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Machine  learning  algorithms  are  progressively  assuming  an  important  role  as  a  computational  tool  to
support clinical  diagnosis,  namely  in the classification  of  pigmented  skin  lesions.  The  current  classifica-
tion  methods  commonly  rely on  features  derived  from  shape,  colour,  or  texture,  obtained  after  image
segmentation,  but  these  do not  always  guarantee  the  best  results.  To  improve  the  classification  accuracy,
this  work  proposes  to  further  exploit  the  border-line  characteristics  of  the  lesion  segmentation  mask,  by
combining  gradients  with  local  binary  patterns  (LBP).  In  the proposed  method,  these  border-line  features
are  used  together  with  the conventional  ones  to enhance  the  performance  of skin  lesion  classification
algorithms.

When  the  new  features  are combined  with  the  classical  ones,  the  experimental  results  show  higher
accuracy,  which  impacts  positively  the  overall  performance  of the classification  algorithms.  As  the  medi-
lassification cal image  datasets  usually  present  large  class  imbalance,  which  results  in  low  sensitivity  for  the  classifiers,
the border-line  features  have  a positive  impact  on  this  classification  metric,  as evidenced  by  the  experi-
mental  results.  Both  the  features’  usefulness  and  their  impact  are  assessed  in regard  to  the  classification
results,  which  in  turn  are statistically  tested  for  completeness,  using  three  different  classifiers  and  two
medical  image  datasets.
. Introduction

Digital image processing techniques are gaining increasing rel-
vance in many computational tools that assist clinicians in their
iagnostic decisions, as noted in the dermatology field for skin

esion classification, namely for the problem of differentiating
elanoma and nevus [1]. The algorithms employed in such tasks

ange from those using Deep Learning, where the algorithm auto-
atically select which types of features will be employed for

lassification, to other classic Machine Learning (ML) algorithms
hich require hand-crafted features. The use of Deep Learning algo-

ithms has achieved significant performances (e.g. [2]), however
hose algorithms require rich precisely annotated datasets that are
ot usually available.
Still, many different types of features have been specially tai-
ored for this problem, ranging from colour, texture, and shape. In
his work we  employ a recent sub-group of hand-crafted features,

∗ Corresponding author at: DEI – FCTUC, University of Coimbra, Portugal.
E-mail address: pedrommpereira@co.it.pt (P.M.M. Pereira).
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which are extracted from the border-line of the skin lesions [3].
The pipeline approach proposed in this work encompasses detailed
segmentation methods, so that this new type of features may  be
explored.

The main contribution of this paper is to demonstrate the
relevance of the newly proposed features (extracted from the seg-
mentation border-line information) for improving a classification
algorithm, in addition to other commonly used features [4]. Hence,
this work does not aim to validate the segmentation or classification
algorithms, but the information gain achieved with the proposed
features. The proposed method uses two existing segmentation
techniques: Gradient-based Histogram Thresholding (GHT) [5] and
a variant of the recent Local Binary Patterns Clustering (LBPC)
[6]. The border-line features are then extracted and used as input
for automatic classification of melanocytic lesions using ML  algo-
rithms. To this end only images of melanoma and nevus are used.
Melanoma is the most aggressive form of skin cancer [7] and one-

third of all melanomas arise from pre-existing nevus, thus detection
and removal of such nevus is of utmost importance in the preven-
tion of melanoma. In summary, this paper exploits the additional
insight that, based on statistical features, border-line information

https://doi.org/10.1016/j.bspc.2019.101765
http://www.sciencedirect.com/science/journal/17468094
http://www.elsevier.com/locate/bspc
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rovides relevant information to enhance discrimination of skin
esions.

The reminder of the paper is organised as follows: Section 2
resents the literature involved in this work. Section 3 introduces
he proposed approach, detailing the segmentation techniques, fea-
ure extraction and the pigmented skin lesion classification. Section

 details about the datasets utilised for this study. Section 5 presents
nd discusses the results with statistical validation information,
nd Section 6 highlights the conclusions and future work.

. Background

Segmentation provided by dermatologists (i.e., clinical segmen-
ation), which is broadly used as ground-truth in the context of ML
lgorithms, presents some associated methodological constraints.
n fact, handmade lesion segmentation aims at establishing a guide
o surgical excisions or to be a follow-up reference for future med-
cal examinations, defining a region of interest that comprises not
nly the pigmented lesion but also some of the surrounding area in
he transition to healthy skin [8]. The transition region between the
esion and the clinical segmentation presents perceptual challenges
o the human visual system. In fact, ambiguity in contrast varia-
ions, blurred edges or changes in lightning conditions contribute
o the lack of accuracy in eye-based segmentation approaches [9].
iven these limitations, computational methods have been devel-
ped as alternative to be used in the segmentation step of ML
lgorithms [10,11]. Hence, the latter widely established option for
ore accurate computer vision delineation methods is considered

n this work, rather than coarser versions available for clinical seg-
entation.
Segmentation methods have been widely used as a prepro-

essing step in skin imaging systems [12,13,4,14], and in some
pplications, prior to the segmentation step a few stages must
recede the main algorithm, including artefact/hairs removal tech-
iques such as [15,16]. A comprehensive review of such methods

s presented in [17].
Only recently, delineation information of skin lesions border-

ine has emerged as an input feature in ML  algorithms. Based on
 detailed segmentation border, several feature characteristics of
ts perimeter may  be determined. For such purpose, some research

ork has been carried out in this topic. In [1], using a clustering
lgorithm, the authors extracted features related to the perimeter
order from 90 images and classified them as Benign vs Malig-
ant and Unknown. Similarly, in [18] the authors also extracted
he perimeter information, as well as colour and texture features.
hese emerging features provide new dimensions to the solution
nd have potential to be added directly to most existing approaches.
ne of such works is presented in [19], where several features are
enchmarked with Matlab classifiers (present in the classifier app),
ttaining an average accuracy of 87%. Other implementations, like
hose based on Deep Learning, namely [2,20], already obtain state-
f-the-art results but it is more difficult to include such features
n their approaches. However, most neural network applications,
ike [21], are easily adaptable since they already behave like a fea-
ure classifier by construct. Currently, it was also introduced in [3] a
eature-based descriptor for skin lesions that mainly includes some
ypes of border-related features.

In spite of the fact that such approaches provide state-of-the-art
esults, they do not utilise the same datasets or classifiers, making
he comparison of their results a difficult task, which will not be
erformed in the scope of this work.
. Proposed skin lesion classification approach

This section presents the method’s pipeline, which comprises
hree steps: Segmentation, Feature Extraction, and Classification.
cal Signal Processing and Control 57 (2020) 101765

Firstly, the lesion image is segmented with the GHT  and the LBPC
algorithms (introduced in previous publications from the authors,
i.e. [5,6]). Then common border-line features of the binary segmen-
tation mask (presented for the first time in this paper) are extracted
and used by the lesion classifier in the third and final step.

3.1. Segmentation

In this work two methods are used for segmentation of pig-
mented skin lesion images: GHT [5] and LBPC [6]. While GHT
exploits luminance intensity variations, LBPC is more sensitive
to texture patterns, therefore in both methods the luminance
(grayscale) image is used, as described in the following sections.
Given an RGB image as input, the corresponding luminance image
(Y) is obtained by means of a weighted sum of R, G, and B channels,
as defined in Rec.ITU-R BT.601-7 [22], Eq. (1).

Y = 0.2989 ∗ R + 0.5870 ∗ G + 0.1140 ∗ B. (1)

3.1.1. Gradient-based Histogram Thresholding
In general, skin lesion images produce bi-modal colour his-

tograms [23], as can be seen in the workflow of the GHT method
presented in Fig. 1. Therefore, two dominant peaks are identified in
the histogram of the grayscale image, which are associated to the
two major regions of interest: normal skin and lesion. In order to
differentiate these two  regions, in [5] the authors proposed a novel
GHT approach specially tailored for this conditions, which deter-
mines a threshold value between the two peaks. This value can be
calculated based on an optimum criterion that targets the max-
imum gradient along the segmentation mask perimeter [5]. This
average gradient estimation involves only the component perpen-
dicular to the segmentation curve and is calculated as the mean
RGB gradient.

Nevertheless, sometimes the gradient-based thresholding algo-
rithm may  result in segmentation contours that only include inner
parts of the lesion, as shown in Fig. 1 (green segmentation con-
tour). Although the line does indeed exhibit the highest possible
gradient, it can be observed that it excludes relevant portions of
the lesion-to-skin transition region. To overcome this limitation, a
clustering-based mask of the original image is determined using
the k-means++ algorithm [24]. Despite the fact that this segmen-
tation strategy does not result in border-lines with mean gradient
values as high as the ones previously obtained, it is more effective in
including the regions that are to be associated with lesion area. The
final GHT segmentation combines the strengths of both techniques
by determining the optimum border-line (blue curve in Fig. 1) as
a trade-off between high gradient values, from the gradient-based
histogram, and high accurate lesion regions (often larger), from the
clustering approach (a detailed discussion can be found in [5]).

3.1.2. Local Binary Pattern Clustering (LBPC)
We also tackled the problem of image segmentation follow-

ing a LBPC approach, where the original algorithm was adapted
as follows. The LBPC algorithm combines the LBP characteristics
[25] with k-means++ clustering, as depicted in the schematic rep-
resentation of Fig. 2. The RGB image is converted to grayscale and
a set of pixel-wise LBPs are determined (named “LBP” in Fig. 2) –
although other colour transformations have been studied, the best
performance was achieved using grayscale. Then, a modified LBP
(binary) image is generated by setting to zeros all the elements
whose LBP values are powers of two or zero (LBP ∈ {0, 2n}, n ≥ 0),
and the remainder of this image is set as ones. These elements
have been chosen due to their ability to provide rich information

about smooth healthy skin regions despite the various intensity
levels, according to [6]. Then, a new image is created by expand-
ing the regions around the selected pixels with a homogeneous
Gaussian kernel, empirically defined with a size of 13 pixels and
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Fig. 1. Gradient-based Histogram Thresholding method workflow: given a grayscale input image, an histogram is produced to find the two dominant colour peaks (arrows)
of  the image, which provide boundaries for the RGB gradient maximisation step (green segmentation line); the same input image goes through a clustering step (red
segmentation line); finally, from the two  previous segmentation lines, an optimum border-line optimum is obtained (blue curve) from which image binarisation produces
the  final mask.
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ig. 2. Local Binary Pattern Clustering method workflow: given a grayscale input im
ased  on a specific set of LBPs (0 and possible powers of 2), and smoothed with a G
anges  from −255 to 255, mapped from red to blue respectively) and fed to a k-mea

tandard deviation 3. Finally, the transformed LBP image is sub-
racted from the original grayscale image from the first step and
he resulting pixel values are input to the k-means++ clustering
lgorithm (resorting to Euclidean distance and a maximum of 100
terations) that separates the information into two cluster regions:
esion and normal skin. At this point each pixel is assigned to only
ne of the clusters. The pixel labels are then used to form a binary
egmentation mask.

When compared to the original version of the LPBC algorithm,
he novelty herein introduced is this image subtraction step, rather
han the original representation inspired on the CIE L*a*b* colour
pace, as it was found to lead to better performances at this study’
lassification step.

The resulting segmentation output mask obtained with these
wo techniques can be observed in Fig. 3 for image B355b of the

ermofit dataset [26]. As it can be seen, the segmentation from
oth the GHT and LBPC algorithms provides much higher detail on
he lesion borders than that of the dataset Ground-Truth (Fig. 3b).
the pixel-wise LBP information (with values ranging from 0 to 255) is determined,
n filter; this information is subtracted from the input grayscale image (which now
orithm that clusters the information into two  regions.

3.2. Feature extraction from the segmentation border

In order to extract features from the proposed segmentation
masks, the detailed border-lines are reshaped from their rounded
lesion-shape to an unfolded line, resulting in the lines shown in
Fig. 4a and b. The line unfolding is carried out by firstly calculating
the centre of mass of the segmented region. Then, the Euclidean
distance d (in pixels) from each pixel to the centre of mass is repre-
sented by d(i) and, from this representation, the new line-segment
is obtained. This unfolded line maintains all the original informa-
tion, except the lesion shape. As can be observed from Fig. 4a and
b, the lines segments originated from both algorithms have dif-
ferent sizes. This is due to the segmentation boundary generated
by each corresponding algorithm. Although the algorithms provide
similar shaped-segmentations, GHT displays a smoother curve than

LBPC. Hence the LBPC segmentation is intrinsically larger (in terms
of perimeter pixels) than GHT. This is further evidenced observing
Fig. 3.
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Fig. 3. Segmentation results for B355b image of the Dermofit dataset [26].

 B355
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Fig. 4. Border-lines extracted from

Based on this representation, a new set of features were
xtracted from the unfolded border-line (as can be seen in
ig. 4a), namely: root-mean-square level (F1); average d value

F2); height of main peak (F3) and height and position of second
eak of a autocorrelation sequence calculation (F4–5); magnitude
f the highest peak of each of the first six bins of a Discrete
ourier Transform spectrum (DCT) using 4096 points, where the
b image of Dermofit dataset [26].

sampling resolution is 2�/4096 rad/sample (dividing it in 32
equal-size bins) (F6–11); frequency component corresponding to
the six points of the previous features (F12–17); sum of values

of five equal-length segments produced by splitting its peri-
odogram power spectral density (PSD) [27] (F18–22). The number
of peaks/segments (F6-22) was optimised using correlation analy-
sis.
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.3. Classification

As previously mentioned, the main research question addressed
n this work is to verify whether segmentation border details and
he type of lesion might be somehow correlated. This is done in

 nevu versus melanoma setting. It is known that the melanoma
s the most aggressive form of skin cancer [7] and one-third of
ll melanomas arise from pre-existing nevus. Thus, detection and
emoval of such nevus is of utmost importance in the prevention of
elanoma. If such hypothesis is true, the use of border-line features
ight prove to be useful in providing additional discriminatory

nformation that will help to improve the classification accuracy of
kin lesions. To test and validate the raised hypothesis, three clas-
ifiers were used: two of them are based on a linear Support Vector
achine (SVM) of similar parameters, while the third implements a

eedforward Neural Network (FNN) for classification. Deep Learn-
ng classifiers were not selected for this study due to the selected
egmentation algorithms variable length outputs and the datasets’
ize constraints. The experiments were made in a MSI  GT683DXR-
23US laptop, which provides an Intel® CoreTMi7-2670QM CPU @
.20GHz with 8GB of RAM.

The first classifier, namely the SMO, employs an SVM classifier
sing Sequential Minimal Optimization. This classifier was pro-
osed in [4] for skin lesions classification and implements a robust
upervised learning method with a linear kernel function that is
olved iteratively through the sequential minimal optimization.
he classifier, imported from Weka 3.8.2, is employed to enable
omparison with [4]. In this algorithm, the SVM problem is broken
nto a series of smaller sub-problems, which are solved analyti-
ally [28]. For this method default literature parameters were used:
omplexity constant of 0.5 and epsilon of 1 × 10−7.

The second classifier, namely the ISDA, also employs an SVM
lassifier, however, instead of solving the problem with the sequen-
ial minimal optimization, as in the SMO, this version uses the
terative Single Data Algorithm proposed in [29]. For this classi-
er, an existing implementation present in MatlabTMR2018b was
sed. Unlike SMO, ISDA solves a series of one-point minimisation
hat does not respect the linear constraint and does not explicitly
nclude the bias term in the model. The ISDA implementation uses
he same parameters, as in the SMO.

The third classifier, referred to as FFN, is a Feed Forward Net-
ork (present in MatlabTMR2018b patternnet function) that was

mplemented based on a common rule of thumb,  which states that
he number of neurons n in a network should be determined tak-
ng into consideration the number of samples, features (inputs)
nd possible classifications (outputs), expressed by n = (#sample ∗
#inputs + #output))/w where, the weight w was  set to 2, halving
he result, in order to force lower overfitting probability, as it lim-
ts the networks’ number of degrees of freedom. In this network,
he traditional sigmoid activation function [30] was employed.
his network was trained using Scaled Conjugate Gradient Back-
ropagation [31] with cross-entropy as the network performance
easurement and no normalisation or regularisation for simplic-

ty. The FFN classifier was included in this experiment because it
as shown to be a universal approximator and could thus pro-

ide better results [32]. The following default literature parameters
ere used in this method: 5 × 10−5 for derivative approximation

sigma), 5 × 10−7 for the indefiniteness of the Hessian (lambda),
 minimum performance gradient of 1 × 10−6, and maximum six
alidation fails.

For the tests, the SVM classifiers were trained using 90% of the
vailable data and tested on the remaining, unseen, 10% of the data.

or the FNN, the network was trained on 70% of the data, validated
n untrained 20% (to prevent overfitting), and later tested using
he remaining 10% of the data. The results obtained in the different
lassifiers are presented in terms of the average of all tests’ that
cal Signal Processing and Control 57 (2020) 101765 5

have been repeated 10 times using 10-fold cross-validation (100
executions). Training and test proportions of 70–30% and 50–50%
were also considered, presenting similar results.

4. Datasets

This section describes the two  utilised datasets, namely the
MED-NODE dataset [33] and the Dermofit dataset [26]. Both are
used in this experiment since they provide different acquisition
methods and constraints.

4.1. MED-NODE

The MED-NODE dataset consists of 70 melanoma and 100 nevus
images from the digital image archive of the Department of Der-
matology of the University Medical Centre Groningen. The images
were acquired with a Nikon D3 or Nikon D1x body and a Nikkor
2.8/105 mm micro lens, with an average distance of 33 cm between
the lens and the targeted lesion. Images of pigmented skin lesions
originate only from patients of Caucasian origin (majority of the
population in the Netherlands). Prior to the dataset release, scale
and size (along with other operations like hair removal) were
performed manually. These operations are lesion-region depen-
dent since some manual pre-processing was  performed to set the
images’ range from 349 × 321 to 1880 × 1867 pixels. Each image
shows a single region of interest that contains both healthy skin
and lesion, and associated classification label.

4.2. Dermofit

The Dermofit dataset is comprised of images with high qual-
ity focus, collected under similar conditions by the Department of
Dermatology of the University of Edinburgh. Although the lesions’
diagnostics in this dataset span across 10 different classes, only
melanoma and nevus are of interest for this research. Using this cri-
terion, 407 images were selected, obtaining an unbalanced setting
of 331 nevi and 76 melanomas. These images were acquired using a
Canon EOS 350D SLR camera at an average distance of 50 cm.  Their
size range from 209 × 169 to 2176 × 2549 pixels. Along with each
image of the lesion surrounded by some healthy skin, the dataset
provides a ground-truth binary segmentation mask of the lesion
area (GT) and a classification label. Images from the dataset were
used after a pre-processing stage that aimed at removing hair from
the images, using the algorithm described in [15].

5. Experimental results and discussion

The skin lesion images used in the experiments were taken from
two publicly available datasets, namely the MED-NODE and the
Dermofit as described in Section 4. For each dataset, the image data
was evaluated by using the three classifiers described in Section 3.3.
In each case, two  feature sets were employed. Firstly, 10 features
(F23–32) proposed in [4] are used as input to the classifiers (five
of which assess the lesions’ asymmetry aspects, one assesses bor-
der condition and four consider lesions’ colour attributes). Later, in
order to assess the contribution of the detailed border-line infor-
mation to the classifiers performance, the remaining 22 features
(F1–22) described in Section 3.2 are used as input to the classi-
fiers, thus resulting in a total of 32 features. The results obtained
in these assessments are expressed in terms of percentage of clas-
sification accuracy (Acc.), Specificity (SP), and Sensitivity (SE). This

experiment, as described, is estimated to take two and half hours
to execute – including segmentation and feature extraction of all
images in the dataset, and later classification of this data using the
four different sets of features for the three classifiers.



6 P.M.M. Pereira, R. Fonseca-Pinto, R.P. Paiva et al. / Biomedical Signal Processing and Control 57 (2020) 101765

Table  1
Results for the MED-NODE dataset (×100).

Seg. Ft. (#) SVM-SMO SVM-ISDA FFN

Acc. SE SP Acc. SE SP Acc. SE SP

GHT F23–F32 (10) 73 ± 1.5 45 ± 3.7 92 ± 3.0 76 ± 1.2 66 ± 2.4 83 ± 1.4 76 ± 1.9 63 ± 4.6 84 ± 2.1
F1–F32 (32) 74 ± 1.2 56 ± 6.4 86 ± 6.2 78 ± 2.0 66 ± 2.4 86 ± 1.3 76 ± 2.4 63 ± 4.7 84 ± 2.7

LBPC  F23-F32 (10) 75 ± 1.2 49 ± 3.0 93 ± 2.0 77 ± 1.3 69 ± 2.2 83 ± 0.9 75 ± 1.7 64 ± 4.1 83 ± 1.7
F1–F32 (32) 78 ± 1.3 58 ± 5.6 91 ± 3.4 79 ± 1.5 65 ± 2.7 88 ± 1.1 77 ± 1.9 66 ± 5.8 86 ± 2.2

Table 2
Results for the Dermofit Dataset (×100).

Seg. Ft. (#) SVM-SMO SVM-ISDA FFN

Acc. SE SP Acc. SE SP Acc. SE SP

GT F23–F32 (10) 82 ± 0.1 3 ± 1.4 100 ± 0.4 83 ± 0.6 17 ± 2.5 98 ± 0.3 84 ± 1.9 38 ± 5.6 95 ± 1.5
F1–F32 (32) 88 ± 0.9 49 ± 4.2 96 ± 1.1 89 ± 0.5 59 ± 1.2 96 ± 0.5 88 ± 0.8 51 ± 3.9 96 ± 0.8

GHT  F23–F32 (10) 83 ± 0.2 9 ± 1.3 100 ± 0.3 88 ± 0.3 52 ± 1.6 97 ± 0.3 86 ± 0.8 49 ± 2.8 96 ± 0.9
F1–F32 (32) 88 ± 0.4 40 ± 3.9 99 ± 1.3 90 ± 0.4 56 ± 2.1 98 ± 0.2 88 ± 0.9 54 ± 2.9 96 ± 0.8

84 ± 0
89 ± 0
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LBPC  F23–F32 (10) 81 ± 0.7 5 ± 5.4 99 ± 0.8 

F1–F32 (32) 87 ± 0.6 43 ± 3.8 97 ± 1.0 

.1. MED-NODE dataset

The experimental results for the MED-NODE dataset can be seen
n Table 1.

When using the GHT segmentation, adding the proposed
order-line features led to limited improvements of 1% and 2% on
MO  and ISDA, respectively; and no improvements whatsoever to
he FFN classifier. With these results the best classification results
orrespond to ISDA, which achieves 78% accuracy, followed by the
FN with 76% accuracy. In this scenario, the main problem faced
y classification algorithms is to wrongly classify the melanoma
amples as nevus, which leads to poor sensitivity results. It is, how-
ver, worth noting that with SMO  the inclusion of the proposed
order-line features have substantially increased the sensitivity by
1%.

The obtained results show that using border-line features
xtracted from LBPC-based segmentations consistently leads to
etter results in all classification methods. This is likely to be asso-
iated with the dense local texture information provided by LBPs
ocalised detail which, in this case, led to improvements of 3% for the
MO  and 2% for the remaining classifiers. Moreover, the sensitivity
lso increased 9% with the SMO, showing that for these classifiers
he addition of the border-line features to the commonly used fea-
ures helps solving the main issues in the classification, as discussed
n the previous paragraph.

.2. Dermofit dataset

The Dermofit dataset poses a different challenge to the classi-
ers due to the unbalanced dataset, despite providing more data

or training. As previously mentioned, the dataset was  classified
sing the proposed approach by testing each of the 2 proposed
egmentation methods (GHT, LBPC) plus the provided segmenta-
ion Ground-Truth (GT). The features were extracted from each
egmented image using both methods. Then, they were tested sep-
rately with three classifiers (SMO, ISDA, and FFN) to perform the
esion classification, achieving the results depicted in Table 2.

When using the provided GT segmentation, the additional
order-line-based features led to accuracy enhancements of 6%, 6%,
nd 4% on SMO, ISDA, and FFN, respectively. The best performance

as obtained with the ISDA classifier (89% accuracy). It is also rele-

ant to notice the significant gains in sensitivity (46%, 42%, and 13%),
hich indicates that adding the new features helps the classifiers

o better cope with the class imbalance.
.8 27 ± 1.9 97 ± 0.6 86 ± 1.1 50 ± 5.2 95 ± 1.2

.5 64 ± 1.7 95 ± 0.5 91 ± 0.8 68 ± 3.5 96 ± 0.6

Concerning GHT-based segmentations, the first observation is
that it yields better results than GT even with only the initial
features, which can be seen as an indication of a higher quality
lesion segmentation. With the additional border-line-based fea-
tures, gains of 5%, 2%, and 2% were now observed in accuracy, with
ISDA reaching a top score level of 90%. As with GT, more significant
increases were observed in the sensitivity (31%, 4%, and 5%), show-
ing that, again, the new border-line features make the classifiers
better prepared to handle the dataset class imbalance.

Finally, the LBPC segmentation method presents results simi-
lar to those previously discussed. In this case, gains of 6%, 5%, and
5% were obtained in the accuracy, and of 38%, 36%, and 18% in
sensitivity, with FFN outperforming the other two  classifiers.

On a global analysis, GHT features (with the ISDA classifier) and
LBPC-based features (with the FFN classifier) led to best results in
terms of accuracy (90% and 91%), but with the latter exhibiting a
better sensitivity (68% against 56%), indicating that it better handles
the dataset class imbalance problem previously described.

5.3. Feature statistics

To validate the previous results, this subsection presents statis-
tical information about the discussed material. While Section 5.3.1
provides insight about each feature’s usefulness, in Section 5.3.2
the maintenance of all features is justified, instead of using only
the most useful.

To improve the presentation of the results, only the Dermofit
dataset and the SMO  classifier are considered. The dataset was cho-
sen due to its large class unbalance. The choice of the classifier is
due to its low computational constraints.

5.3.1. Feature information
Three separate feature selection algorithms were used due

to their different capabilities to evaluate the worthiness of an
attribute: one to measure the correlation (Pearson’s) between it
and the class, dubbed Correlation; one to measure the informa-
tion gain with respect to the class, dubbed InfoGain; and another
dubbed ReliefF [34–36] that evaluates by repeatedly sampling an
instance and considering the value of the given attribute for the

nearest instance of the same and different class. All the above were
executed using their default literature parameters. Table 3 shows
the results resorted by the algorithms’ metric. All experiments were
done with 10-fold cross-validation.
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Table  3
Feature Evaluation using 3 algorithm metrics. Numbers in Attr column refer to the
features proposed in Section 3.2

Correlation InfoGain Relief

Merit Attr Merit Attr Merit Attr

26.6 ± 3.0 1 34.0 ± 1.3 1 10.2 ± 0.4 1
25.2  ± 3.0 2 31.6 ± 2.0 2 9.3 ± 0.5 2
22.1  ± 1.0 6 17.7 ± 2.0 3 3.9 ± 0.3 12
12.4  ± 1.7 15 7.0 ± 1.6 19 3.6 ± 0.4 4
12.3  ± 2.0 16 7.5 ± 3.8 5 2.7 ± 0.7 6
12.2  ± 2.4 3 6.8 ± 0.7 6 2.5 ± 0.4 3
12.0  ± 2.0 17 8.7 ± 4.9 12 2.1 ± 0.1 20
11.9  ± 2.0 14 4.6 ± 2.7 4 2.1 ± 0.1 22
11.0 ± 1.7 13 5.2 ± 0.7 21 2.1 ± 0.1 21
8.7  ± 1.7 12 5.2 ± 0.6 18 2.1 ± 0.2 19
5.9  ± 2.4 18 5.2 ± 0.6 22 1.7 ± 0.2 18
7.5  ± 1.5 4 4.9 ± 0.6 20 1.2 ± 0.1 10
6.1  ± 2.6 19 0.0 ± 0.0 17 1.1 ± 0.3 11
6.2  ± 1.7 11 0.0 ± 0.0 13 0.9 ± 0.3 7
5.2  ± 2.6 20 0.0 ± 0.0 16 0.8 ± 0.1 8
4.9  ± 2.5 22 0.0 ± 0.0 14 0.9 ± 0.3 5
3.5  ± 1.0 7 0.0 ± 0.0 15 0.7 ± 0.2 9
4.4  ± 2.5 21 0.0 ± 0.0 7 0.6 ± 0.1 15
3.1  ± 1.3 10 0.0 ± 0.0 8 0.6 ± 0.1 17
3.1  ± 1.4 8 0.0 ± 0.0 10 0.6 ± 0.1 16
2.7  ± 1.2 9 0.0 ± 0.0 9 0.6 ± 0.1 14

t
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a
a
A
t
P

f
I
l
c

5

t
t
t
o
w
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Table 4
Classification Significance Results

Seg. Metric H0 H1 T

≥0 p-value ≤0 p-value

GT Acc. Rejected 0.0000 Not rejected 1.0000 v
SE Rejected 0.0000 Not rejected 1.0000 v
SP Not rejected 1.0000 Rejected 0.0000 *

GHT  Acc. Rejected 0.0000 Not rejected 1.0000 v
SE Rejected 0.0000 Not rejected 1.0000 v
SP Not rejected 0.9873 Rejected 0.0127 *

LBP  Acc. Rejected 0.0000 Not rejected 1.0000 v

contours, namely the GHT and the proposed LBPC, from which the
1.9  ± 1.3 5 0.0 ± 0.0 11 0.5 ± 0.1 13

In the presented results, it is clear that features F1 and F2 are
he most relevant. This may  be due to their indirect ability to pro-
ide a proportionality of the lesions’ average size. Then F6 and F3
re the next dominant features across the three feature selection
lgorithms, again providing information about lesion dimension.
part from these, the following most significant features belong to

he magnitude of the six peaks of the DCT and the five periodogram
SD.

By the magnitudes provided by the algorithm metrics, many
eatures seem to provide very little information. Specifically with
nfoGain, there are 10 features that seem to be completely use-
ess. But this is not case. If removed, they have a strong negative
ombined impact in the classifier.

.3.2. Feature selection
As mentioned in the previous subsection, there are many fea-

ures that provide very little information or correlation apart from
he first two. Nevertheless, including all the other features moves
he sensitivity up by 18.4% and specificity down by only 0.9%. This,
verall, improves the accuracy by 2.7%, which is why all features
here used in this work. Fig. 5 provides more detail on the feature
ontribution for the SMO  classifier. The initial x-label ‘i’ denotes
he use of the previously mentioned 10 base-features from [4].
fterwards, at each step along the x-axis, each feature (F) denoted

Fig. 5. Feature inclusion plot with Accuracy, Specificity and Sensiti
SE Rejected 0.0000 Not rejected 1.0000 v
SP Not rejected 0.9935 Rejected 0.0065 *

in the x-label is incrementally included in the dataset to plot the
corresponding Accuracy, Specificity and Sensitivity y-axis values.

5.4. Classification significance

This section focuses on the classifier’s statistical information,
using the features obtained in the previous section. As previously
mentioned, only the Dermofit dataset and the SMO classifier are
considered for the same reasons.

The results provided by the classifiers were validated with a
corrected paired t-test [37] in order to assess if the obtained results
with 32 features (32F) are significantly better than the previous
10 features (10F), using a significance  ̨ = 0.05. Two hypothesis are
tested: H0) verifies if the 32F are significantly worse than 10F; and
H1) verifies if the 32F are significantly better than 10F. If both null-
hypothesis are confirmed then it means 32F and 10F are equal.
Table 4 shows the overall results for the SMO classifier over the
three used metrics. The conclusion for the corrected paired t-test
is given in column T. The annotation indicates whether a specific
result is statistically better (v) or worse (*) than the baseline scheme
(10F). Note that they are never statistically equals.

With the presented results it is possible to state that the results
obtained with the 32F are significantly better in terms of accuracy
and sensitivity but worse (even if slightly) in terms of specificity,
as expected from the previous experiments.

6. Conclusions

This work offers contributions to improve the automatic classi-
fication of melanocytic skin lesions (namely Nevus vs Melanoma),
showing the importance of the lesion border information. Two
image segmentation methods are exploited to provide the lesions
border-line features are extracted.
The achieved results confirm that segmentation accuracy con-

tributes to enhance the classification performance, namely in

vity metrics for the Dermofit dataset and the SMO  classifier.
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[36] M.  Robnik-Šikonja, I. Kononenko, An adaptation of relief for attribute
 P.M.M. Pereira, R. Fonseca-Pinto, R.P. Paiva et al. / Bi

ethods based on GHT and LBPs, which clearly outperform the
T segmentation provided for the Dermofit dataset. The results
btained with the three considered classifiers confirm that adding
order-line lesion features does indeed contribute to improve the
erformance of automatic classification algorithms.

Moreover, the use of finer segmentation algorithms such as GHT
nd LBPC was found to be particularly suited for this approach. In
act, the features extracted from their spatially detailed border-
ines segmentation improved the classification performance by
gures above the gains obtained with the coarser GT segmentation

ine provided for the Dermofit dataset.
It is shown that using border-line based features together with

ther commonly used sets can lead to classification results with
ccuracy above 90% in the tested datasets. Additionally, it was
hown that these features improve the sensitivity, which is impor-
ant when dealing with class imbalanced datasets, as commonly
ccurs with medical image datasets. Hence, future endeavours
ight include these types of features to compensate for class imbal-

nce and improve the classification results in general.
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