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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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Paspabomar 0606ueHHbL aszopumm eepupuiayuil. pYHKYUOHAIbHbIX Mo0esell U NPasuaia npo-
8epPKU C8SI3AHHBLX OMHOUWEHUEM 0emau3ayuUl OUAZPaAMM. Al2opumm OCHOBAH HA AHAU3e Oepead,
ONUCHIBAIOULE20 OMHOWEHUE 0eMAAU3aAUUUL PYHKUUOHANbHLIX duazpamm. Ha kaxoom waze aneo-
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pumma evlbupaemcst napa, CoOCMosUAs U3 pooumenbckoil U PYHKUUOHAILHOU Ouazpamm, U Oas
amoti napbl 8bINOHIEMCS. NPOBEPKA COOMBEMCMEUSL CMPEenoK U ux poJietl. Dopmanuzauus nNpasua
NPoBepPKU 8bINOJIHEHA HA OCHOBE MEeoPemuUKO-MHONIECMBEHH020 NPedCcMasieHUst PYHIKUUOHAIbHbBLX
Juazpamm 8 eude NOMEUEHHbIX OPUEHMUPOBAHHBLX 2pachos. [Ipasuna Nnoseositom Conocmasumo
NoJIoOKeHUe U POaU CMPEsoK, C8s3AHHbIX C 0emAausuUpyembim PYHIKUUOHAIbHLIM O0KOM POoOU-
mesbCKoll Ouazpammbl, U cmpesok douepHell ouazpammosl. TTocmpoeHbl npasuna 05t Karool u3
BO3MOIKHBLX poJiell CMPesKi: «éXo0h, «@blxo0y, (YnpaeneHuer, wmexaHuzmw:. /ns pearusayuu nocmpo-
eHHO020 AI2OPUMM NPEOSIONEHO UCNONIb30BAHUE S3bIKA JI02U4ecKo2o npoepammuposarust [TIPOAOT.
Ipeonoxera cmpykmypa 6a3ssL 3HAHULL, 8IIOUAOUAst 3 83aUMOC8A3AHHbLX npeduxama 0Jisk ONUCa-
HUsl 0epesa 0emanu3ayuu, 8EPULUH U 0Yye 2paghos, 3a0arouux pYHKUUOHATbHbLe ouazpammel. Cehop-
MUPOBAH 3aNpoC O/is1 NPOBEPKU NPABUNL 8epUUKAUUL, PACCMOMPEHbL CNOCcobblL C813bl8AHUSL Nepe-
MeHHbLX U puicayuu poseli. B kauecmeae npumepa 8blnoHeH AHAU3 U 8epudpuiayus ppaemeHma
PYHKYUOHANTBHOU MOOeU NONYUEHUS. BUHUIAUemama u3 smuneHa. IIpusedeHsbl (hYHKUUOHATbHbBLE
Juazpammbl 0ns1 npoueccos «PazdeneHue kordeHcamar U «lonyueHue suHUIAUEeMAMQ, C8I3AHHBLX
OMHOWeEeHUeM 0emanu3ayul, NOCMpPOEHbL UX MEeoPemuKo-MHOIKECMaEeHHbLe MOOeNU, PACCMOMPEHO
npumeHeHue NPasul eepugpurayuu 01k KarK0ozo muna cmpenok.

Knroueeste cnoea: (pyHKUUOHAIbHOE MOOAUPOBAHUL, 8ePUPUKAUUS PYHKUUOHATLHOT MOOENU,

meopust MHoxKecms, meopusi zpacpoe, nosiyyeHue suHuiayemama.

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 models'? [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.

nternet source: https://www.ca.com/us.html
Internet 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
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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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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 Ip(O:np, I:nb) € LP, then Ip(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 Ip(O:nb, I:np) € LP, then Ip(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 Ip(O:np, C:nb) € LP, then Ip(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 Ip(O:np, M:nb) € LP, then Ip(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,0,NP,i,NB),

edge(LP,0,1,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 1 describes the node
corresponding to the diagram left border.

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
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Ad
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Fig. 2. Parent functional diagram “Condensate separation”.

A4 = (N4; L4), where

I: Vinyl_acetate_isolation)

I: Vinyl_acetate_isolation)

N4 = {L, R, U, D, Acetic_acid_separation, Drying, Separation_of vinyl

acetate with high-boiling impurities, Vinyl_acetate isolation}

L4 o {composition_of vinyl acetate with high-boiling_impurities
(O:Separation_of vinyl acetate with high-boiling_impurities,

vinyl _acetate with_high-boiling impurities
(O: Separation_of vinyl acetate with high-boiling impurities,

rectification_column_5(O: D, M: Vinyl_acetate_isolation)
vinyl_acetate(O: Vinyl_acetate_isolation, 1: R)
high-boiling fraction(O: Vinyl_acetate_isolation, 1: 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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composition of vinyl
acetate with high-boiling

impurities
choise of control parameters column 5 heating steam consumption
for separating vinyl acetate
with high-boiling impurities
vinyl acetate=
vinyl acetate with high-bailing impurities 5-th rectification
high-bailing f'ract\o%
rectification column 5
e Tme vinyl acetate isolation NUVBER
Ad4 e
Fig. 4. Child functional diagram
“Vinyl acetate isolation”
A44={N44;L44}, where
N44 = {L, R, U, D, Choice_of control parameters, Sth_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: S5th_rectification)
rectification_column_5(0:D,M: 5th_rectification)
high-boiling fraction(O: 5th_rectification,l:R)
vinyl acetate(O: 5th_rectification,l: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 of the diagram to the “Choice_control_parameters” block.
is abbreviated. The set of edges in graph L44 is shown The set-theoretic description of these arrows should
in Fig. 5 completely; as before, the edge labels are in correspond to rule 1, where
italics.

Let us compare the descriptions of the edges of the
parent and child diagrams. In the parent diagram, the “vinyl

nb = “Vinyl acetate isolation”,

Ip="Vinyl_acetate with_high- boiling_impurities”,

acetate with_high- boiling_impurities” arrow leads from nc = “Choice_control_parameters”.

block 3 to block 4. For the “vinyl acetate isolation” block, The verification shows that the rule is obeyed.

this arrow has the “input” role. In the child diagram, this Similarly, in the parent diagram, an arrow with the
arrow corresponds to the arrow leading from the left border 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”,
Ip = “Rectification_column_57,
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”.
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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
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