.
ining no blood (frame (j)) or major displacement of bleeding region (frame (i)).

2.3. Feature extraction

Color is the most important aspect that differentiates bleeding
and non-bleeding region. In this paper, first order histogram fea-
tures from each channel of RGB plane and HSV plane are extracted
from the segmented regions obtained from previous section. The

features used in this paper are: Mean, Standard deviation, Entropy,
Skew and Energy [27]. These features are calculated from the his-
togram probability of the extracted regions from CE frames. So
each region will be represented by 15 (=3 (channels) ×5 (features))
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Fig. 5. Outline for the improved semi-automatic region-growing algorithm for bleeding region selection.

Fig. 6. Example of Bleeding Region Selection using Modified Ground Truth Annotation Algorithm. The green dot indicates the seed for the current frame and the blue dot
indicates the centroid calculated from the grown region in current frame, which will be transferred to the next frame and will act as the seed for that frame. Seed for the
first  frame (image (a)) will be provided by the user. In frame (b) and (c), condition for transferring centroid position from previous frame is satisfied and the corresponding
centroid is transferred and used for region growing. In frame (d), the condition is not met, so this frame is skipped and centroid position in frame (c) is copied in frame (e),
which again meet the condition and continuous region growing is performed for subsequent frames. (For interpretation of the references to colour in this figure legend, the
reader  is referred to the web  version of this article.)

Fig. 7. Region selection from “Normal” image using color quantization method. Here, 24 colors have been used to approximate the original image. So the image is segmented
into  24 normal regions.
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imensional feature vector in RGB space and 15 (=3 (channels)
5 (features)) dimensional feature vector in HSV space. These two

eature sets will be used to train two SVM classifiers for bleeding
etection.

. Proposed system: classifier optimization stage

.1. Support vector machine

Support vector machine (SVM) [28] is a powerful supervised
lassifier algorithm which theoretically finds a global optimal solu-
ion by finding a hyperplane which maximizes the margin between
ata of different classes in a certain feature space. For non-linearly
eparable data, SVM maps the original feature space to a high
imensional space where the data are linearly separable using “ker-
el trick”. In our paper, radial basis function (rbf) kernel is chosen,
hich is given by:

(x, xi) = exp

(
−|x − xi|2

2�2

)
, � = 1

2�2
(1)

This particular selection of classifier and kernel function leave us
o the tuning of two parameters for the optimization of the classi-
er: the regularization parameter C and kernel parameter (specific
o rbf kernel)� .

.2. Feature selection and parameter tuning: using a nested CV
pproach

Exhaustive feature selection was performed to find optimal fea-
ure subset from the two feature sets (one in RGB color space and
nother in HSV color space) separately. For classifier optimization
by means of parameter selection and feature selection), cross-
alidation is an effective method. However cross-validation error
ould be a very biased estimate of the true error and could pose
isk of overfitting if the parameter and features are selected based
n cross-validation error [19,20]. To ensure that the optimization
rocess is unbiased, we adopt a nested cross-validation approach
19], where 20% of the training data (validation set) are left out and
ot used in parameter tuning and feature selection. The classifier

s trained on the 80% data and tested on the left out 20% data. So
e are effectively implementing two nested cross-validation loops
here the inner loop is used for parameter tuning and the outer

oop computes the estimate of the true error. Finally, the optimal
arameters and feature sets are selected based on the minimum
ross-validation error. This approach results in an optimization of
lassifier which is unbiased of the training data with good gener-
lization capability. The detail of the optimization is described in
ection 5–5.3.

. Proposed system: application stage

.1. Preparing test data

After the completion of region selection, feature extraction, fea-
ure selection, classifier training and optimization, the algorithm is
eady to perform the intended task, i.e., classification of test data.
ere, at first each video frame will undergo the automatic pre-
rocessing steps (described in 2-2.1). Then region segmentation
ill be performed according to the method described in 2-2.1 (2).
fter region selection, we extract 15 (=3 (channels) ×5 (features))
imensional feature vector in RGB space and 15 (=3 (channels) ×5

features)) dimensional feature vector in HSV space. These feature
ets constitute the test data. In the classifier optimization stage (as
escribed in Section 3), the optimal parameters for SVM and fea-
ure sets have already been obtained. The Classifier Optimization
ng and Control 40 (2018) 415–424

Stage results in two  trained SVM classifiers, one trained on RGB
feature set and the other on HSV feature set. These two classifiers
separately classify the test data either as bleeding or non-bleeding.

4.2. Fusion of classifier

According to [29], a higher accuracy can be achieved by combin-
ing the results of multiple classifiers than that of the best classifier.
Based on this hypothesis, we propose a new method for classifica-
tion of CE frames based on SVM score. SVM score is the distance
from the decision hyperplane to the test vector and can be given by
the following equation [28]:

d (x) =
n∑

i=1

˛iyiK (xi, x) + b (2)

Here,xi (i = 1, 2, · · ·,  n) are the support vectors which define the
margin of the SVM, yi ∈

{
−1, 1

}
are the associated class labels,

K is the kernel function, ˛i is the Lagrange Multiplier associated
with support vector xi and b is the bias term. If d (x) is positive,
predicted label for the test vector x is +1(“bleeding” in our case)
or −1 (“non-bleeding”) otherwise. And the numeric value of d (x)
gives the distance of the test vector from the decision hyperplane
which is called the SVM score. A higher SVM score implies greater
probability of the test vector to belong to the corresponding class.
Though research has been going on for extracting probability from
the SVM score, it has been found that for equal prior probability,
raw SVM score using zero threshold gives better result than that
obtained from posterior probability calculated by incorporating
sigmoid function with SVM [30]. As we  have trained our classi-
fiers on a training set with equal number of data from both classes
(which leads to equal prior probability of two classes), adopting
uncalibrated SVM score is more appropriate for calculating class
confidence.

We will now describe the fusion method for combining the per-
formance of two  classifiers. In the classifier optimization stage, we
have separately optimized two  classifiers and two  sets of features:
one for RGB and another for HSV color space. Now using these two
optimized classifiers, each test region of every CE frame will be
classified separately based on the corresponding best feature sub-
set. The regions, for which both classifiers agree with each other,
will be classified accordingly. The remaining regions, for which two
classifiers give different results, SVM score will be the metric for tie-
breaking. So the SVM score, i.e., the distance of the feature point
(which represents the test region) from the decision boundary of
SVM of both classifiers will be calculated using Eq. (2). The classi-
fier which gives higher value of SVM score is taken as the deciding
classifier, as it implies higher class confidence. An example for the
classifier fusion method is given in Fig. 8.

5. Experimental results

5.1. Dataset

For optimum training of classifier, a representative data set is
required which accurately reflects the entire population. Again for
validation of the trained classifier, a diverse and large data set is
required. For this purpose, we create two database: database 1
(taken from [31]) and database 2 (taken from [32]). Database 1
includes videos taken by Pillcam SB of Given Imaging and Database
2 includes videos taken by Pilcam SB1 and Pillcam SB2 (Given Imag-
ing) and EndoCapsule1 (Olympus). In a real world scenario, test set

could be very different from the training set. To simulate this con-
dition, we restrict selection of training set from database 1 only and
testing data are extracted from both database 1 and database 2. This
will ensure the diversity of test data set. A robust and generalized



F. Deeba et al. / Biomedical Signal Processing and Control 40 (2018) 415–424 421

Fig. 8. Classifier Fusion Scheme for four arbitrary regions extracted from a bleeding fram
the  final result. For region 2 and region 3, two  classifiers give different results. So the dist
is  calculated and the classifier which gives the greater distances is taken as the deciding c

Table 1
Description of Test Data.

Database Total Bleeding Non-Bleeding

Database 1 1224 534 690
Database 2 7648 1933 5715
Total 8872 2467 6405
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is evaluated on the test set. This is the best accuracy achievable for
ystem should be able to give satisfactory result for this large and
iverse dataset depending on a comparatively smaller training set,
hich is the case in clinical practice. Again it has been made sure

hat, training and testing data have not been extracted from the
ame video to avoid biasing. Each image has been downscaled to a
esolution of 256 × 256 for increasing computational efficiency.

.2. Experimental setup

All experiments are performed using MATLAB R2015a. During
xperiments, we prepare separate training data set and test data
et. The training dataset consists of 124 bleeding instants and 124
on-bleeding instants, drawn from 10 CE videos. The test data are
omprised of two subsets. First subset which is taken from database

 contains 1224 images among which 534 images are bleeding and
90 images are non-bleeding. Second subset, taken from database
, contains 7648 images among which 1933 images are bleeding

nd 5715 images are non-bleeding. The description of test data set
as been given in Table 1.
e. For region 1 and region 4, two classifiers give the same result, which is taken as
ance from the test data representing the region to the respective SVM hyperplane
lassifier.

5.3. Feature selection and classifier optimization using
two-nested CV loops

The first experiment is performed to train the classifiers by tun-
ing classifier parameter and selecting the best feature combination.
For this experiment, we  have used the training data adopting nested
cross validation method to avoid the biasing effect typically arising
from cross-validation. We  have used global optimization toolbox in
MATLAB to tune the parameters of SVM, i.e., regularization param-
eter C and kernel parameter � . For each possible combination of
features, first the training data have been randomly divided into cal-
ibration set and test set, where calibration set constitute the 80% of
training data (198 samples) and remaining (50 vectors) are the test
data. SVM parameters are optimized using this calibration set. In
the next step (the inner loop), a 5-fold cross validation is performed
on the calibration step by splitting the set into 5 segments. Each
segment is taken as the validation set while the rest 4 segments
as the training set in turn. On this setting, optimum parameter
(C, �) is found using Global Optimization toolbox. For five folds,
five misclassification error values are obtained, averaging which
will give the misclassification error for the certain parameter(C, �).
This inner loop is repeated five times yielding five (C, �) values.
The best parameter(C, �) is chosen based on the minimum classi-
fication error, i.e. maximum accuracy. Now in the outer loop, an
SVM model is trained on the entire calibration set using the opti-
mum  parameters in previous step and the classification accuracy
a specific feature combination. So we  are effectively implementing
two nested cross-validation loops where the inner loop is used for
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Table 2
Optimum Feature Subsets in RGB Space for Different Dimensions.

Dim. Feature Subset Accuracy

1 Mean (G) 0.8
2  Mean (R) + Mean (G) 0.96
3  Mean(R) + Mean (G) + Std. Dev. (G) 0.996
4  Mean(R) + Mean (G) + Std. Dev. (G)

+ Skew (B)
0.996

5  Mean(R) + Mean (G) + Energy
(G) + Skew (R) + Energy (R)

0.992

6  Mean (B) + Std. Dev. (G) + Entropy
(R) + Entropy (G) + Skew (R) + Skew (G)

0.996

7  Mean (R) + Entropy (R, G) + Skew (R,
G) + Energy (R + G)

0.992

8  Mean (R, G, B) + Std. Dev (G) + Entropy
(R, G) + Energy (R, G)

0.992

9  All Features except Std. Dev. (R, G,
B) + Entropy (B) + Skew (B) + Energy (B)

0.992

10  All Features except Std. Dev.
(B) + Entropy (R) + Skew (G &
B) + Energy (B)

0.992

11  All Features except Std. Dev. (R
&B) + Skew (B) + Energy (B)

0.996

12  All Features except Std. Dev.
(R) + Entropy (R & G)

0.99

13 All Features except Skew (B) and
Energy (G)

0.98

14 All Features except Skew (B) 0.976
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Table 3
Optimum Feature Subsets in HSV Space for Different Dimensions.

Dim. Feature Subset Accuracy

1 Mean (H) 0.84
2  Mean (S) + Std. Dev. (S) 0.92
3  Mean(H) + Mean (S) + Entropy (H) 0.98
4  Mean(H) + Mean (S) + Mean (V) + Std.

Dev. (S)
0.996

5  Mean(H) + Mean (S) + Std. Dev.
(H) + Entropy (V) + Skew (H)

0.996

6  Mean (H, S, V) + Std. Dev. (H,S) + Skew
(V)

0.992

7  Mean (H, S) + Std. Dev. (H) + Entropy (H,
S) + Energy (H, S)

0.98

8  Mean (H, S, V) + Std. Dev (H,
S) + Entropy (S) + Energy (S) + Skew (V)

0.98

9  All Features except Std. Dev.
(V) + Entropy (V) + Skew (H, S,
V) + Energy (V)

0.96

10  All Features except Mean (V) + Std. Dev.
(V) + Skew (S) + Energy (H, V)

0.996

11  All Features except Std. Dev.
(S) + Entropy (S, V) + Energy (H)

0.996

12 All Features except Entropy (H,
S) + Energy (H)

0.996

13  All Features except Std. Dev. (V) and
Energy (V)

0.98

14 All Features except Energy (H) 0.96

15  All Features 0.92

im = Dimension.

uning parameter and outer loop is used for evaluating the general-
zation error [19]. This procedure will safely discard any possibility
f bias and overfitting.

After the previous step, we obtain the estimate of classification
ccuracy for all possible combination of features for the optimized
lassifier. So the feature combination which accounts for the max-
mum accuracy will be the selected as best subset. For RGB and
SV color space, we separately select the best feature subset for
ach dimension which are given in Tables 2 and 3. From Table 2,
e can see that the best accuracy (99.6%) is achievable with feature

ubsets of dimension three in RGB space. So, for RGB color space,
e select the feature triplet constituting of mean of red channel,
ean of green channel and standard deviation of green channel

s the optimum feature subset. The optimum (C, �) value for this
ombination is (0.668, 3.004). And Table 3 shows that with a min-
mum feature set of dimension four, best accuracy (99.6%) can be
btained in HSV color space. So, subset consisting of mean of all
hree channels (hue, saturation and value) and standard deviation
f saturation channel is selected as the best feature subset for HSV
olor space. And the optimum value of (C, �) for this combination
ound from the optimization process is (36.23, 2.447).

.4. Performance metrics

For quantitatively evaluate the performance of our proposed
ystem, we have used the following performance criteria [33]:

ccuracy = TP + TN
TP + FP + TN + FN

recision = TP
TP + FP

ensitivity/Recall = TP

TP + FN

pecificity = TN
TN + FP
15  All Features 0.976

Dim = Dimension.

F1Score = 2 ∗ Precion ∗ Recall
Precion + Recall

where TP is the number of “bleeding” frames classified correctly,
TN is the number of “non-bleeding” frames classified correctly, FP
is the number of “non-bleeding” frames classified incorrectly as
“bleeding” frame and FN is the number of “non-bleeding” frames
classified incorrectly as “bleeding” frame. We  have also constructed
confusion matrix to show the overall picture of the classifica-
tion performance indicating the values of sensitivity, specificity,
FNR (False Negative Rate = 1-sensitivity) and FPR (False Positive
Rate = 1-specificity).

5.5. Experimental results for bleeding detection

After the classifier parameter optimization and feature selec-
tion, the trained classifier is tested on a large dataset as described
in Section 5-5.2. Table 4 shows the performance of three classifiers
in terms of accuracy, sensitivity, specificity, precision and F1-score.
While assessing the performance of a classifier (or system), one
cannot simply look at just one performance index as it may  be
misleading. A combination of all performance indices should be
considered to make an informed judgment. This is where the pro-
posed fusion method is useful.

The confusion matrix for the result of testing is given in Table 5.
From the tables, we  can see that the classifier based on RGB color
space has a tendency to incorrectly label data as bleeding, which
is reflected in its poor specificity (as highlighted in Table 5). So
the high sensitivity index from this classifier is somewhat mislead-
ing. On the other hand, though the classifier based on HSV space
generally show higher performance indices, there are cases where
it suffers from lower sensitivity by incorrectly labelling bleeding
frames as normal. Here we see that in both cases, the fusion method
minimizes the error by correctly labelling the frames for differ-

ent types of datasets which shows the robustness of the proposed
algorithm.

Table 6 provides the computation cost (time required for classi-
fication of each CE frame) for three classifiers. As training classifier



F. Deeba et al. / Biomedical Signal Processing and Control 40 (2018) 415–424 423

Table  4
Performance Evaluation of Three Classifiers.

Classifier Accuracy Sensitivity Specificity Precision F1 Score

Database 1 Crgb 92.97% 97.4% 89.6% 87.84% 89.12%
Chsv 96.73% 98.13% 95.65% 94.58% 96.32%
Cfusion 97.22% 98.13% 96.52% 95.66% 96.86%

Database 2 Crgb 49.53% 100% 32.46% 33.37% 49.31%
Chsv 93.89% 91.05% 94.86% 85.69% 88.2%
Cfusion 94.5% 92.6% 95.2% 86.6% 90.0%

Table 5
Confusion Matrix for Bleeding Detection Resulting From Three Classifiers.

Predicted Class

RGB Classifier
Crgb

HSV Classifier
Chsv

Fusion of Classifier
Cfusion

Database 1
n  = 1224

True Class

n = 1224 Non-Bleeding Bleeding Non-Bleeding Bleeding Non-Bleeding Bleeding
Non-Bleeding TN  = 618 FP = 72 TN = 660 FP = 30 TN = 666 FP = 24

Spec. = 89.6% FPR = 10.4% Spec. = 95.65% FPR = 4.35% Spec. = 96.52% FPR = 3.48%
Bleeding FN  = 14 TP = 520 FN = 10 TP = 524 FN = 10 TP = 524

FNR = 2.6% Sens. = 97.4% FNR = 1.87% Sens. = 98.13% FNR = 1.87%
Database 2
n  = 7648

True Class

Non-Bleeding TN = 1855 FP = 3860 TN = 5421 FP = 294 TN = 5438 FP = 277
Spec. = 32.46% FPR = 67.54% Spec. = 94.86% FPR = 5.14% Spec. = 95.2% FPR = 4.8%

Bleeding FN  = 0 TP = 1933 FN = 173 TP = 1760 FN = 144 TP = 1789
FNR  = 0% 

Sens. = Sensitivity, Spec. = Specificity.

Table 6
Computation Cost Comparison AMONG THREE Classification Approach.

Classifier Crgb Chsv Cfusion

i
b
t
d
f
o
e
c
t
c

t
w
I
i
a
r
i
p
T

method outperforms the state-of-the-art performance in terms of

T
S

Time (second/Frame) 0.0924 0.1584 0.2145

s done offline and can be done beforehand, time for training has not
een considered. Classifier based on HSV space (Chsv) requires more
ime than classifier based on RGB space (Crgb) because of the higher
imension of optimum feature subset and conversion requirement
rom RGB to HSV space. The computational time for classifier based
n fusion (Cfusion) is not much higher than a single classifier, as the
xtra computation of comparing SVM scores is performed only in
ases where the decision of Crgb and Chsv does not match. Therefore,
he fusion based classifier stands out to be the preferred choice of
lassifier.

We have compared the efficacy of our method with the state-of-
he-art bleeding detection algorithms [12,14,15]. All the algorithms
ere implemented using MATLAB 2016a on a computer with

ntel(R) Core(TM) i5-6320, 3.9 GHz CPU, 32 GB of RAM. For mean-
ngful comparison, we  used the same training and test dataset for
ll the experiments. Similar to the proposed method, these algo-
ithms were tested on both database 1 and database 2. While

mplementing the algorithms for the performance comparison, the
arameters were selected to yield the best accuracy on database 1.
o emulate practical clinical setting, the selected algorithm param-

able 7
tate of the Art Methods for Bleeding Detection.

Study Database 1 

Accuracy (%) Sens./Sp

Fu et al. (2014)[15](Fu, Zhang, Mandal, & Max
Q.-H. Meng, 2014) (Fu, Zhang, Mandal, &
Max Q.-H. Meng, 2014)

91.96 97.50/8

Sainju et al. (2014)CITATION SSa14 \l 1033
[14](Sainju, Bui, & Wahid, 2014) (Sainju, Bui,
& Wahid, 2014)

97.52 94.83/99.4

Yuan  et al. (2016) CITATION Yua15 \l 1033 [12]
(Yuan, Li, & Meng, 2015)

98.05 97.15/9

Proposed Method 97.22 98.13/96.5
Sens. = 100% FNR = 8.95% Sens. = 91.05% FNR = 0.6% Sens. = 92.6%

eters were kept unchanged while testing on database 2. For the
algorithm proposed in Fu et al. [15], the chosen parameters are:
the standard deviation of the Gaussian function, � = 1, sensitivity
threshold, T = 0.1, superpixel number, K = 20, and the size of struc-
tural elements B in dilation is “Square” with 10 pixels width. For
the algorithm proposed in Sainju et al. [14], the number of neu-
rons used was 15. In the algorithm proposed in Yuan et al. [12],
YCbCr color space was used. The vocabulary size K = 80 was found
to give the best performance. The performance results have been
summarized in Table 7. From the comparison on Database 1, we
found that all the state-of-the-art methods give competitive perfor-
mance. Our method achieves slightly better sensitivity compared
to other methods. However, it has only a better accuracy compared
to Fu et al. [15], and comparable accuracy with the remaining meth-
ods. Interestingly, the comparison on the database 2 presents a
different scenario. For database 2, all the algorithms except the
proposed algorithm have an inclination to incorrectly label most
of the images as bleeding. These algorithms suffer from low speci-
ficity and moderate accuracy. Therefore, it can be concluded that
these algorithms are not effective in discriminating bleeding and
non-bleeding images for a large and diverse test dataset. On the
contrary, the proposed algorithm yields high accuracy of 94.5% and
maintains high sensitivity and specificity. Therefore, the proposed
bleeding classification accuracy and specificity. The computation
complexity is slightly higher compared to the methods Sainju et al.

Database 2 Time (Sec/frame)

ec. (%) Accuracy (%) Sens./Spec. (%)

7.92 86.54 98.89/76.48 0.99

8 71.44 97.40/50.32 0.11

8.70 89.34 99.35/81.20 0.04

2 94.5 92.32/95.07 0.15
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14] and Yuan et al. [12]. Considering the current frame rate of cap-
ule endoscopy (2fps), our method is fast enough to enable real time
leeding detection. This validation step is very important to ensure
hat the system will perform well in practical cases where testing
ata will be very different from the training data. To the best of
ur knowledge, no other previous work has been taken this aspect
nto account. Thus our method is applicable for general applica-
ion including videos from different sources and different patients
ased on a very limited training dataset.

. Conclusion

In this paper, we have proposed an automated and compu-
ationally simple system for bleeding detection. The extensive
xperiment on test data containing a variety of CE frames estab-
ishes the superiority of fusion based classifier over other classifiers.
he use of pre-processing technique and nested cross-validation
mproves the performance of the proposed system. Moreover, the
ow computational time makes it possible to assess the video
rames in real-time which could be applied in intelligent deci-
ion support system. Comparison with state-of-the art algorithm
eveals that the proposed method is robust against variation in
est data. Therefore, the method can be expected to yield superior
erformance in clinical applications. The algorithm can be further

mproved by incorporating more classifiers and fusion techniques
hich is left for future exploration.
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