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Axmyanviicme pobomu o06ymosnena eaxncaueicmio i HeooOxio-
Hicmio yuiikauii nodyoosu i GUKOPUCMAHHA THMENEKMYATIbHUX
cucmem niompumru pimens 0as YnPpaeaiHH CKAAOHUMU NPOMUCIO-
suMu 00’cKxmamu ma cucmemamu.

Memoro pobomu € 06Tpynmysanms e0urnoz0 nioxody 0o ynpas-
ainna 6azamu snans pisnux Kondisypauiii i pospoodra ynidixosarnux
Mamemamurnux mooenell onepauiii HA0 elemMeHmamu OHmoJ02il.

3anpononosano memoo YynpasiinsL e60J0UIEI0 OHMOIL02II NPo-
Qecitinux obaacmeil, sacnosanuil na yniixauii cmpyxmypro-noeziv-
HOT MOOeJli penpesenmauii Memasnams.

Pospobaeno cnocio ymidixauii cmpyxmypno-noziunoi moodeni
esomouii inkopnopauyii onmonoeii. Po3pooneno opmanvio-uine-
eicmuuni modeni, 0oeedeno nodionicmo Popm penpezenmauii 3nans
i egosnouiiine cnadKysants 6 pamKax 3azaasHol iLKopnopauii onmo-
nozii. [{na cunmesy modeni inkopnopauii eoaouilinozo ycnaoxy-
eanns onmos0zill eupiweni 3a60anns pPo3podxu mooeneil eonio-
UilH020 Ycnaokyeanns Konyenmis, zpadie i onmonoeii pienié b3.
Mooens 3a0e3nenye moxcausicmv 0 écix pienie b3 edunozo nioxo-
0y 0o inmepnpemauii cmpyxmyp 63aemo0ii KoHyenmie.

Pospobaeno ysazanvreny modeav Cuznaabhozo epada pienie
cmpyxmypu B3. Modenw éxntouae 6 cebe amomapnuii konyenm, cuz-
HaJl, nomenyia 8Y3na, AKMUSHICMb 8Y3J1d, NOPiz UYMAUBOCMI 8Y3.a
0o 6xionozo cuenany. Poszpodaeno naéip gopmanvnux modenei
MHocunu 6a3o06ux onepauiii na cuenanviiomy epadi b3, neooxionux
ons inmepnpemauii ma oouucaenns gopm 3nanv. Pospoéneno cumn-
makcuc memanpasua i popmanvio-ainesicmuunuil 6asuc. Beeoeno
dopmanizmu napamempa mapkyeanns ma QyxHxuii mMapryeanns
cuznanvnozo zpaga B3. Moodeni mapryeanns esedeni 6 3azanvhy
MoOenn cuznanviozo epada bB3.

Hocnidsceno moxncausocmi zacmocyeanns po3pobdienux mooe-
Jetl cuzHanvboz2o epaga 6asu 3nans 6 pizHux npodeciinux zany-
3ax. Iloxazano, wo 3anpononosani moodeni memasHanv He 3aje-
scamv 6i0 popm nodanns i popmanizmie npogeciinux onmonozii.
Ile doszeonsne euxopucmosysamu €OUHUU MeEXAHIIM YNPABIIHHA
SHAHHAMU 6 OYOb-AKUX THMENEKMYANbHUX CUCMEMAX NIOMPUMKU
pluens. 3anpononosano cnocio epexmusnozo OUHAMIMHO20 Ynpae-
JUHHA cmpyKkmyporo ecix pienie B3 i npoyecom noz2iunozo 6ucHoBKy
8 3anexcHocmi 610 6xioHux napamempis PyHKyionyeanns inmeex-
myanvHoi cucmemu

Kmouosi cnosa: inkopnopauis onmonoziii, xonmexcm mooei,
Mapryeanns epagda, memanpooyxuis, penpeseHmauis 3HaHsb, cuez-
HabHUl epag, cucmema niompumxu piuens

u] =,
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in crisis situations with a lack of time are of particular im-

portance. These situations are usually called crisis due to the

At the present stage of development of automated control
systems for large industrial facilities, aspects of management

significant amount of damage that occurs in a very limited
period of time. In this regard, the period of time for making




management decisions should have at least the same order.
However, the decision maker (DM) is unable to respond
adequately to the situation at the required pace. There are
two main reasons for this — extremely large amount of data
that require an accurate assessment for a minimum time, and
psychological pressure on the DM due to increased respon-
sibility.

As an example of a complex production facility, we
consider the electric power system (EPS), which is a large
technical system of a cybernetic type. The parameters of the
EPS components are functions of time and depend on control
and random influencing factors. Therefore, the EPS control
isiterative, adaptive in nature, accompanied by the collection
and processing of large amounts of information.

The structure of the power system control needs to be
considered at two levels — automatic control level, where
emergency automation (EA) plays the main role, and auto-
mated control level, where the operating and dispatching
personnel (ODP) are included in the control cycle as a de-
cision maker (DM) [1]. In [2], personnel are considered as
a structural unit of a multi-criteria control system.

At the stage of preliminary studies, extensive factual
material, qualifying accidents at large technological facili-
ties, including electric power systems is studied. In [3], the
classification of accidents is carried out. The role of «<human
factor» in the development of accidents is investigated in [4].
In particular, according to the data provided by the National
Power Company «Ukrenergo» [5], the number of failures
at the power facilities of Ukraine on the basis of «wrong
actions of operating personnel» increased by 25 % and is
6.7 % of total, on the basis of «wrong actions of management,
maintenance personnel, services and laboratories» increased
by 6.6 % and is 17.8 % of total, on the basis of «influence of
unauthorized persons and organizations» increased by 52.5 %
and is 6.8 % of total. In general, violations of technological
processes as a result of incorrect actions of personnel («hu-
man factor») in the distribution according to classification
criteria are 31.3 %.

We also give some examples of foreign incidents. The
ocean coast of Rio de Janeiro, where 10 million people lived,
was completely de-energized. Reason: the malfunction that
was not timely and accurately identified by personnel. More
than 10 million people in Mexico and the USA were left
without electricity. Reason: the company’s employee failed
to organize work at the electrical substation. The center of
Buenos Aires (Argentina), the presidential palace, the con-
gress, the government were de-energized, 3 million people
were affected. Reason: the personnel spent considerable time
for finding out the details of the accident and coordinating
actions. At the Saint Lawrence NPP, France, the launched
500 MW reactor exploded, about 50 kg of liquid nuclear fuel
leaked. Reason: during the night shift, the operator incor-
rectly loaded the fuel channel.

The analysis performed allows us to conclude that the
total number of failures and emergencies does not decrease,
and damage is constantly increasing. Therefore, the problem
of ensuring the reliability of the ODP, as an integral part of
the ADCS of power systems is extremely urgent.

On the basis of the comparative analysis of existing
scientific and technical solutions in the field of automation
of emergency control (EC) systems, it can be concluded
that it is necessary to develop intelligent decision support
systems (DSS) and implement them as part of the ADCS of
power systems.

Thus, there is the problem of automating the decision-
making process in crisis situations, which should be solved
by developing and implementing intelligent decision-support
systems. The core of such systems are complexes of expert
knowledge management with the help of metaknowledge
(MK) [6]. As shown in [7], metaknowledge is responsible for
meta-analysis and inference in the knowledge base.

2. Literature review and problem statement

In [8], the knowledge system for a narrow professional
field is used, which makes it impossible to generalize the pro-
posed approach. In [9], top-level metadata are used to build
expert systems, but no unified method of constructing meta-
rule structures for various professional fields is proposed. The
paper [10] considers the problem of knowledge representa-
tion, but offers a table-oriented storage system with known
limitations. In addition, no attention is paid to the manage-
ment of knowledge systems. In [11], a general methodology
for constructing expert systems is presented, but there is
no specification of approaches to the implementation of the
metaknowledge model. Methods of presenting information
about processes under uncertainty are considered in [12],
but this information is not updated in the form of metarules.

Thus, there is a methodological problem of constructing
metarules that are invariant to the specifics of subject areas,
KB structures, forms of knowledge representation, formal
models used, and restrictions imposed.

Ontology formalism can be used as a unified form of me-
tarules representation in the intelligent system. In the most
general form, the ontology can be represented by the fol-
lowing formal specification:

O=<X,R,F>, (1)

where X is the finite set of concepts (notions, terms) of the sub-
ject domain, represented by the ontology O; R is the finite set of
relations between concepts (notions, terms) of a given subject
area; F is the finite set of interpretation functions (axioma-
tization) defined on concepts and/or relations of ontology O.
In [13], a general characteristic of ontology is given, but
the ways of implementing such a knowledge model within
specific intelligent systems are not sufficiently shown. The
work [14] generally describes the process of knowledge
management in information systems, but does not provide
tools for its program implementation. In [15], the ontology
structure is considered, however, it applies to a relational
database, which is a significant limitation. The paper [16]
suggests a model of ontology patterns, however, the latter
are difficult to apply in practical software implementations.
Principles of unification are outlined in [17], but only the
structure of the KB on facts is given as a base. The paper [18]
is characterized by a detailed analysis of ontology, but is
mainly a theoretical work without practical implementation.
In [19], the complex problem of the knowledge represen-
tation methodology is formulated, but specific ways of its
practical implementation are not indicated. The work [20]
presents mathematical tools of the intelligence theory, but
their practical application is extremely difficult. Methods
and tasks of the intelligence theory are discussed in [21], but
the work is difficult to use as a guide in practical software
engineering. The work [22] proposes a predicate approach to
knowledge formalization, which imposes certain restrictions



on the internal software representation of
the KB. A system approach to the unifica-
tion and interpretation of the KB is made
in the specification of the Common Ware-
house Metamodel (CWM) standard [23].
However, in practice, many models of know-
ledge management in intelligent systems
are used [24], which is a problem in the
selection and adequate implementation
within a specific task: KIF (Knowledge
Interchange Format), lambda — notations,
predicates, rules, relational algebra, lo-
gical-computing semantic networks (LCS
networks), object-oriented representation
forms, frames, deductive systems.

The work [25] shows the specifics of the problems of
mathematical modeling of knowledge systems in various
fields: power engineering, medicine, process control, chemical
synthesis, geological exploration, and others. At the same
time, specific ways of knowledge unification are not indicated.

Summarizing the analysis performed, the problem of the
lack of a unified model of theoretical representation and
practical construction of metaknowledge models in intelli-
gent systems is formulated. This does not allow for the mass
production of cheap decision support systems.

3. The aim and objectives of the study

The aim of the study is to develop a universal formal-
logical metaknowledge system for managing the evolutionary
hierarchy of ontologies.

To achieve the aim, the following objectives were set:

- to develop mathematical models of procedures for the
synthesis of knowledge structures of all levels;

- to develop a basic model of the elementary signal graph
of the knowledge base;

- to justify and develop a model for labeling the signal
graph of the knowledge base;

—to develop structural and functional models of meta-
rules based on the model of the elementary signal graph.

4. Development of models of metarules based
on the structure and labeling of the signal graph

4.1. Development of mathematical models of proce-
dures for the synthesis of knowledge structures of all levels

It follows from the stated principles that structural mo-
dels of all levels of knowledge representation can be con-
sidered as signal (pulse) linear digraphs [26]. The latter model
inference as a conducting system of logic chains [27]. From
these positions, mathematical models of interpretation and
computing of ontology hierarchies are developed. The paper
proposes the following basic model of the signal graph of
the KB (Fig. 1).

The formulas below describe labels of nodes p;, p ; and
edge by, respectively.

u =<c,(p),u(p,)s,(p,)a(p;)>

Wi =<c(p;),u(p;),s,(p;),a(p;)>,

w(p) =0, =Su b, ulp)=t, =u(p)Vb,)

SOURCE

¥(by) 4

k=1

Fig. 1. Basic model of signal transmission in the elementary signal graph

In the proposed interpretation, the node of the structure
of knowledge representation of any level in terms of applying
metarules to it means:

— for level 0 — atomic sentence;

— for level 1 - fact (as a connective of atomic sentences);

— for level 2 - semantic network cluster (as a connective
of facts);

— for level 3 — production network (as a connective of
semantic network clusters).

4. 2. Development of the basic model of the elementary
signal graph of the knowledge base

Atomic concept ¢ is a sentence assigned to the node of
the signal graph and considered exclusively in the interpre-
tation and computing of KB.

Signal ¢ is a numerical concept characterizing the possi-
bility of a causal relationship between the nodes of the signal
graph. In this case, the signal can be considered as an impli-
cation, provided with a numerical characteristic of signal
passage or propagation. In other words, if there is a signal in
the graph edge, then a causal relationship between the nodes
incident to this edge is active.

Node potential (node signal) u €R is the number (gene-
rally valid) assigned to the node and associated with it in the
current iteration of the system. At the next iteration, another
number can be assigned or computed. The weight of the node
does not carry a specific semantic load and is interpreted
within the current problem. The numbers associated with the
nodes can be interpreted as weights, potentials, connectors of
the node. No fundamental restrictions on the node potentials
are imposed. The activity level of the node (current potential
of the node) is the accumulated potential (weight, signal)
in the node at the time the node participates in the network
interpretation process. The value of the node potential is
defined as the sum of all input signals through the edges
incident to the node. The assignment of signals to nodes is
implemented by a labeling function or computed.

Node activity a=(0|1) is a binary sign characterizing the
participation of the node in network interpretation. If the
node is not active (a=0), it is not interpreted in any way
by the inference unit (engine) (IU), does not participate in
inference, and the content of such a node is not considered.

The threshold of node’s sensitivity to the input signal in
general s, = f(t,,) is ameasure of the node’s ability to pass the
input signal to subsequent edges incident to it, where ¢, is
the signal threshold level. The type of function f(¢,,) is deter-
mined by the specifics of the problem and goals of modeling.
In the simplest case, a threshold function or sigmoid function
can be used. When the sensitivity threshold s, is exceeded,



the node p; is activated, and the signal of a given value ¢(p;)
is detected in it. Signals smaller than s, are not perceived
by the node:

0lt(p)<s,(p)
)= ! u z 2
“r) {1r<p,->>su(p,->, @
0|t(pi)SSu(pi),
)= 3
u(p’) {u(pi)|t(pi)>su(pi)' ( )

4. 3. Development of the model for labeling the signal
graph of the knowledge base

We introduce the function of labeling the i-th node of the
signal graph of the knowledge base. Determine the labeling
parameter through the tuple:

My =<Cq, U, Sy, A>. (4)
Then labeling for an arbitrary i-th node is defined as follows.

w:p, - m(p)=<c,(p,),u(p,),s,(p,)a(p;)>,
neM?,

p e P(G)),

M": P(G,)—m,(P),

u(p,),s,(p)eR, %)

where u? is the function of labeling the i-th node p; by the
parameter c(p;); M? is general labeling of cluster nodes (or
the entire network) in relation to which the metaknowledge
model is used; P(G,) is the set of cluster nodes (or the entire
network) in relation to which the metaknowledge model is
used; R is the set of real numbers.

The edge bj, between nodes j and & of the knowledge
representation structure of any level, in terms of applying
metarules to it, means the directional relation (connection,
arc) between these nodes in the knowledge base signal graph.
Each edge has input and output potentials (signals). More-
over, if the edge is directed from node j to node %, then node j,
having potential u;, will be source, and node &, having poten-
tial uy, will be sink. Using the previously adopted notations,
the edge of the KB graph will be presented as follows:

[:bjk _>(pj7pk)!
by, € A(G,),

P, P, € P(G)),

where by, is the edge of the network graph of the KB level;
I'is the incidence function; A(G,) is the set of all edges of the
graph G; of the network of the KB level; pj, p; are the nodes,
incident to the edge by.

Conductance (transmission) of the edge y(b) is a number
(generally valid) associated with the edge. Assigning num-
bers to edges is made by labeling. The numbers associated
with edges can be considered weights, conductances, lengths,
edge values, etc. No restrictions on these numbers are im-
posed. In this work, we suppose that the numbers labeling the
edges are conductances of these edges.

We introduce the labeling function of the i-th edge as
follows:

Wb, —v(b),

uieM?,

MP: A(G)—>R,

b e AG.),

Y(b)eR, (6)

where !’ is the labeling function of the i-th edge &; by the
number ; M* is general labeling of cluster edges (or the en-
tire network) in relation to which the metaknowledge model
is used; A(G,) is the set of directed edges of the cluster graph
(or the entire network) in relation to which the metaknow-
ledge model is used; R is the set of real numbers.

Now the proposed generalized model of the KB structure
level graph can be described by the following tuple:

G, =(P(G,),A(G,),M,),
M,=<M"M">. (7)

4. 4. Development of structural and functional models of
metarules based on the model of the elementary signal graph

We introduce a subset of the basic operations on the KB
graph — G, needed to interpret and compute KB levels:

Ox3(G,) cO(G),

where O,,(G,)={O} is the subset of operations in relation
to the knowledge base such that: O,, := addition of a new con-
cept in the KB; Oy, = removal of the concept from the KB;
Oy = addition of a new connection to the KB; Oy, :=remo-
val of the connection from the KB; Oy, := accession of the
new fragment to the KB-KB’; Oy, = detachment of the frag-
ment from the KB-KB’; O(G) is the entire set of operations
implemented on graphs.

Then we formally define.

For Oy, :

G.(P(G).AG)+p,. p,2PG)),
G.(P(G,), AG))+ p, = GU(P(G),AG)),
P(G))=PG)U{p,},

AG))= AG,),

W p, - m,(s,,0,0,0). ®)
For Oy, :

G.(P(G).AG)~p,. p,eP(G)),

G.(P(G,).AG))~ p, = GU(P(G).AG)),

P(G)= PG\ ().

AG)=AGCIND={p, 1} | b AG). P =P,V Po=1,).

! p, —>m(0,0,0,0). )]



For O

KB3 *

G.(P(G,),A(G,))+b, be AG,),
G,(P(G),AG)+b=G(P(G)),AG))),
AG))=A(G)U{b},

b={p,, P} b AG))ip,y,p,, € P(G)),
P(G))=P(G,),

Wb, = y().
For Oy, :

G(P(G,),A(G))~b, be AG,),
G(P(G,), A(G,)=b=G(P(G), A(GY)),
P(G))=P(G)),

A(G)) = A(G)\ (b},

u’:h, —0.

For O

KB5 *

G(P(G), A(G)), M (G))+GU(P(G), A(G)), My (GY)),

P(GHNP(G))=2,A(G)NAG) =2,

(10)

(11

G,(P(G,),AG,), M (G)HUG(P(G)), A(G)), M (G))) =

=GIP(G)), A(G)), M(G))),
P(G))=P(G,)UP(G)), A(G))= A(G,) UA(G),
M (G =My (G)HUM(G)),

Vp, | p; € P(G)(1] : p; = m,(5,,0,0,0)),

Vb, b, € AG)(W] :b, = (b)),

Vb, | b, =[P, ] A (D € AG) A Py € AG)) V
V(P € AG) A py € AGO)W] b, = 1(b)).
For Oy, :

G,(P(G)), A(G,)) -G (P(G)), AG))),

P(G))c P(G,),A(G)) c A(G,),

G(P(G), AG)H\G(P(G), AG)) =
=GAP(G)), A(G))),

P(G)=P(G)\ P(G),

A(G:,) = {[p_gﬂpsQ] ‘ P15 Py € A(G;)\ A(G:) A
APy Pole AG) Al py, b2 A(G))),

(12)

Vp, | p; € P(GHW! : p; = m,(0,0,0,0)),
Vb, b € A(G))(W :b,—0),

Vb, ‘ b, =Py, Pl A (py € AG) A Py, € A(G))) Vv
V(p, e A(G)Ap,, € A(Gx)))(uf :b,—0).

Naturally, when adding a new concept, there is a probabi-
lity of its repetition (duplication). For this purpose, the proce-
dures of «<normalizing» the knowledge base and getting rid of
redundancy should be used. In this case, a formal set-theoretic
interpretation, characterizing the fact of addition of a new
concept is given. Therefore, the additional formal constraints
associated with the occurrence of redundancy were omitted.

The developed control models of the KB structure, based
on the apparatus of graphs, allow us to formalize the language
of the level of metarules and describe its ontology. When
developing a formal language of metarules, it was necessary to
choose a formal-theoretical apparatus that would be suitable
for representing all forms of knowledge. As such, the graph
model was chosen as the most fundamental one. In addition,
the task was to integrate the representation of metarules into
the general hierarchy of knowledge representation. Therefore,
metaknowledge is also represented by graph models and does
not require a separate theoretical mechanism for representation.
Thus, all levels of knowledge are represented and described
by the same mathematical model of graph representation. The
proposed approach allows us to avoid introducing additional
formal or instrumental metarule management mechanisms,
which are expensive, computer-intensive and time-consuming.

At the same time, it is necessary to consider the following
features:

- metarules perform structuring of the KB, which deter-
mines the mechanism of its implementation (computing);

— metarules have access to all KB levels below;

— metarules receive input data (signals) from the «out-
side world». The structure of the input data may differ from
the internal representation of the KB;

- metarules act as an interface between the intelligent
system and the IU;

- metarules may not form network structures, since the
logic of use is determined by the operation of the intelligent
system, and not by the logic of the KB.

Metarule MR will be represented by the following relation:

MR:Lop S, = Oy, (14)
i=1

where Lop is logical operation, AND (A) or OR (V) connec-
tive, related to metarule states. NOT (—) operation is used
when n=1 and usually implemented in the antecedent of the
metarule; Syg; is the current metarule condition; O, is one
of the operations of labeling or structuring the KB (given in
formulas (8)~(13)), Oy € Oyy; — is the implication opera-
tion, here — application of the operation Oy

It is necessary to specify that the logical operations (con-
nectives) implemented in metarules in relation to KB clusters
consider the sign of activity (actualization) of these clusters.
Metarule understands activation or actualization of the clus-
ter or its element as the labeling condition a=1.

The graphic illustration of the proposed metarule model
is shown in Fig. 2, which shows that the metarule can be
applied to all levels of the knowledge representation system.



Assuming that the base of metarules is

Fig. 2. Model of metarule application in relation to ontology evolution

Generally, metarules can be of AND and OR types.
Moreover, their structure is described in the same way. They
are run in accordance with the rules of conjunction or dis-
junction. During unification, OR type rules can be divided
into AND type rules by the number of entries. Thus, only
conjunctive forms of metarules can be used. As noted earlier
(and in accordance with the definition of metaknowledge),
the metarule implements the control mechanism in relation
to KB levels. Arcs show the directions of influence and im-
plementation of the control functions by the metarule in
relation to the KB hierarchy levels. The input elements of the
metarule {Syr;} represent the signal data from the DSS soft-
ware environment (I1U, user). The figure on the right shows
the hierarchy (evolution) of ontologies and formal models.

Implication in the metarule occurs on the basis of actuali-

zation of the antecedent — {\15 or _\45 In the case of

MRi MRi*

validity of the combined condition, the consequent is imple-
mented as actions in relation to the signal graphs of the KB
hierarchy levels.

Let’s set a metarule tuple similarly, but specifying the
features of its functioning:

MR=<Syr, L, A>B, Q>, (15)
where Syr is the class of signaled states of the KB, DSS,
environment, for which the MR metarule is applicable; L is
the metarule trigger condition; A—B is the core (structure)
of the metarule; Q is the informal production substantiation.

We formalize the metarule core, considering its specifics.

The terminal alphabet of metaproduction is the set:

L=A ={elUS,r UO(Gy), (16)

where Sy are identifiers of signaled states in accordance
with (13); O, (Gy) are identifiers of operations on KB.

The synthesis of a formal metarule model is described as
a procedure of logical combination of signaled state S, of
the complex (KB-IU-DSS-environment) and operations
from the set O,,(G,), meeting the following condition:

3(;/1 SMRN;\1 Syri ‘ Suwi € SMR)EI
3 (OKBi (Gs ) | Oy (GS ) €0y (Gs ))

((,\:/1 SMR:’)V(Q SMRi) = Oy, (GS)J'

17

Level 3 normalized, the properties of the production
level MR should be as follows:
Level 2 NMR :S;}R USX;R UUSQR U
UOI?B (Gs ) UO}ZE (Gs ) U.. UO;&: (Gs ) =
Level 1 =’_LJS;‘;R ugozs G, (18)
S:\}R ﬂSﬁR ﬂ"‘ﬂSX/}”R:ﬂSj{;IRZQY (19)
i=1
Level 0

Ol((’B (Gs)ﬂo?ﬁ (Gs)ﬂmﬂozs (G5)=

=04 (G)=2. (20)

The term «normalization» is used in the field of relational
databases, but in a more general sense. It is assumed that the
process of «normalization» in relation to the knowledge base
consists primarily in removing redundancy and inconsis-
tency of the KB. In addition, mechanisms to reduce the KB
volume are proposed.

The integrity of the metarule base can be ensured by the
same principles as the integrity of the KB, by introducing
a system of constraints on the KB elements.

The issues of preserving the previously defined con-
nections between individual concepts, as well as the issues
of preserving other attributes of the KB, are provided by
common means of KB support. Different levels of knowledge
management are different levels of interpretation of the same
basic elements — concepts and relations between them. The
knowledge base is built only of these elements. Therefore,
when moving to higher levels, elements of the basic level of
concepts are always used.

We introduce the syntax of the metarule base:

<metarule base> ::=<metarule>[<metarule>];

<metarule> ::=

<type> <condition_id>[<condition_id>]

<operation_id>;

<type> = AND | OR;

<condition_id> ::=<situation_code>;

<operation_id> ::=<operation_code>.

Here, the terms <situation_code> and <operation _code>
are obtained from the identifiers <condition_id> and <ope-
ration_id> after compiling the KB.

Represent the formal language of the model of metarules
of ontology hierarchy as follows:

NP

L(G)yr =<Z oSk > (21

MR’ Y MR>

where G is the formal grammar of the metarule set; Yy is
the main terminal alphabet of the metarule set; Ny is the
auxiliary non-terminal alphabet of the metarule set; Py are
rules of substitution (production) of the formal network gram-
mar: Ja,3b,(a,b)€ P, :a—b; Syr is the starting non-ter-
minal symbol of grammar G, where N,,NZ,,=< and
P € (N UZ,) T X (N UZ 0.

Now we define the formal grammar rules Py for the
metarule set language L(G),:

Sy — MR,

MR — <and > 5,05,



MR = <or>S%,0%,

MR — <and > S}, |[S5z10%,
MR — <or> S5, [[S5.]10%,.

Develop a structural-linguistic ontology model for the
KB level of metarules — KBjz:

Oy = < XM RME FMES (22)

The ontology concepts of metarules are contextual me-
tarule clusters consisting of subsets of situations and opera-
tions. Then for all clusters of all contexts we have:

XY™ =Ny = {Shime | k=1 }i=1,n}U

U0z [k =1n,} [i=1n.} =

= U{U Shire Upoznk }
it 1

i=1

(23)

However, operations Oy, are implemented in relation to
the structural elements of the KB, which is a signal graph.
Therefore, the result of the operation will depend on the
structure and labeling of the graph immediately before the
operation and it should be considered as a function of the
current state of the KB graph:

Ogig = F{ (P(G,), A(G,), My). (24)

Then

XM= U{U Sy UUFE <P<Gs>,A<GS>,MZ>}. (25)
i=1 i=1 k=1

From (24) it also follows that the result of the operation
will be a new KB structure, and, therefore, at the next itera-
tion a different structure of metarules should be used. Thus,
the structure of the relations of the applied metarules R(MR)
depends on the structure (state) of KB levels. In other words,
for two KB states (KB’ and KB”), it is fair to write

Oy KB"— KB”,
R(MR’): f(R(KB")),
R(MR”): f(R(KB")),

R(MR) = F(R(KB)). (26)

To determine the set of interpretation functions F¥R, it is
necessary to consider that operations OY, in relation to the
levels of ontology incorporation correspond to the evolutionary
hierarchy of knowledge forms, and, therefore, are hierarchically
nested. Therefore, complex operations can be considered as
a superposition of simpler ones. Consequently, high-level meta-
rules can be interpreted through elementary sets.

Let Oy, be a superposition:

Oy = Og1 © Oy 0 O,

)

Then

KBj»

MR:Lop S, — O
i=1

MR: sz Suri = (Oxpy © Ogy--© Ogg, ),
MR :Lop S, = Oxps - MR, :Lop S, = Orpo,
i=1 i=1

-0

MRi KB1?

MR, : L:l)p S
i=1

and, therefore,

MR, = MR, o MR, ,o..o MR, o MR,. 27)
Consequently, the interpretation function f; for the meta-
rule MR, in general can be represented as:

SY%: Op(MR,>MR,_,o...oMR, o MR,,I,) -

= (MR,,1)| [ e F*™, (28)

where Op is the operation of aggregation (superposition) of me-
tarules; I; is the index of the applicability context of metarules.
On the basis of the developed structural-set models, the
formal model of the unified ontology of metarules for the level
of knowledge evolution of «Metaontology» type is obtained.

oM=< U{U Sy UUJF (P(GQ,A(GS),Mz)},
i=1 | i=t k=1

F(R(KB)),F"* > . (29)
4. 5. Experimental confirmation of research results
For experimental confirmation of research results, a test

KB and a metarule base for managing knowledge levels were

built. After the formation of the concept thesaurus and trans-

lation into minimum length codes, fact codes and metarule
codes were formed. On this basis, operations on the structure
of facts are implemented by labeling their signal graphs.

Analysis of practical results showed that labeling is an effec-

tive means of KB modification. For example, the formation of

a new fact on the basis of the thesaurus requires labeling of

only two new connections — recording two numerical codes

of the signal graph arcs in the KB. The detailed practical
example of using metarules is given below.

Let us give an example of practical use of the developed
mathematical models for the representation of metarules
and the model of professional ontology OMR — knowledge
base (KBYR) (Fig. 3).

We introduce sets of atomic sentences related to the same
context ¢”:=<«7.2 Elimination of technological violations in
case of de-energization of busbars 150—-330-750 kV.».

s — «DS-8 manuals, s — «p. 7.2.1», s — «Voltage is
supplied on BB after inspection, identification and separa-
tion of the damaged connection or BB element and removal
of people from the SG».

Syri:=<Add a new fact to the KB>.

Smprai=<s'><sP><s >

Oy :=<Add a new fact to the level 2 semantic network
<sp'><sp><sp>and connect it to the context>

Oy, :=<Add atomic semantic units — <sj*>, <sy'>, <sy>
to the thesaurus (layer 0)>

Oyps :=<Add the node <s;"> to the level 1 structure; Add
the node <s5 > to the level 1 structure; Add the relation <s5*>
between the nodes <s;* > and <s">

Oy, '=<Add the subgraph <s;" ><s» >< s> to the level 2
graph. Establish connection with the context network C%>



Sy — O

MRi KBj

MR: Lgp
=l

5. Discussion of
the results of research

Level 3 of management of evolutionary

incorporation of knowledge levels
using metarules

Level 2 .
eve The obtained results of structu-

ral and logical modeling of knowledge

levels as signal graphs and their la-

beling adequately model the proces-
ses of dynamic synthesis of knowledge
structures and allow building meta-

Level 1

rule models for effective KB mana-
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It should be noted that the mecha-

nism of metarules does not depend on

Fig. 3. Example of the interpretation scheme in metarule ontology

Metarules have the following form:

MRS = <and > S5, S55.,0%8
MR, = <and > S, S, 0%.,;
MR, = <and > S, Se.,0%
MR :=<and > S, S,0% .

We show the practical implementation of one of the meta-
rules of the reduced system — MR = <and > S5, S5 ,058,..
AND
<Emergency response instructions>
<Add a new fact to the KB>
<<DS-8 manual> <p. 7.2.1> <Voltage is supplied
on BB after inspection, identification and separation
of the damaged connection or BB element and removal
of people from the SG>>
<Add a new fact to the level 2 semantic network and
connect it to the context>

Or (with examples of codes) after translation:
AND<027B><002C><01A3 00D8 10F5><0004>,

where 027B is the context code; 002C is the metarule code;
01A3 00D8 10F5 are the codes of fact concepts; 0004 is the
code of the operation of adding a fact to the KB.

As aresult, the codes of fact concepts <01A3 00D8 10F5>
will be recorded in the KB, connected to each other in the
node adjacency matrix and with the corresponding context.
Further, the fact becomes suitable for work.

Now the interpretation function for the metarule level
will be:

S Op({(MR,,¢"), (MR, "), (MR, ,¢")}) =
— (MR ,c").

Thus, the structural-linguistic model of the unified pro-
fessional ontology of the metarules level is theoretically
substantiated and practically constructed.

the level of knowledge incorporation
and can be dynamically implemented in
relation to any of them.

The features of the proposed method and the results
obtained in comparison with the existing ones are that the
developed models of the KB and metarules are invariant to
professional fields, which makes the proposed mechanisms of
metarules universal. The proposed mathematical apparatus,
combining the formalism of the signal graph and the function
of its labeling, is an effective means of knowledge represen-
tation and a promising tool for mass production of decision
support systems.

The problem of efficiency and speed of the KB has two
components. The first is KB preparation, including formation
of metarules and knowledge processing. The second is the
time of entering the source data.

Preparation (filling, verification) of the knowledge base
is made in the preparatory period out of the process of direct
operation. When new conclusions (knowledge) appear, their
introduction into the KB takes minimum time with the user’s
consent (or rejection).

Entering source data identifying the task is a really big
problem. It is solved by a combination of two approaches.
Firstly, all known parameters of situations are introduced
into the KB in advance at the preparation stage. Therefore,
in the process of work, the situation is identified in relation
to the accumulated models. Secondly, introduction of initial
data should be read to the maximum extent from the control
object sensors. In this case (in the limit), the DSS goes to the
automatic system mode. However, part of the data is entered
manually, and the operator makes intermediate decisions in
the process of dialogue with the system. In this case, the lat-
ter is automated and aimed at automating the management
and decision-making process.

The proposed models for labeling graph vertices and edges,
as well as signal propagation for modeling the process of infe-
rence, have the advantage of allowing the dynamic formation of
clusters of intelligent networks. Such networks can be viewed
as fact sets, semantic networks, or production networks. As par-
ticular cases, reference books, relational databases or subsets of
artificial neural networks can be formed of signal graphs.

As a limitation of the proposed models, we can consider
a strongly connected KB graph and a long time of traversal.
However, this restriction can be compensated for by clus-
tering a large KB on the basis of the task context.

The disadvantages of the study include the following cir-
cumstances. In terms of compliance of the developed models
of the signal graph to physical models, further specification of



formal representation of signal propagation between nodes with
different atomic concept potentials is required. It is proposed
to adjust the direction of signal propagation in the network by
the potential difference of the signal graph vertices. However,
this raises the problem of signal backpropagation, which may
contradict the logical reasoning model. This problem is the
subject of further theoretical studies and practical testing. It
can be solved by introducing additional restrictions on the
directions of the signal graph arcs into formal-logical models,
for example, in the form of a ban on negative weights of arcs.

The main directions of research development are to im-
prove and increase the rigor of the mathematical apparatus to
ensure its compatibility with related disciplines of information
technology.

6. Conclusions

1. Mathematical models of procedures for the synthesis of
knowledge structures of all levels are developed. It is shown
that mathematical models of procedures are based on a mini-
mum set of standard actions in relation to the graph struc-
ture of knowledge levels. Subtasks of developing models of
evolutionary inheritance of concepts, graphs and ontologies
of KB levels are solved. For these subtasks, formal linguistic
models are developed, the similarity of forms of knowledge

representation and evolutionary inheritance within the ge-
neral ontology incorporation are proved.

2. The basic model of the elementary signal graph of the
knowledge base is developed. Formalisms of the labeling
parameter and the labeling function of the elementary signal
graph of the KB are introduced. The rule of signal propaga-
tion based on the potentials of nodes, which are set by the
labeling function and can dynamically change during signal
passage, is substantiated.

3. The model of labeling the signal graph of the know-
ledge base is substantiated and developed. The developed
model includes labeling of graph nodes and edges, by giving
them labeling parameters — concept value, node potential,
node sensitivity threshold, node activity sign, edge conduc-
tance (transmission). Formal definitions of the specified la-
beling parameters are given. Formal definitions are expressed
by labeling functions reflecting a particular graph node or
edge in a set of their labeling parameters.

4. Structural and functional models of metarules based
on the model of the elementary signal graph are developed.
On the basis of the developed model, the basic model of the
flow of inference between ontology concepts in the elemen-
tary column of the KB is proposed, which made it possible
to form a set of formal models of a set of basic operations on
the signal graph of the KB necessary for interpretation and
computing of knowledge forms.
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