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ABSTRACT 
 
We propose a new unsupervised segmentation algorithm for 
high resolution transmission electron microscopy (HRTEM) 
images of nanocomposite materials. The proposed algorithm 
overcomes two major artefacts affecting these images, high level 
of noise and non-uniform illumination. The identification of the 
particles is based on the generation of a hierarchy of lower 
resolution images and a pixel-based segmentation at the highest 
level. The second part of the algorithm deals with the accurate 
determination of the border of the particles by means of snakes, 
and a final contour refinement through the hierarchy of images. 
The experimental results obtained over real HRTEM images 
show a good performance in terms of both, detection of particles 
and determination of their borders. 

 
1. INTRODUCTION 

 
Metal nanoparticles show special electrical, magnetic and 
optical properties interesting for applications such as chemical 
and biomedical sensors, selective solar or molecular absorbers, 
broadband polarizers or all-optical switches [1]. These properties 
change when the dimensions, separation or shape of the 
nanoparticles are modified. The determination of such geometric 
characteristics is usually done by analyzing images obtained 
with high resolution imaging techniques, such as transmission 
electron microscopy or atomic force microscopy.  

A first step in this analysis consists of the image 
segmentation in order to separate the nanoparticles from the 
background. In most of the cases, these images are characterized 
by a high level of degradation, which makes the nanoparticles 
identification a non-trivial task. Currently, to overcome these 
problems, a manual (operator based) segmentation is carried out. 
Thus, there is a clear need for specific segmentation algorithms 
that eliminate the need of human operation while providing 
accurate segmentation results.  
In this work, we focus on segmentation strategies for high 
resolution transmission electron microscopy (HRTEM) images 
of nanocomposite materials (consisting in metal nanoparticles 
embedded in a dielectric matrix).  As will be seen, these images 
show a high level of noise and a non-uniform illumination.  We 
propose a new unsupervised segmentation algorithm which is 
able to automatically identify the nanoparticles with a high 
degree of accuracy.  
 
 

 
 
The outcome of our proposed algorithm allows further 

characterization of relevant geometrical features of the 
nanoparticles, such as: estimates of their size distribution, the 
average particles separation, their density, etc. 

The rest of the paper is organized as follows: Section 2 
describes the segmentation algorithm, Section 3 shows the 
results obtained, and Section 4 presents the main conclusions. 
 

2. SEGMENTATION STRATEGY OVERVIEW 
 
A block diagram of the proposed segmentation approach is 
presented in Figure 1. The input of the system is a full resolution 
HTREM image, I0. The result of the algorithm is a segmented 
image, S0, where nanoparticles have been separated from the 
background and different geometrical parameters can be 
accurately computed.  
 
2.1 Pyramid generation 
In order to remove the noise that is present in the test images, 
(Figure 2.a) we build a hierarchy of lower resolution images 
{I0,I1,…IL} following a standard quad-tree approach [2].  Image 
Ii+1 is obtained low-pass filtering (using a binomial filter) and 
subsampling Ii by two rows and columns. The high level of noise 
forced to use a binomial 9x9 filter and build a three level 
pyramid. Images at the third level, I3, (see Figure 2.b) show a 
significant improvement in the contrast and definition of the 
particles. Moreover, images size has been reduced to 250x350 
pixels, thus the computational requirement for the segmentation 
algorithms is significantly reduced.  
 
2.2 Pixel based segmentation 
The considered HTREM images present a non uniform 
illumination that has to be compensated in order to allow the 
application of further histogram thresholding techniques. A 
standard technique [3] has been used to correct the illumination. 
A coarse estimation of the image background illumination is 
computed. Image I3 is divided into non-overlapping blocks and 
the maximum grey level in each one is selected as the 
background illumination representative. The size of these blocks 
has been determined experimentally to 12x12 pixels. A single 
value is obtained for each block, so, in order to obtain an 
auxiliary image with the same size, a bicubic interpolation is 
applied. This background illumination estimated image is then 
subtracted from the input image, I3, correcting the illumination 
distortion.  
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In Figure 3, it can be observed how the histogram of image I3 
(a) is modified after the illumination correction to show (b) a 
bimodal characteristic (particles correspond to dark values, 
while background corresponds to bright values), suitable for the 
application of a global histogram thresholding technique. 

An unsupervised histogram global thresholding technique 
based on the work of Otsu [2] has been used to accurately 
segment the particles. The idea is to compute the threshold 
value, T, for which the weighted sum of group variances, σ2

w, is 
minimized. σ2

w is defined as follows: 
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where q1(T), q2(T) represent the probability of a pixel to belong 
to each one of the histogram modes, and σ2

1(T) and σ2
2(T) are 

their variances. A sample of the segmentation result is presented 
in Figure 2.d.  
 
2.3 Contour analysis 
 
This processing phase works on those particles whose contours 
are not accurately fitted to their real borders as a result of the 
histogram based segmentation process. For this purpose, we 
consider the use of snakes as in [4][5]. 

From the segmented image previously obtained, we define an 
active contour as an ordered collection V of n points that define 
the edge of the particle: 

},...,,{ 21 nvvvV =  ),,( iii yxv =    },...,2,1{ ni =  
where (xi, yi)  are the pixel coordinates of point vi. 
 

 
 

Figure 2. (a) Original image I0, (b) Sampled & Low Pass filtered 
image I3, (c) Illumination corrected image, (d) segmentation 
result. 

 

   
(a)   (b)                                    

Figure 3. (a) Histogram  of I3, (b) histogram after the  
illumination correction process. 
 

The points of the active contour iteratively approach the 
target boundary through the solution of an energy minimization 
problem. The energy function in the neighborhood of any pixel 
of the contour is defined as follows:  

)()(int iextii vEbvEaE ⋅+⋅=  

where Ei, Eint, and Eext are matrices representing the  energy 
values of the neighborhood of point vi, and a, b, are constant 
weighting factors. The value at the center of each matrix 
corresponds to the energy at point vi, while other matrix values 
correspond to the energy of pixels within the neighborhood.  

Four different forces have been considered in the 
computation of Ei:  
 
2.3.1 Internal Forces. 
 
The internal energy function used herein is defined as follows: 

)()(int ibalicon vEdvEcE ⋅+⋅=  
where c, d are constant weighting factors, Econ (continuity) 
coerces, in absence of other forces, a closed deformable contour 
into a circle, while Ebal (balloon) enforce the contour to expand. 

 The energy term for each element ejk in the matrix Econ  is 
defined as follows [6]: 
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where pjk is the pixel in the image that corresponds spatially to 
the energy matrix element ejk, and l(V) is a normalization factor.  

Figure 1. Segmentation strategy block diagram.
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The energy term for each element, ejk, in the matrix Ebal is the 
dot product of   

( )( )ijkiiijk vpvnve −⋅=)(  
where ni is the outward normal vector of the contour at point vi. 

 To adapt the balloon force so that it becomes stronger in 
homogeneous regions and weak near object boundaries, we 
coerce this force into varying inversely proportionally to the 
image gradient magnitude as proposed in [7].  
 
2.3.2 External Forces 
 
The external energy function is intended to attract the 
deformable contour to object boundaries. 

)()( igradimagext vEgvEmE ⋅+⋅=  

where m, g are constant weighting factors, Emag (image intensity 
term) and Egrad (image gradient energy) attract the contour to 
regions of high intensity (background), and to edges in the 
image respectively. In order to avoid the attraction of the 
contour to the boundaries of other objects in the image, the 
gradient is calculated in the direction of the normal vector of the 
contour 

The image intensity energy for matrix element ejk is 
formulated as: 

))(()( ijkijk vpIve =  

where I(pjk) is the intensity of the pixel at position pjk within the 
image. Finally, the image gradient energy for element ejk is: 

( )( )ijkijk vpIne ∇⋅−=  

where ni is the normal vector of the contour at vi. 

 
2.3.3 Describing the process 
 
As a result of the creation process of the nanocomposite 
materials, the embedded particles are expected to show an 
ellipsoidal form. Nevertheless, it may occur that several particles 
combine resulting in an amorphous contour. We have applied 
the contour analysis only to those particles showing ellipsoidal 
forms.  

Firstly, we approach each particle border obtained in the 
previous stage to an ellipsoidal form using the algebraic distance 
fit algorithm proposed in [8]. Only those particles whose 
resulting ellipses properly fit to their real shapes will be 
considered for the application of the snakes. 

Then, we define an initial contour that is contained within the 
particle limits. For that purpose, we erode the considered particle 
with a circular mask and define its new boundary as the active 
contour. 

For each pixel of the contour, we compute the 
aforementioned energies on a 3x3 neighborhood. For this 
computation we use a low pass filtered version of the image I3 
from the Pyramid Generation module, in order to reduce the 
noise of the image and avoid any artifact introduced by the 
illumination correction. The values of the weighting factors have 

been determined empirically and have been set for all the images 
to c = 0.35, d = 0.3, m = 0 and g =  0.35.  

As can be observed, the energy function will comprise the 
continuity, the balloon, and the gradient terms while the 
intensity term is discarded. This result can be justified due to 
fact that the nanoparticles do not show a monotonic decrease in 
intensity, so the intensity term is not relevant for this type of 
images. On the other hand, the ellipsoidal form of the particles, 
and the definition of the initial contour within the particle limits 
is well characterized by the consideration of the continuity, 
balloon and gradient forces. 

Then, the initial point of the contour is moved to the lowest 
energy point in the neighborhood. As described before, this 
process is repeated until a minimum energy state is reached. 
  
2.4 Segmentation refinement 
 
The objective of this module is, from the segmented image 
obtained at the lowest resolution level, BL, generate the 
segmented image at the maximum resolution level, S0.  

The projection of image Bi to the next lower level,  i-1, is 
performed as follows: 

)),2/int(),2/(int()1,,( iyxeiyxe =−  

where e(x,y,i) is the identification label (background or particle) 
for pixel (x,y) at level i, and int(.) is the integer part.   

We define an uncertainty area [9], A(Ii-1), in the i-1 level, 
which contains  every  pixel whose label differs from the label 
of any other pixel located in its 3x3 neighborhood.  Formally,  

)},(),(|),(),(|),{()( 888881 yxeyxeyxNyxyxIA i ≠∈∃=−
 

where N8(x,y) represents the eight adjacent pixels to the 
considered pixel (x,y), (x8,y8) indicates any pixel of N8(x,y), and 
e(.) the label associated to pixels at level i-1.  

Thus, the objective is to classify each pixel within the 
uncertainty area according to the information of image Ii-1. For 
that purpose, we define a neighborhood of size                     
21·4L-i-1 x 21·4L-i-1 pixels for each pixel of A(Ii-1). The factor 4L-i-1 
is used in order to maintain the proportionality between image 
and neighborhood sizes at each level of the pyramid. Then, 
using this neighborhood, a new threshold is automatically 
computed as described in section 2.2. If the intensity value of the 
pixel is lower or higher than the threshold value, it is labeled as 
a particle pixel or as a background pixel respectively.  

Finally, due to the high level of noise, we have applied an 
opening with a five pixels radio disk in order to smooth the 
resulting borders.  
 

3. RESULTS 
 
The proposed algorithm has been tested over several real 
HTREM images (2000x2800 pixels) obtaining successful 
results.  

Regarding nanoparticle identification, the pixel-based 
segmentation performed by the algorithm provides good results. 
False positives (detected non-existent particles) are less than 2%, 
and false negatives (undetected existent particles) do not occur. 
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In order to evaluate the improvement of the use of snakes in 
the contour analysis, we have compared the results of the 
proposed algorithm with and without the contour analysis 
process. Focusing on those particles whose segmentation results 
differ significantly in both approaches (A∩B/AUB < 75 %, 
where A, B represent the resulting sets of pixels of a particle 
segmented by each approach), we have obtained that in the 85 % 
of the cases the result obtained using snakes is better, and only 
the 5% of them get worse results (in the 10% left there are no 
significant differences). Moreover, with the use of the snakes, 
the final contours of the particles are smoother due to the 
contribution of the continuity energy term. Figure 4 shows an 
example of the contour analysis process and Figure 5 shows an 
example of the final result for a particle (a) without using snakes 
and (b) including the contour analysis.  

Finally, Table 1 shows a comparison of the results obtained 
by the proposed algorithm with those obtained by manual 
segmentation in terms of background and particle area. As can 
be observed, the difference ranges only from 2-8 %.  

 
4. CONCLUSIONS 

 
We have presented an unsupervised segmentation algorithm for 
HRTEM images of nanocomposite materials. The proposed 
algorithm overcomes two major artefacts affecting these images, 
high level of noise and non-uniform illumination, and provides 
accurate results in terms of both, detection of particles and 
determination of their borders. Thus, the outcome of our 
proposed algorithm allows further characterization of relevant 
geometrical features of the nanoparticles. 

 
 

Manual Automatic 
Test BG. 

area 
Obj. 
area 

BG. 
area 

Obj. 
area 

Diff. 

1 70,93% 29,07% 73,15% 26,85% 2,21%

2 69,27% 30,73% 74,66% 25,34% 5,39%

3 66,04% 33,96% 72,10% 27,90% 6,06%

4 62,14% 37,86% 69,70% 30,30% 7,56%

5 64,29% 35,71% 67,94% 32,06% 3,66%
Table 1. Segmentation results related to Background/Object 

percentage areas. 
 

 
 

Figure 4. (a) Segmented image, (b) Particle contour mismatched, 
(c) redefined contour using snakes. 

 

 
 

Figure 5. Segmented particle obtained at the full resolution 
image I0. (a) Particle contour mismatched (c) redefined contour 
using snakes. 
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