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Abstract. The designing a digital twin of the process of the thermal cutting of sheet material 

using laser or gas equipment for its figure cutting is considered. The solution to the problem of 

optimizing the path of the cutting tool taking into account the thermal effects on the material to 

be cut is discussed. The solution of the problem of modeling the temperature change of the 

material to be cut is considered on the basis of a discrete - logical representation of information 

about the state of the technological system of sheet cutting. The results of a computational 

experiment are presented. 

1. Introduction 

The process of creating any complex technical product begins with the manufacture of its elementary 

structural components - parts. Parts represent the bulk of production facilities for an industrial 

enterprise; therefore, in the entire production cycle of creating a product, the stage of their 

manufacture is one of the most responsible and complex, which is aggravated by the fact that a 

number of products are produced in a single and small-scale production.  

Due to the large nomenclature of parts in production, certain difficulties arise in the organization 

of technological design of cutting-part operations, which include the procedure for cutting sheet 

material [1]. 

In the process of cutting sheet materials into figured parts, one of the most important stages is the 

construction of the path of the cutting tool. Optimization of the path of the cutting tool can reduce the 

cost of cutting and improve the quality of the resulting parts [2-4].  

For the manufacture of billets and parts from sheet materials, figure-cutting machines with 

numerical control are used. The laser cutting has gained particular popularity, based on a focused laser 

beam, which heats the surface at a specified point to the temperature of evaporation of the material. 

Moving the laser beam along a given route creates a cut of the material of the desired shape [5, 6]. 

Usually, path optimization boils down to minimizing the idle stroke of the machine and reducing 

the points of insertion, however, this route does not take into account the observance of the 

temperature regime of the material.  

Depending on the order of cutting out the figures, the temperature of the material to be cut can vary 

greatly in different local areas and cause overheating of the material with its subsequent possible 

deformation, which can lead to deterioration in the quality of the resulting blanks [7, 8].  



 

 

 

 

 

 

In this regard, it becomes necessary to take into account the thermal factor, which makes it possible 

to improve the quality of the obtained blanks in comparison with the usual minimization of the idle 

path [9, 10]. 

When solving various technological problems, various optimization methods based on digital twins 

are used in the framework of Industry 4.0 [11, 12]. A digital twin is a virtual model of processes, 

environments, objects, systems and people, synchronized with them and designed to track their past 

state in order to predict their future state with a given accuracy [13]. 

One of the directions for the development of digital twins is objects and processes of industrial 

production, for which it is rather difficult to determine or measure a number of parameters of their 

state during the execution of technological processes [14]. 

On the other hand, if we talk about the use of digital twins, it is necessary to "synchronize" with the 

technological process under consideration, in our case, the cutting process, and, first of all, with the 

real temperature that exists at certain points of sheet material and at a particular moment of time. 

2. The structure of an automated system for placing geometric objects 

The technological process associated with the problem of placing geometric objects at the external 

level can be represented as follows (see figure 1). 

 

 

Figure 1. Representation of an automated placement system using IDEF0. 

The following information is supplied to the input of the system under consideration: 

 geometric parameters of cut (packed) objects; 

 geometric parameters of the placement area; 

 the number of objects to be placed; 

 the number of areas of placement; 

 type of equipment. 

The control parameters are: 

 technological limitations, for example, the permissible heating temperature of sheet material; 

 characteristics of the consumption of sheet material. 

Executors in our case can be: 

 engineers of the CAD department; 

 engineers of the technological department; 

 engineers of the department of management of production processes. 

The system output is the following information: 

 geometric parameters of cutting-packing cards; 



 

 

 

 

 

 

 detailed rates of material consumption; 

 coefficients of cutting and material use; 

 programs for machine tools with numerical control, etc. 

The internal organization can be represented in the form of two functional blocks: an optimization 

block and a block for processing data on technological constraints. This is due to the fact that, in 

addition to the optimization one, the problem is solved, connected with the need to take into account 

the fact that the resulting cutting-packing maps must take into account. For example, the conditions of 

non-intersection of the placed objects with each other and with the boundary of the region, which 

carry the geometric complexity of solving the problem, restrictions on the permissible temperature of 

the sheet during its cutting, restrictions on the movement of the cutting tool. 

3. Statement of the problem 

Let the following parameters be given: 

 rectangular area to cut L(axb); 

 parts (billets){Si}, where i = 1 ÷ n is the part number; 

 parts contours {Cij}, where i is the part number, j is the number of part contours i, j = 1 ÷ mi 

(mi ≥ 1 is the number of outer and inner contours of the part Si); 

 insertion points into contours {Pij} where i is the part number, j is the number of part 

contour Si; 

 starting position of the cutting tool Pstart; 

 maximum acceptable temperature tMAX . 

 

 
Figure 2. Parts (billets) and contours. 

 

In figure 2 we use the following notations: S1 is the 1st billet, С11 and С12 are outer and inner 

contours of S1, respectively; S2 is the 2nd billet, С21 is the outer contour of S2, С22, C23 are inner 

contours of S2; S3 is the 3rd billet, С31 is the outer contour of S3; S4 is the 4th billet, С41 is outer 

contour of S4; S5 is the 5th billet, С51 and С52 are outer and inner contours of S5, respectively. 

To find (see figure 3): 

Such R* that T(Tr(R*), L)  tmax ij where: 

 R=(Pstart, … , Pij, … , Pstart) is sequence of contour inset points, where i = 1 ÷ n,  j = 1 ÷  mi; 

 Tr(R) is cutter path when moving along a sequence of points R; 

 T(Tr(∙), L) is function determining the point (x, y) maximum temperature tmax x,y sheet to be 

cut L during cutting along the path Tr(∙). 



 

 

 

 

 

 

 
Figure 3. Cutting plan (Si workpieces, Cij contours, Pij insertion points) and cutting 

tool path (arrows), built taking into account connectivity constraints. 

 

It should be noted that the problem may not have a solution at certain values of tmax ij less than a 

certain value tMAX, since when cutting, the metal heats up to the melting point and this temperature 

spreads over the entire area of the sheet. Accordingly, when the cutting tool moves at a given speed 

along all the blanks to be cut, a situation may arise when there will be no regions of the sheet with a 

temperature less than tMAX  delta. If you start cutting a part (billet) located in such a zone, the 

temperature will rise more than the specified value tmax ij. In practice, this problem can be solved if 

only to suspend cutting for a while until certain zones of the sheet have cooled to an acceptable 

temperature, which is usually difficult to implement in practice. It should be noted that it is rather 

difficult to measure the temperature at various points of the sheet. In this context, it makes sense to 

talk about minimizing the level of overheating, and not about “not exceeding” tmax ij value which is 

further used in this paper. 

Additional restrictions on the "connectivity" of the billets/contours that are inside other contours/ 

billets with the "main" part of the sheet (inside the cut billets/contours there should be no uncut 

contours/billets) due to the following (see figure 3): 

 billets/contours that are not connected to the sheet after cutting can be displaced/deformed 

from the temperature effect and the presence of internal stresses existing in the sheet from 

the moment of its manufacture, respectively, the billets/contours that are inside the cut out 

contours/billets, in this case, will also offset, i.e. incorrect; 

 overheating of this billet/contour and the contours/parts inside it in the process of 

subsequent cutting of the contours/billets inside the considered ones, since there is no 

connection with the "main" material, which would be the heat dissipation point. 

Let Qij be a sequential number of the contour Cij cutting ( ZQQ
ijij



,0 ).When going from 

contour Cij to path Ckl: Qkl – Qij = 1. 

Constraints of the "inner-outer" connectivity: when constructing the path of the cutting tool, you 

must first cut out all the inner contours of the billets, and then process its outer contour: 

 
.1,1:, 11  jQQCС kjkkkj   

Herewith the following condition must be met: 

 .0,:1: 1 kkbkkjkbkbkb mQQQQQbС    



 

 

 

 

 

 

Constraints of the "outer-inner" connectivity: let }{ kC DIN
il
  be the set of all billets (parts) inside 

the inner contour Cil of the billet Si at the first nesting level. Before you start cutting the contour Cij, 

one need to cut out all the billets that are in the set
ilCIN : 

 .}min{:];1(,: 2111
i

il

m

lilkkiCkk QQQmlINDС    

4. Solution method 

In this setting, the problem is one of the most well-known discrete optimization problems  the 

Traveling salesman problem (TSP) and belongs to the class of NP-hard. The main problem in solving 

it is the difficulty of determining the temperature of any point of the sheet in the process of cutting it 

along one or another chosen path. It is not possible to solve this problem analytically. In this regard, an 

approach based on a discrete-logical representation of information was chosen, which was tested and 

showed good results in solving problems of two-dimensional and three-dimensional placement of 

objects of complex geometric shapes [9]. In the simplest case, the matrix of points is two-dimensional, 

and for more accurate modeling of sheet heating and temperature propagation over it, a three-

dimensional matrix can be used, and the size of the third coordinate Z depends on the thickness of the 

material. 

Consider next the two-dimensional case. 

Heating of the cutting area during cutting. When the cutting tool moves along the path Tr (∙), those 

points of the cutting area (sheet L), through which it passes during the cutting of the contour Cij, are 

heated to the melting temperature of the corresponding material. 

Temperature spread. The following principle of temperature spread in discrete space is proposed: 

1) For each area of 9 points (with 8-connectivity), the point P with the highest temperature is 

selected (figure 4(a)). 

 

   
a b c 

Figure 4. Selection of the point with the highest temperature value (a), the 

direction of heat propagation (b) and the temperature in the vicinity of the 

selected point (c). 

 

2) Then the new temperature of the selected point P is calculated depending on: 

 point temperature TP; 

 amount of heat transferred to each neighboring point ∆T; 

 number of neighboring points count; 

 coefficient of thermal conductivity KT.cond (0 ≤ KT.cond ≤ 1); 

 heat transfer to the environment coefficient KH.transf (0 ≤ KH.transf ≤ 1); 

 ∆T = TP KT.cond; 

 TP = (TP – ∆T  count) KH.transf. 

3) For each of the neighboring points S (figure 4(b)), the temperature is calculated taking into 

account the increment ∆T depending on the thermal conductivity coefficient KT.cond and heat transfer to 

the environment coefficient KH.transf (figure 4(c)): TS = (TS + ∆T) KH.transf. 
Synchronization with the technological process. To solve this problem, it is necessary to have 

information about the real temperature of the sheet material, at a particular moment in time of 

movement of the cutting tool, in a particular set of specified points. In the simplest case, for example, 



 

 

 

 

 

 

these can be the corner of the sheet. During the cutting process, the temperature obtained with the 

digital twin is corrected based on the measured temperature, and then these changes are taken into 

account for other points of the sheet using the above method. The current position of the cutter can 

also be synchronized with the actual speed and position. 

Below is the pseudo-code of the algorithm and for the implementation of "Additional restrictions" 

(see figure 5). 

 

 
 

Figure 5. The pseudo-code of the algorithm and for the implementation of "Additional 

restrictions". 



 

 

 

 

 

 

5. Computational experiment 

To analyze the effectiveness of the developed methods and algorithms, a computational experiment 

was carried out on the basis of an example from [10]. 

The number of local overheating of the material G was chosen as an indicator of the quality of 

cutting taking into account thermal effects. Four algorithms were compared: "Shortest path", 

"Minimize overheating", "Random transitions" and "Minimize path and overheats taking into account 

temperature in real time" developed in this work and based on the determination of the temperature 

value on the scale of a numerical experiment. 

Cutting plan with visualization of heating during cutting is shown in figure 6 − 8. 

Figure 9 shows an example of a cutting plan with the "Additional restrictions" algorithm taken into 

account and presented in figure 5. 

The results of computational experiments are presented in the table below. The comparison of the 

algorithms was carried out according to the criteria of the length of the idle path of the cutting tool S 

and the number of local overheating P. 

 

Table. The results of computational experiments 
 Algorithm 1: 

Shortest path 

Algorithm 2: 

Random 

transitions 

Algorithm 3: 

Minimize 

overheating 

Algorithm 4: 

Minimize path and 

overheats taking into 

account temperature 

in real time 

Idling path 

length S (cm) 
2788.184 33787.5 45952.97 11176.35 

Number of local 

overheating P 
518 460 451 456 

 

 

 
Figure 6. Example of a cutting plan (cutter path, sheet point temperature and overheating areas). 
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Figure 7. Examples of a cutting plan: cutting plan obtained by the "Shortest path" algorithm (a) 

and the "Minimize overheating" algorithm (b). 
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Figure 8. Examples of a cutting plan: cutting plan obtained by the "Random transitions" 

algorithm (a) and the "Minimize path and overheats taking into account temperature in real time" 

algorithm (b). 

 



 

 

 

 

 

 

 
 

Figure 9. Cutting plan, path of the cutting tool and T points of the sheet, taking into account the 

"Additional constraints". 

 

6. Conclusion 

An approach to solving the problem of designing a digital twin of the process of the thermal cutting of 

sheet material, taking into account thermal effects, based on a discrete−logical representation of 

information, including a mathematical model, methods, algorithms and software, is considered. 

This makes it possible to take into account in real time the processes of heating and cooling of the 

cutting sheet in the laser, gas, etc. cutting sheet material into figure billets, taking into account 

technological limitations arising in the case of parts (billets) cutting. 
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