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A generalized algorithm for the verification of functional models and the rules for the verification of 
diagrams related by levels of detail were developed in this paper. The algorithm is based on the 
analysis of a tree which describes the decompose relations in functional diagrams. At each step of 
the algorithm, a pair consisting of a parent diagram and a functional diagram is selected, and the 
correlation of the arrows and their roles is checked for both. The formalization of the verification rules 
was based on the set-theoretic representation of functional diagrams in the form of labeled oriented 
graphs. The rules make it possible to map the position and roles of the arrows associated with the 
detailed function block of the parent diagram to the arrows of the child diagram. The following rules 
for each of the possible arrow roles were established: “input”, “output”, “control”, “mechanism”. The 
use of the logic programming language PROLOG was proposed for the implementation of the algorithm. 
A knowledge base structure comprised of 3 interrelated predicates to describe the tree of diagrams, 
nodes and edges of the graphs was suggested. A query to check the verification rules was formed, 
and methods of binding variables and fixing roles were considered. The analysis and verification 
of a fragment of a functional model for the production of vinyl acetate from ethylene was conducted 
as an example. The functional diagrams for the processes “Condensate separation” and “Vinyl 
acetate isolation” connected by a decompose relation were developed, their set-theoretic models were 
constructed, and the use of rules for the verification of each type of arrow were considered.

Keywords: functional modeling, functional model verification, set theory, graph theory, vinyl acetate 
production.
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Разработан обобщенный алгоритм верификации функциональных моделей и правила про-
верки связанных отношением детализации диаграмм. Алгоритм основан на анализе дерева, 
описывающего отношение детализации функциональных диаграмм. На каждом шаге алго-
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Introduction

Enhancing the efficiency of the Russian chemical 
industry with continuous modernization and the 
manufacturing improvement is one of the most important 
and pressing objectives. The methodology of functional 
modeling is intended for the design, description and 
analysis of manufacturing systems in order to increase 
their efficiency [1, 2].

As a rule, the main advantages of functional 
modeling methodology when compared to other 
means of describing production and organizational 
processes are considered to be its convenience for 
specialists of various profiles, as well as the freedom 
from restrictions on the level of detail [3–5]. The 
possibility of a strict formalization of functional 
models, their analysis and verification are discussed in 
specialized literature [6, 7] and has been implemented 
in a set of commercial software products designed to 
create functional models1,2 [8]. However, the objective 
of developing rules and algorithms for checking 
functional models has not yet been achieved.

Generalized algorithm for functional 
model verification

According to [9], a functional model is a set of 
diagrams connected by a decompose relation. The model 
structure can be represented as a tree. Each branch of 
this tree presets a pair comprised of a parent and child 
diagram, the latter detailing one of the parent diagram’s 
functional blocks.

1Internet source: https://www.ca.com/us.html
2Internet source: https://www.edrawsoft.com/IDEF0-flowcharts.
php

Each arrow associated with the detailed 
functional block must have a corresponding boundary 
arrow in the child diagram. Its role is uniquely 
determined by the role of the corresponding arrow in 
the parent diagram. In order to check the correctness 
of the functional model, all the relationships between 
the parent and child diagrams must be analyzed, and 
the presence and roles of arrows must be confirmed. 
A generalized algorithm for functional model 
verification is shown in Fig. 1.

This algorithm demonstrates a sequential search for 
diagrams connected by a decompose relation, the choice 
of arrows that must be displayed in child diagrams and 
the verification of their roles. (This verification will be 
discussed below in more detail).

In order to formalize this algorithm, it is necessary 
to switch from the visual representation of functional 
models in the form of graphical diagrams to their 
mathematical descriptions.

The formalization of rules for the verification 
of functional models based on their set-theoretic 

representations

In [10] a set-theoretic representation of functional 
models as a set of special oriented graphs related by levels 
of detail is proposed in this study. Such a representation 
allows for the possibility of using the mathematical 
apparatus accumulated within the framework of graph 
theory [11] for verifying and analyzing functional 
diagrams.

A separate functional diagram is not a graph as a 
diagram can contain boundary and branching arrows, 
while the edges of a graph connect precisely two of its 
nodes. It is essential that the semantics of the actions 
described by a functional diagram is preset not only by 

ритма выбирается пара, состоящая из родительской и функциональной диаграмм, и для 
этой пары выполняется проверка соответствия стрелок и их ролей. Формализация правил 
проверки выполнена на основе теоретико-множественного представления функциональных 
диаграмм в виде помеченных ориентированных графов. Правила позволяют сопоставить 
положение и роли стрелок, связанных с детализируемым функциональным блоком роди-
тельской диаграммы, и стрелок дочерней диаграммы. Построены правила для каждой из 
возможных ролей стрелки: «вход», «выход», «управление», «механизм». Для реализации постро-
енного алгоритм предложено использование языка логического программирования ПРОЛОГ. 
Предложена структура базы знаний, включающая 3 взаимосвязанных предиката для описа-
ния дерева детализации, вершин и дуг графов, задающих функциональные диаграммы. Сфор-
мирован запрос для проверки правил верификации, рассмотрены способы связывания пере-
менных и фиксации ролей. В качестве примера выполнен анализ и верификация фрагмента 
функциональной модели получения винилацетата из этилена. Приведены функциональные 
диаграммы для процессов «Разделение конденсата» и «Получение винилацетата», связанных 
отношением детализации, построены их теоретико-множественные модели, рассмотрено 
применение правил верификации для каждого типа стрелок.

Ключевые слова: функциональное моделирование, верификация функциональной модели, 
теория множеств, теория графов, получение винилацетата.
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Fig. 1. Algorithm for functional model verification.

the edge name, but also by its position relative to the 
functional block. A detailed description of a diagram 
conversion into a graph is given in [10]. Below is a brief 
list of its main features:

• The diagram is represented as a graph with 
labeled edges G = (N, L), where N is the set of nodes and 
L is the set of edges.

• The graph nodes preset functional blocks, 
diagram boundaries, and the branch points of the arrows.

• Each edge of the graph has a label, which is not 
necessarily unique.

• When specifying the edges of a graph, both the 
names of the nodes and their roles must be indicated. 
Each edge of the graph is described as follows:

edge name (initial_node_role: 
                    initial_node_Name, 
                    end_node_role: 
                    end_node_Name)
In order to formalize the rules of model verification 

we introduce the following notations:
DP = (NP, LP) is a graph describing the parent 

diagram;
NP is the set of the DP graph nodes;
LP is the set of the DP graph edges;
(DP, DC, nb) is an element of the decompose 

relation that describes the decomposition of the nb block 
of the parent diagram, nb  NP;
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An example of verifying the fragment 
of a functional model of vinyl acetate 

production from ethylene

Let us consider the verification of diagram 
construction using a functional model for vinyl acetate 
production from ethylene as an example. A generalized 
technological scheme of this production was given in 
[13], and its functional and set-theoretic models were 
built in [10]. For example, let us chose the level A4 
“Condensate separation” diagram as a parent diagram 
(Fig. 2).

The figure shows that this diagram consists of 
4 functional blocks. Each of them is decomposed into a 
separate child diagram. Let us consider the relationship 
of the “Condensate separation” diagram and the “Vinyl 
acetate isolation” diagram. The latter describes the 
preparation of the target product – vinyl acetate. This 
diagram level is A44, and it represents the result of the 
decomposition of the last, fourth functional block of the 

DC = (NC, LC) is a graph describing the child 
diagram;

NC is the set of the DC graph nodes;
LC is the set of the DC graph edges;
np  NP is an element of the NP set, np ≠ nb;
nc  NC is an element of the NC set.
Let us consider the rules, which connect the elements 

of the LP and LC sets (the edges of graphs describing the 
parent and child diagrams):

1) Each arrow of the parent diagram, which points 
to the nb block on the left, has at least one corresponding 
arrow in the child diagram. The latter arrow has the same 
label; it goes from the left border of the diagram and 
points to a block of the child diagram on the left:

if lp(O:np, I:nb)  LP, then lp(O:L, I:nc)  LC

2) Each arrow of the parent diagram, which emerges 
from the nb block, has at least one corresponding arrow 
in the child diagram. The latter arrow has the same label; 
it points to the right border of the diagram from a block 
of the child diagram:

if lp(O:nb, I:np)  LP, then lp(O:nc, I:R)  LC

3) Each arrow of the parent diagram, which points to 
the nb block above, has at least one corresponding arrow 
in the child diagram. The latter arrow has the same label; 
it goes from the top border of the diagram and points to a 
block of the child diagram above:

if lp(O:np, C:nb)  LP, then lp(O:U, C:nc)  LC

4) Each arrow of the parent diagram, which points 
to the nb block below, has at least one corresponding 
arrow in the child diagram. The latter arrow has the same 
label; it goes from the bottom border of the diagram and 
points to some block of the child diagram below:

if lp(O:np, M:nb)  LP, then lp(O:D, M:nc)  LC

The np and nc nodes can describe both blocks of the 
corresponding functional diagrams and their boundaries 
or branch points. Note also that one arrow of the parent 
diagram may correspond to several arrows of the child 
diagram in cases when the arrow in the child diagram 
branches without changing its label.

Programming languages, which contain 
convenient means for describing and analyzing 
relationships, as well as pattern matching tools, are 
suitable for the implementation of the functional 
model verification algorithm. The most convenient 

logic programming language for this task is PROLOG, 
which supports predicate notation for storing relations 
and provides sophisticated means for describing 
logical rules with related variables [12]. A knowledge 
base is necessary in order to store a functional model 
in the PROLOG language. It includes 3 predicates: 
descriptions of the decompose relation (decompose), 
of the nodes set (node), and of the edges set (edge). 
The rules for model verification are a conjunction of 
these predicates, and constraints are described using 
role specifying and variable binding. Thus, the first 
rule describing the correlation between arrows with 
the “input” role can be verified using the following 
query:

?-decompose(DP,DC,NB),
          edge(LP,o,NP,i,NB),
          edge(LP,o,l,i,NC),
          node(NC,DC).

In this query, according to PROLOG rules, the 
capitalized variables signify:

DP is the parent diagram name;
DC is the child diagram name;
NB is the name of the detailed function block;
LP is the label of the parent diagram edge;
NP is the name of the initial node of the LP edge in 

the parent diagram;
NC is the name of the final node of the LP edge in 

the child diagram.
The lowercase letters o and i define the roles of 

the nodes. The lowercase letter l describes the node 
corresponding to the diagram left border.
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Fig. 2. Parent functional diagram “Condensate separation”.

A4 = (N4; L4), where
N4 = {L, R, U, D, Acetic_acid_separation, Drying, Separation_of_vinyl_

acetate_with_high-boiling_impurities, Vinyl_acetate isolation}
L4 ⸧ {composition_of_vinyl_acetate_with_high-boiling_impurities
         (O:Separation_of_vinyl_acetate_with_high-boiling_impurities,
         I: Vinyl_acetate_isolation)
vinyl_acetate_with_high-boiling_impurities
           (O: Separation_of_vinyl_acetate_with_high-boiling_impurities,
            I: Vinyl_acetate_isolation)
rectification_column_5(O: D, M: Vinyl_acetate_isolation)
vinyl_acetate(O: Vinyl_acetate_isolation, I: R)
high-boiling_fraction(O: Vinyl_acetate_isolation, I: R)}

Fig. 3. A set-theoretic representation of the functional diagram 
“Condensate separation” (fragment).

parent diagram. Thus, we are analyzing an element of the 
decompose relation

(A4, A44, Vinyl acetate isolation).

Fig. 2 demonstrates that two arrows with the 
“input” role and one arrow with the “mechanism” 
role enter the “Vinyl acetate isolation” functional 
block in the “Condensate separation” diagram. Two 
arrows with the “exit” role go out of this block. Let us 
consider a fragment of the set-theoretic description of 
the parent diagram (Fig. 3). Graph A4 consists of a set 
of nodes N4 (this set is shown in Fig. 3 completely) 

and a set of edges L4 (a subset of this set is shown, 
including edges associated with the “Vinyl acetate 
isolation” node). For clarity, the edge labels are in 
italics, and the decomposed node name is in bold 
italics.

The diagram obtained as a result of the “Vinyl 
acetate isolation” functional block decomposition is 
shown in Fig. 4. Let us analyze graph A44 that defines 
its set-theoretic representation (Fig. 5).

The set of nodes of this graph (N44) includes 
only 2 nodes corresponding to the diagram functional 
blocks and 4 service nodes. Since the name of one of the 
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Fig. 4. Child functional diagram 
“Vinyl acetate isolation”

А44={N44;L44}, where 
N44 = {L, R, U, D, Choice_of_control_parameters, 5th_rectification}
L44 = {composition_of_vinyl_acetate_with_high-boiling_impurities
(O:L, I: Choice_of_control_parameters)
vinyl_acetate_with_high-boiling_impurities(O:L, I: 5th_rectification)
rectification_column_5(O:D,M: 5th_rectification)
high-boiling fraction(O: 5th_rectification,I:R)
vinyl_acetate(O: 5th_rectification,I:R)
column_5_heating_steam_consumption
(O: Choice_control_parameters, I: 5th_rectification)}

Fig. 5. A set-theoretic representation of the functional diagram 
“Vinyl acetate isolation”.

blocks is very long, the name of the node describing it 
is abbreviated. The set of edges in graph L44 is shown 
in Fig. 5 completely; as before, the edge labels are in 
italics.

Let us compare the descriptions of the edges of the 
parent and child diagrams. In the parent diagram, the “vinyl_
acetate_with_high-_boiling_impurities” arrow leads from 
block 3 to block 4. For the “vinyl acetate isolation” block, 
this arrow has the “input” role. In the child diagram, this 
arrow corresponds to the arrow leading from the left border 

of the diagram to the “Сhoice_control_parameters” block.
The set-theoretic description of these arrows should 

correspond to rule 1, where
nb = “Vinyl acetate isolation”,
lp = “Vinyl_acetate_with_high-_boiling_impurities”,
nc = “Choice_control_parameters”.
The verification shows that the rule is obeyed.
Similarly, in the parent diagram, an arrow with the 

role “mechanism” leads from the bottom border of the 
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diagram to the “Vinyl acetate isolation” block. In the child 
diagram, this arrow corresponds to an arrow that also 
leads from the bottom border to the “5th rectification” 
function block. The set-theoretic description of these 
arrows should correspond to rule 4, where

nb = “Vinyl acetate isolation”,
lp = “Rectification_column_5”,
nc = “5th rectification”
The analysis of the remaining arrows of the 

parent and child diagrams shows that each edge of the 
parent diagram corresponds to one edge of the child 
diagram. The latter corresponds to either rule 1, or 
rule 2, or rule 4. The child diagram has a single arrow 
unassociated with the parent diagram: the arrow 
“column_5_heating_steam_consumption”.

Thus, it has been shown that the decomposition of the 
function block “Vinyl acetate isolation” has been performed 
correctly.

Conclusion

The algorithm for functional model verification is 
based on analyzing a tree which describes the level of detail 
of functional diagrams. At each step of the algorithm, a pair 
consisting of a parent and child diagrams is selected, and the 
rules for arrow correlation in these diagrams are checked. 
To formalize these rules, a set-theoretic representation of 
the diagrams in the form of graphs is utilized. The rules 
are implemented with the use of the PROLOG logic 
programming language.

The authors declare no conflict of interest.
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