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ABSTRACT: In this article, we present a novel approach for pattern recognition by using 

graph theory and its application in mechanical engineering. One of the most important 

characteristics of the microstructure of a material is the grain size. The analysis of structure is 

based on statistical methods and on the principle: from the general image of the structure to the 

particular (individual grains) by averaging. With computer methods, material structure is 

characterized by analyzing each grain. When using computer software tools it is also possible 

to analyze the area occupied by a certain structure directly, without the need for approximate 

calculations, as well as automatically create a report file. The aim of this paper is to present a 

new methodology; a novel approach for pattern recognition by using graph theory and its 

application in the analysis of grain size distribution values. These values were obtained from 

SEM images of robot laser-hardened specimens using estimating methods to calculate the 

fractal dimension of 3D objects and calculating the density of 3D visibility graphs. 
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1 INTRODUCTION 

Microscopic analysis (Buytaert, J.A.N.& E. 

Descamps & D. Adriaens & J.J.J. Dirckx, 2012) of 

the structure of metals is carried out at high 

magnifications using scanning electron microscopes 

(SEM). Microanalysis allows us to establish the size 

and shape of the grains, the number, size and 

relative position of individual phases and also 

detection of the smallest defects in metal. Metals 

are opaque, so the study of their structure can only 

be carried out in reflected light. In connection with 

this, the samples under investigation are subjected 

to a treatment providing a sufficiently intense 

reflection of light rays from one of the surfaces. The 

process of manufacturing metallographic samples 

includes cutting and preparing the surface for 

investigation, grinding, polishing and etching of the 

surface.  

One of the most important tasks in 

metallography is to investigate the granular 

structure of metal alloys, upon which their 

mechanical and physical properties largely depend. 

It is known that a metal with a coarse-grained 

structure (or a structure comprising both coarse and 

fine grains) has lower values of ductility and 

toughness characteristics when compared to a fine-

grained metal. Therefore, for most structural 

materials, a coarse-grained structure is 

unacceptable. However, there are cases where the 

opposite is true, when the coarse-grained structure 

is useful. For example, technically pure iron and 

electrical steel (used in the manufacture of 

transformer cores, relays and electromagnets as well 

as magnetic circuits for electrical machines and 

other parts made of magnetic alloys) are 

characterized by a coarse-grained structure that 

helps to reduce the strength of the magnetic field 

(coercive force).  

Artificial (computer) intelligence (Vadlamani 

Ravi & Nekuri Naveen & Mayank Pandey, 2013) is 

one of the most promising directions in computer 

science. Work in the field of artificial intelligence is 

aimed at creating methods, tools and technologies 

for designing computer systems (teaching, expert, 

consulting, robotic, etc.) for solving problems 

traditionally considered to be intellectual. Unlike 

ordinary programmers, who are involved in the 
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development of clearly specified software products, 

artificial intelligence specialists are also able to 

formulate these specifications, which is one of the 

most important tasks in the design of any software 

product. A graduate of "Artificial Intelligence" can 

work in enterprises and organizations that produce 

and maintain computer facilities, computer systems, 

networks and software. They can be involved in 

design, research and educational organizations, 

working in departments that develop information 

retrieval systems, intelligent interfaces, medical 

diagnostics, expert systems, information protection, 

business process engineering and document 

management. AI is very application in industrial 

practice to improve the development process itself.  

In (Ogrizek, B.& Rehar, T. & Leber, M. & 

Buchmeister, B., 2017) authors ssuggested a 

method for helping the appliance developers, which 

based on existing knowledge for esees potential 

solutions with new challenges. Data processing 

specialists, developers and researchers use machine 

learning to obtain previously inaccessible analytical 

information. Self-learning programs then help these 

specialists to study the work of the human genome, 

analyze the behavior of customers, and create 

recommendatory systems, image recognition 

systems and ways to prevent fraud, among other 

things.  

Machine learning is an extensive sub-section of 

artificial intelligence and it studies methods of 

constructing algorithms that are capable of learning. 

There are two types of training: learning through the 

use of precedents and inductive learning, based on 

the identification of general patterns of private 

empirical data. Deductive learning (Tabullo, A. & 

Arismendi, M. & Wainselboim, A. & Primero, G. & 

Vernis, S. & Segura, E. & Zanutto, S. & Yorio, A.,  

2012) involves formalizing the knowledge of 

experts and transferring them on to a computer to 

form a knowledge base. Deductive learning is 

usually associated with the field of expert systems, 

so the terms machine learning and training by the 

use of precedents can be considered to be 

synonymous. Machine learning can be considered 

to be at the intersection of mathematical statistics, 

optimization methods and classical mathematical 

disciplines, but it also has its own specific problems 

associated with computational efficiency and 

retraining.  

Many methods of inductive learning were 

developed as an alternative to classical statistical 

approaches and are closely related to information 

extraction and data mining. Pattern recognition 

(Bishop, Christopher M., 2006) is the establishment 

of principles (algorithms) for learning the 

classification (recognition) of various situations, 

creating technical devices (usually computer 

programs) that mimic the process of classification, 

training these devices to classify the necessary 

situations (images) and then using them to solve 

practical problems. Therefore, pattern recognition is 

one of the most important tasks in artificial 

intelligence and it is associated with many different 

areas of research.  

When building a technical vision system from 

scratch, the researcher must apply the basics of 

image processing, choose the method of detecting 

and recognizing objects and program the raw data 

acquisition and recognition methods. As a rule, 

there is a further testing stage, as it will be 

necessary to carry out statistical analysis and refine 

the methods to get good results. Fractal geometry 

(Boeing, G., 2016) is the term invented by Benoit 

Mandelbrot in order to combine an extensive class 

of objects that played a historical role in the 

development of pure mathematics under one 

heading. He states: 

“Why is geometry so often called "cold" and 

"dry"?  One of the reasons is her inability to 

describe the shape of a cloud, a mountain, a tree or 

a shoreline. Clouds are not spheres, mountains are 

cones, coastlines cannot be represented with the 

help of circles, the bark of trees cannot be called 

smooth, and the path of lightning is rectilinear. 

More generally, I declare that many forms of Nature 

are so wrong and fragmented that, in comparison 

with Euclidean figures, Nature demonstrates not 

just a higher degree, but an entirely different level 

of complexity. The number of different scales of 

length in natural forms can be considered infinite 

for any practical problems. The existence of such 

phenomena challenges us and prompts us to study 

in detail the forms that Euclid laid aside because of 

their "formlessness" to investigate, so to speak, the 

morphology of the "amorphous." Mathematicians 

have neglected this challenge and preferred to 

escape from nature by the invention of all sorts of 

theories that do not explain what we see or feel. 

Having ventured to answer the challenge, I 

conceived and developed a new geometry of 

Nature, and I also found it useful in many different 

areas. The new geometry is capable of describing 

many of the irregular and fragmented forms in the 

world around us and generating completely 

complete theories by defining a family of figures 

that I call fractals.”  

Since the publication of B. Mandelbrot's book, 

Fractal Geometry of Nature, a rapid development of 

fractal geometry began. Fractals are found in almost 

all natural phenomena, including mechanical 

engineering.  
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Graph theory (Grandjean, M., 2015) is 

considered to be a section of discrete mathematics 

that examines the properties of finite sets and the 

relationships between their individual elements. As 

an applied discipline, graph theory allows the 

description and exploration of many technical, 

economic, biological and social systems. Many 

logistical tasks can be solved using graph theory. 

The importance of graph theory is difficult to 

overestimate because it is an important tool for 

formalizing complex processes. Graphs form the 

basis upon which semantic networks, cognitive 

maps, neural networks and economic models are 

constructed and transport problems are solved. 

Where there are problems on graphs, effective 

optimization algorithms have been developed which 

can then be implemented in the form of computer 

programs. The construction of mathematical models 

in mechanical engineering is directly related to the 

analysis of data (the receipt and processing of which 

cannot be effectively organized without applying 

the theory of graphs), and the application of 

effective algorithms on graphs and modern 

information technologies. Therefore, graph theory is 

a powerful tool for formalizing a number of 

optimization problems, that are then resolved in 

various areas of mechanical engineering. The most 

common algorithms used on graphs are for: finding 

the minimum section of a network; finding the 

shortest distances; finding the shortest cycle and, for 

specific examples, the conditions for their 

solvability are shown. Thus, it can be concluded 

that graph theory is an important mathematical tool 

for solving various logistical problems.  

In this article, we use an algorithm for finding 

the shortest distances in a weighted graph. The 

advantages of robot laser hardening (Babič, M., 

2015) include a reduction in the volume of 

additional processing and the possibility of 

processing inhomogeneous three-dimensional 

blanks. Due to insignificant thermal effects, the 

deformation remains at a limited level and the cost 

of additional processing decreases or does not arise 

at all. The aim of this study is to present a new 

methodology; a novel approach for pattern 

recognition by using graph theory and its 

application in the analysis of grain size distribution 

values. These values are obtained from SEM images 

of robot laser-hardened specimens using estimating 

methods to calculate the fractal dimension of 3D 

objects and calculating the density of 3D visibility 

graphs (Babič, M.,  2014). 

2 MATERIAL PREPARATION AND 

METHODOLOGY 

We use two different parameters (temperature 

and speed) of robot laser cell (Table 2) for 

hardening materials. Field emission scanning 

electron microscope (SEM), JEOL JSM-7600F was 

conducted using for characterization of 

microstructure before and after surface 

modifications. We use different method for SEM 

images analyze; method for calculating fractal 

dimension in 3D space, method for calculating 

shortest paths of weighted graphs and algorithm for 

constructing 3D visibility graphs. We transform 

SEM images into binary images, from which we 

calculated the density of visibility graph of 3D 

space, and fractal dimension. With program ImageJ 

(https://imagej.nih.gov/ij/download.html) we found 

coordinates (x,y,z) of 3D graph from SEM figures 

(Figure 1). Fig. 1 present calculating fractal 

dimensions and density of visibility graphs in 3D 

space.  

 
Figure 1. Calculating fractal dimensions and 

density of visibility graphs in 3D space  

In microstructures after robotic laser hardening, 

we have the problem of analyzing the grain size 

distribution values (grain size diameter). So we 

developed a new approach to pattern recognition by 

using graph theory. The graph G = (V, E) is 

represented by the set of vertices „V(u,v)‟ and the 

set of nodes „E(Ku,v)‟ (Figure 2).  

 
Figure 2: Graph G=(V,E) 

A weighted graph is a graph in which each 

branch is given a numerical weight and so it is, 

therefore, a special type of labeled graph in which 
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the labels are numbers (which are usually taken to 

be positive) (Figure 3). 

 
Figure 3: Weighted graph  

 

After converting SEM pictures into binary 

images, we determined an adjacency matrix and 

represented it as a weighted visibility graph in 3D 

space. The „z‟ coordinates (of x,y,z) represent values 

in the adjacency matrix and weights in the weighted 

visibility graphs in 3D space. Then, we calculated 

the shortest paths using (SSAD) 

(ghttp://courses.cs.vt.edu/cs2606/Fall07/Projects/Mi

nor/4/DijkstraSP.pdf). The shortest paths then 

represent the grain size distribution in the 

microstructure of the materials. Figure 4 presents 

our novel approach for pattern recognition by using 

graph theory. 
 

 
Figure 4. A novel approach for pattern recognition 

by using graph theory 
 

Recently, some researchers have rouse exploring 

computationally the new comprehension of the 

crowd of regulatory mechanisms that are 

fundamental in both progress of inheritance and of 

development in natural systems, by trying to include 

those mechanisms in the EAs. One of successful 

proposals was the genetic regulatory network 

(GRN) (Lv, Y. & Zhang, J. & Qin, W. & 2017). 

The genetic algorithm (GA) (Kovačič, T., & 

Kovačič, M., & Ovsenik, R., & Zurc, J., 2020) was 

proposed by John Holland in 1975 and is the first of 

the evolutionary algorithms. Individuals in the 

genetic algorithm are represented as lines of fixed 

length (bit strings are usually used). The choice of 

coding method for the program in a genetic 

algorithm is one of the main issues in genetic 

programming (GP). The program must be encoded 

in such a way that it is easy to automatically 

introduce random changes (mutation operator) and 

combine the two algorithms into one (the crossing 

operator). In tree-like coding, each tree node 

contains a function and each sheet contains an 

operand (Figure 5). Expressions represented as a 

tree can be recursively counted easily. Traditional 

GP is easier to use for developing programs written 

in languages that naturally embody a tree structure. 

Table 1 presents the attributes of the genetic 

programming.   
 

 

 
Figure 5. Genetic programming tree 

Table 1. Attributes of the genetic programming 

Size of the population of 

organisms 

400 

Maximum number of generations 100 

Reproduction probability 0.3 

Crossover probability 0.5 

Maximum permissible depth in 

the creation of the population 

7 

Maximum permissible depth 

after the operation of crossover of 

two organisms 

10 

Smallest permissible depth of 

organisms in generating new 

organisms 

2 

Tournament size used for 

selection of organisms 

6 

 

3 RESULTS AND DISCUSSION 

In Table 2, the parameters of hardened 

specimens that impact on volume are presented. We 

labelled the specimens from P1 to P21. Parameter 

X1 represents temperature in degrees Celsius [
o
C], 

X2 represents the speed of hardening [mm/s],  X3 

represents SSAD, X4 represents a fractal dimension 

in 3D space, X5 represents the density of visibility 

graphs in 3D space and parameter X6 represents the 

basic average distribution value of the grain size 

[m] of the specimens. The last parameter (Y) is the 

measured average distribution value of the grain 

size of robot laser-hardened specimens. Table 3 

presents experimental and prediction data regarding 

the average distribution value of the grain size of 

robot laser-hardened specimens. The symbol ‟S‟ is 

the name of the specimens, ‟E‟ is the experimental 

data and ‟GP‟ is the predicted value from the 
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genetic programming. In Table 2, we can see that 

specimen P17 has the largest density of visibility 

graphs in 3D (0.2832) and, therefore, specimen P17 

has the most complex graph. Specimen P16 has the 

largest maximum average distribution value of grain 

size after hardening (27.7%). Specimen P14 has the 

minimal SSAD value. The measured and predicted 

surface hardness of robotic laser-hardened 

specimens is shown in the graph in Figure 4. The 

genetic programming model is presented as 

Equation 1. The genetic programming model 

presents a 20.66% deviation from the measured 

data.  
Table 2. Parameters of hardened specimens 

 
 

Table 3. Experimental and prediction data 

S E GP 

P1 27.0 26.61123 

P2 21.6 20.80225 

P3 23.4 22.61514 

P4 21.6 17.61720 

P5 23.9 22.35577 

P6 19.8 16.53641 

P7 15.1 12.33416 

P8 23.4 16.57770 

P9 21.7 25.54647 

P10 26.1 23.70499 

P11 27.2 26.45318 

P12 24.7 21.60497 

P13 25.2 25.45936 

P14 21.1 23.43336 

P15 26.3 21.57277 

P16 27.7 26.64275 

 

(1) 
 

It has been established that the mechanical 

properties of the sample improves as the grain size 

decreases (Camillus, & Tolouei, & Mostavan, Carlo 

Paternoster, & Turgeon, & Okorie, & Obikwelu, & 

Mantovani, 2016). Many  of  the  important  

mechanical  properties  of  steel,  including  yield  

strength  and  hardness,  the ductile-brittle  

transition  temperature  and  susceptibility  to  

environmental  embrittlement  can  be improved  by  

refining  the  grain  size. Thus, alloy composition 

and processing must be carefully controlled to 

obtain the desired grain size. The influence of grain 

size on the mechanical properties of steel was 

shown in (Morris, J. W., 2001). Fractal geometry 

and graph theory is becoming increasingly popular 

in materials science, as a way of describing 

complex objects. Using fractal geometry and graph 

theory, we analyzed how the parameters of the 

robotic laser cell affected the average distribution 

value of grain size in hardened specimens. 

 
Figure 6. Measured and predicted average 

distribution value of grain size of robot laser-

hardened specimens 

A significant relationship was found between the 

average distribution value of grain size, parameters 

of the robotic laser cell, fractal dimensions in 3D 

space and the topological density property of the 

visibility graphs in 3D space. The genetic 

programming model presents a 20.66% deviation 

from the measured data. In addition to this, analysis 

of SEM images of robotic laser-hardened specimens 

provides an interesting approach. 

 

4 CONCLUDING REMARKS 

We present a new methodology; a novel 

approach for pattern recognition by using graph 

theory and its application in mechanical 

engineering. The relationship between volume and 

the parameters of robot laser cells may be better 

understood through exploration of graph theory and 

the fractal geometry of the microstructure. Laser 

parameters include power, energy density, focal 

distance, focal position, the shape of the laser flash, 

flash frequency, temperature and speed of 

hardening. We want to use a novel approach for 

0

5

10

15

20

25

30

P1 P4 P7 P10 P13 P16A
ve

ra
ge

 d
is

tr
ib

u
ti

o
n

 v
al

u
e

 o
f 

th
e

 g
ra

in
 s

iz
e

  

Specimens 

Experimental
data

Prediction with
genetic
programming



ACADEMIC JOURNAL OF MANUFACTURING ENGINEERING, VOL.19, ISSUE 3/2021 

10 

pattern recognition by using graph theory for 

different materials and to find the relationships 

between these materials and the parameters of the 

laser cells. We are interested in researching the 

average distribution value of the grain size in 

specimens that have undergone: 

 

 two-beam laser robot hardening (where the 

laser beam is divided into two parts), 

 robot laser hardening with overlapping 

(where the laser beam covers the already 

hardened area),  

 robot laser hardening at different angles 

(the angles change depending on the x and 

y axes). 

. 
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