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The main goal of the four-dimension spline-binarization method is an object bounds location determination. The 
method is based on the idea that intensity function inflection points are bound points between an object and 
background. Knowing where the background ends and the object starts and thus reducing the number of mistakes 
during binarization. It is assumed to use the cellular automata with the “soft” interaction for morphological 
operations for image processing. The rules of cellular automata for non-traditional “erosion” and ‘dilatation” 
implementations are established in the article. It gives the possibility to reduce the noise influence and to 
increase the quality of resulting black-white image.  
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1. OPERATION OF BINARIZATION AND ITS PLACE IN IMAGE 

PROCESSING TASKS 
 

One of the most important tasks of transport telematics [1] is an automatic remote-control 
identification of means of transport and cargo with the help of different methods including video 
watching. One of the tasks being solved within this area is pattern recognition (Fig. 1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
Figure 1. Remote-control identification of means of transport and cargo 

 
Pattern recognition is an upcoming present-day branch of computer science. It is widely applied 

in tracking and security systems designing, in robotics, criminalistics and other areas. A general task 
of recognition can be defined as object identification by its graphical image. Optical character 
recognition is a discipline within pattern recognition that refers to text symbols identification [2]. 
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Recognition process consists of four stages: 
1. Pre-processing of the initial image. This stage includes image quality improvement 

procedures and image binarization that is performed to transform the initial image into the 
format that is the most fitting for the recognition (binary format). 

2. Image segmentation. On this step the image decomposition into blocks is performed. 
3. Strict recognition. Here recognition algorithms are “processing” the image. 
4. Post-processing. If the object was not identified exactly the image can be repeatedly 

processed with the help of additional methods. 
Although pattern recognition includes many specific tasks the main stages of the overall 

recognition process are the same for each of them [5]. So binarization that is a colour or greyscale 
image conversion into a binary one is an essential part of any recognition process. 

Apparently, the quality of recognition (that is 
probability of right object identification) depends on the 
quality of the initial image – the brighter and clearer a picture 
of an object is the more precise identification would be made. 
That is why different quality enhancement procedures, such 
as noise elimination, contrast increasing and other, are often 
included into the overall recognition process. Unfortunately 
in some cases these operations cannot guarantee necessary 
results. 

As algorithms of recognition get a binary image as an 
input it is important that the object on the binary image is as 
clear, bright and exact as possible. That is why a sufficiently 
large number of the existing binarization methods do not only 
transform the image into two-coloured (binary) form but also 
tend to provide the better quality of the result image. 

The description of all binarization methods is not the 
aim of this article. So only some widely used of them are 
described here. 

Apparently simple threshold binarization is the easiest 
of them. As it is well known any raster image is a two-
dimensional array of pixels where each pixel has its own 
intensity of colour. The main principle of the algorithm lies in 
every pixel intensity comparison with the predetermined 
intensity threshold. If the intensity of a pixel is greater than a 
threshold value then the pixel is coloured white. Otherwise 
the pixel is coloured black. This method does not need a lot of 
calculations and has only one input parameter – the threshold 
of intensity. Results of this algorithm can be quite satisfying 
when processing clear precise images. But in case the image 
is fuzzy even the threshold value change cannot provide good 
quality of an output binary image. Figures 1–4 demonstrate 
this statement. 

Adaptive binarization is a common modification of 
threshold binarization. The goal of this method is an adaptive 
threshold value search for different fragments of an image 
depending on their contrast range. Processing fuzzy images 
this method gives better results than simple threshold 
binarization (Fig. 6). 

Practical work has shown that modern methods of 
binarization give good results when processing high-quality 
images. On the other hand fuzzy pictures processing results 
contain too many mistakes. Unfortunately low-quality image 
processing is more common. Therefore the main problem of 
recognition is image quality improvement at any stage of the 
process. 

Figure 2. Initial greyscale image 

Figure 3. Threshold binarization result 
with the threshold value 90 

Figure 4. Threshold binarization result 
with the threshold value 128 

Figure 5. Threshold binarization result 
with the threshold value 160 

Figure 6. Adaptive binarization result
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2. MATHEMATICAL DESCRIPTION OF FOUR DIMENSION SPLINE 
BINARIZATION METHOD 

 
Binarization deals with raster images, which stand for two-dimensional pixel arrays (Fig. 7). In 

this case every pixel is identified with its position in the array (index) and the value of colour intensity 
that can lie in interval from 0 to 255 for greyscale images and from 0 to 1 for binary ones. 

Spline binarization method is based on the statement that any pixel chain of an image represents 
a discontinuous colour intensity change function where a pixel number is an argument of the function 
and its intensity is this function’s value. This function behaviour analysis allows tracing the change of 
intensity from one pixel to another. The main idea of the method lies in this function’s continuous 
analogue behaviour analysis. It is easy to get continuous intensity function using method of spline 
interpolation of the discrete function (Fig. 8) [3]. That is the reason why the method is called “spline 
binarization”. 

The conversion of a greyscale image into a binary one can be viewed as division of an overall 
pixel set into two subsets: pixels that belong to background of an image and pixels that belong to an 
object (or objects) of an image. The main goal of the four-dimension spline binarization method is 
objects bounds location determination. In fact that is the determination of all pixels that lie “between” 
an object and background. If we know where the bounds of an object are we can find out for every 
pixel of an image whether it belongs to background or to an object and to perform binarization 
according to this. 

To find so called “bound”-pixels one should analyse the behaviour of the continuous colour 
intensity function that was received with the help of spline interpolation. Indeed, analysing the 
continuous intensity change function one can get some of its very important characteristics. For 
instance, if the function is smoothly growing it means that on the image pixel colour is changing from 
dark to light. If the function is decreasing then pixel colour is changing from light to dark. The 1st 
derivative of the spline function at a point gives the speed of intensity growth at this point. Knowing 

Figure 8. Discontinuous intensity function graph. Spline intensity function graph 

Figure 7. Image – 2D pixel array 
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the speed value one can tell how fast the function is growing or decreasing. It is also easy to determine 
the intervals of the function’s curve concavity and convexity. It is evident that in intervals where the 
function’s curve is convex the intensity keeps growing. On the other hand in intervals where the 
function’s curve is concave the intensity is decreasing. 

On the basis of all these facts a conclusion can be made: those points on the function’s curve 
that separate the convex parts of the curve from its concave parts define bounds between an object and 
background of the initial image and bounds between black and white on the binary image. As is it 
known from higher mathematics such points are called inflection points of a continuous function curve 
(Figures 8, 9). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
So finding inflection point in fact is finding the location of the bound between black and white. 

It is not hard to find out the colour of the pixels that are neighbours to the “bound”-pixel. Is can be 
easily calculated by the sign of the spline function 1st derivative at this point. If the 1st derivative is 
positive then the intensity function is increasing and consequently there is a transfer from black (0) to 
white (255) at this point. So pixels on the left of the “bound”-pixel should be coloured black and those 
on the right – white. Otherwise if the 1st derivative is negative then the intensity function is decreasing 
and there is a transfer from white to black at this inflection point. So left pixels should be coloured 
white and right ones – black. 

But it is important to take into account that we find inflection points using the discontinuous 
function. In reality we have just a discrete intensity function because its argument is a pixel number 
that is a discrete value. So if the inflection point is just between two discrete pixel numbers then it is 
easy to determine which of those pixels is black and which is white. This is possible only if the 
fractional part of the x-coordinate of the inflection point is equal to 0,5. Unfortunately such a situation 
is rare. More often the inflection point x-coordinate fractional part is greater or less than 0,5. In other 
words the inflection point “falls onto” a pixel (Fig. 10). 

Let us see the example on Figure 10. In this case the inflection point falls on the pixel with 
index x + 1. The sign of the 1st derivative of the intensity function at the inflection point determines 

the intensity of pixels x and x + 2. But the intensity of pixel 
x + 1 cannot be determined because we cannot say 
unambiguously whether this pixel belongs to the background 
or the object. That is why the intensity of the “bound”-pixel 
x + 1 is calculated regarding to the distance that is between the 
“bound”-pixel and its nearest white (in this case it is pixel x) 
or black (pixel x + 2) pixel. Let us suppose that the x-
coordinate of the inflection point is equal to (x + a). Then 
knowing that the intensity of x-pixel is 255 and that the 
inflection point is at distance a from x-pixel we can calculate 
the intensity of x + 1-pixel as a% of the intensity of white 
colour or as b% of the intensity of black colour which means 
the same. As a result those pixels on which the inflection 
points fall get the intensity that is equal to some percent of the 
maximum intensity (255). That means that they become grey. 

Figure 9. Example of the inflection 
point interpretation 

Figure 10. “Bound”-point intensity calculation 

x
a b

x x + 1 x + 2

Figure 11. Four-dimensional 
scanning of the pixel array 
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When looking through lines of the image and passing each of them from left to right (that is 
performing horizontal scanning) only a part of all inflection points can be found. When looking 
through columns of the image (performing vertical scanning) the other part of all inflection points can 
be found (Fig. 12, 13). 

To enlarge the probability of finding all inflection points the method provides four dimensional 
pixel array scanning: vertical scanning, horizontal scanning and diagonal scanning (in two directions) 
(Fig. 11). Then the vision becomes clearer. After the pixel array has been scanned in four directions 
every pixel has got 4 new values of intensity. The final intensity of a pixel is calculated as a weighted 
total of its new intensities. However one should take into account that intensities received after 
diagonal scanning must have smaller weight than those received after horizontal and vertical scanning. 
The matter is that the inter-influence of pixels that are positioned at the diagonal is smaller than the 
inter-influence of the pixels that are positioned at one column or one row. 

After the final intensities for all pixels have been calculated the image becomes “pseudo-
binary”. That means that the background is white, objects are black and each object has its bound 
made of grey pixels. As “bound”-pixels’ intensities are calculated of the intensities received at every 
single scan their final values tend to colours that are dominating in their surrounding. Simple threshold 
binarization is used to transform the “pseudo-binary” image into the binary one, which finishes the 
whole procedure. 

 
Table 1. Example of the constrain influence 

 
 

No intensity interval constraints 
 

 

With intensity interval constraints 

 
 

No minimal speed value limitation 
 

 

With minimal speed value limitation 

  

Figure 12. Horizontal scan “bound”-pixels Figure 13. Vertical scan “bound”-pixels 
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Practical experiments have shown that it is insufficient to find all inflection points for 4 directions. 
The problem is that in this case the set of inflection point will contain not only points that are on the 
bounds of an object but also those ones that mark insignificant change of colour intensity. To eliminate 
unnecessary points several constraints should be set. Firstly the spline function value at an inflection 
point must lie in the predetermined interval of intensity. We should get rid of the “bound”-pixels that are 
too dark and are located inside the object as well as those “bound”-pixels that are too light and are 
located on the background. Secondly the speed of intensity change at the inflection point should be rather 
high not to recognize different small signs, dots and other noise as objects. These limitations allow 
receiving the picture where the object is entirely contoured with “bound”-pixels (Table 1). 

 
3. RESULTS AND APPLICATION 

 
The comparative analysis of threshold binarization and 4D spline binarization showed that these 

methods give similar results while processing high-quality images. Yet while processing low-quality 
images 4D spline binarization provides qualitatively better results than simple threshold binarization. 
Using threshold binarization for fuzzy image processing may cause several symbols merging or 
alteration. This can lead to recognition mistakes. Often there are situations when changing threshold 
value cannot provide necessary results. At the same time 4D spline binarization gives binary images 
where all symbols are separated and cognate (Table 2). However 4D spline binarization needs far more 
calculations than threshold binarization. Therefore it is purposeful to use 4D spline binarization method 
for those objects (shapes) that cannot be transformed well enough with the help of threshold binarization. 

  
Table 2. Examples of threshold and 4D spline binarization methods comparison 

 
Initial image Threshold binarization 4D spline binarization 

 
 

 
Threshold value = 128 

 
Threshold value = 96  

 
 

 
Threshold value = 128 

 
Threshold value = 80 

 
 

 
 

 
Threshold value = 128 

 
Threshold value = 96 

 
 

 
4. CELLULAR AUTOMATA WITH “SOFT” INTERACTION 

 
The other opportunity to heighten the quality of binarized images is the usage of cellular 

automata [4]. Cellular automata stand for the algorithm that changes the intensity of every pixel of an 
image depending on intensities of its neighbour pixels. Such a definition of cellular automata makes it 
an analogue of the morphological image processing [2]. The game “Life” by J.Conway (Fig. 14) we 
know as the most common example of cellular automata. This is a binary system – there are just black 
(live) and white (dead) cells-pixels. Such a model demonstrates the initial image transformation into 
different stable and oscillatory structures. 
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Figure 14.  Cellular automata from John Conway’s game “Life” [4] 

 
Unlike Conway’s cellular automata in this case we should have three states for each cell – live, 

semi-live, dead (Fig. 15). That is why the title of the algorithm is cellular automata with “soft” interaction. 
 

 
Figure 15. Three-state cellular automata 

 
Such representation corresponds to the structure of a digital image processed with the help of 

4D spline binarization method as far as it has only black, white and grey (“bound”-) pixels. The 
increase of the states number leads to the increase of possible rules of state changing. These rules often 
make fractal (self-similar) structures to appear (see example on Fig. 16). 

 
Figure 16. Fractal structure generation cellular automata 

 
Experiments have shown that usage of more flexible rules leads to qualitative transformation of 

the cellular structure being received while initial cell populations remain the same (Fig. 17). In some 
cases viewed resulting effects correspond to well-known morphological operations: dilatation and 
erosion [2]. 

 

 
Figure 17. Cellular automata rules that correspond to erosion (on the left) and dilatation (on the right) 

 
Living Cell 

 
Semi-Living Cell Died Cell 
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Unlike classical morphological erosion operation erosion that is live cell decrement in cellular 
automata does not lead to main object elements’ thickness decrease although it removes noise and 
distortions from the image (Fig. 18). Also unexpected result is gained while processing the image that 
contains negative noise (“salt & pepper” effect, Fig. 19). 

 

 
 
 
 
 
 
 
 
 

Figure 18.  “Erosion”. “Dirt” effects removal in 4 iterations 
 
 
 
 
 
 
 
 
 
 

Figure 19.  “Erosion”. “Salt & pepper” effect removal in 4 iterations 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 20.  “Dilatation”.  “Skeleton” build-up in 3 iterations 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 21.  “Dilatation”.  “Dashed skeleton” build-up in 3 iterations 

 
On the contrary cellular automata dilatation can transform an image of a dashed symbol into an 

acceptable one in only 3 iterations (Fig. 20, 21). We can go further and unite erosion and dilatation 
operations and thus receive operations of “gluing” and “disconnection” [2]. As far as these operations 
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are irreversible we can get significant image quality improvement managing the number of iterations 
of erosion and dilatation (Fig. 22). 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 22.  “Gluing” and “disconnection” operations for image quality improvement 

 
Further conclusions are evitable. If we apply cellular algorithms to the result of 4D spline 

binarization we can localize noise influence and heighten the quality of the result binary image even in 
case of serious distortions. This combined algorithm will be able to process low contrast images that 
would contain noise. 

Certainly realization of the combined algorithm that includes spline binarization and cellular 
automata needs large computational spending and significant processing time. That is why this 
algorithm’s usage is justifiable at the stage of post-processing of the overall recognition process for 
those objects that were not exactly classified during the main procedure. 
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“Disconnection” = “Erosion”  
+ “Dilatation” 

“Gluing” = “Dilatation” + “Erosion” 


