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Abstract 

This article presents a method for formalizing parameters, GUI elements and 

Windows Forms events for the development of Cyber-Physical Production 

Systems based on object-oriented programming languages cybernetic 

component HMI additive cyber design. The proposed method will allow to 

automate the HMI CPPS development process by setting a unique "Lingustic 

Variable" which refers to "Container Solution" containing a piece of 

program code that must be implemented in accordance with the 

requirements of the technical specifications. The developed method allows 

to reduce the time for creating an additive cyber design, which will increase 

the efficiency of managing new and old CPPS modernization development. 

Keywords: Industry 4.0, Industrial Internet of Things, Cyber-Physical 

Production Systems, Digital Twins, Additive Cyber Design, HMI, GUI. 

 



442 Igor Nevliudov et al. 

1. INTRODUCTION  

Modern production is not possible without Industrial Internet of Things (IIoT) 

concepts usage, which allow you to create a Digital Twin of real production and 

implement them in Cyber-Physical Production Systems (CPPS) as a complex 

synthesis of physical and cybernetic components into a single information space [1]-

[4]. One of the difficult tasks in the CPPS creation is the cybernetic component 

implementation, which not only displays current information about the parts 

production technological process, but also carries the functions of monitoring, 

analysis and making intelligent decisions [5]. Analyzing the work of Uwe 

Schleinkofer, Jorge F. Arinez from General Motors Company (GMC), Xin Ma, Marco 

Rodrigues, we can conclude that the development of HMI for additive manufacturing 

is a complex task that must take into account the multifactorial nature and specifics of 

equipment, technological process and production in general. and correctly display 

information at all levels of SCADA, MES, ERP  

[5]-[11]. As a result, articles by Jeremy A., Achraf Skander, Harley Oliffa, B. Ahmad, 

Seung Woo Lee & Jai-Kyung Lee consider experimental and theoretical approaches 

for HMI implementations within Micro Smart Facture (MSF) [12]-[16]. Nikolaj 

Borisov conducts research on the HMI interface launched on a mobile device and 

comes to the following conclusions that this approach is the most promising for future 

interactive systems in the automotive industry for the selected stage of production 

[17]. During a critical analysis of existing approaches to the HMI development, it can 

be concluded that at the moment the CPPS cybernetic component development the is 

based on HMI existing analogs empirical experience and prototyping [18]-[23]. As a 

result, the task of creating new approaches to the development of the CPPS cybernetic 

component arises – as the additive cyber design based on GUI elements for object-

oriented programming languages development automation. 

 

2. DEVELOPMENT OF GRAPHIC ELEMENTS PROPERTIES AND EVENTS 

FORMALIZATION METHOD FOR OBJECT-ORIENTED PROGRAMMING 

LANGUAGES 

Additive cyber design – this is an HMI developed on the basis of high-level object-

oriented programming languages using GUI elements. As a result, it can be argued 

that the developed additive cyber CPPS design ( P ), is a collection of Windows Form 
( nForm ) and GUI elements sets the number and connections of which are 

determined by the technical tasks requirements. Let be P  as CPPS additive cyber 

design cyber component, therefore, multiple visual windows (Windows Form) 

PFormn  , if each element of the set nForm  is a set of P . 

Theorem 1. PFormn   if and only if simultaneously PFormn   and 

nFormP   i.e. PFormPForm nn   and nFormP  . We denote the 

condition )( nFormP  defined in this way: not one element exists nForm , which 

would satisfy the condition of Theorem 1. For example, )( nFormP = PFormn  . 
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In the context of this condition, we can say that all elements 

PFormCFPEForm nnn ),( . Based on this, under this condition, it can be 

determined that the set P  does not contain a single common element 

nnn FormCFPEForm ),(  denote as the empty set  . In this study, this will 

mean that the set nForm  has no 
 in the set P  and this set is considered 

redundant and, therefore, nForm .  

To prove the fulfillment of the conditions of union and intersection of the proposed 

sets included in P , it is necessary that they satisfy the following properties: 

- commutability 2 and 2 ; 

- associativity 3 and 3 ; 

- distribution 4 and 4 . 

Theorem 2. Let nForm , PEFormn  and nCF  are arbitrary sets of properties and 

parameters that are included in the P  set. Then they have the following equalities: 

1. nnn FormFormForm  ; 

2. nnnn FormPEFormPEFormForm  ; 

3. 
)(

)(

nnn

nnn

CFPEFormForm
CFPEFormForm



;      (1) 

4. 
)()(

)(

nnnn

nnn

CFPEFormCFForm
CFPEFormForm




;  

 

1 . nnn FormFormForm  ; 

2 . nnnn FormPEFormPEFormForm  ; 

3 . 
)(

)(

nnn

nnn

CFPEFormForm
CFPEFormForm



;      (2) 

4 . 
)()(

)(

nnnn

nnn

CFPEFormCFForm
CFPEFormForm




. 

Proof. Each assertions of these properties follows from the operations definition on 

sets and Theorem 1. For these assertions, it is necessary and sufficient to prove the 4th 

property. The rest of the operations properties are proved similarly. To simplify 

mathematical notation, we denote by the left and right sides of equality 4. Let us show 

that both conditions of Theorem 2 are satisfied. To do this, we first prove that 
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 . To do this, take any arbitrary element  . Then and only then   

simultaneously belongs PEFormForm nn   and nCF  from condition 

PEFormForm nn   it follows that accordingly nForm  or 

PEFormn . Based on this, if nForm ,then nn CFForm  . If 

PEFormn , then nn CFPEForm  . Therefore, in any case 

nn CFForm  . So  .  

Let us prove that the reverse inclusion also holds  . Let’s take an arbitrary 

 , then we can write: 

ninnnn CFFormCFPEFormCFForm   )()(  

or 

nn CFPEForm  . 

If nnn FormCFForm    and   zCF  PEFormForm ii   

and  )( PEFormFormCF nnn  nCF  Based on this, if 

PEFormCFPEForm nnn    and  nCF  PEFormForm nn   and 

 )( PEFormFormCF nnn   nCF  . From here  . 

Theorem 2 implies that  . The rest of the operations properties on the proposed 

sets are verified similarly. 

We define the complement of the set P  through the notation P  as the difference 

between the universal set   and set P  hence P { Ι PEPE:FormForm nn  and 

PPEFormn  }. 

Theorem 3. Let us prove the properties of the set difference PEFormn  and nCF  

provided that nnn FormCFPEForm },{ , then they must fulfill the following 

properties: 

1. PEFormPEForm nn  ; 

2. ΙΙPEFormn  ;           (3) 

3. nnnn CFPEFormCFPEForm  ; 

 

1 . PEFormn ; 

2 . PPEFormn  ;         (4) 

3 . nnnn CFPEFormCFPEForm  . 
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Proof. First, it is necessary to prove that 3 and 3  fulfill the conditions. We denote   

as left and   as right side of equality. Let us show that   and  . 

For any   performed as  zn CFPEForm PEFormn  and 

 nCF  PEFormn  and   nCF . Consequently,  . 

For any   performed PEFormn  and PEFormCF nn    and 

 nCF   nn CFPEForm PEFormn . Consequently,  . 

To represent the structure of P , it is necessary to formalize parameters and events 
master
nForm , within the framework of these studies, we denote by: the set nMP  – a set 

of parameters 
master
nForm ; nME – a set of events 

master
nForm ; nCF – a set of GUI 

elements that are located on 
master
nForm ; 

n
xCD  – GUI element which is described by 

the following sets: 
x
yPC  – parameters and 

x
zCE  – GUI element events of 

n
xCD . By 

nPP  and 
x

tPP  denote the set of values that the parameters can take 
master
nForm  and 

GUI element, and through nEA and 
x
pEA  – a set of "Linguistic variables" that refer to 

a set 
0

Z – "Solution containers" containing fragments of program code in accordance 

with the logical name "Linguistic variable". Based on the proposed formalization 

which makes it possible to present the structure 
slave
nForm  the form of the structure 

shown in Figure 1. 

 

Figure 1: Graphical structure of 
slave
nForm  
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Based on the proposed formalization of 
slave
nForm , the following generalized 

mathematical representation is proposed by Wndows Form ( nForm ) as: 

 

]})

),...,(),...,[((

,,

])),...,(

),...,[((

)),...,(

),...,(({

11

1

1

1

1

1

1

1

n
x

x
z

z
w

zx
y

y
m

y

n
z

z
w

z
y

y
m

y
n

n
n
a

n
n

n
x

n
nn

CDCE

cecePCpcpc

CDCEcecePC
pcpcCF

PPppppMP
mpmpPEFormForm















   (5) 

 

You can see that record 5 does not describe all the possible parameters that are 

inherent in nForm , but implies their presence in the form of a parameter sets 

n
x

n mpmp ,...,
1

 and many meanings 
n
a

n pppp ,...,
1

  which can take parameters. The set 

of parameters can vary depending on the development environment and high-level 

programming language. But, in most cases, the values that they can take are described 

either in the decimal number system and are measured in pixels (which specify the 

size of the graphics window, its location and the location of elements inside it, their 

sizes), or using boolean values ("True","False", which, for example, describe whether 

an element is displayed or hidden under certain events), as well as with the help of 

reserved linguistic words that make it possible to simplify the execution of actions 

with visualization and display of the user interface for the convenience of robots 

("Align","BorderStyle","Caption", etc.). Therefore, each parameter can match one or 

more values 
n
app  (depending on how the values are set).  

 

Based on this, this method will offer two special cases of correspondence. 

Special case 1. Define the correspondence   between sets nMP  and nPP , as an 

arbitrary subset of their products nn PPMP  , i.e. nn PPMP  . Note that this 

correspondence consists of ordered pairs. Each pair ),( n
a

n
x ppmp  shows that the 

parameter n
n
x MPmp   matches the value n

n
a PPpp   accordance with the  . An 

example of the correspondence for the first particular case between parameter and 

value is shown in Figure 2. 
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Figure 2: Correspondence of the first special case  

(when the parameter 
n
xmp  only one value belongs to

n
app ) 

 

Special case 2. The scope of definition of correspondence 
1

  let's call the set 

:MP{mpDom n
n
x   that there is a value 

n
app , what }),( n

a
n
x ppmp . 

Therefore, this definition can be written recursively the set of the match values  , 

which is called the set :{Im n
n
a PPppζ   there is a parameter n

n
x MPmp  , that 

}),( n
a

n
x ppmp . In Figure 3, we represent the correspondence for the second 

special case. 

 

Figure 3: Correspondence of the second special case  

(when the parameter 
n
xmp  can have a set of values 

n
app ). 

 

set of parameters and a set of values n
n
a

n PPpppp ),..,(
1

 through the following 

entry: 

- for the first special case 

 
nn ppmp
11


 or n

n
n

n PPppMPmp  )()(:
11

 ;   (6) 
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- for the second special case 

),,(
1211

n
a

nnn ppppppmp



      (7) 

 

or 

n
n
a

nn
n

n PPppppppMPmp 


),,()(:
1211

 .   (8) 

 

Let's define the correspondence  , as fulfilling such requirements: 

- everywhere defined if nMPDom  ; 

- surjective if nPPIm ; 

- unambiguous if each Dommpn
x   corresponds to a single parameter 

n
app  

from nPP , that is from ),( n
a

n
x ppmp  and 

nn
a

n
a

n
x ppppppmp

1
),(  ; 

- injective if different parameters Dom  correspond to different parameters of the 

tPP , i.e. ),( n
a

n
x ppmp  and 

nn
x

n
a

n
x mpmpppmp

1
),(  . 

If these requirements are met, the mapping will have at least one correspondence (we 

define it by a partial bijection).  

This solution is applicable and sufficient to determine a set of values ),...,(
1

n
a

n pppp , 

which can take parameters ( n
n
x

n MPmpmp )...,(
1

) to set rendering parameters , that 

is, all the necessary parameters that make it possible to create an "empty" template 

Windows Form (“window”), and does not take into account events and reactions when 

interacting with nForm , that is, actions such as the standard built-in events "Close", 

"Create" and reactions in the form of a "container of decisions", in which the CPPS 

developer implements options for interacting through the GUI with data, parameters 

that come from the physical component or solve the HMI functionality tasks on 

cybernetic level in accordance with the requirement of the technical task and the main 

goal of the CPPS development. Based on the above, corresponding to 1 and 2 to find 

the particular case 
nn ppmp
11


 and ),,(

1211

n
a

nnn ppppppmp



 definition of 

nForm  is unsuitable.  

To solve them, the sets PEFormEAME nnn ),( , as an integral part of the set 

nForm . Considering the proposed concept of CPPS development process 

implementations, we will define the purpose of each set. 

n
n
h

n MEmeme ),...,(
1

 – set of event parameters, which correspond to a plurality 

PEFormn , where 
n
hme   described by a linguistic constant ("Close", "Create", etc.) 
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and can be extended depending on the development environment within the same 

object-oriented programming language. 

A set of n
n
z

n EAeaea ),...,(
1

 introduced to set a natural linguistic description of an 

event, for example, it can be described in simple words or expressions: "Close a 

form", "Close a form with saving data", "Close a window with a dialog box", etc. This 

introduction is required by approval 

n
n
h

n
n

n
x

n MEmemeMPmpmp  ),...,()...,(
11

, due to the fact that the elements 

n
z

n
a eapp   by the way description values are presented. 

As a consequence, there is a need for the existence of a set o
o
q

oo Zzzz ),...,,(
21

, 

where oZ  is a set of possible solutions fragments in the form of program code for 

performing a specific function and procedure that contains a "template" depending on 

the programming language and development environment. In the future, within the 

framework of these studies, we will define it as "Container Solution", which is 

determined by setting a unique "Lingustic Variable"
n
zea . Let us give an example of 

the set interaction n
n
h

n MEmeme ),...,(
1

 through «Lingustic Variable» 

n
n
z

n EAeaea ),...,(
1

 and a set o
o
q

oo Zzzz ),...,,(
21

 – «Container Solution» 

presented in Figure 4. 

 

 

Figure 4: An example of the set interaction n
n
h

n MEmeme ),...,(
1

 using 

«Lingustic Variable» n
n
z

n EAeaea ),...,(
1

 and sets of o
o
q

oo Zzzz ),...,,(
21

 

«Container Solution». 

 

We define the existence of an inverse correspondence to the correspondence 

nn EAME   as }),(:),{(
12

  n
z

n
h

nn eamemeea . Notice, that 

nn MEEA  , so   - this is the correspondence between nEA  and nME . 

Figure 5 shows the inverse correspondence to  , shown in figure 4. 



450 Igor Nevliudov et al. 

 

 

Figure 5: Reverse correspondence to  . 

 

In this case, for Figure 5, the mathematical notation will be as follows: 

)},(),,(

),,(),,(),,{(

44

431231

nn
z

n
h

n

nnnnnn

meeameea
meeameeameea

   (9) 

To prove the existence of such a solution, it is necessary to determine the 

compositional correspondence. Therefore, from Figure 4, the compositional 

correspondence nn EAME   и on ZEA   is the correspondence 

on ZME   such that :),{( o
q

n
h zme  there is an element n

n
z EAea  , that 

),( n
z

n
h eame  and }),( o

q
n
z zea . Further the compositional correspondence will 

be written as   . Then the compositional correspondence for Figure 4 nME , 

nEA  and 
0

Z  is a set that we represent as a system: 










)},{(

)},{(

224

0

4112

on
h

n
h

zme
zme








     (10) 

 

Theorem 4. The existence of partial bijections    and   . If nn EAME  и 

on ZEA    possesses the properties of partial bijection, then the following 

properties must be satisfied: 

1.    is a partial bijection between nEA and nME ; 

2.    is a partial bijection between nME  and oZ . 
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Proof: 

1. Because   partially definitely, then    subjective, and therefore   surjective 

then    there is definitely at least one connection everywhere. The two remaining 

properties are checked in the same way.  

2. Because   and   are partially defined everywhere, then their composition are 

partially defined everywhere, then their composition    will be defined in at least 

one parameter 
n
hme  of nME set. As   acts on 

n
zea  («Lingustic Variable») nEA set 

and   for all possible 
o
qz  «Container Solution» of set oZ , then    is a subjective 

match. The uniqueness and injectivity are proved similarly.   

 

Let us expand mathematically the set nn FormCF   (in Figure 1) and define it as a 

set of subsets in Figure 6. 

 

Figure 6: Representation of a set nCF  for describing the properties of controls for 

working with data. 

 

Let us define the basic properties of the set nCF  as n
n
x

n CFCDCD ),...,(
1

, which 

contains a certain number of HMI visual graphic elements, necessary and sufficient to 

implement all functions and operations to achieve the main goal of CPPS 

development. By visual components we mean GUI interface elements ("Grid", 

"Table", "Menu", "Button", etc.). Record 
nCD

1
 means: n  is a number of 

nn FormCF  , to which the visual component belongs, and 1 is its numbering in the 

set nCF . This is due to the fact that many descriptions of visual components 
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n
x

n CDCD ,...,
1

, which form the control interaction HMI  with data (which, in turn, 

can have a different purpose, and, therefore, a different set of parameters both for the 

graphical user presentation and for the events that they can handle). Note that one 

element 
n
xCD  can be used many times, but, at the same time, have different purposes 

in accordance with the logic laid down by the developer. As a result 

),,,( x
p

x
z

x
t

x
y

n
x EACEPPPCCD  , having the properties proved in Theorem 1-4 and 

since: 

)},,,(,

),...,,,({ 1111

1

x
p

x
z

x
t

x
y

n
x

pzty
n

n

EACEPPPCCD

EACEPPPCCDCF






, 

It is an integral part of PFormn  . To simplify the implementation of the method 

and based on the features of the main reference parameters describing geometric 

shapes imaging elements take the set ),(),( ptn
n
p

n
tn EAPPFormEAPPCF   and 

contains all valid parameters for describing visual properties 
n

tPP  and "linguistic 

names" 
n
pEA  both forms ( PEFormn ) and components nCF , which will allow using 

one knowledge base in the future. The use of this solution allows, on the basis of two 

proven special cases (Figure 2, 3), to implement the connection between the elements 

as: 

)},(),,(),,(),,(

),,(),,(),,(),,{(

22111

222111

n
z

n
w

n
z

nnnnn

nn
m

n
a

nnnnn

eaceeaceeaceeace
pppcpppcpppcpppc

              (11) 

provided that all properties   which are proved above are preserved for  . As a 

consequence of this interaction, the set n
n
w

n CEcece ),...,(
1

 through «Lingustic 

Variable» n
n
z

n EAeaea ),...,(
1

 and set o
o
q

oo Zzzz ),...,,(
21

 «Container Solution» is 

proven. 

Based on the above presented evidence of the appropriate links existence between: 

"Properties"   "Parameters"; "Events"  "Linguistic variables""Solution 

container",  allows you to solve the problem of development management automation 

by additive cyber design CPPS, based on a new architectural-logical model to 

automate the management of the process of creating complex cyber-physical 

production systems [24], [25]. 

 

3. CONCLUSION  

During the research, the authors proposed a new method for formalizing parameters, 

properties and events inherent in GUI elements and Windows Forms for object-

oriented programming languages on the basis of which the additive cyber-design 

CPPS development is provided. Within the framework of the developed method, the 
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possibility of using "Linguistic variables" for describing events of GUI elements and 

Windows Forms using the natural knowledge language representation was proposed 

and proved. This allows you to automate the development of the HMI prototype 

additive cyber design CPPS by implementing the links between "Events"   

"Linguistic variables"   "Solution containers". The "solutions Container" fragment 

contains the program code required to implement the functions and requirements 

specified in the specifications stored in the database. 

To check the correctness of theoretical studies, on the proposed method basis, a 

system "Automation of CPPS creation management processes" was developed, which 

made it possible to reduce the development time of an additive cyber design CPPS of 

the Manufacturing Execution System (MES) enterprise level by 1.3 times in 

comparison with standard approaches to software development Rapid Application 

Development (RAD). 
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