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In this paper, a study and performance comparison of various evolutionary and non-evolutionary seg-
mentation techniques on digital hand radiographs for bone age assessment is presented. The segmented
hand bones are of vital importance in process of automated bone age assessment (ABAA). Bone age
assessment is a technique of checking the skeletal development and detecting growth disorder in a per-
son. However, it is very difficult to segment out the bone from the soft tissue. The problem arises from
overlapping pixel intensities between bone region and soft tissue region and also between soft tissue
region and background. Thus there is a requirement for a robust segmentation technique for hand bone
segmentation. Taking this into consideration we make a comparison between non-evolutionary and
evolutionary segmentation algorithms implemented on hand radiographs to recognize bone borders and
shapes. The simulation and experimental results demonstrate that multiplicative intrinsic component
optimization (MICO) algorithm provides better results as compared to other existing evolutionary and
non-evolutionary algorithms.
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1. Introduction

Bone age assessment (BAA) is one of the most important pro-
cedures for the evaluation of biological maturity of children whose
age is unknown. Also defined as a clinical method for evaluating
the stage of skeletal maturation of a child, hence it is also called
as skeletal age assessment. Skeletal maturity gives the measure of
development of a bone incorporating its shape, size and degree of
mineralization [1]. Bone age assessment is used to determine the
difference between skeletal bone age and the chronological age. In
normal conditions, the bone age should be approximately 10% of
chronological age [1]. The difference between two ages, i.e. bone
age and chronological age, shows that there are abnormalities in
the skeletal growth of children or there is a hormonal imbalance.

The most important methods for the estimation of age based
on radiological analysis were defined by Greulich and Pyle (GP
method) [2] and Tanner and Whitehouse (TW1 method) [3] respec-
tively. GP method is an atlas matching method, and is still the most
commonly used technique, because the method is very easy and
less time consuming. The TW1 method is more flexible and has
been derived from a solid mathematical base. The TW1 method has
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been modified throughout the years, evolving to TW3 method [4].
The only difference made was calibrating the scoring method on
North American and European children. In TW3 method each bone
in region of interest is given a score. An overall score of all these
bones is calculated. Overall score indicates to a particular bone age
as mentioned in the tables and graphs of TW3 method. The process
is complex, so it is seldom used, yet its modular structure makes it
suitable for automation. The ages that can be predicted using these
methods is in the range of 0-18 years, as after the age of 18 years
the bones are completely matured and fusion is complete.

When the hand radiographs are to be processed digitally, one
of the problems that occur is non-uniform contrast variation of
the background. This is an intrinsic effect in the process of dig-
ital acquisition of radiograph. It poses a major challenge to the
segmentation algorithm along with the problem of pixel intensity
overlapping between bone and soft tissue region. Various methods
have been designed to remove the background of radiograph as
pre-processing [5,6]. The most challenging part is removal of soft
tissue region. In order to solve the problem, image segmentation
techniques are required. Image segmentation techniques can be
classified into, thresholding, clustering, edge-based, region-based,
deformable models and hybrid techniques.

Thresholding is the oldest and first segmentation technique, also
the most widely applied segmentation technique. It presumes that
both foreground and background regions have mutually exclusive
range of pixel intensities. Segmenting the bones from soft tissue
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region can be achieved by Sobel gradient [5,7]. This method has
limitations as the gradient image can’t be further used for seg-
mentation. Also overlapping of pixels is present in the resulting
image. Similar segmentation techniques like Derivative of Gauss-
ian (DoG) and dynamic thresholding have also been implemented
on hand radiographs [8-10]. But these techniques hold the same
problems as the previous technique. Otsu thresholding which is
based on maximizing the inter class variance was implemented on
hand radiographs, but the major problem with the technique was
that results were not accurate [11,12].

Clustering is an unsupervised learning strategy that groups sim-
ilar patterns into clusters. Most popular clustering technique used
for segmentation is k-means clustering technique wherein the pix-
els are classified into k clusters, based on distance measure such as
Euclidean distance. Clustering process depends upon optimization
of an objective function, such as minimization of a squared error
function. Adaptive clustering algorithm based on k-means clus-
tering along with Gibbs random fields was formulated by Pappas
[13]. This clustering technique was implemented on hand radio-
graphs by many researchers, but the results were appalling as it
was not effective on slowly varying textures, [ 14-17]. The k-means
clustering algorithm along with gray-level co-occurrence matrix
was used by Chai et al. for segmentation [18]. The drawbacks were
that number of gray levels had to be manually decided and it was
computationally intensive and time consuming.

Edges are pixels which go through a sudden change in gray level
intensity, also known as discontinuities. These edges are connected
into a closed boundary and the pixels inside this closed bound-
ary are called objects. This technique is referred as edge-based
segmentation. Region-based segmentation techniques segment an
image by classifying it into two sets of pixels, foreground and
background. The theory behind this technique is that the region
to be segmented has similar image properties such as analogous
range of pixel intensities, texture and pattern [19]. Region grow-
ing and region merging technique was applied by Manos et al.
on hand radiographs [20]. This technique is insensitive to image
semantics and is unable to separate multiple disconnected objects
simultaneously.

A class of techniques that generates an approximate model
of the targeted object using some prior information is called as
deformable models. The prior information used to create a model
can be edge information, shape of an object or image texture. Three
major classes of deformable models arise from the type of prior
information used, they are active contour model (edge information)
(ACM), active shape model (shape information) (ASM) and active
appearance model (image texture) (AAM) [21]. Niemeijer et al. had
segmented middle phalanx of the third finger using ASM [22]. The
dataset consisted of images of age group 9-17 years. Other authors
also tried using ASM and ACM for segmentation [23]. Thodberg et al.
proposed a complete BAA system called as BoneXpert method [24].
The bone reconstruction is based on AAM. However the age groups
17-18 and 0-2 were omitted from the dataset. Also radius and ulna
bones were poorly reconstructed.

Hybrid techniques are basically combination of two or more
aforementioned techniques. Watershed algorithm is a classic
example of hybrid segmentation technique. It is based on the basic
concepts thresholding, region growing and edge detection tech-
niques. Han et al. implemented it on hand radiographs but it had
limitations due to sensitivity towards noise and heavy dependence
on gradient of the image [25]. Particle Swarm Optimization was
used along with edge detectors [26] and also with graph-based seg-
mentation [27]. The drawback of PSO is that the solution sometimes
gets cornered in a local optimum. Hence it might work well in some
situations but might fail in other.

This paper focuses on comparison between various evolutionary
and non-evolutionary segmentation techniques on different hand

radiographs. A sound comparison is done by performing qualitative
and quantitative analysis on hand radiographs, which was lack-
ing in the literature. Novelty of paper lies in wide and in-depth
analysis done by applying various robust, popular and widely used
segmentation techniques on hand radiographs.

The paper is organized as follows: Section 2 discusses the var-
ious non-evolutionary and evolutionary segmentation techniques.
A brief discussion about methods has been done. In Section 3 we
describe the materials and methods. In Section 4 we discuss the
results and compare the segmentation results of different evo-
lutionary and non-evolutionary segmentation techniques using
standard quality metrics. Finally we conclude the work in Section 5.

2. Segmentation techniques

The hand radiograph can be divided into 3 distinct regions
namely, background, soft tissue region and the bones. Since
composition of radiograph is made of these regions, evaluat-
ing segmentation techniques like thresholding and clustering for
extraction of bones on the radiograph is justified. There have been
several techniques devised for segmentation of image based on
multi-level thresholding. We have covered some of the popu-
lar thresholding techniques namely, Otsu’s thresholding [11] and
Tsallis entropy based thresholding [28]. Other segmentation tech-
niques covered in this paper include, adaptive clustering algorithm
based on k-means clustering with Gibbs random fields (KGRF)
[13], adaptively regularized kernel-based fuzzy C-means clus-
tering (ARKFCM) [29], k-means clustering using GLCM [18] and
bi-convex fuzzy variational image segmentation method [30]. The
previous mentioned segmentation techniques can be classified
as non-evolutionary segmentation techniques. Whereas optimiza-
tion techniques used for multi-level thresholding are classified
as evolutionary segmentation techniques, such as Particle Swarm
Optimization (PSO) [31] and Darwinian PSO (DPSO) [32]. Multi-
plicative intrinsic component optimization (MICO) technique [33]
was recently developed for MRI image segmentation has been also
explored. MICO is based on estimating the bias field and simulta-
neously segmenting the required regions.

2.1. Non-evolutionary segmentation techniques

2.1.1. Segmentation based on Otsu’s thresholding method

Thresholding using Otsu’s method, we try to find a threshold
value that minimizes the intra class variance o2(ty,) given by the
weighted sum of variances of the two classes [11]:

02 (th) = w1(t)o? (th) + wa(t)o2(t) (1)
where w;(t,) are probabilities of two classes separated by thresh-

old t. Otsu has shown that minimizing the intra class variance is
equivalent to maximizing the inter-class variance Uﬁ(th):

o2(ty) = 0%(t) — 02 (ty) = w1 (ty)wa(ty) 141 (th) — oty (2)

which is given in terms of class probability w;(t;) and class mean
1i(ty). The class probability wj(t) is calculated from histogram:

th-1
i(ty) = Y _pli) (3)
i=0
L-1
() = > _p(i) 4)
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while the class mean are:

th—1

patn) =Y plix(i) (5)
i=0
L-1

pa(tn) = > _p(X() (6)

th

x(i) is the value at center of the ith histogram and L is the number
of levels in an image.

This algorithm assumes that images contain two classes of pix-
els resulting in bimodal histogram (foreground and background). It
calculates the optimum threshold which separates the two classes
so that the combined spread is minimal. The extension of this is
multi-level thresholding called as multi-Otsu [11].

Algorithm 1. Algorithm for segmentation using Otsu’s threshold-
ing method

Step1 Calculate the histogram and probabilities at each inten-
sity level from O to L-1.

Step 2 Initialize w;(0) and w;(0).

Step 3 Iterate through all threshold values from t=1 to maxi-
mum intensity value.

Step4 Compute o(ty).

Step5 Required threshold value corresponds to the maximum

value of o(ty).

2.1.2. Segmentation based on Tsallis entropy

de Albuquerque et al. proposed a segmentation technique based
on Tsallis entropy [28]. Consider an image with [ gray levels. The
probability distribution of the levels is given by p;=p4, p2, ..., DI
We divide this distribution into two probability distributions, one
for foreground and another for background [28]. The probability
distributions of the foreground and background classes, called A
and B respectively, are given by:

_bh1 p2 Py, _ Py+1 P2 Di

pA_PiA’ITA’.“’PiA and pp= P pB °"" pB

(7)

. I ;
where PA = S p(i) and P? = 2 izt e1P(D):

For each distribution the a priori Tsallis entropy is defined as:

EQ(ty) = M 1- Ei:t,ﬁl(pi/PB)X
e 1

B _
. and E;(ty) = P

(8)

The entropic index x distinguishes the degree of nonextensivity.
Tsallis entropy Ex(ty,) relies on the threshold value t;, for the division
into foreground and background regions [28]. It is generalized as
the sum of each entropy:

l
1- Zfi] (pA)X " 1- Zi:th+l (pB)X
x-1 x—1

Ex(th) =
1= 30 (pa) 1= Cicg e (P8)

x—1 ’ x—1

+(1=X). (9)

When Ex(ty,) is maximized, the value of ¢, is considered to be the
optimum threshold value. This can be achieved by optimizing the
objective function [28]:

thope = arg Max[EZ(ty) + E¥(th) + (1 — x).EL(th).E¥(th)] (10)

The above process can be easily extended to multi-level threshold-
ing.

Algorithm 2. Algorithm for segmentation using Tsallis entropy

Step1 Divide the image into foreground and background and
calculate the probability distribution of each intensity
level given by Eq. (7).

Step2 Calculate the Tsallis entropy for each region using Eq. (8).

Step3 Maximize the objective function given in Eq. (10).

Step4 Iterate through all threshold values from t; =1 to maxi-

mum intensity value.

2.1.3. Segmentation using adaptive clustering algorithm based on
k-means clustering with Gibbs random fields

This segmentation algorithm consists of two stages. First stage is
clustering using the k-means algorithm and second stage is using
Gibbs random fields for estimation of the intensity function seg-
mentation.

The k-means algorithm uses the Euclidean distance s between
samples and cluster centers c to calculate the similarity. Each pixel
o can be identified by three values, it’s image coordinates and the
gray level intensity value. Using this algorithm the samples are
clubbed together into a predefined number of classes n. This clas-
sification is completely based on the minimization of difference
between sample and cluster centers [19].

In the second stage we assign the image pixels to one of the
classes based on their intensity and relative location. Let the inten-
sity of pixel o located at i be denoted as 0;. We denote segmentation
of image into classes by x, where x; =z, z is one of the class among n
number of classes. We assume that every class is a slowly varying
intensity function. Gibbs random model fields are used for spatial
information which describe the local distribution of gray levels. The
probability density function is now defined as:

p(xi|g, xq for all q+1i) = p(x;lgi, xq,q € W) x exp

1
x (_7202 [gi — ) - ExieCVC(X))
(11)

where g is the clique pixel, i; is a gray level of intensity function for
each class x;, g; is the pixel gray level value, o2 in the noise variance,
W; is a window size around pixel i, V¢ is a clique potential in Gibbs
model.

The intensities values are updated continuously by averaging
gray level values of pixels belonging to the considered classes in
the sliding window whose size is decreased in every iteration. The
algorithm maximizes this probability density function and esti-
mates the intensity functions, interchangeably. A more detailed
description of this segmentation algorithm can be found in [13,14].

The two-point and one-point clique potentials are defined as:
Ve={-AXx;j=%q i, € C} or Ve={+AX;#xq 1,9 € C} (12)

where C is the summation of all clique values in that region. The
value clique potential A is set to 0.5. A negative value of A says that
two pixels do not belong to same class [13].

Algorithm 3. Clustering algorithm based on KGRF

Step1 Perform k-means clustering on the given image.

Step 2 Initialize the window size W to the size of image and
number of iterations m to 1.

Step3  Estimate the value of u;.

Step4 From the new value of u;, perform k-means segmenta-
tion,m=m+1.

Step5 Repeatsteps 3 and 4 till m = myg. When value of m = mygx
reduce the window size W and repeat steps 3 and 4.

Step 6 If window size W= W),,;, terminate the algorithm.
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2.1.4. GLCM based adaptive crossed reconstruction (ACR)
k-means clustering for segmentation

Chai et al. proposed segmentation using gray level co-
occurrence matrix and k-means clustering algorithm [18]. The
GLCM is used for texture analysis which was proposed by Haral-
ick [34]. In this method the image is first divided into number of
vertical and horizontal bands. Unsupervised k-means clustering is
then applied with k=2 and k=3 on the sub-image. The contrast and
homogeneity values of these images are found using GLCM. Maxi-
mum value of homogeneity is checked and the sub-images which
give highest values are thus used to reconstruct the image.

Algorithm 4. GLCM based ACR k-means algorithm

Step1 Divide the image into pre-defined number of vertical
bands.

Step 2 Divide the resulting images into pre-defined number of
horizontal bands.

Step3 Perform k-means clustering on each sub-image with k=
and k=

Step4 Perform texture analysis on resulting sub-images using
GLCM defined by Haralick [34].

Step5 Check the contrast and homogeneity values of these
GLCM results.

Step 6 Use only those images which give highest homogeneity

values for reconstruction of images.

2.1.5. Segmentation based on adaptively regularized
kernel-based fuzzy C-means clustering (ARKFCM) algorithm

The fuzzy C-means (FCM) algorithm from which ARKFCM has
been designed, assigns a membership value to each pixel for all
clusters in the image space [35]. Assume an image I with set of
grayscale values x; at pixeli(i=1, 2, ..., N), where N is total number
of pixels. X=x1, X2, . . ., Xy in k-dimensional space and with cluster
centersd=d, d>, ..., dc where c being a positive integer (2 <c <« N),
there is a membership value u;; for each pixel i in the jth cluster
(j=1,2,...,c). The objective function of the FCM algorithm is [35]

N ¢
Orcm =ZZUZI\Xi—deI2 (13)

i=1 j=1

where q is a weighting exponent to the degree of fuzziness, i.e.q> 1,
and ||x; — deI2 is the gray-scale Euclidean distance between pixel i
and center d;. The FCM algorithm is very sensitive to noise and the
accuracy decreases in the presence of noise.

Elazab et al. [29] have introduced an adaptive regularization
parameter A, to enhance segmentation robustness, also devise
a weighted image, and adopt the Gaussian radial basis function
(GRBF) for better accuracy.

The objective function is defined as:

c
Oarkrem = 2 ZZuq (1 - K(x;, '))+Z)¥iug-(1 - K(x;, d;))
=1

i=1 j=1
(14)

where x; can be an average (ARKFCM-avg) or median (ARKFCM-
med) filtered or a weighted (ARKFCM-wtd) image. In the above
objective function, a GRBF kernel K is used instead of Euclidean
distance measure:

1A () = AdI® = 2(1 = K(x;, d)) (15)

where K is kernel function with width w:
|Ix; — dj1?
K(x;, d;) = exp <2w2 (16)

For detailed mathematical analysis refer to [29].

Algorithm 5. ARKFCM algorithm

Step 1
Step 2

Initialize loop counter t =0, and other variables d, u and A.
Calculate x; based type of filtering average, median or
weighted image.

Step 3  Calculate the cluster centers d; using equation:

4 = Zl 1 U(K(Xu )x; + MK (X, di)x;) a7
Sy u(K(x;, dj) + AiK(X;, d;))

Step4 Calculate the membership function u;; using equation:

(1 = K(x;, dj) + A(1 — K(x;, d])))f(l/(q—l))
SO (1= K(xi, dj) + A1 — K(X;, dy)))~ /@)
Step 5

(18)

Lll'j=

If maximum number of iteration are over then stop, oth-
erwise, update t=t+1 and go to step (3).

2.1.6. Segmentation based on bi-convex fuzzy variational (BFV)
image segmentation algorithm:

This algorithm combines fuzzy logic with Chan-Vese (CV)
model [36] to make a bi-convex objective function. CV model
belongs to the class of partial differential equation (PDE) model
equations for solving image segmentation problems. There have
been three major problems with CV model, viz. (1) convergence
to local optima, (2) highly dependent on parameter selection,
and (3) computationally expensive. Whereas BFV algorithm [30]
efficiently combines numerical remedy techniques and lengthly
penalty terms to give better results. Thus reducing the compu-
tational costs and also bringing a lot of robustness to parameter
settings.

The fuzzy energy function used is:

E:wl/um(l—bﬂzdx-i—wz/(l—u)m(I—bz)zdx (19)
R R
where u is the membership function, m is a constant positive inte-

ger, wi, W, are weights and by, b, are average values of given image
Iinside and outside the curve y.

Algorithm 6. Bi-convex fuzzy variational algorithm

Step 1 Initialize b1, b,, and u randomly to calculate g(r(| V 1|, S)):

8. 5) = €(5 — So)e ¥ +(1 - (5 - So)) 1= (20)
r(|VI|,S) = €(S — So)|VI| + (1 — €(S — Sp))IG * VI| (21)

where S is the SNR of test image, €(S)=(1/(1+e=5)), G is a
Gaussian kernel.
Step 2 Calculate b; and b, using equations:

umldx 1—u)"ldx
by = fRf and by = f’*(i)m (22)
Jpumdx Jo (1 —u)Mdx
Step 3 Set t; = 0. Calculate up.q ), using equation:
% = m(—wiu™ (I = by’ +wa(1—u)" (I = b)) (23)

Ift; + Aty <T; thenty =t; + Atq,u" = un+1/2
2, else continue.
Step 4 Calculate up+q using equation:

S) At/ (24)

and move to step

Un = Unt1/2 + At g(r(IVI1, S),
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Step 5 If u,.; satisfies stationary condition then stop, otherwise go
to step 2.
There are two stationary conditions, one is predefined
number of iterations and other is max|u,+; — uq]| <& where
& is any small positive constant.

2.2. Evolutionary segmentation techniques

2.2.1. Segmentation based on PSO algorithm

Eberhart and Kennedy developed Particle Swarm Optimization
algorithm in which the contestant solutions are known as particles.
At every step, a fitness function is evaluated to find the particle
success [31]. Egs. (25) and (26) show how each particle i navigates
through a space based on the position x; and velocity v; values which
rely on local best (Ibest), and global best (gbest) information.

(d) 8 years

(g) 14 years

(e) 10 years

(h) 16 years

The PSO algorithm evaluates each particle for the fitness func-
tion, which is defined as the inter-class variance given in Eq.
(1). The local and global best values are initialized with the
random possible values. Population size and stopping criteria
are the other two parameters which need to be adjusted. The
population size is very critical factor to optimize and achieve
an overall good solution. Based on the problem, stopping crite-
ria can be a predefined number of iterations or any other
criteria [37].

Algorithm 7. Algorithm for segmentation based on PSO
Particles are randomly generated between the limits of

threshold values for a population size P.
Step2 Objective functions of these particles are calculated.

Step 1

(i) 18 years

Fig. 1. Test radiographs used from the image database.
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Step 3 The values obtained from previous step are used to set the
Ibest and gbest.
Step4 Velocity is computed using the equation:

v(i+ 1) = v(i) + Aq #1(i) *

+ &g (i) * (ghest(i) — x(i))

(Ibest(i) — x(i))
(25)

where Aq and A, are learning factors and r(i) is a random
number between 0 and 1.

Step5 Position of each particle is updated using the equation:

x(i+1D)=x{@)+vi+1) (26)

Step 6 Objective functions are calculated for updated values. If
the new values is better than the previous value then it is
set as lbest and gbest respectively.

Repeat the above process until stopping criteria is satis-
fied.

Step 7

(b) Otsu

Vi

(a) Ground Truth

(e) GLCM-ACR

(i) BFV

(j) PSO

f) ARKFCM-avg (g) ARKFCM-med

225

2.2.2. Segmentation based on DPSO algorithm

The major drawback of PSO technique is that, solution gets cor-
nered in a local optimum [37]. The concept of Darwinian Particle
Swarm Optimization (DPSO) was expressed by Tillet et al. [32].
At a given point of time in DPSO many swarms of test solutions
exist. Each of the swarms behave like an ordinary PSO algorithm
which uses natural selection to breakout from local optima. If a
search gets trapped in a local optimum, the search in that region is
discarded and another region is searched. In DPSO, at every step,
swarms that improve are rewarded and swarms which hinder are
punished [32,37]. The state of each swarm and the fitness of all par-
ticles is calculated. The neighborhood and individual best positions
of each particle is also updated. A new particle is spawned only if
a new global solution arises. Whereas a particle is deleted if the
swarm fails to update to a better state in a pre-defined number of
iterations [32,37].

Algorithm 8. Algorithm for segmentation based on DPSO

Step 1

Evolve each swarm in the group.

) ARKFCM-wtd

(k) DPSO ) MICO

Fig. 2. Segmentation results of different algorithms on hand radiograph taken from 2 year old person [5329.jpg].
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Step 2 Update particle fitness and update particle best for each
particle.

Update the velocity vector.

Find objective values, check the fitness, if fitness criteria
not met, delete the particle.

If the swarm gets better results, reward the swarm
(extend swarm life) if not, punish swarm (reduce swarm

life or delete). The condition is given by:

Step 3
Step 4

Step 5

Smin =S = Smax (27)

where s is swarm'’s population, S;;;; and Spmex are the minimum
and maximum swarm population considered. When the
population goes below s,;;, swarm is deleted.

Spawn each swarm in the collection.

Delete failed swarms.

Step 6
Step 7

2.2.3. Multiplicative intrinsic component optimization (MICO)

Li et al. [33] proposed an energy minimization method named
as multiplicative intrinsic component optimization (MICO) for bias
field estimation and segmentation of MR images. This technique

essentially divides the image into 2 multiplicative components,
which are bias field and the true image along with additive noise.

M(x) = b(x)I(x) + n(x) (28)

The bias field is said to be a linear combination of a set of smooth
basis functions fi, . . ., fm. bias field is estimated by finding the opti-
mal coefficients wq, ..., wn.

b(x) = wTF(x) (29)

where F(x) is a column vector of basis functions f, . . ., f. assuming
that there are N types of classes in the image domain R. Each class
is defined by a membership function u(i). the true image can be
approximated by:

ciu;(x) (30)

where c(i) are constants. Thus the energy minimization formulation
is given by,

E(b,I)= /|M(x)f b(x)I(x)>dx (31)

R

(a) Ground Truth (b) Otsu

(e) GLCM-ACR

) ARKFCM-avg (

(c) Tsalhs (d) KGRF

g) ARKFCM-med (h) ARKFCM-wtd

Fig. 3. Segmentation results of different algorithms on hand radiograph taken from 4 year old person [5121.jpg].
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The energy function E(b, I) can be articulated in terms of three
variables u, ¢ and w and optimization of b and I can be accom-
plished by minimizing the energy function with respect to these
three variables:

N
Eq(u, c, )=/ IM(x) — wTF(x)ciluf (x)d (32)
q(u, ¢, w R; x) — wTF(x)ci)2uf (x)dx

To achieve fuzzy segmentation (soft segmentation) results fuzzifier
g >1hasbeenintroduced. For g > 1 the fuzzy membership functions
can take value between 0 and 1. Detailed mathematical analysis of
energy minimization function can be read in [33].

To achieve energy minimization we need to minimize Eq(u, ¢, w)
with respect to each variable keeping other two fixed.

Algorithm 9. Multiplicative intrinsic component optimization
algorithm

Step 1
Step 2
b(x) = WTF(x) (33)

Minimize E with respect to w, initialize c and u.
Update the value of b according to equation:

Step 3  Update the value of c according to the equation:

q
&= JrMCOb(x)uf (x)dx "
fR bz(x)u?(C)

(e) GLCM-ACR

Step4 Update the value of u according to the equation:

(IM(x) - wTFx) )7

S (IM(x) - wTF(x)g12) /0

(35)

Check if convergence has been reached or the number of
iterations have exceeded, stop the iteration or else go to
step 2.

3. Materials and methods
3.1. Image database

The database used was acquired from online website, http://
www.ipilab.org/BAAweb/. The images on this website have been
collected from Children’s Hospital Los Angeles (CHLA), United
States of America. The manual segmentation or ground truth
images were constructed with the help of orthopedicians from Goa
Medical College (GMC), Bambolim, Goa, India.

In this paper, we have presented results of 9 images taken from
the database of Asian male images from the website mentioned
previously. Each image selected has age gap of 2 years between
the age range of 2-18 years. The TW3 method [4] estimates bone
age up to the age of 18 years as after that age the bones of hand
are completely matured and there are no significant changes in the
shape and structure that can be tracked.

(d) KGRF

(f) ARKFCM-avg (g) ARKFCM-med (h) ARKFCM-wtd

(i) BFV

(4) PSO

(k) DPSO (1) MICO

Fig. 4. Segmentation results of different algorithms on hand radiograph taken from 6 year old person [5072.jpg].
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3.2. Segmentation and analysis procedure

The segmentation of bones from hand radiographs and result
analysis involves 4 simple steps.

1 The hand radiograph of a particular age is read in MATLAB script.

2 Anisotropic diffusion is performed on the radiograph image as
pre-processing step.

3 Segmentation techniques discussed in the previous section are
then applied one by one.

4 Segmented image and ground truth image is then compared
using various image quality metrics.

Before segmentation of the bones we apply anisotropic diffusion.
Perona and Malik [38] introduced anisotropic diffusion, which
is also called as non-linear anisotropic diffusion. Unlike other
isotropic diffusion algorithms used for noise removal, anisotropic
diffusion algorithm preserves the edges while diffusing the noise.
It will smoothen the image where gradient is less and preserve
the high gradient region or edges. This pre-processing step not
only helps in noise removal but also makes segmentation of bones
easier.

(a) Ground Truth

(e) GLCM-ACR

3.3. Quantitative performance metrics

The segmentation results have been evaluated using various
performance metrics like PSNR and MSE [19], Jaccard similarity
index (JSI), structure similarity index (SSIM), dice similarity and
accuracy [39]. The computational cost in terms of time taken by
CPU for execution of each segmentation technique has also been
calculated.

The mathematical expression for PSNR is:

2552
PSNR (dB) = 10 * log (MSE> (36)
MSE is given by:
l m n
_ )2
MSE = ngZ(s G) (37)
i=1 j=1

where S stands for segmented image and G for ground truth image.
Structure similarity index (SSIM) is given by equation:

(2uspic + A1 )(20sc + A2) (38)

SSIM(S, G) =

(U2 + 2+ M)(02 + 02+ Ag)

(f) ARKFCM-avg (g) ARKFCM-med (h) ARKFCM-wtd

Fig. 5. Segmentation results of different algorithms on hand radiograph taken from 8 year old person [5097.jpg].
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Table 1
Quality metric results for segmentation of hand radiograph taken from 2 year old
person [5329.jpg].

Table 2
Quality metric results for segmentation of hand radiograph taken from 4 year old
person [5121.jpg].

Techniques PSNR  MSE SSIM  JSI Dice ACC Time(s) Techniques PSNR  MSE SSIM  JSI Dice ACC Time(s)
Otsu [11] 46.19 1.56 083 0.14 019 049 2.68 Otsu [11] 46.23 1.55 083 0.15 020 049 267
Tsallis [28] 56.90 0.13 098 041 058 070 1.18 Tsallis [28] 56.59 0.14 098 037 054 069 1.89
KGRF [13] 5690 0.13 098 042 060 0.71 2856 KGRF [13] 56.50 0.15 098 039 057 0.70 3490
GLCM-ACR [18] 8.23 978499 0.00 0.14 000 0.01 16.13 GLCM-ACR [18] 7.34 12003.50 0.00 0.15 0.00 0.01 9.33
ARKFCM-avg [29] 5538 0.19 098 041 058 0.71 128.75 ARKFCM-avg [29] 55.82 0.17 098 044 061 0.72 151.23
ARKFCM-med [29] 56.90 0.13 098 045 062 0.72 124.76 ARKFCM-med [29] 56.52 0.14 098 039 057 0.70 166.00
ARKFCM-wtd [29] 5691 0.13 098 044 061 0.72 127.33 ARKFCM-wtd [29] 55.82 0.17 098 044 061 0.72 157.75
BFV [30] 5443 0.23 097 037 054 0.68 4352 BFV [30] 5471 0.22 097 040 0.57 0.70 51.17
PSO [31] 56.90 0.13 098 041 058 071 7.02 PSO [31] 56.52 0.14 098 040 057 0.70 7.71
DPSO [32] 5690 0.13 098 041 058 0.70 7.02 DPSO [32] 56.53 0.14 098 040 057 0.70 7.72
MICO [33] 56.74 0.14 098 050 066 0.75 23.09 MICO [33] 56.19 0.16 098 048 0.65 0.74 3164

Highlighted value signifies the best result among all algorithms.

where us, os is the mean and variance of segmented image and
g, 0¢ is the mean and variance of ground truth image. o is the
covariance and A1, A, are small constants to stabilize the denomi-
nator.

Jaccard similarity index (JSI) [39] used for performance analysis,

_ISNG|
JSI = SUC (39)
Dice similarity [39] is given by equation,
. ISN G
Dice =2 40
RN (40

Accuracy (ACC) [39] gives information about the ratio of the pix-
els contained within the segmented region achieved by the test
algorithm with the pixels of the manually segmented region. The
segmentation accuracy is defined as,

tp +th

ACC=——F2" T
+fo+th+fn

(41)
where t, =true positive, t; =true negative, f, =false positive and
fn=false negative. The range of values taken by quality metrics
SSIM, JDI, Dice, ACC is between 0 to 1, where 1 denotes perfect
segmentation.

4. Experimental results and discussion

The quantitative and qualitative performance evaluation of
different non-evolutionary segmentation techniques such as
Otsu’s thresholding [11], Tsallis entropy [28], adaptive cluster-
ing algorithm based on k-means clustering with Gibbs random
fields (KGRF) [13], adaptive crossed reconstruction using GLCM
(GLCM-ACR) [18], ARKFCM algorithm [29], BFV algorithm [30]
and evolutionary segmentation techniques such as PSO algorithm
[31], DPSO algorithm [32], MICO algorithm [33] implemented
on digital hand radiographs are discussed in this section. The
segmentation results obtained for various digital hand radiographs
at ages 2 [5329.jpg (1063 x 1507)], 4 [5121.jpg(1209 x 1616)],
6 [5072.jpg(1558 x 1788)], 8 [5097.jpg(1520 x 1950)], 10
[5217.jpg(1619 x 2018)], 12  [5322.jpg(1592 x 2081)], 14
[5225.jpg(1910 x 2419)], 16 [5208.jpg(1841 x 2248)] and 18
[6145.jpg(1616 x 2376)] are given in Tables 1-9.

All segmentation results were obtained on a 64-bit system with
MATLAB 2015a software, having a 4 GB RAM and an Intel i7 proces-
sor with clock speed of 2.93 GHz.

4.1. Quantitative analysis

The quantitative analysis of various evolutionary and non-
evolutionary segmentation techniques using the quality metrics
discussed is presented in tabular form. Tables 1-9 show the

Highlighted value signifies the best result among all algorithms.

Table 3
Quality metric results for segmentation of hand radiograph taken from 6 year old
person [5072.jpg].

Techniques PSNR  MSE SSIM  JSI Dice ACC Time(s)
Otsu [11] 46.59 143 0.84 014 020 050 347
Tsallis [28] 58.00 0.10 099 043 060 072 135
KGRF [13] 58.37 0.09 099 051 068 076 5235
GLCM-ACR [18] 8.32 957828 0.00 0.14 0.00 0.01 12.70
ARKFCM-avg [29] 5833 0.10 099 051 067 075 221.25
ARKFCM-med [29] 56.62 0.14 098 050 066 0.75 230.36
ARKFCM-wtd [29] 5834 0.10 099 051 067 075 22751
BFV [30] 56.64 0.14 098 050 066 0.75 7546
PSO [31] 58.32 0.10 099 051 067 075 9.04
DPSO [32] 5830 0.10 099 050 067 075 9.19
MICO [33] 57.56 0.11 099 055 0.71 0.78 38.02

Highlighted value signifies the best result among all algorithms.

Table 4
Quality metric results for segmentation of hand radiograph taken from 8 year old
person [5097.jpg].

Techniques PSNR MSE SSIM  JSI Dice ACC Time(s)
Otsu [11] 46.75 1.37 0.84 016 022 051 393
Tsallis [28] 57.88 0.11 099 043 061 0.72 2.66
KGRF [13] 58.28 0.10 099 053 070 0.77 52.82
GLCM-ACR [18] 756 1140131 0.00 0.16 0.00 0.01 13.21
ARKFCM-avg [29] 58.24 0.10 099 052 069 0.76 227.57
ARKFCM-med [29] 57.47 0.12 099 057 0.73 0.78 246.83
ARKFCM-wtd [29] 57.47 0.12 099 057 0.73 0.78 228.04
BFV [30] 57.03 0.13 098 055 0.71 0.78 74.02
PSO [31] 57.66 0.11 099 058 0.73 0.79 10.53
DPSO [32] 57.70 0.11 099 058 0.73 0.79 1038
MICO [33] 59.68 0.07 099 069 0.82 0.85 4473

Highlighted value signifies the best result among all algorithms.

Table 5
Quality metric results for segmentation of hand radiograph taken from 10 year old
person [5217.jpg].

Techniques PSNR  MSE SSIM  JSI Dice ACC Time(s)
Otsu [11] 46.74 138 0.84 0.17 023 051 385
Tsallis [28] 57.88 0.11 099 044 061 072 236
KGRF [13] 57.65 0.11 099 060 075 0.80 6035
GLCM-ACR [18] 8.70 877548 0.01 0.17 0.00 0.01 14.72
ARKFCM-avg [29]  57.58 0.11 099 060 0.75 0.80 250.07
ARKFCM-med [29] 58.59 0.09 099 054 070 0.77 289.81
ARKFCM-wtd [29] 57.59 0.11 099 060 075 0.80 267.66
BFV [30] 5715 0.13 098 057 073 079 86.98
PSO [31] 58.96 0.08 099 059 074 079 11.15
DPSO [32] 58.96 0.08 099 059 074 079 11.63
MICO [33] 60.84 0.05 099 076 086 0.88 4845

Highlighted value signifies the best result among all algorithms.

segmentation results for hand radiographs of ages 2, 4, 6, 8, 10, 12,
14, 16 and 18 respectively.

Table 1 shows that PSNR value of ARKFCM-weighted algo-
rithm is highest, with Tsallis, KGRF, PSO, DPSO and MICO
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Table 6
Quality metric results for segmentation of hand radiograph taken from 12 year old
person [5322.jpg].

Table 7
Quality metric results for segmentation of hand radiograph taken from 14 year old
person [5225.jpg].

Techniques PSNR  MSE SSIM  JSI Dice ACC Time(s) Techniques PSNR  MSE SSIM  JSI Dice ACC Time(s)
Otsu [11] 46.57 1.43 084 0.18 024 051 4.07 Otsu [11] 46.71 1.39 0.84 0.19 026 0.51 554
Tsallis [28] 5790 0.11 099 063 0.77 0.81 5.56 Tsallis [28] 5834 0.10 099 065 079 0.82 2.64
KGRF [13] 58.02 0.10 099 063 0.78 0.82 63.87 KGRF [13] 58.75 0.09 099 065 079 0.82 85.69
GLCM-ACR [18] 7.59 1132466 0.00 0.18 0.00 0.01 13.89 GLCM-ACR [18] 6.09 16005.70 0.00 0.19 0.00 0.01 20.38
ARKFCM-avg [29] 57.73 0.11 099 062 0.76 0.81 254.04 ARKFCM-avg [29] 57.34 0.12 098 061 0.76 0.81 399.46
ARKFCM-med [29] 57.73 0.11 099 062 0.76 0.81 256.33 ARKFCM-med [29] 57.34 0.12 098 061 076 0.81 388.03
ARKFCM-wtd [29] 57.73 0.11 099 062 0.76 0.81 292.08 ARKFCM-wtd [29] 57.34 0.12 098 0.61 0.76 0.81 371.62
BFV [30] 56.60 0.14 098 056 0.72 0.78 86.15 BFV [30] 57.13 0.13 098 060 0.75 0.80 133.63
PSO [31] 58.29 0.10 099 064 0.78 0.82 11.22 PSO [31] 58.75 0.09 099 065 078 0.82 1434
DPSO [32] 5833 0.10 099 064 078 0.82 1347 DPSO [32] 58.79 0.09 099 065 078 0.82 14.16
MICO [33] 59.28 0.08 099 0.70 0.82 0.85 4937 MICO [33] 60.84 0.05 099 0.77 0.87 0.89 419.16

Highlighted value signifies the best result among all algorithms.

algorithm having closer values. But JSI, Dice and accuracy values
which denote the segmentation quality and accuracy are highest
for MICO algorithm. Segmentation accuracy is lowest for GLCM-
ACR algorithm. The time taken for segmentation is lowest for
Tsallis algorithm and highest for ARKFCM algorithms. In Table 2
we see that PSNR values of PSO, DPSO, Tsallis, KGRF, ARKFCM-
median, MICO algorithms are comparable with DPSO being highest
among them. Structural similarity (SSIM) values are similar for
these algorithms but JSI, Dice and accuracy values are highest for

(a) Ground Truth ) Otsu

) GLCM-ACR

v

) ARKFCM-avg

Highlighted value signifies the best result among all algorithms.

MICO algorithm. Tsallis algorithm has least computational cost
with Otsu’s thresholding method being second highest and ARK-
FCM algorithms taken the maximum time.

Table 3 has results derived from hand radiograph of 6 year old
person and shows that segmentation accuracy metrics are high-
est for MICO algorithm. The time taken by Tsallis algorithm is least
and ARKFCM being highest. There is a huge time difference between
the two. Otsu’s thresholding algorithm takes closer time value to
Tsallis algorithm followed by PSO, DPSO, GLCM-ACR and MICO.

(g) ARKFCM-med (h) ARKFCM-wtd

) BFV (j) PSO

(k) DPSO

(1) MICO

Fig. 6. Segmentation results of different algorithms on hand radiograph taken from 10 year old person [5217.jpg].
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Table 8
Quality metric results for segmentation of hand radiograph taken from 16 year old
person [5208.jpg].

Table 9
Quality metric results for segmentation of hand radiograph taken from 18 year old
person [6145.jpg].

Techniques PSNR  MSE SSIM  JSI Dice ACC Time(s) Techniques PSNR  MSE SSIM  JSI Dice ACC Time(s)
Otsu [11] 47.01 1.30 085 021 028 052 554 Otsu [11] 58.60 0.09 099 073 084 086 4.06
Tsallis [28] 57.52 0.12 099 047 064 073 284 Tsallis [28] 57.77 0.11 099 070 082 085 1.46
KGRF [13] 58.85 0.08 099 065 079 0.83 79.99 KGRF [13] 58.45 0.09 099 072 084 086 6535
GLCM-ACR [18] 7.07 1277513 0.00 021 0.00 0.01 16.54 GLCM-ACR [18] 6.75 137586 0.01 026 0.01 0.01 16.01
ARKFCM-avg [29] 58.35 0.10 099 068 081 0.84 35543 ARKFCM-avg [29] 58.08 0.10 099 071 083 0.86 294.32
ARKFCM-med [29] 58.35 0.09 099 068 081 084 35139 ARKFCM-med [29] 58.09 0.10 099 071 083 0.86 295.30
ARKFCM-wtd [29] 58.35 0.10 099 068 081 0.84 35644 ARKFCM-wtd [29] 58.08 0.10 099 071 083 0.86 293.23
BFV [30] 58.03 0.10 099 067 080 0.83 109.65 BFV [30] 56.37 0.15 098 063 0.77 0.81 106.89
PSO [31] 58.82 0.09 099 065 079 0.83 13.76 PSO [31] 58.57 0.09 099 073 084 086 11.08
DPSO [32] 58.82 0.09 099 065 079 083 12.70 DPSO [32] 58.60 0.09 099 073 084 086 10.76
MICO [33] 6228 0.04 1.00 084 091 092 109.54 MICO [33] 61.57 0.05 099 0385 092 092 69.55

Highlighted value signifies the best result among all algorithms.

PSNR value of KGRF algorithm is highest, with Tsallis, PSO, DPSO
and ARKFCM algorithm having closer values. Table 4 shows results
obtained from hand radiograph of 8 year old person. We can see that
MICO algorithm has highest segmentation accuracy values but Tsal-
lis algorithm takes least time. The time taken by MICO algorithm is
almost 10 times than that of Tsallis algorithm. In Tables 5, 6, 7, 8 and
9 we see that MICO algorithm gives the best results for segmenta-
tion accuracy and none of the other algorithms have comparable

(a) Ground Truth (b) Otsu

L2020 2

) ARKFCM-avg

) GLCM-ACR

Highlighted value signifies the best result among all algorithms.

values. Also the time taken by Tsallis is least for all the hand radio-
graphs with MICO taking 10 times more time. The time taken by
algorithm is varying because the hand radiograph images are of
different sizes.

4.2. Qualitative analysis

The qualitative analysis of various evolutionary and non-
evolutionary segmentation techniques have been shown in

(c) Tsallis

g) ARKFCM-med (h) ARKFCM-wtd

(k) DPSO

(1) MICO

Fig. 7. Segmentation results of different algorithms on hand radiograph taken from 12 year old person [5322.jpg].
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following figures. Fig. 2 shows results for 2 years old person. Except
for MICO algorithm all other segmentation techniques have failed.
All bones are not segmented and lost in the procedure. GLCM-ACR
algorithm has completely failed by tracking boundary of hand and
not the bones.

Fig. 3 shows the segmentation results for 4 years old person.
Here also we see that MICO algorithm gives best result as compared
to others as they have failed to segment out all the bones.

From the segmentation results shown in Fig. 4 for a hand radio-
graph of 6 year old person we can say that, apart from MICO
algorithm PSO and DPSO algorithms have faired well. But they have
failed to segment the bones of pinky/small finger. Rest all results
have segmented soft tissue region over the palm of hand.

In Fig. 9 also we can see that PSO and DPSO algorithms have
faired well but lost the bones of small and ring fingers. All other
algorithms have tracked the boundary on hand rather than seg-
menting the bones. MICO algorithm has given best rest for this hand
radiograph of 8 year old person.

Fig. 6 shows segmentation results evaluated on hand radiograph
of 10 year old person. MICO algorithm has performed best among
all algorithms. All other algorithms have tracked only the boundary
of hand except for PSO and DPSO algorithms which segmented the
bones but not all. KGRF and BFV algorithms have tracked the bones
of fingers well but rest of the bones are not delineated.

S. Simu, S. Lal / Biomedical Signal Processing and Control 33 (2017) 220-235

For hand radiograph shown in Fig. 7 the segmentation results
show that MICO algorithm has segmented the bones with high
accuracy compared to all the other algorithms.

From Fig. 8 we can see that Tsallis algorithm along with PSO and
DPSO algorithms have given fair results but still have overlapping
regions. KGRF algorithm has performed well but failed to segment
bones of pinky finger and of the palm. MICO algorithm has given
best results on this hand radiograph of 14 year old person.

From Fig. 9 which shows segmentation results for hand radio-
graph of 16 year old person we can see that PSO and DPSO
techniques have given good results but still have overlapping
regions and missed out a bones of last finger. MICO technique has
given best result.

In Fig. 10 which shows segmentation results for hand radiograph
of 18 year old person we can see that Tsallis, KGRF, ARKFCM, PSO
and DPSO segmentation techniques have given good results but
still have overlapping regions over the palm region of hand. MICO
technique again has given best result among all the algorithms
compared.

4.3. Segmentation accuracy

The various quality metrics used namely JSI, Dice and Accu-
racy give sound information about the segmentation accuracy

) Ground Truth (b) Otsu

¥y

) GLCM-ACR ) ARKFCM-avg

) BFV ) PSO

) Tsallis

V¥

g) ARKFCM-med (h) ARKFCM-wtd

VY

) DPSO ) MICO

(d) KGRF

Fig. 8. Segmentation results of different algorithms on hand radiograph taken from 14 year old person [5225.jpg].
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(a) Ground Truth (b) Otsu

(c) Tsallis (d) KGRF

(e) GLCM-ACR

(i) BFV

(j) PSO

(f) ARKFCM-avg (g) ARKFCM-med (h) ARKFCM-wtd

(k) DPSO

(1) MICO

Fig. 9. Segmentation results of different algorithms on hand radiograph taken from 16 year old person [5208.jpg].

that has been achieved. The quantitative analysis represented in
the tables give clear indication that adaptive crossed reconstruc-
tion (ACR) based on GLCM performs very poorly. Segmentation
techniques based on Otsu’s thresholding and Tsallis entropy also
gave unsatisfactory results. KGRF algorithm has performed sat-
isfactorily for hand radiographs above 12 years age, but failed
completely for others. ARKFCM technique and BFV technique are
two non-evolutionary techniques which have given suitable results
compared with evolutionary techniques. Comparing the quality
metric results for JSI, Dice and Accuracy from Table 1 to 9, it is
noticed that MICO technique performs better than other evolu-
tionary and non-evolutionary techniques. The visual information
obtained from Fig. 2 to 10, it is clear that MICO segmentation tech-
nique gives results closer to the ground truth as compared to other
existing segmentation techniques.

4.4. Computational cost

The time taken by each segmentation technique is mentioned
in the last column of each table. From the experimental results
obtained we can noticed that the computational cost for ARK-
FCM technique is highest among all the images, and the least
being for Otsu’s thresholding and Tsallis entropy techniques.
The computational cost for MICO technique and techniques like
KGRF and BFV are comparable. MICO takes 4-5 times more time

than other evolutionary techniques like PSO and DPSO. Whereas
computational cost for ARKFCM is 5-6 times more than that for
MICO. The difference in time taken for segmentation is due to
different sizes of the images used for experiments.

5. Conclusion

This paper highlighted performance evaluation and compari-
son of different evolutionary and non-evolutionary segmentation
techniques on hand radiographs for bone age assessment. The
segmentation techniques used for comparison are recent and
advanced. From our literature survey in the field of Bone Age
Assessment, we found that there was hardly any comparison done
between various evolutionary and non-evolutionary segmentation
techniques implemented on digital hand radiographs. Also the seg-
mentation techniques implemented on hand radiographs have not
been evaluated using standard quality metrics. Computational cost
for segmentation was not computed either. The segmentation tech-
niques thus compared in this paper are light on computation cost.

The experimental results revealed that MICO technique pro-
vided best segmentation result as compared with other mentioned
evolutionary and non-evolutionary segmentation techniques. In
spite of being 4-5 times slower than PSO and DPSO methods the
quality of results obtained using MICO technique supersedes the
other techniques. Computational cost of MICO can be attributed
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(a) Ground Truth

(b) Otsu

(e) GLCM-ACR

(d) KGRF

(f) ARKFCM-avg (g) ARKFCM-med (h) ARKFCM-wtd

(i) BFV

(i) PSO

(k) DPSO (1) MICO

Fig. 10. Segmentation results of different algorithms on hand radiograph taken from 18 year old person [6145.jpg].

to the fact that it decomposes the image into two multiplicative
components and removes the intensity inhomogeneity.

MICO technique has some overlapping regions in the hand
radiographs of ages less than 8 years old which can be improved.
The radiation intensity used is weaker for younger children and the
X-ray equipment also introduces some noise. However MICO tech-
nique has given good results in this situation. It is deemed unethical
and also considered harmful to take radiographs of children less
than 2 years age so it has not been included.

Further work can be done to reduce the computational cost for
MICO technique. Finally from qualitative and quantitative analysis
of evolutionary and non-evolutionary techniques we can say that
MICO is the best segmentation technique that can be applied on
hand radiographs for bone age assessment.
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