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The object of the study is intelligent 
decision support systems. The problem 
addressed in the research is to improve 
the accuracy of modeling the function-
ing process of intelligent decision sup-
port systems. 

A polymodel complex for resource 
management of intelligent decision 
support systems has been developed. 
The originality of the study lies in:

– the comprehensive description of 
the functioning processes of intelligent 
decision support systems;

– the capability to model both an 
individual process occurring in intel-
ligent decision support systems and to 
perform comprehensive modeling of 
the processes taking place within them;

– the establishment of conceptual 
dependencies in the functioning process 
of intelligent decision support systems. 
This makes it possible to describe the 
interaction of individual models at all 
stages of solving computational tasks;

– the description of coordination 
processes in hybrid intelligent deci-
sion support systems, which ensures an 
increase in the reliability of manageri-
al decision-making;

– the modeling of processes for solv-
ing complex computational tasks in 
intelligent decision support systems 
through the conceptual description of 
the specified process;

– the coordination of computa
tional processes in intelligent deci-
sion support systems, which leads to  
a reduction in the number of computa-
tional resources of the systems;

– the comprehensive resolution of 
conflicts through a set of corresponding 
mathematical models.

The proposed polymodel complex is 
advisable for use in solving the problem 
of managing intelligent decision sup-
port systems characterized by a high 
degree of complexity
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1. Introduction

Intelligent decision support systems (IDSS) are an integral 
component of all spheres of human social activity and are 
applied to solve a wide range of tasks, from entertainment to 
highly specific ones [1, 2].

The main tasks addressed by IDSS are [3, 4]:
– solving various computational tasks in the interests 

of a wide range of users, regardless of the field of their ap
plication;

– storing the results of computations as well as interme-
diate results for user needs [5];
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– supporting the decision-making process for decision- 
makers;

– providing the prerequisites for intelligent decision-making.
The trends in the development of modern IDSS are aimed 

at solving the following tasks [6]:
– increasing the efficiency of processing heterogeneous 

data and ensuring their reliability [7];
– improving the accuracy of modeling their functioning 

process [8];
– maintaining a balance between efficiency and reliability 

in the process of solving computational tasks, among others.
At the same time, existing scientific approaches to the syn-

thesis and functioning of IDSS exhibit insufficient accuracy 
and convergence. This is due to the following reasons [1–9]:

– the significant role of the human factor in the initial 
configuration process of IDSS;

– the large number of heterogeneous information sources 
that must be analyzed and further processed during the oper-
ation of IDSS;

– the operation of IDSS under conditions of uncertainty, 
which causes delays in data processing;

– the presence of numerous destabilizing factors affecting 
the functioning of IDSS, and others.

This stimulates the implementation of various strategies to  
improve the efficiency of IDSS operation when solving com-
putational tasks. One such approach is the enhancement of 
existing (or the development of new) mathematical models of 
the functioning of intelligent decision support systems.

2. Literature review and problem statement

In [6], it is proposed to use Bayesian hierarchical networks 
to determine the quantitative assessment of cybersecurity risk 
levels in special-purpose information systems. However, this 
approach is limited by the statistical distribution that can be 
used, as well as by the extensibility of the model structure. 
This imposes restrictions on the architecture of the infor-
mation system and does not consider qualitative factors that 
affect the cybersecurity of the information system.

In [7], a security certification methodology is proposed 
for information systems to provide various stakeholders 
with the ability to automatically assess security decisions for 
large-scale deployments of information systems. The method
ology ensures transparency regarding the security level of 
information systems for consumers, as it provides labeling 
as one of the main outcomes of the certification process. The 
drawbacks of the proposed approach include the inability to 
train knowledge bases for new threats, the difficulty of gener-
alizing and analyzing heterogeneous data circulating within 
the network.

In [8], a model is proposed that combines fault tree analy
sis, decision theory, and fuzzy theory to determine the cur-
rent causes of failures to prevent cyberattacks. The model 
was applied to assess cybersecurity risks associated with 
attacks on e-commerce websites and enterprise resource 
planning systems, as well as to evaluate the possible conse-
quences of such attacks. Although this model has a flexible 
architecture, its drawbacks include the accumulation of 
estimation errors during fuzzification and defuzzification 
procedures.

In [9], a model of resource allocation in an automated 
control system for special purposes under conditions of 
insufficient information about the development of the op-

erational environment is proposed. The model introduces 
mechanisms for resource allocation in automated control 
systems considering the impact of cyberattacks. This enables 
the representation of the solution to a vector optimization 
problem in binary relations of conflict, assistance, and in-
difference. It also considers the operational situation and 
allows forecasting of the system state under external influ-
ences, constructing utility and guaranteed gain functions, 
as well as a numerical optimization scheme over this set. 
However, this model does not allow for the processing of 
multidimensional indicators.

In [10], a hierarchical concept for implementing a man-
agement model based on e-government is proposed. The study 
examines major threats to critical cyber-physical systems as 
a foundation for the functioning mechanisms of e-gover-
nance. The hierarchical system is based on the use of symmet-
ric and asymmetric cryptosystems, which makes it unsuitable 
for the task of identifying cyber impacts on the system.

In [11], a model is proposed for selecting the optimal set 
of cybersecurity insurance policies for a firm, considering the 
limited number of policies offered by one or several insur-
ance companies. The model enables a systematic evaluation 
of various insurance policies as a function of the probability 
that a cybersecurity breach will occur during the policy term 
and the premiums associated with the policies. The proposed 
model provides a risk allocation approach that assists in 
mean-square selections of cybersecurity insurance policies, 
thereby contributing to an efficient cybersecurity insurance 
market. However, the drawbacks of this approach include the 
inability to add new risks to the knowledge base during opera-
tion and the limited number of assumptions, which makes its 
real-time operation impossible.

In [12], the importance of including vulnerability analy
sis in cybersecurity is discussed not only as part of process 
hazard analysis but also from the perspective of protecting 
process control networks and implementing adequate safe-
guards against cyber threats in general. The protection level 
analysis is adapted to assess potential weaknesses and ensure 
the security of critical applications against cyberattacks. The 
integration of cybersecurity with hazard and risk analysis, 
as well as other elements of process safety management, is 
demonstrated through examples, making a plant more re
silient to both traditional and cyber threats. However, the 
proposed approach is adapted only for fixed architectures and 
is not designed for reconfiguration during operation.

In [13], a risk management process is proposed for identi-
fying, analyzing, evaluating, responding to cyber threats, and 
monitoring risks at each stage of the cybersecurity chain. This 
approach can be used by organizations planning to implement 
security mechanisms to align with current requirements or 
reduce cyber risks to an acceptable level. The risk assessment 
method is based on a continuous Markov chain. However, the 
shortcomings of the proposed method include the inability 
to simultaneously consider both quantitative and qualitative 
indicators and the inability to adapt to new threats within the 
system.

In [14], a theoretical and analytical approach is proposed 
for analyzing the impact of information transmission delays 
in traffic control systems caused by cyber influences. The 
assessment is performed using the method of successive aver-
ages. However, this approach is limited to use in traffic control 
systems and is not adaptable to other systems.

In [15], it is proposed to consider the cybersecurity of an ob-
ject in the form of a graph of transient processes. This approach  



Mathematics and Cybernetics – applied aspects 

43

allows for describing threats that affect the object and deter-
mining their degree of influence on cybersecurity. The draw-
backs of the proposed approach include the ability to operate 
only with one-dimensional quantities and the inability to add 
new threats during operation.

In [16], a method for constructing and solving a game 
theory model for cybersecurity issues is presented, particu-
larly for advanced manufacturing systems with highly inte-
grated computer-based integration. This method introduces 
a unique approach to defining the content of the game payoff 
matrix, incorporating defensive strategies, production loss-
es, and recovery from attacks as part of the cost function.  
However, the drawbacks of this method include high compu-
tational complexity and the ability to work only with one-di-
mensional quantities.

Thus, summarizing the above, the common disadvan-
tage of all these approaches is the inability to process mul-
tidimensional data in real time. Let’s consider the known 
studies that allow this drawback to be addressed. Several 
different solutions have been proposed to eliminate this 
shortcoming.

In [17], an approach is presented for evaluating input 
data for decision support systems. The essence of the pro-
posed approach lies in the clustering of a basic set of input 
data, their analysis, followed by system training based on 
the analysis results. The disadvantages of this approach 
include the gradual accumulation of estimation and train-
ing errors due to the lack of an adequacy assessment of the 
decisions made.

In [18], an approach is presented for processing data from 
various information sources. This approach enables data pro-
cessing from multiple sources. However, the drawbacks of this 
approach include the low accuracy of the obtained estimates 
and the inability to verify their reliability.

In [19], a comparative analysis of existing decision sup-
port technologies is conducted, namely: the analytic hier-
archy process, neural networks, fuzzy set theory, genetic 
algorithms, and neuro-fuzzy modeling. The advantages and 
disadvantages of these approaches are indicated, and their 
areas of application are defined. It is shown that the analytic 
hierarchy process works well under conditions of complete 
initial information but, due to the need for experts to compare 
alternatives and select evaluation criteria, it involves a high 
degree of subjectivity. For prediction tasks under conditions 
of risk and uncertainty, the use of fuzzy set theory and neural 
networks is justified.

In [20], the use of combined strategies of various meta-
heuristic algorithms is discussed. The drawbacks of this 
approach include insufficient efficiency in processing het-
erogeneous data when several metaheuristic algorithms are 
used jointly.

The analysis of works [9–20] has shown that the common 
shortcomings of the aforementioned studies are as follows:

– modeling within each approach is carried out only at 
a separate level of IDSS functioning;

– in a comprehensive approach, usually only two compo-
nents of IDSS functioning are considered. This does not allow 
for a full assessment of the impact of control decisions on 
their subsequent operation;

– the above models, which are constituent parts of the 
mentioned approaches, provide weak integration with one 
another, preventing their unification for joint functioning;

– the aforementioned models employ different mathe-
matical apparatuses, which require appropriate mathematical 

transformations, thereby increasing computational complexity 
and reducing modeling accuracy, among other drawbacks.

3. The aim and objectives of the study 

The aim of the study is the development of a polymodel 
complex for resource management of intelligent decision 
support systems. This will make it possible to model the func-
tioning of intelligent decision support systems at different 
levels of their operation for the formulation of subsequent 
managerial decisions. It will also allow for the development 
(or improvement) of software for modern and advanced in-
telligent decision support systems through the integration of 
these models.

To achieve this aim, the following objectives were accom-
plished:

– to develop a conceptual model of intelligent decision 
support systems;

– to develop coordination models in hybrid intelligent 
decision support systems;

– to develop a mathematical model of consistency in intel-
ligent decision support systems;

– to develop a fuzzy system for resolving model conflicts 
in an intelligent decision support system.

4. Materials and methods of research

The object of the study is intelligent decision support 
systems. The problem addressed in the study is the improve-
ment of the accuracy of modeling the functioning process of 
intelligent decision support systems. The subject of the study 
is the process of functioning of intelligent decision support 
systems using a set of mathematical models of their opera-
tion. The research hypothesis is the possibility of increasing 
the efficiency and accuracy of the functioning of intelligent 
decision support systems through the development of a set of 
models of their operation.

To solve the specified partial tasks, the following research 
methods were used:

– artificial neural networks with evolving structure – to 
obtain a generalized assessment of the state of processes oc-
curring in IDSS. This is due to the ability of artificial neural 
networks to flexibly adjust their structure to the number of 
information flows entering their input;

– an improved genetic algorithm – for simultaneous accel-
erated search for solutions in several directions;

– neuro-fuzzy expert systems – for collective resolution 
of disputes among models that differ in origin and units of 
measurement.

Table 1 presents the composition of the heterogeneous 
model field and the methods of model representation.

Modeling of the operation of the polymodel complex was 
carried out based on an active operational group of troops 
(forces) according to the wartime organization, based on the 
peacetime operational command structure. During the model-
ing process, typical computational tasks that are solved when 
processing heterogeneous information for decision-making by 
the commander and staff officers were used.

Modeling of the operation of the proposed polymodel com-
plex was performed in the Microsoft Visual Studio 2022 (USA) 
software environment. The hardware used for the research 
process was an AMD Ryzen 5 processor.
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5. Development of the polymodel complex  
for resource management of intelligent decision 

support systems

5. 1. Conceptual model of intelligent decision sup-
port systems

A conceptual model is a model of the subject domain that 
defines a set of concepts, properties, and characteristics for 
describing this domain, as well as the laws of the processes 
occurring within it. The conceptual model, on the one hand, 
delimits the subject domain as a set of objects, connections, 
and relationships among them, as well as the procedures for 
transforming these objects during problem-solving. On the 
other hand, it introduces the developer’s subjective views in 
the form of their knowledge and experience – concepts – into 
the modeling process.

Conceptual models of entities, for example, of tasks and 
intelligent decision support systems (IDSS), are constructed 
based on a conceptual model scheme containing 11 categories 
of concepts C, of which the following five are used:

Definition 1. A resource is a concept denoting an object 
that is at the disposal of the control subject for accomplishing 
tasks. The set of resources is denoted as RES C Cres� � .

Definition 2. A property is everything that is not within the 
boundaries of a given object. It is that which, while character-
izing objects, does not form new objects. The set of properties 
is denoted as PR C Cpr� � .

Definition 3. An action is a concept denoting relation 
among resources as a result of activity, actions, and behavior. 
The set of actions is denoted as ACT C Cact� � .

Collective effects in intelligent decision support sys-
tems (IDSS) are presented in Table 2.

Table 1
Models included in the heterogeneous model field

Model Class of model and its characteristics Implementation

Artificial 
neural net-

works

Artificial neural network (ANN) (search for hidden dependencies in statistical data and prediction 
of plan execution) – functional element. ANN with an evolving structure. Neuron transfer function: 
sigmoid. The number of inputs during experiments varied from 3 to 30, and the number of outputs 
from 1 to 10. The number of hidden neurons ranged from 1 to 8. Neuron transfer function: sigmoid. 
ANN training method – as in [2]. Average training error – 9%. Training sequence – 60 test tasks

Author’s algorithm written 
in Microsoft Visual 
Studio 2022. Total code 
volume: 250 lines

Improved 
genetic algo-
rithm (GA)

Improved GA [19] for solving an optimization problem – functional element. Population of 100 chro-
mosomes. Evolution: crossover and mutation. Selection: combination of panmixia and ranking. 
Fitness (in %) – when fitness is below 50%, half of the population is eliminated and regenerated.  
If for ten generations fitness does not change but exceeds 92%, the best individual is considered the 
solution

Author’s algorithm written 
in Microsoft Visual 
Studio 2022. Visualization 
algorithm implemented. 
Total code volume: 300 lines

Neuro-fuzzy 
expert sys-

tems

Production knowledge model for finding the decisive subgraph on an AND/OR graph. Forward 
reasoning. Knowledge base size of functional elements – 6–48 productions, and for the IDSS ele-
ment – 15 productions. Fact base – up to 15 facts. Knowledge of experts and decision-makers was 
extracted by protocol analysis

Author’s algorithm written 
in Microsoft Visual 
Studio 2022. Forward 
chaining used

Table 2
Collective effects in IDSS

Effect Brief description Positive impact Negative impact

Adaptation Adjustment to the external environment or its 
modification for effective operation of the IDSS

Expands the range of tasks solved by 
the IDSS

Complicates analysis of IDSS per-
formance

Boomerang When information is distrusted, an opposite 
opinion to that contained in it arises

Unreliable information is not perceived 
or is considered deliberately false

Reliable information from an unreli-
able source may be regarded as false

Wave Dissemination of ideas within the IDSS that 
correspond to the interests of its members Collective refinement of ideas Prolonged work of experts on un-

promising ideas

Homeo-
stasis

Maintenance of system parameters within 
limits away from critical values Ensures long-term viability of the IDSS

Sometimes the IDSS in borderline 
states generates higher-quality deci-
sions than under normal conditions

Group 
Egoism

The goals of the collective are more important 
than those of its members or society None The efficiency of the collective’s 

activity may harm society
Conform-

ism
The common opinion is truth; the opinion of 
an individual is nothing None Hinders the emergence of new 

approaches to problem-solving

Fashion 
(Imitation)

Voluntary adoption of the viewpoints on prob-
lems established within the collective

Basis for self-learning among collective 
members; facilitates mutual adaptation

Reduces the likelihood of original 
viewpoints and approaches to prob-
lem-solving

Ringel-
mann 
Effect

As the group size increases, the individual 
contribution to joint work decreases

Reduces the workload on individual 
IDSS participants

Decreases expert motivation for 
effective teamwork

Self- 
learning

Work of IDSS participants to improve their 
knowledge based on experience

Maintains the knowledge of IDSS par-
ticipants in an up-to-date state

The acquired knowledge may be 
unsystematized, nonverbalized,  
or erroneous

Self- 
organiza-

tion

Relationships among experts are dynamic and 
change during the work process

Adaptation to the external environ-
ment; each time a new relevant method 
is developed. Emergence of original 
approaches and synergy

Complicates analysis and external 
management of the collective

Synergy Attainment of a collective result that individual 
experts cannot achieve independently

Emergence of a qualitatively superior 
collective result

Possible occurrence of negative 
synergy (dissynergy)

Social  
Facilitation

Enhancement of dominant reactions in the 
presence of others

Accelerates solutions to simple tasks for 
which the individual knows the answer

In complex tasks, increases the 
probability of erroneous responses
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Definition 4. Value is a concept or number that indicates 
the quantity of measurement units. The set of values is denoted 
by VAL C Cval� � .

Definition 5. State is a concept that denotes the manifesta-
tion of processes occurring in a resource at a certain time. The 
set of states is denoted by ST C Cst� � .

A set of relations R is established between the concepts of 
these categories.

Definition 6. A relation is that which forms a thing from 
given elements (properties or other things). A relation is that 
which, being established between things, forms new things.

The fact of a relation being established between concepts 
is denoted by r c c�� � �

1 , .� �  It is possible to distinguish relations 
between different categories of concepts: R R� � �  – the set of 
relations between concepts from the set Cα and the set Cβ, 
where � �, " "," "," "," " .�� �res pr act val

Thus, a fragment of the conceptual model schema sch1 
for structuring knowledge about the subject domain of the 
modeled task can be represented as follows

sch R RES RES R PR PR

R ACT ACT R

res res pr pr

act act val v
1 � � � � �

� �
, ,

,

 

 

aal

st st res pr

pr res

VAL VAL

R ST ST R RES PR

R PR RES

,

, ,

,

� �
� � � �
� �



  

 RR RES ACT

R ACT RES R RES ST

R

res act

act res res st

st res

,

, ,
� �

� � � �


  

 SST RES R PR ACT

R ACT PR R PR VAL

R

pr act

act pr pr val

, ,

, ,
� � � �
� � � �

 

  



vval pr VAL PR, ,� � 	 (1)

where the symbol ° – denotes concatenation. 
The micro-level conceptual model of the intelligent deci-

sion support system (IDSS) can be expressed as follows

dss R prt env R PRT PRTres res dm res res� �� � � � �, , ,	 (2)

where prtdm – the knowledge model of the decision-maker (DM); 
env RES∈  – external environment; PRT prt prt prtn

dm�� �1, , , ,  
PRT RES⊆  – the set of participants of the IDSS, including the 
decision-maker (DM) prtdm; Rres res – the set of "resource-re-
source" relations among the participants of the IDSS, as 
well as between the decision-maker (DM) and the external  
environment.

In work [13], it is noted that each participant prt PRT∈  
of the IDSS has its own objective prgsu, which may coincide 
with or contradict the objectives of other participants. During 
the discussion, the experts exchange data prdat, knowledge 
prknw, explanations prexp and partial solutions prdec of the 
joint task. Thus, they perform a set of actions related to the 
transmission ACTitr and reception ACTiac of information, a set 
of professional functions ACTprt, and exert influence on other 
participants of the IDSS and members of the surrounding 
environment by performing actions ACTconf. Each expert has 
their own model resmod of the external environment, including 
the control object, as well as their own set of methods RESmet 
for problem solving. Considering the heterogeneous nature 
of complex tasks, for their successful solution the IDSS must 
include experts of various specializations, with different sets 
of problem-solving methods, that is RES RESi

met
j
met≠ , where 

i, j = 1,…,n, i ≠ j – the index of a participant in the set PRT.
The conceptual model of an IDSS expert is expressed as 

follows

prt r prt pr r prt pr

r prt pr

i
res pr gsu res pr dat

res pr k

� � � � �1 1

1

, ,

,

 



nnw res pr res pr dec

res act

r prt pr r prt pr

r prt A

� � � � � �  



1 1

2

, ,

,

exp

CCT r prt ACT

r ACT pr r

prt res act itr

act pr itr dat act

� � � �
� �

 

 

2

2 2

,

, ppr itr knw

act pr itr act pr itr d

ACT pr

r ACT pr r ACT pr

,

, ,exp

� �
� �



 2 2
eec

res act iac act pr iac dat

act pr

r prt ACT r ACT pr

r

� �
� � � �



  



2 2

2

, ,

AACT pr r ACT pr

r ACT pr

iac knw act pr iac

act pr iac dec

, ,

,

exp� � � � 



2

2 �� � � �
� �

 

 

r prt ACT

r prt res r pr

res act conf

res res res res
2

3 3

,

, mod tt RES et, ,m� � 	 (3)

where rres pr1  – the "have property" relation, which establishes 
the correspondence between an IDSS participant and their 
properties; rres act2  – the "perform" relation, which links a sub-
ject and the action they perform; ract pr2  – the "have property" 
relation, which links an action with its property; rres res3  – the 
"include" relation, which links a whole and its parts.

Many relations Rres res in (2) consist of subsets of relations 
of various classes: cooperation Rcoop

res res , competition Rcomp
res res , 

neutrality Rneut
res res , trust Rtrus

res res , pressure and conformism 
Rconf
res res , coordination Rcoor

res res , dispute Rdisp
res res , and others Roth

res res . 
The subset of relations Roth

res res is introduced into the model to 
make it complete and extensible. Thus, the set Rres res can be 
represented by the expression

R R R R R Rres res
coop
res res

comp
res res

neut
res res

trus
res res

c� � � � � oonf
res res

coor
res res

disp
res res

oth
res resR R R

�

� � � . 	 (4)

The composition of relations from the set Rres res and its 
subsets is not known in advance and is determined during the 
operation of the IDSS in accordance with the interaction rules 
INT RES⊆  because of its self-organization. Owing to the dy-
namism of the links among experts and self-organization, the 
IDSS is capable of generating a new solution method relevant 
to the prevailing conditions, and the conceptual model of the 
IDSS as a self-organized entity, a method for solving a com-
plex task, can be represented by the expression

RES

R RES RES R RES RES
dss
met

res res met met res res met
n
m

�

� � �1 2 1, ,�…� eet

res res met met res res met
n
metR RES RES R RES RES

� �
� � � �

�

� �…�2 1 2, , ��

�…�R RES RES R RES RESres res
n
met met res res

n
met

n
met, , ,1 1� � � �� 	(5)

where the method RESdssmet , generated by the IDSS in the pro-
cess of solving a current task, represents an interconnected 
set of method sets RESimet , i = 1,…,n, used by the experts in 
solving their partial tasks. In solving the current task, the in-
tensity and orientation of the relations Rres res among the IDSS 
experts, and consequently among the methods they employ, 
change, leading to the development, in accordance with (5), 
of a new method relevant to the complex task, that is, a syner-
gistic effect arises. The external manifestation of this effect is 
that the IDSS produces solutions of higher quality compared 
to the opinions of individual experts.

Taking the above into account, the macro-level model of 
the IDSS can be represented as follows

dss PRT env INT DSS EFF� �� � �, , , , ,	 (6)
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where PRT – the set of IDSS participants described by the con-
ceptual model (3); env – the environment in which the IDSS 
operates; INT – the set of elements structuring the interactions 
among experts; DSS  – the set of IDSS micro-level models (5) 
corresponding to the specific functions of the experts within 
the IDSS and to the relations established among them; EFF is 
the set of conceptual models of macro-level (collective) effects 
in the IDSS (Table 1): adaptation ad, boomerang bo, wave wa, 
homeostasis ho, group egoism ge, groupthink gt, fashion fa, 
Ringelmann effect re, self-learning sl, self-organization so, 
synergy se, and social facilitation sf. Let’s consider in more 
detail the models of these macro-level effects.

Two types of adaptation are distinguished: passive and 
active. In the first case, the adapting system changes so as to 
perform its functions in the given environment in the best 
possible way. The conceptual model of such adaptation is 
expressed as follows

ad r dss PRT r PRT ACT

r ACT

p
res res res act iac

act res iac

� � � � �3 2

1

, ,� �

� ,, ,

,

env R DSS DSS

r DSS PR r PR

res res

res pr cr pr val c

� � � �
� �

� � � �

� � �

1

1 1
rr cr

val val cr cr go

VAL

r VAL VAL

,

, ,

� �
� �

�

� 1 	 (7)

where PRcr – the set of criteria for evaluating the effectiveness 
of the IDSS; VALcr – the set of values of critical parameters of 
the IDSS for micro-level models; VALcr go – the set of target val-
ues of critical parameters of the IDSS; r pr val1  – the "have value" 
relation; r val val1  – the relation of proximity between two values.

Active adaptation implies a change of the environment in 
order to maximize the efficiency criterion or an active search 
for such an environment. The conceptual model of active 
adaptation for the IDSS is as follows

ad r dss PRT r PRT ACT

r ACT

a
res res res act iac

act res iac

� � � � �3 2
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� � �

�

1 2

1

, ,
aact res infACT env, ,� � 	 (8)

where ENV RES⊆  – the set of external environments suitable 
for the operation of the IDSS; ACTinf – the set of IDSS influ-
ences on the application environment.

The boomerang effect (bo) is the ignoring of, or identifica-
tion as false, information originating from unreliable sources

bo r dss PRT r PRT ACT

R

res res res act
trus
iac

trus
res res

� � � � �3 2, , 

 PPRT env R PRT PRTtrus
res res, , ,� � � � 	 (9)

where ACTtrusiac  – a set of actions for obtaining information that 
considers the relations of trust among the IDSS participants, 
as well as between the participants and information sources 
from the external environment.

According to Table 1, the wave effect (wa) is a mechanism 
for the dissemination of ideas and objectives within the IDSS 
that correspond to the interests of its members, transmitted 
to IDSS participants primarily from the "inner circle" of the 
source expert. Subsequently, these participants may modify 
the idea and transmit it to the IDSS participants within their 

own "inner circle". The wave effect is formally expressed  
as follows

wa r dss PRT r PRT ACT

R

res res res act
trus
itr

trus
res res

� � � � �3 2, , 

 PPRT PRT, ,� � 	 (10)

where ACTtrusitr  – the set of actions for transmitting information 
that considers the relations of trust among the IDSS  participants.

The conceptual model of homeostasis (ho) in the IDSS is 
expressed as follows

ho r dss PRT r PRT ACT

r ACT
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where VALcr all – the set of permissible values of the critical 
parameters of the IDSS.

The group egoism effect (ge) consists in the IDSS disre-
garding the objectives of society and of individual members 
of the IDSS

ge r dss PRT r PRT ACT

r ACT

res res res act conf

act res con
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 1 	 (12)

where ract res1  – the "have as object" relation, which links an 
action with the object toward which it is directed.

The groupthink effect (gt) is the suppression of opinions of 
IDSS participants that differ from the opinions of the majority 
of the IDSS members

gt r dss PRT r PRT ACT

r ACT

res res res act conf

act res con

� � � � �3 2
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conf
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	 (13)

The fashion effect (fa) consists in the voluntary adoption 
of the viewpoint on a problem that has become established 
within the collective

fa r dss PRT r PRT ACT

r ACT P

res res res act iac

act pr iac
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According to Table 1, the Ringelmann effect (re) is the 
decrease in the intensity of individual work as the group size 
increases
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where PRefi – the efficiency of performing an action in indi-
vidual work, determined individually for each IDSS and each 
task. In general, efficiency is understood as an indicator that 
considers the assessment of the speed of decision-making 
and the quality of proposed solutions; PRefc – the efficiency of 
performing an action during collective work; r pr pr1  – the "be 
greater than" relation.
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The conceptual model of decision-maker (DM) self-learn-
ing sldm is expressed as follows

sl r dss PRT r PRT ACT
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where VALcr pl – the set of planned values of the IDSS efficien-
cy criteria for the selected micro-level model dss; VALcr fct – the 
set of actual values of the IDSS efficiency criteria for the se-
lected micro-level model dss; resfdb – the fuzzy knowledge base 
of the decision-maker (DM) for selecting micro-level IDSS 
models from the set DSS; ACTlrn – learning and adjustment 
of the rules of the decision-maker’s (DM’s) fuzzy knowledge 
base resfdb; resrul – a rule of the decision-maker’s (DM’s) fuzzy 
knowledge base for selecting micro-level IDSS models from 
the set DSS; resienv – information about the external environ-
ment; residss – information about the micro-level model dss; 
resifct – information about the actual values of the IDSS effi-
ciency criteria corresponding to the selected model dss.

Self-organization of the IDSS (so) is a specific effect in 
which the IDSS collective, without apparent external causes, 
creates or modifies the interrelations among participants and 
the organizational structures
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where ract res1  – the "have as object" relation between an action 
and its resources; Rres res1  – the set of relations between the 
preceding micro-level model and the subsequent one in the 
course of their transformation.  

The synergy effect (se) is the result of the interrelations 
among the IDSS participants during their collaborative work 
on a task, that is, the generation of an organizational structure 
relevant to the problem being solved. This effect in the IDSS is 
manifested in obtaining a collective solution of higher quality 
than any of the individual ones
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where RESdec – the set of solutions to the task assigned to the 
IDSS, proposed by the experts as a result of individual work; 
PRqua – the set of quality indicators of the experts’ individual 
solutions; resdssdec – the solution produced by the IDSS as a result 
of the experts’ collaborative work; prdss

qua – the quality of the 
solution produced by the IDSS; rres res4  – the relation that links 
an expert or the IDSS with the solution produced.

As shown in Table 1, social facilitation (SF) involves the 
enhancement of dominant responses in the presence of other 
experts; that is, it contributes to the acceleration of deci-
sion-making
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where PRspi – the speed of performing an action during indi-
vidual work, PRspc – the speed of performing an action during 
collective work.

Analysis of expressions (7)–(19) has shown that certain 
macro-level effects are interrelated. For example, expres-
sions (7), (11), (16), and (18) can be transformed using expres-
sion (17) as follows:
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Expressions (20)–(23) show that self-organization plays  
a special and fundamental role among the collective effects 
in the IDSS – it is the prerequisite for the emergence of 
other effects that positively influence the performance of 
the IDSS, such as adaptation, homeostasis, self-learning, and 
synergy [18].

5. 2. Models of coordination in hybrid intelligent 
decision support systems

5. 2. 1. Mathematical model for solving a complex 
computational task

Within the systems approach, tasks are traditionally con-
sidered as systems [12, 14] composed of individual interrelat-
ed subtasks that are connected and interact with one another. 
The order of interconnection and interaction among elements 
in an HIDSS (Hybrid Intelligent Decision Support System) is 
determined by its structure.

Let’s denote the task-system as prbu, an individual task – prbh. 
Then PRB prb prbh h

N
h

h
= { , , }1   – the set of individual tasks in-

cluded in prbu; PRB prb prb
u u

N
u

u

� � … �= { , , }1  – the set of decompo-
sitions of tasks prbu [5]; R r w q N q wh

wq h� � �{ | , , , ; }1  – the 
set of relations among individual tasks; Nh – s the cardinality 
of the set PRBh.
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The model of a computational task of the IDSS can be rep-
resented as

prb PRB PRB Ru h
u

h�� �, , , 	 (24)

and the model of each partial computational task as [5]

prb GL DAT METh h h h�� �, , ,	 (25)

where GLh – the final goal; DATh – input data; METh – condi-
tions that specify how DATh are transformed into GLh.

Model (24) satisfies all the properties of an IDSS:
– it consists of a set of elementary tasks PRBh, among which 

relations Rh; are established; the connections are organized, 
which is reflected in the set of decompositions PRB

u
 ; 

– when solving the overall system task, the individual el-
ementary tasks are predominantly isolated from the environ-
ment or its state is fixed, that is, the requirement is met that 
the internal connections within the system are much stronger 
than those with the external environment;

– a simple summation of the solutions of individual tasks 
does not yield a solution to the overall task as a whole [9, 10].

Model (25) has certain shortcomings. The main one is the 
inadequate representation of relations among the elements 
of the IDSS. Considering only the set of relations Rh among 
the partial tasks is insufficient. Studies of IDSSs have shown 
that, in most cases, experts are unable to provide professional 
solutions to partial tasks while taking into account the data 
on the complex task specified by the decision-maker (DM). 
Typically, there is a shortage of resources, particularly time, 
and errors occur in the formulation of the goal. Modification 
of the initial conditions of model (24) is impossible due to the 
absence of a crucial element – the image of the DM, which 
performs the function of a coordinator and reformulates the 
experts’ goals depending on the situation.

The problem-solving process is thus considered as a sys-
tem with a coordinator prbk, which function is to monitor 
and manage the process of solving individual partial tasks 
prb prbh

N
h

h
1 , ,  by the experts during collective discussion. The 

coordinator is linked by relations R r w Nhk kw
h= ={ | , , }1  

with each task prbh in the IDSS prbu, through which informa-
tion is collected about the state of the process of solving an 
individual task by an expert. At certain moments in time, it 
also issues coordinating influences to modify the input data 
set-resources and goals. In this case, the model of a complex 
task with coordination is expressed as follows

prb PRB PRB prb R Ruk h
u

k h hk� � �, , , , , 	 (26)

where prbk – the coordinator; R r w Nhk kw
h= ={ | , , }1  – the sets 

of relations between the coordinator and the individual tasks.
A comparison of (24) and (26) shows that (26) is of a more 

general nature and reduces to (24) when the coordinator task 
is omitted from model (26), that is, in the case when the deci-
sion-maker (DM) in the IDSS does not perform coordination 
during the process of solving a complex task. The coordinator 
element may be represented as a "coordinating task" (k-task), 
which should be "added" to the decomposition prb PRB

u u� �∈  
of the complex task prbu, to adequately represent the specific 
features of planning tasks in the model.

Let MET met metN
MET

* { , , }
*

= 1  – be the set of conditions. 
Then, a correspondence ψ1 can be defined

�1 1 2: .*SOL SOL MET SOLh h u� � � 	 (27)

The elements of the correspondence ψ1 – are tuples 
(( ), ),sol sol met solh h u

� � � �
1 2  where α = 1,…,Nsh1; β = 1,…,Nsh2; 

γ = 1,…,NMET; η = 1,…,Nsu, with the first component be-
ing a three-component vector consisting of the solution 
sol SOLh h

�
1

1�  of task prbh1 , the solution sol SOLh h
�

2
2�  of task 

prbh2  and the coordinating condition met MET� � *, and the 
second component being the solution soluη  of the task prbu.

The correspondence ψ1 is not a function; it cannot be 
written analytically or computed, since the coordination con-
ditions and the results of solving individual partial tasks are 
most often represented in natural language. 

Let, as a result of solving the partial tasks prbh1  and prbh2  the 
solutions sol SOLh h

1
1

1∈ , and sol SOLh h
1
2

2∈ , and {( , )} ,*sol sol MET SOLh h u
1
1

1
2 ⊗  

{( , )} ,*sol sol MET SOLh h u
1
1

1
2 ⊗   and let, that is, the obtained solutions solh1

1, 
and solh1

2 for all met MET� � * do not lead to the solution of 
task prbu. The symbol "" denotes the absence of a mapping 
from the set on the left-hand side of the symbol to the set on 
its right-hand side. In this case, it is necessary to re-solve 
tasks prbh1  and prbh2 . However, in the IDSS, there is often in-
sufficient time to re-solve the tasks, so reasoning about the 
prbu complex task is divided into separate, logically complete 
intermediate stages [13, 14], and at the end of these stages, 
the integrated result of solving the complex task is systemat-
ically verified that is, an iterative process is organized. Con-
sequently, the solutions of the partial task prbh (the experts’ 
lines of reasoning) are also divided into parts.

In this example, during the process of solving tasks prbh1  
and prbh2  the following intermediate results will be obtained

sol sol sol sol sol

sol sol

h h
s

h
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h h

h
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1 1
1
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1
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1

1
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22
2
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2

1
2h

s
h

N
h hsol sol sol

sol
� � � �� ,	 (28)

where Nsol – the number of iteration steps into which the par-
tial tasks are divided; and solh1

1 and solh1
2 –  are the results of 

solving the partial tasks prbh1  and prbh2 , respectively, obtained 
through the sequence of steps 1,..., Nsol.

Based on the coordinator’s verification of the results ob-
tained at a particular step, the relevance of influencing the 
course of solving the individual partial tasks prbh1  prbh2  is de-
termined, so that the process of solving the complex task leads 
to the desired result the goal. This influence is referred to as 
coordinating, and for simplicity, let’s further denote the result 
of an intermediate stage without the first lower index, that is, 
soll

h 1 and soll
h 2, where l = 1, ..., Nsol.

Following [17], it is possible to introduce the set of coor-
dinating influences

E e eNprt
�� �1

� �, , , 	 (29)

where α – the type of coordinating influence, α = 1,…,6. Let’s 
consider each of the six types.

Integral coordination (α = 1) – the decision-maker (DM) 
establishes various constraints (standards) on the input pa-
rameters in IN DATi

h h h1 1� �  of the partial task prbh1  for a cer-
tain period of time

in t t ini
h

i
h H

T
1 1

0
� �� � �� d ,	 (30)

where ini
h H1  – the standard for the input parameter in INi

h h1 1∈ , 
i = 1,…,Ninh1; INh1 – the set of input parameters of the partial 
task prbh1 ; [0,T] – the time interval. 
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Precise coordination (α = 2) imposes constraints on the 
input parameters of the partial task so that at each moment of 
time t they are equal to the specified value

in t ini
h

i
h Set1 1� � � ,	 (31)

where in ti
h 1 � � – the input parameter; ini

h Set1  –  the specified 
value of the parameter; t – an arbitrary moment in time when 
the fulfillment of the condition is verified t� ���� ��0, . 

Interval coordination (α = 3) requires that the input pa-
rameter ini

h 1  of the partial task (input data) belong to a spec-
ified interval

in val vali
h h i h i1 1 1��

��
�
��min max, ,	 (32)

where valh i
min ,
1  valh i

max
1  – the interval boundaries. 

Linguistic coordination (α = 4) is a condition specified in 
natural language. Temporal coordination, or synchronization 
of the solution of partial tasks (α = 5), to determine after what 
period an intermediate result must be provided. soll

h 1, where 
l = 1, ..., Nsol the results of solving the partial tasks are issued 
at certain time intervals

sol soll
h

l
h1
1
1� �

�
,	 (33)

where τ – the time interval after which the solution is issued; 
soll

h 1 and soll
h
+1

1 – the results of solving the task prbh1  after the 
i-th and i + 1-th stages of solving the complex task, respectively.

Let’s denote the situation in which the expert’s line of rea-
soning does not change as a "null action," α = 6. For example, 
the decision-maker (DM) considers that it is unnecessary to 
influence the course of solving the partial tasks by the expert.

Since the results of solving the partial tasks are most 
often issued in natural language, the coordinating influences 
e eNprt
1
α α, ,  are also most often presented in the same way.

Then, taking the above into account, let‘s establish the 
correspondence

� 2
1 2: , ,*sol sol MET El

h
l
h� �� �� � 	 (34)

where l = 1,..., Nsol – 1. The maximum value of the index l is 
taken as Nsol – 1, since after stage Nsol it is no longer possible 
to coordinate the solution of the partial tasks the final result 
has been obtained.

The elements of the correspondence ψ2 – are pairs 
(( , , ), ),sol sol met el

h
l
h

q
1 2

�
�  for l = 1, ..., Nsol – 1; γ = 1,…, NMET; 

q = 1,…, Nprt, where the first component is a three-component 
vector consisting of the solution sol SOLl

h h1
1∈  of the task prbh1 , 

the solution sol SOLl
h h2

2∈  the task prbh2 , and the coordinating 
condition met MET� � *, and the second component is the 
coordinating influence e Eq

� � . Analogous to (26), the corre-
spondence (34) is not a function. It is multivalued, since it is 
possible to apply to the same partial task prbh to apply several 
coordinating actions e Eq

� � .
Since there is a limit on the number of steps, when l = Nsol, 

there must be a correspondence

�3
1 2: , .*sol sol MET SOLl

h
l
h u� �� �� � 	 (35)

The elements of the correspondence ψ3 – pairs of the form 
(( , , ), ),sol sol met soll

h
l
h u1 2

� �  where l = 1,..., Nsol -1, γ = 1,…,NMET; 
η = 1,…,Nsu with the first component being a three-compo-

nent vector consisting of the solution of task, the solution 
sol SOLl

h h1
1∈  of task prbh1 , the solution sol SOLl

h h2
2∈  the task 

prbh2  and the coordinating condition met MET� � *, and the 
second component being the solution sol SOLu u

� �  task metu.  
If ψ3 is absent, that is, if, as a result of the search for the elements 
of ψ3, It is found that �3 ��, then the decision-maker (DM) 
must modify the set of coordination conditions MET*: intro-
duce new conditions and remove some of the old ones.

The correspondence ψ3 – a subset of the set � � �1 3 1, ,�  
since the only difference is that ψ3 specifies the concrete re-
sults of solving tasks prbh1  and prbh2 .

Since not all elements of the correspondence ψ3 have 
as their second component sol SOLu u

� � , hat, that satisfy the 
objectives of solving prbu, let’s denote by DATψ 3

 the set of el-
ements of the correspondence ψ3, which second component 
satisfies the objectives of solving prbu DAT� �

3 3� .
Taking the above into account, and considering model (25), 

the model of the k-task can be written as follows

prb SOL SOL DATk h h� � �1 2 2 3
, , , ,� � 	 (36)

where SOLh1, SOLh2 – the input data for the coordinator task prbk, 
expressed as a combination of numbers, words, and expressions; 
DAT� �

3 3�  – the final goal of solving the coordinator task prbk; 
ψ2 – the set of conditions that specify how the coordinating 
influences (34) are formed after each step, as a result of the 
application of which, after the final step, DATψ 3

 can be obtained.
On the basis of the above, let’s give the following definition 

of the coordination process: an iterative (multistage) process 
during which, after each iteration, the decision-maker (DM) 
analyzes the integrated result of solving the set of partial 
tasks. A coordinating influence is selected for the line of rea-
soning of each expert so that, upon completion of the process 
of solving the complex task, a maximally comprehensive over-
all result of its solution is obtained.

It may also be noted that as the number of partial tasks 
increases, the relevance of coordinating their solutions grows, 
since the number of relations (such as information exchange, 
use of common variables, or common constraints) among the 
task elements increases combinatorially.

5. 2. 2. Conceptual model of coordination in intelli-
gent decision support systems

In the previous section, the coordinator model (36) was 
obtained. In an IDSS, the decision-maker (DM) functions as 
this element: it decomposes a complex task into a series of 
partial tasks, provides input data to the experts, and collects 
the solution results.

The drawback of existing IDSSs lies in the fact that coordina-
tion is performed only once – at the end of the problem-solving 
process – when the DM, after aggregating the results of solving 
the partial tasks into a single solution, draws a conclusion about 
its adequacy. If the integrated result is assessed as unsatisfactory, 
the possibility of solving the task anew may be lost. Therefore, 
it is relevant to develop IDSSs in which coordination occurs 
continuously throughout the process of solving a complex task.

Based on the IDSS model [6] and the model of a complex 
task with coordination, let’s construct the model of an IDSS 
with coordination

DSS PRT prt Rdm dm� � �, , ,	 (37)

where PRT = {prtq|q = 1,…,Nprt} – a set of expert models;  
prtdm – the decision-maker model; Rdm = {rdm q|…,Nprt} – the 
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relations between the decision-maker and the experts, for 
example, relations of information exchange. Each expert 
works strictly within his or her own domain of knowledge 
S Sprtq∈ , where S – the set of all domains of knowledge nec-
essary for solving a complex task, and does not engage in 
any partial tasks outside his or her own domain S Sq w� ��, 
for q,w = 1,…,Nprt; q ≠ w. Based on the considerations in [5] 
and taking into account that in real tasks the partial tasks 
are solved by experts step by step, the expert model can be 
expressed as

prt
B B B B
MET S In tq
prof theor prec facts

prtq prtq prtq
�

�
, , , ,

, , ,
,	 (38)

where Bprof – production base of professional knowledge; 
Btheor – production base of theoretical knowledge; Bprec – case 
base (experience); Bfacts – fact base; METprtq – set of reason-
ing methods; Sprtq – description of the expert’s domain of 
knowledge, for example, in mathematics this includes the 
description of the mathematical language, basic concepts, and 
operations; Inprtq – interpreter that ensures the execution of 
a sequence of rules for solving a problem based on facts and 
rules stored in the databases and knowledge bases; ∆t – the 
period during which experts provide intermediate solutions.

The decision-maker model can be constructed by analogy 
with (38)

prt
B B B B B
MET S In

dm prof theor prec facts ext

prtdm prtdm prt
=

, , , , ,
, , ddm E T, ,

,	 (39)

where Bext – production knowledge base concerning how 
to perform reduction, aggregation, comparison, and coordi-
nation; E – the set of coordinating processes; T – the time 
required to solve the complex task.

Expression (39), in comparison with (38), has significant 
differences. The production knowledge base Bext concerns how 
the decision-maker manages the process of solving a complex 
task. This knowledge comes from other experts. The set E 
describes how the decision-maker can coordinate the work of 
the experts. In the present work, the decision-maker models 
do not consider: Bprof – the base of professional knowledge; 
Btheor – the base of theoretical knowledge; Bprec – the case 
base (experience).

Let’s consider how the IDSS functions according to (37). 
Let the decision-maker be given a task prbu, which he or she re-
duces to partial tasks prb prbh

N
h

h
1 , , .  By analyzing (23) and (35),  

the following conclusions can be made: GLh is contained in 
Bprec and Bfacts – experience combined with facts allows the ex-
pert to determine what result should be obtained; METh is con- 
tained in Bprof, Btheor, Bprec, METprti, Sprti and Inprti; DATh is  con- 
tained in Bfacts.

In traditional IDSSs, described, for example, in [2], each 
expert, prtq, q = 1,…,Nprt receiving his or her partial task 
prt j Nj

h
h, , , ,=1  finds its solution using his or her profes-

sional knowledge Bprof and theoretical knowledge Btheor. After 
completing the solution process, the expert provides the 
result sol SOLh j

j
h∈ , where SOLjh – the set of results obtained 

from solving the task prt jh , which can be represented as the 
correspondence ψ4

� 4 : ,DAT B SOLh U h� �  B B BU
prof theor� � .	 (40)

The elements of the correspondence ψ4 – are tuples 
({ },{ }, ),dat b solh u h

� � �  where σ = 1,…, Ndath; β = 1,…, Nb; γ = 1,…, Nsh,  

in which the first component is a two-component vector con-
sisting of the list of input data { },dat dat DATh h h

� � �  and the list 
of knowledge used by the expert { },b b Bu u U

� � �  (professional 
knowledge – production rules; theoretical knowledge – ana-
lytical dependencies), and the second component is the result 
sol SOLu h

� �  of solving the task prbh.
The correspondence ψ4 is not a function (it cannot be 

represented analytically or computed by numerical methods), 
since the expert’s knowledge and the results of solving the 
task element can be expressed in natural language. It is am-
biguous, because with an incomplete set of input data, the 
expert may propose several alternative results; it is subjective, 
since each solution of task prbh corresponds to at least one 
element from and it is not injective, as not every element of 
DAT Bh U⊗  corresponds to a solution of task prbh.

Let denote the number of stages into which the experts 
divide the process of solving partial tasks, and let ΔNsol, and 
sollh – be the result of solving the partial task at the l-th stage, 
l = 1,..., Nsol. A time interval Δt, is allocated to each stage, since 
in practical tasks the total time T for solving the complex task 
prbu, is strictly limited, and with Δt being constant, the num-
ber of stages is determined by the formula

N T tsol � / .� 	 (41)

It should be noted that in the process of solving a partial 
task prbh, due to the coordinating influences of the decision 
maker, the input data DATh in (40) may be modified – addi-
tional information may be introduced, or outdated information 
may be replaced with new information. Let DATlh the input 
data for the l-th stage, l = 1,...,Nsol. So DATh

1  – the output data 
obtained from the decision maker, where DAT DATh h

1 = , and 
DATlh , l = 2,...,Nsol – the output data of the subsequent stages. 
The index l denotes the stage number at which the output data 
are used. Let’s define DATlh+1 – the output data of the (l + 1)-th 
stage obtained after the coordinating influences of the decision 
maker concerning the modification of the data of the l-th stage.

The sequence scheme of the stages of the expert’s work 
on finding a solution to the partial task πh can be described 
as follows

DAT B sol sol soll
h U h

l
h

l
h� �� �� �� ��� ��1 1, , ,

l Nsol=1,..., .	 (42)

Output data DATlh , l = 1,…,Nsol at each stage are sup-
plemented by coordinating influences e E� � , issued by the 
decision maker to the expert, which are determined based on 
the integrated result of the task solution prbu at the (l – 1)-th 
stage. In some cases, the decision maker may issue several 
coordinating influences to each expert. Let’s assume that each 
expert receives one coordinating influence of a single type. 
Let’s define the correspondence ψ5 

�5 sol B El
u

ext� �� � , l Nsol� �1 1,..., .	 (43)

The maximum value of l equals Nsol – 1, because after Nsol 
the stage, it is no longer possible to apply coordination, since 
the final result has been obtained; sollu – the integrated result 
of the task solution prbu at the l-th stage; E N� { , , }� �

�1  – a set 
of vectors of the form ( , , ),e eNprt

1
1 6
  each component of which 

is a coordinating action for the expert, e Eq
� � , q = 1,..., Nprt.

Since the knowledge about integration is included in Bext 
the decision maker (40), the integrated result sollu of solving 
the complex task prbu can be expressed as follows
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sol sol B soll
h

l
h N

ext l
uh1� �� �� �� �� � ,	 (44)

where sol soll
h

l
h Nh1, ,  – of solving the partial tasks prt prth

N
h

h
1 , ,  

accordingly.
The elements of the correspondence ψ5 – tuples 

(( ,{ }), ),sol bl
u

ext p
� �  so l = 1,…, Nsol, � �

�
�1, , , N  p = 1,…, Nε 

where the first component is a two-component vector consist-
ing of the integrated result sollu solution of the task prbu at the 
l-th stage and the list of the DM’s knowledge used concerning 
how to perform comparisons, and e E∈  for the expert.

At the Nsol-th stage (l = Nsol) the vector of coordinating 
influences ( , , ),e eNprt

1
1 6
  α = 6, that is, the DM does not issue 

coordinating influences to the experts but only aggregates 
(performs the integration of the solutions to the prth tasks 
into a single, integrated solution sollu of the complex task prtu) 
the results of their work. If the obtained integrated result sollu 
does not satisfy the DM, it must revise the initial data of the 
task prbu. It is necessary to change DATlh for all prth or change 
the list of its knowledge Bext and the experts’ knowledge Bprof 
(models (40) and (39)), and after that, initiate the repeated 
operation of the DSS. The correspondence ψ5 is not a func-
tion (cannot be expressed analytically or computed), since the 
DM’s knowledge and the integrated result of the task solution 
prbu can be represented in natural language. It is unambig-
uous since each expert is assigned a specific coordinating 
influence eqα , and therefore, the correspondence ψ5 uniquely 
determines only one vector e E∈ . It is subjective, because 
to each vector e E∈  there corresponds at least one element 
{ } ,sol Bl

u
ext⊗  and not injective, because not every element 

{ }sol Bl
u

ext⊗  corresponds to a vector e E∈ .
The analysis of the above-described model of the IDSS 

with coordination allows the following conclusion to be 
drawn. In this case, the errors in solving the complex task 
will be detected and corrected before obtaining the result 
of solving the complex task prbu. Previously, this required 
repeated solutions.

5. 2. 3. Mathematical model of the functional hybrid 
system with coordination

In [5], the following conceptual model of the IDSS, based 
on the automaton approach [7–9], is presented, designed for 
solving a complex task prbu

res R res met R res pr

R res

A
u res met

A
u u res pr

A
u ui

res pr

� � � � �1 1

1

, , 

 AA
u uo res st

A
u u

st st u u p

pr R res st

R st t st t R

, ,

,

� � � �
� � �� �� �

 

 

1

1 11 rr st ui u

st pr up uo res res

pr t st t

R st t pr t R RE

� � �� �� �
� � � �� �

,

,

1

1 1



  SS RES

R pr PR R PR pr

e e

e epr pr ui i pr st o uo

,

, , ,

� �
� � � �



 1 2 	 (45)

where t – model time, t∈;  – concatenation symbol; resAu  – the  
IDSS-aggregate as a resource for solving a heterogeneous task; 
metu – the integrated method for solving a heterogeneous task; 
prui – output data DATu [5] solution of a complex task prbu, 
that are transmitted to the input of one or several elements 
resе, constructed according to scheme (45) in accordance with 
the decomposition prb

u
  task prbu; pruo – the output of one or 

several elements resе, constructed according to scheme (45) in 
accordance with prb

u
 , which is the goal GLu of solving the task 

prbu; stu(t) – the state of the IDSS at time t; RESе – a nonempty 
set composed of elements resе, constructed in accordance with 

scheme (45); PRеi, PRеo – the set of properties "input" and "output" 
of the elements from RESе accordingly; Rst st1 , Rpr st1 , Rst pr1  – re-
lations of the functioning of the IDSS; Rres res1  – relations of 
integration [5] of the elements; Rpr pr1  – relations between the 
inputs of the IDSS and the inputs of the elements; Rpr pr2  – re-
lations between the outputs of the elements and the outputs 
of the IDSS. 

The element resе models the solution of a homogeneous 
partial task or performs auxiliary operations, constructed 
according to an autonomous method metе and possesses the 
properties PR PRe ⊆ , the most important of which are "input" 
prei, "output" preo і "state" sti.

Conceptual model of an IDSS element

res res res

res

R met R pr

R p

e e e e e

e

res met res pr i

res pr

� � � � �1 1

1

, ,

,

 

 rr R st

R st t st t R pr

rese e e

e e

o res st

st st pr st

� � � �
� � �� �� �

 

 

1

1 11

,

, ee e

e e

i

st pr o

t st t

R st t pr t

� � �� �� �
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,

, ,

1

1



 	 (46)

where Rst st1 , Rpr st1 , Rst pr1  – the "state-state", "input-state", 
and "state-output" relations, respectively. Among the set of 
MET met y Ne e

y met= ={ | , , }1  autonomous methods, it is possi-
ble to distinguish mete1 – analytical computations, mete2 – neu-
rocomputations, mete3 – fuzzy computations, mete4 – reasoning 
based on experience, evolutionary computations, mete6 – sta-
tistical computations, mete7 – and logical reasoning. If between 
an element resе and an autonomous method, metye a relation 
is established R metresres met

y
e e

1 ( , ), it is possible to denote the 
element rese y .

Relations Rpr pr1 , Rpr pr2  (45) are defined on sets of variables 
DATu, GLu, and on sets of variables DATh, GLh of the partial 
tasks included in the complex task. 

In [5], three possible cases are given:
1) a set of variables for prbu coincides with the set of vari-

ables for prbh, so DATu = DATh, GLu = GLh; 
2) the set of variables for prbh – a subset of the correspond-

ing set prbu, so DATh ⊂ DATu, GLh ⊂GLu; 
3) the set of variables of a subset of the corresponding set 

prbh, so DATh ⊂ DATu, GLh ⊂ Lu. 
Since the automaton approach is used for modeling, 

the state of the automaton is influenced only by the input 
signal. The output signal depends on the state of the autom-
aton at the previous moment of automaton time and on the 
input signal.

The extension of models (43) and (45) is carried out based 
on the following considerations. In the process of coordina-
tion, the intermediate states of the solutions to partial tasks 
are monitored [11]. In the adopted notations (43), (45), these 
states are understood as the states (solution results) of the 
functional elements resе, that simulate the solutions of partial 
tasks prbh. From the analysis of these states, the properties of 
the "input" change during coordination prеi of one or several 
elements resе. 

To take this fact into account, let’s introduce into 
the conceptual model of the IDSS (43), (45) the triple 
R st t pr tst pr u ui
1 1� � �� �� �, . In other words, based on the state of 

the IDSS stu(t) at time t, the output data change prui (t + 1) for 
the IDSS, but already now in time t + 1, that is, for the next 
iteration. Many Rst pr1  establish relationships between the state 
stu(t) hybrid resAu  (43) at the current model time t and the state 
of the inputs of one or several elements rese at the next step.  
To make the necessary change to the inputs prеi of one or several 
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functional elements resе for (45) let’s introduce the triple 
R st actst act u ek
1 ( , ), where ACT act actek ek

N
ek

prt
� { , , }1

� �
  – a set of 

concepts denoting coordinating actions, which is identical to 
the set of coordinating actions E (30), where α – the type of 
coordinating influence, α = 1,…,6. 

The modified conceptual model for the IDSS with coor-
dination

res res R st t pr tA
u

A
u st pr u ui� � � �� �� � 1 1, ,	 (47)

and the modified model of the IDSS element

res res R st acte e st act u ek� � � 1 , .	 (48)

Relationships Rst pr1  and Rst act1  are not predetermined, just 
as Rst st1 , Rpr st1 , Rst pr1  are recorded in the course of the IDSS 
operation and are the result of solving the k-task prbk (33).

Let’s consider an example of an IDSS consisting of three 
elements rese1

1, rese2
6, rese3

7 for solving partial tasks, which it is 
possible to call functional [5], and one coordinating (techno-
logical) element resk

e 7 for solving the k-task, which determines 
the order of interaction of the functional elements. The input 
of the IDSS receives the initial data DATu, divided among 
the functional elements according to the decomposition 
prb PRB

u u� �∈  of solving a complex task prbu. At the output, let’s 
obtain the results of the operation of the functional elements 
rese1

1, rese2
6, rese3

7, integrated into the overall solution SOLu of 
the complex task prbu.

At each moment in time, tl the state of all elements is 
recorded (polled) resq

e y . After that, resk
e 7 based on the state 

stu(tl), the IDSS issues a coordinating action act ACTq
ek ek� �  

for each element resq
e y . In the process of processing by the 

technological element resk
e 7 state st tu

l� � of the IDSS, that is, 
the solution of the k-task prbk the state changes of the techno-
logical element resk

e 7. Moreover, the time τ’, allocated for such 
processing, must not exceed the period after which the state 
of the IDSS is recorded

� �� T Nsol/ ,	 (49)

where T – the time allocated for solving the complex task prbu; 
Nsol – the total number of stages. The transitions between the 
states of the functional elements of the IDSS occur abruptly, 
since between the moments in time tl this state resq

e y does  
not change.

Below is the conceptual model of the operation of the 
IDSS constructed according to (46) and (48)
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where "⇒" denote the relations Rst st, that link states from 
different subspaces and define the transition from one homo-

geneous space to others during the functioning of the IDSS;  
"→" – the transition between states within the corresponding 
subspace. The transitions "⇒" from the subspace of the tech-
nological element resq

e 7 model the issuance of coordinating 
actions from the decision maker to the experts. And the set 
of transitions "⇒" and "→" allows modeling and tracing the 
process of self-organization during the operation of the IDSS.

In (50), curly brackets denote the beginning and com-
pletion of the parallel operation of the functional elements. 
From the model, it is evident that after each fixation of "}⇒" 
of states, functional element resq

e y control is transferred to the 
technological element resq

e 7, and after it changes its state, con-
trol is transferred to a group of functional elements of the IDSS.

This model is related to the conceptual model presented in [5]
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The model (50) is based on the idea that the same homo-
geneous task can be solved in parallel by different functional 
elements of the IDSS. The relations of integration among 
the elements arise as internal nonverbal images in the user’s 
memory, allowing them to compare the dynamics of model-
ing a complex task from different viewpoints, which makes it 
possible to perceive aspects that cannot be revealed through 
modeling with a single model. In model (49), another assump-
tion is developed: the inclusion of the DM model within the 
mathematical model of the IDSS leads to the emergence of 
a self-organization effect.

5. 3. Mathematical models of consistency in intelli-
gent decision support systems

5. 3. 1. Conceptual model of consistency in intelli-
gent decision support systems

Consistency is understood as the degree of similarity 
among the goals of the IDSS participants. According to [13], 
a goal is a state of affairs that the decision-maker (DM) seeks 
to achieve, and which has a certain subjective value for them. 
In [3], a goal is defined as an ideal anticipation of the result of 
activity that acts as its regulator, while in [7] it is described as 
a situation or set of situations that must be achieved during 
the functioning of the system within a specified time frame. 
Generalizing these definitions, it is possible to identify the 
main characteristics of a goal: it represents the state of the 
control object, acts as a regulator of activity, has a temporal na-
ture (a function of time), and is subjectively valuable to the DM.

Definition 7. Goal pr gsu of the expert as a control sub-
ject ressu – state stpou of the control object ressu, which has 
value (utility) for the expert prcsu, that determines its activ
ity (sequence of actions) actdsu, which must be achieved with-
in a period of time prt.

The scheme of conceptual goal models can be represented 
in the form of

pr R res st

R res pr R res

gsu res st ou pou

res pr su csu res act o

� � �
� �

,

,



 

uu dsuact, ,� �
act R ACT ACT R ACT PRdsu act act su su act pr su t� � � � �, , , 	 (52)

where Rres st – the "resource-state" relations, which assign to 
the control object its state; Rres pr – the "resource-property" 
relations, which determine the subjective usefulness of the 
state of the control object for the expert (the control subject);  
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Rpr act – the "property-action" relations, which assign to the 
target state a sequence of actions actdsu; ACTsu – the set of 
possible actions of the expert; Ract act – the "action-action" 
relations that determine the order of actions act ACTdsu su∈  
in the sequence actdsu; Ract pr – the "action-property" relations 
between actions with CTsu and the time of their execution PRt.

The state stpou of the control object resou is determined by 
the values of its properties

st R res PR R PR VALpou res pr ou ou pr val ou ou� � � � �, , ,

where R res pr – the "resource-property" relations, which define 
the set of properties of the control object, and Rpr val – the 
"property-value" relations, where each property of the control 
object is associated with a set of values. One of the properties 
in the set Prou may represent the time associated with the 
functioning of the control object. In this case, the expert’s goal 
also becomes dynamic and changes over time.

Since, as noted above, the properties of the control object 
are considered variable when recording cause-and-effect re-
lationships in one or another modeling method, several tools 
may be used in goal setting. This leads to the complexity of 
modeling decision-making when it is necessary to compare 
partial goals described by different methods. Such a situation 
arises, for example, when Pareto-optimal solutions exist, and 
it is necessary to select only one of them. Let’s assume that 
there is a control object with two properties prou1  and prou2 , as 
well as two states of the control object stpou1 , and stpou2 , so stpou1  
closer to the target state, stpou, than stpou2 , according to the first 
criterion prou1  and stpou2 , according to the second one prou2 . 

If the properties are represented by different variables (for 
example, stochastic and fuzzy linguistic ones) processed by 
different methods, it will be difficult to select one of the solu-
tions. However, if the properties are represented by variables 
of the same type, it is possible to define a metric in a two-di-
mensional space of vectors representing the admissible states 
of the control object and determine the distance between stpou1  
and stpou , and also stpou2  and stpou , after which they can be 
compared with one another. To avoid such situations, it is pos-
sible to choose a single method for representing all properties 
that define the state of the control object, and consequently, 
those used in describing the goals of the decision-maker (DM) 
and the experts. Analysis has shown that the apparatus of 
fuzzy set theory [10] is relevant for this purpose.

Definition 8. A fuzzy goal of an expert prgsu – a fuzzy  
set defined on the set of states of the control object  
ST STpou ⊆ , with a membership function µ pr pougsu st( ), or, for 
brevity μgsu (stpou).

The membership function μgsu (stpou) takes values on the 
set of real numbers within the interval [0; 1]. The greater its 
value, the closer the state of the control object stpou is to the ex-
pert’s goal stgsu. The state stpou of the control object is described 
by a set of its properties PR pr prou ou

N
ou
pr
ou= { , , },1   represented by 

variables belonging to one of the classes listed in [5], that is,

� �gsu pou gsu ou
N
oust pr pr
pr
ou� � � � �1 , , . 	 (53)

The value of the membership function is determined by 
substituting into (53) the values from the set VALou of the 
control object’s properties corresponding to this state, that is, 
it is described by the expression µ gsu ou

N
ouval val

val
ou( , , ).1 

A fuzzy goal of an expert can be represented using one of 
the methods for constructing membership functions of fuzzy 
sets considered in [7]. The choice of method is determined by 

the IDSS developer. Below, to describe the causal relationships 
between goals and the interaction relations of experts, direct 
methods [7] for constructing fuzzy goals are used.

When the experts’ goals are formalized, pairwise com-
parison can be performed, and the degree of closeness can be 
determined. One of the options for determining the degree 
of closeness between experts’ goals is the calculation of the 
Euclidean or Hamming distance between fuzzy sets [4, 5].

However, their application to determining the degree 
of similarity of experts’ goals is problematic: they are com-
puted only under the condition of convergence of the series 
or integrals used in them. Otherwise, when valoumin � ��  or 
valoumax �� where valoumin and valoumax  the minimum and maxi-
mum values of the property prou, that describes the state stpou, 
the distance will be equal to infinity, even if one set includes 
another. In this case, a measure of similarity of fuzzy goals is 
proposed [6, 10, 12]
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.	 (54)

Analysis shows that, unlike the Euclidean or Hamming 
distance, relation (53) should be considered a measure of 
similarity between fuzzy sets rather than a distance between 
them, since it does not satisfy some of the conditions (spe-
cifically, (55) and (56)) required of a distance function in 
mathematics:

d X Y, ,� � � 0
d X Y d Y X, , ,� � � � �
d X Z d X Y d Y Z, , , ,� � � � � � � � 	 (55)

d X X, .� � � 0 	 (56)

After determining the measure of similarity between the 
experts’ goals, it becomes possible to define the type of re-
lations among them based on the level of consistency. Let’s 
represent this as fuzzy sets on the universe of values of the 
similarity measure of goals s (on the set of real numbers within 
the interval [0;1]). The study identifies three types of relations 
according to the degree of consistency: competition, neutral-
ity, and cooperation. The greater the value of the measure of 
similarity of the experts’ goals (54), the closer their interaction.

Thus, the membership function of the fuzzy set "coop-
eration" should attain its maximum value at s = 1, while 
the membership function of the fuzzy set "competition" 
should attain its maximum at s = 0. The maximum of the 
membership function of the fuzzy set "neutrality" should  
be equidistant from these maxima, that is, located at the 
point s = 0.5. The membership functions of the fuzzy sets 
representing the relations of competition μ"competition" (s), of 

neutrality �" " .neutrality s s� � � � � �� �� ��
�
�

�
�
�
�

1 6 0 5
8 1

, and coopera-

tion �" " . .cooperation s s� � � � � �� �� ��
�
�

�
�
�
�

1 6 0 5
8 1
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Let’s represent the relations between the participants of 
the IDSS according to the degree of consistency of the linguis-
tic variable cl – "type of relation"

cl T U G Mcl cl cl cl cl� � , , , , ,	 (57)

where βcl = "type of relation" – the designation of the linguis-
tic variable; Tcl = {"competition"; "neutrality"; "cooperation"} –  
the set of names of the linguistic values of the variable (term 
set), which constitute the designations of the fuzzy variable; 
Ucl = [0;1] – the domain of definition (universe) of fuzzy 
variables included in the definition of the linguistic variable; 
Gcl �� – a syntactic procedure that describes the process 
of formation of new terms from the elements of the set T; 
M s s scl

competition neutrality cooperation� { }( ), ( ), ( )" " " " " "� � �  – a semantic  
procedure that assigns to each term of the set T and to the 
terms formed by the procedure G a fuzzy set [6, 10, 12].

The value of the linguistic variable cl (type of relations) is 
the term with the maximum value of the membership function. 
To calculate it, it is necessary to determine the value of the 
membership function for each fuzzy set representing the rela-
tions and compare them with one another.

The fuzzy set with the maximum value of the membership 
function corresponds to the type of relations established be-
tween the pair of experts. It is possible to define the mapping 
"relation classifier" rcl prt prt T ag ag AG i ji j

cl
i j: , , , , ,*� �� � �  

which assigns to each pair of participants of the IDSS (prti prtj),  
one of the terms tkcl  of the linguistic variable cl, that is, the type 
of relation. The mapping is defined as follows

rcl prt prt s pr pri j
t T

t p
gsu

q
gsu

k
cl cl

k
cl: , argmax , ,� � � � �� �� �

�
� 	 (58)

so r prt pr r prt pr i jres pr
i p

gsu res pr
j q

gsu
1 1( , ), ( , ), .≠
Many values of this mapping form the matrix RCL, which 

classifies the relations among the participants of the IDSS. 
The rows and columns of the matrix represent the partic-
ipants, and the elements rcl rcl prt prti j i j= ( , ) – the class of 
relations among them. This matrix is used to identify the col-
lective decision-making situation for the complex task.

Depending on the classes of relations present in the IDSS, 
three collective decision-making situations (micro-level IDSS 
models) can be distinguished for the task:

1. The cooperation situation dsscoop , when the IDSS con-
sists of cooperative and neutral participants and there are no 
competitive relations.

2. The neutrality situation dssneut  occurs when all relations 
in the IDSS are neutral.

3. The competition situation dsscomp  occurs when the 
IDSS contains at least one pair of experts with a competitive 
relationship.

In such IDSSs, neutral and cooperative participants 
may also be present. In the presence of cooperative partici-
pants, they are regarded as a single notional participant; in 
this case, all remaining participants are either competitive  
or neutral.

Thus, the process of self-organization based on goal 
analysis can be divided into two parts: identification of the 
current collective decision-making situation (the micro-level 
model of the IDSS) and selection, from the set of possible 
situations, of the desired collective decision-making situation 
that is relevant to the conditions of the given task. Taking 
this into account, the self-organization model (27) can be 
rewritten as follows

so r dss ACT r ACT env

R D

goa res act sen act res sen

res res

� � � � �2 1

1

, ,� �

� SSS DSS r dss prt

r prt act r

res res dm

res act dm
ia

a

�� � �

� �

, ,

,

� � � �
� �

3

2 1
cct res

ia cur

res act dm
ac

act res
ac

act dss

r prt act r act

,

,

� �

� �

� �
� �2 1 ,,

, ,

DSS

r act dssact res
ac des

� �

� �
� �

� �2 	 (59)

where actia – the DM’s action "identification of the current 
collective decision situation"; actac – the DM’s action "selec-
tion of the desired collective decision situation from the set 
of possible ones"; dsscur  – the current collective decision situa-
tion (micro-level model of the IDSS); dssdes  – the collective de-
cision situation desired by the DM in terms of the task param-
eters and its knowledge about the effectiveness of a particular 
situation from the set DSS  of possible in the IDSS; rres act2  – the  
"performs" relation, which links a subject and the action it 
performs; ract res1  – the "has as an object" relation, which links 
an action and its resource; ract res2  – the "has as a result" rela-
tion, which links an action and the result of its execution.

The first stage of identification actia (59) collective decision 
situations – formalization of the experts’ goals considering the 
definition of the fuzzy goal (53). After the fuzzy goals of all 
experts have been determined, the next stage of identification 
is performed, actia (59), collective decision situations – pairwise 
comparison of goals and determination of their degree of con-
sistency using measure (54). Next, the type of relations between 
the experts is determined according to the degree of consis-
tency using the linguistic variable cl "type of relation" (57).

The final stage of identification actia (59) collective deci-
sion situations – recognition of the collective decision situation 
using the matrix CL′. Depending on the classes of relations 
present in the matrix CL′, three collective decision-making 
situations are distinguished: cooperation dsscoop , neutrality 
dssneut , and competition dsscomp . 

After identifying the current collective decision-making sit-
uation, the decision-maker (DM) selects actac (59) from the set of 
possible collective decision-making situations that correspond 
to the conditions of the given task. Depending on the task pa-
rameters and their knowledge of the effectiveness of a particular 
collective decision situation, the decision-maker (DM) may seek 
to establish one of them. This is necessary to increase the ef-
ficiency of the IDSS operation or to attempt to change it if the 
discussion reaches an impasse.

5. 3. 3. Model of a hybrid intelligent multi-agent 
IDSS with self-organization based on the analysis of 
goal consistency of agents

Self-organization of the IDSS is understood as the process 
of changing the architecture of the IDSS by an agent that sim-
ulates the DM and is part of the system, based on the analysis 
of interactions among other agents, in order to improve the 
quality of decisions. The model of a hybrid intelligent multi-
agent IDSS with self-organization based on the analysis of 
goal consistency of agents is described as follows:

himas AG env INT ORG so sl� � �� �* *, , , , , ,	 (60)

AG ag ag agn
dm* , , , ,�� �1 	 (61)

INT prot lang ont rcl* , , , ,�� � 	 (62)

ORG ORG ORG ORGcoop neut comp� � � ,
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ORG ORGcoop neut� ��,

ORG ORGcoop comp� ��, ORG ORGcomp neut� ��,	 (63)

act act act act acthimas ag
ag AG

ia ac col�
�

�
�
�

�

�
�
�
� � �

� *

,


	 (64)

act MET IT ag AG ITag ag ag ag
ag AG

� � � � �
�

, , , ,*

*


2 	 (65)

ag ag himas� � ,	 (66)

where AG* – the set of IDSS agents, including the deci-
sion-making agent agdm; n – the number of expert agents in 
the IDSS; env – the environment in which the IDSS operates; 
INT * – the set of elements for structuring interactions among 
agents; ORG – the set of basic organizational structures of the 
IDSS corresponding to specific functions (roles) of the agents 
and the established relations among them, which includes 
the following subsets; ORGcoop, ORGneut, ORGcomp – the set 
of architectures with cooperating, neutral, and competing 
agents, respectively; prot – the protocol of agent interaction, 
which defines the format of the messages exchanged by the 
agents; lang – the message exchange language, which defines 
the lexicon and syntax of the transmitted messages; ont – the 
domain model, on the basis of which the semantics of the 
messages transmitted by the agents are defined; rcl – the 
classifier of relations between the IDSS agents; acthimas – the 
overall function of the IDSS; actag – the function of the agent 
ag AG∈ *; actia – the "interaction analysis" function; actac – the 
"architecture selection" function; METag – the set of task-solv-
ing methods implemented by the agent ag AG∈ *; ITag – the set 
of intelligent technologies of the IDSS [6], within which the 
set of methods is implemented METag.

As noted, from the set of IDSS agents (61), one agent 
is distinguished as the decision-making agent. This agent, 
among other functions, organizes the interactions of agents 
in the hybrid intelligent multi-agent system (HIMAS), using 
two functions (64):

1) actia – the "interaction analysis" function;
2) actac – the "architecture selection" function.
The function "interaction analysis" actia is applied to mon-

itor the interaction of agents and to identify the IDSS archi-
tecture based on the analysis of the consistency of the agents’ 
goals. Based on its results, the DM, by means of the "architec-
ture selection" function actac may determine the necessity of 
changing the type of agent relations and adjusting their goals. 
For this purpose, the DM must possess a knowledge base used 
by the "architecture selection" function actac and reflects the 
dependence of the efficiency of the IDSS operation on the 
consistency of the agents’ goals.

A change in architecture means that, from a certain mo-
ment, the IDSS modifies its functioning algorithm, exhibiting 
the property of self-organization and transitioning to a basic 
architecture of a different type. The algorithms of these func-
tions will be discussed in detail below.

The set INT* is supplemented with another element for 
structuring interactions among agents – the relation classifier rcl. 
It analyzes the fuzzy goals prgsu of the agents and evaluates 
the degree of their consistency using the similarity measure 
s(A, B) (54). Then, using the mapping (58), it constructs the 
matrix RCL, classifying the relationships among the agents 
into one of the following types: competition, neutrality, or 
cooperation. Based on this matrix, the consistency of the IDSS 
agents and the class of its basic architecture are determined.

The set of basic IDSS architectures ORG is divided by the 
degree of consistency into three pairwise disjoint subsets (63):

1) the IDSS architecture with cooperating agents, which 
consists only of cooperative and neutral agents, with competi-
tive relationships completely absent ( );ORG ORGcoop ⊆

2) the IDSS architecture with neutral agents, in which 
only neutral relationships are present ( );ORG ORGneut ⊆

3) the IDSS architecture with competing agents, in which 
there is at least one pair of agents with a competitive rela-
tionship.

In such IDSS architectures, neutral and cooperative agents 
may also be present; when cooperative agents exist, they are 
treated as a single "super-agent," and in this case, all agents 
become either competing or neutral ( ).ORG ORGcomp ⊆

During operation, the IDSS may transition from one basic 
architecture to another to improve the quality of decisions by 
establishing relationships among agents that are relevant to 
the conditions of the task being solved. The decision quality 
criteria are defined either by the IDSS developer at the design 
stage or by the user during operation. This, however, implies 
the presence of an external control source. The architecture 
of a self-organizing IDSS can and should change even if the 
quality criterion remains unchanged.

According to (65), each agent function is represented by 
a two-component tuple (METag, ITag). Because of (65), an IDSS 
must employ at least two intelligent technologies in order to 
be considered an IDSS and to remain relevant for modeling 
complex tasks. In addition, according to (64), two functions of 
the decision-maker (DM) are distinguished for managing the 
interaction of the IDSS agents: actia – the function "interaction 
analysis" and actac – the function "architecture selection." Let’s 
consider the algorithms of these functions.

As a result of the execution of the function "interaction 
analysis," the basic architecture of the IDSS is identified, 
which enables the DM, through the "architecture selection" 
function fac to determine the necessity (or absence thereof) of 
its modification to improve the quality of decisions. Thus, the 
architecture of the IDSS changes to one from the set ORG (60), 
and the system self-organizes.

After determining the type of IDSS architecture, the de-
cision-making agent, by means of the "architecture selection" 
function actac may determine the necessity of replacing one 
type of agent relations with another and adjusting their goals. 
However, it is evident that for deciding regarding the replace-
ment of one IDSS architecture with another, information 
about only the current type of IDSS architecture is insuffi-
cient. For such a decision, the DM requires a knowledge base 
concerning which of the IDSS architecture types is more effec-
tive under particular conditions or for a specific class of tasks.

As a result of the analysis of methods for constructing 
knowledge bases for the implementation of the "architecture 
selection" function actac fuzzy inference systems were selected.

The output data of the "architecture selection" function 
actac – the conditions of the task being solved. The result is 
the value of the degree of confidence [17] in the selection of 
each IDSS architecture, as well as the adjustment of the DM’s 
knowledge base. The fuzzy inference model of the DM modac 
can be formulated as follows

mod RUL X Y F F F Iac
y sl fsl� � �, , , , , , ,� 	 (68)

where RUL – the knowledge base as a set of symbolic rules 
rulk, k = 1,…NRUL, which use fuzzy sets as premises and 
conclusions Aik , Bj

k , respectively, such that A Xi
k

i⊆ , B Yj
k

j⊆ , 
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i = 1,…,n, j = 1,…,m; X, Y – a set of input and output linguistic 
variables, respectively; F F FX Y

� � �� �  – a set of membership 
functions of fuzzy variables of the input and output linguistic 
variables, respectively; F y – a set of defuzzification functions; 
F sl – a set of functions for adjusting the parameters of the 
membership functions of fuzzy variables from the set Fμ. 

The interpreter I fsl is defined as follows

I I I I I I I I I Ifsl fsl fsl fsl fsl fsl fsl fsl fsl fsl� 1 2 3 4 5 6 7 8 9, , , , , , , ,�� �,
where I fsl1,…, I fsl9– processes of the standard Mamdani fuzzy 
inference system [5]: I fsl1 – fuzzification, I fs2 – aggregation, 
I fsl3 – activation, I fsl4 – accumulation, I fsl5 – defuzzification; 
I fsl6 – architecture selection; I fsl7 – decision; I fsl8 – error de-
termination; I fsl9 – learning. The processes I fsl1,…, I fsl9 are 
performed iteratively

I I I I
I I I I I

fsl fsl fsl fsl

fsl fsl fsl fsl fsl

1 2 3 4

5 6 7 8 9

→ → → →

→ → → → → .	 (69)

Model (68) is a Mamdani fuzzy inference system with 
self-learning. The self-learning processes I Ifsl fsl6 9, ,  enable 
the system to modify the domain knowledge in order, first, to 
correct possible developer errors in its definition and, second, 
to automatically maintain the knowledge base in an up-to-
date state over time and with changing task conditions.

Moreover, due to the use of Mamdani fuzzy inference, 
the knowledge base remains transparent and interpretable by 
humans, unlike in Takagi-Sugeno fuzzy inference systems or 
neuro-fuzzy hybrids such as ANFIS or GARIC, where vari-
ables are often hidden. This approach is consistent with [1, 2]; 
however, in the proposed system, learning is performed ac-
cording to the backpropagation error algorithm. Let’s consider 
the essence of these processes I Ifsl fsl1 9, ,  (69).

Fuzzy inference I Ifsl fsl1 5, ,  is implemented using the 
Mamdani system [1]. Its input receives information (dimen-
sionality) about the task being solved in the form of a  de-
terministic variable. The output of the system is the values 
of the confidence degrees in selecting the IDSS architecture, 
represented as deterministic variables. In the rules of the 
fuzzy knowledge base, the input linguistic variable is "IDSS 
dimensionality" sz, and the output variables are "confidence 
degree in selecting an IDSS with cooperating agents" pcp, 
"confidence degree in selecting an IDSS with neutral agents" 
pnt, and "confidence degree in selecting an IDSS with com-
peting agents" pcn.

Let’s define the linguistic variable sz "IDSS dimensionality"

sz T U G Msz sz sz sz sz� � , , , , ,

where β sz = "dimension of the IDSS" – the designation of the 
linguistic variable; T sz = {"small"; "medium"; "large"} – the set 
of its values (term set), the designations of the fuzzy variable; 
U sz = [3;100] – the domain of definition (universe) of fuzzy 
variables included in the definition of the linguistic variable; 
Gsz �� – a syntactic procedure that describes the process 
of formation from the elements of the set T sz new terms; 
M u u usz

low
sz sz

medium
sz sz

high
sz sz� { ( ), ( ), ( )}� � �  – a semantic proce-

dure that assigns to each term of the set Tsz, as well as to each 
new term formed by the procedure Gsz, a meaningful content 
through the formation of the corresponding fuzzy set.

The membership functions of fuzzy sets with Msz are de-
scribed by the expressions

�low
sz sz a u cu e sz sz sz� � � �� �� �� � �

1 1 1
1
, 

where asz1 0 375� � . , csz1 15= ,

� �
medium
sz sz

u c

u e
sz sz

sz� � �
�� �2

2

2
22  

where � sz2 10� , csz2 30= ,

�high
sz sz a u cu e sz sz sz� � � �� �� �� � �

1 3 3
1
, 

where asz3 0 375= . , csz3 45= , the parameter values asz1, csz1, σsz1, 
σsz2, csz2, asz2, csz3 are specified approximately and must be ad-
justed during self-learning of the fuzzy inference system. Let’s 
define the linguistic variables pcp, pnt, pcn by the expressions:

pcp T U G Mpcp pcp pcp pcp pcp� � , , , , ,

pnt T U G Mpnt pnt pnt pnt pnt� � , , , , ,

pcn T U G Mpcn pcn pcn pcn pcn� � , , , , ,

where the designations of the linguistic variables βpcp = "the de-
gree of confidence in the selection of the IDSS with cooperating 
agents orgcoop"; βpnt = "the degree of confidence in the selection 
of the IDSS with neutral agents orgneut"; βpcn = "the degree of 
confidence in the selection of the IDSS with competing agents 
orgconc"; Tpcp = Tpnt = Tpcn = {"low"; "medium"; "high"} – sets 
of their values (term set), each of which is the designation 
of a fuzzy variable; U U Upcp pnt pcn� � � �� ��0 1;  – domains of 
definition (universes) of fuzzy variables included in the defi-
nition of linguistic variables; G G Gpcp pnt pcn� � �� – syntactic 
procedures that describe the processes of formation from the 
elements of the sets T T Tpcp pnt pcn, ,  new terms;

M u u upcp
low
pcp pcp

medium
pcp pcp

high
pcp pcp� { ( ), ( ), ( )},� � �  

M u u upnt
low
pnt pnt

medium
pnt pnt

high
pnt pnt� { ( ), ( ), ( )},� � �  

M u u upcn
low
pcn pcn

medium
pcn pcn

high
pcn pcn� { ( ), ( ), ( )}� � �  

– semantic procedures that assign to each term of the set Tpcp, 
Tpnt, Tpcn, as well as to each new term formed by the procedure 
Gpcp, Gpnt, Gpcn, a meaningful content through the formation 
of the corresponding fuzzy set.

Membership functions of fuzzy sets Mpcp, Mpnt, Mpcn are 
described by the expressions

�low
pcp pcp a u cu e pcp pcp pcp� � � �� �� �� � �

1 1 1
1
, 

where apcp1 25� � , cpcp1 0 34= . ,

� �
medium
pcp pcp

u c

u e
pcp pcp

pcp� � �
�� �2 2

2
22 , 

where � pcp2 0 13� . , cpcp2 0 5= . ,

�high
pcp pcp a u cu e pcp pcp pcp� � � �� �� �� � �

1 3 3
1
, 

where apcp3 25= , cpcp3 0 66= . ,

�low
pnt pnt a u cu e pnt pnt pnt� � � �� �� �� � �

1 1 1
1
, 

where apnt1 25� � , cpnt1 0 34= . ,
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� �
medium
pnt pnt

u c

u e
pnt pnt

pnt� � �
�� �2 2

2
22 , 

where � pnt2 0 13� . , cpnt2 0 5= . ,

�high
pnt pnt a u cu e pnt pnt pnt� � � �� �� �� � �

1 3 3
1
, 

where apnt3 25= , cpnt3 0 66= . ,

�low
pcn pcn a u cu e pcn pcn pcn� � � �� �� �� � �

1 1 1
1
, 

where apcn1 25� � , cpcn1 0 34= . ,

� �
medium
pcn pcn

u c

u e
pcn pcn

pcn� � �
�� �2

2

2
22 , 

where � pcn2 0 13� . , cpcn2 0 5= . ,

�high
pcn pcn a u cu e pcn pcn pcn� � � �� �� �� � �

1 3 3
1
, 

where apcn3 25= , cpcn3 0 66= . , in which the values of the pa-
rameters apcp1, cpcp1, σpcp2, cpcp2, apcp3, cpcp3, apnt1, cpnt1, σpnt2, 
cpnt2, apnt3, cpnt3, apcn1, cpnt1, σpcn2, cpcn2, apcn3, cpcn3 are specified 
approximately and are adjusted during the self-learning pro-
cess of the fuzzy inference system. The considered linguistic 
variables are connected by a set RUL of rules of the Mam-
dani fuzzy inference system [1]. The rules have the form: 
ant cnsi

rul
i

i� �� , where anti – denotes the antecedent of the 
i-th ruli, cnsi – the consequent of the ruli, i = 1,…, Nrul, where 
Nrul – the number of rules in the fuzzy knowledge base of the 
decision-making agent.

The Mamdani fuzzy inference with self-learning consists 
of the following stages:

1) Fuzzification Ifsl1 for establishing the correspondence be-
tween the values of u Usz sz∈  and the value of the membership 
function of the corresponding term of the linguistic variable sz: 
for each term, t Tsz sz∈  the value y utsz

fuz
tsz
sz sz� � ��  is calculated;

2) Aggregation I fsl2 degenerates, since only one input 
fuzzy variable is used. The truth degree yi

agr  of the premise 
anti of the rule ruli corresponds to the value of the truth de-
gree ytszfuz of the term tsz of the input variable from anti;

3) Activation I fsl3 – for each term of t Tpcp pcp∈ , t Tpnt pnt∈ , 
t Tpcn pcn∈  the output linguistic variables pcp, pnp, pcn, that is 
included in the conclusion at the degree determined during 
the computation cnsi of rule ruli, the function of the min-acti-
vation method is defined as follows: 

� �tpcp i
pcp pcp

i
agr

tpcp
pcp pcpu y u� � � � �� �min , ,

� �tpnt i
pnt pnt

i
agr

tpnt
pnt pntu y u� � � � �� �min , ,

� �tpcn i
pcn pcn

i
agr

tpcn
pcn pcnu y u� � � � �� �min , ;

4) Accumulation Ifsl4 – for each output linguistic variable, 
the final membership functions μpcp, μpnt, μpcn are determined 
by combining the membership functions of the terms µtpcp i

pcp , 
µtpnt i
pnt , µtpcn i

pcn , activated at the previous step. The type of the 
membership functions is determined according to the rules: 
� �pcp pcp

i tpcp i
pcp pcpu u( ) max( ( )),�  � �pnt pnt

i tpnt i
pnt pntu u( ) max( ( )),�  

� �pcn pcn
i tpcn i

pcn pcnu u( ) max( ( ));�

5) Defuzzification I fsl5, the results of defuzzification of the 
variables pcp, pnt, pcn – real numbers upcp, upnt, upcn respectively, 
which are obtained using the centroid defuzzification method:

u
u u u

u u
pcp

pcp pcp pcp pcp

U
pcp pcp pcp

U

pcp

pcp

�
� �

� �
�

�

�

�

d

d
, 

u
u u u

u u
pnt

pnt pnt pnt pnt

U
pnt pnt pnt

U

pnt

pnt

�
� �

� �
�

�

�

�

d

d
,

u
u u u

u u
pcn

pcn pcn pcn pcn

U
pcn pcn pcn

U

pcn

pcn

�
� �

� �
�

�

�

�

d

d
; 

or 

u

u u u

u u
pcp

pcp pcp pcp pcp
U

pcp pcp pcp
U

pcp

pcp

�

� �

� �

�

�

�

�

d

d
;

as a result, crisp values of the output linguistic variables are 
computed:

– "Confidence degree in selecting an IDSS with cooperat-
ing agents" pcp;

– "Confidence degree in selecting an IDSS with neutral 
agents" pnt; 

– "Confidence degree in selecting an IDSS with competing 
agents" pcn.

That is, for each IDSS architecture, the confidence value in 
its selection is determined;

6) selection of the architecture I fsl6. The confidence de-
grees for selecting the architectures from the previous step are 
normalized so that their sum equals one: upcp + upnt + upcn = 1 
according to the rules: u u u u upcp pcp pcp pnt pcn� � � �/ ( ), u u u u upnt pnt pcp pnt pcn� � � �/ ( ), 

u u u u upnt pnt pcp pnt pcn� � � �/ ( ), u u u u upcn pcn pcp pnt pcn� � � �/ ( ), and 
the IDSS architecture org is selected randomly from among 
orgcoop, orgneut, orgconc according to the normalized values of 
the confidence degrees upcp’, upn’t, upcn’, accordingly;

7) the solution of a complex task I fsl7. The operation of the 
IDSS is simulated using the brainwriting method [13] with 
the selected IDSS architecture; in this process, the decision- 
maker (DM) "observes" the course of solving the complex task 
and records the presence (syn = 1) or absence (syn = 0) of the 
manifestation of the synergistic effect, that is, whether the 
IDSS has obtained a higher-quality solution compared to the 
solutions of individual experts.

8) extermination of the absolute error of the fuzzy infer-
ence I fsl8. It is performed according to the expression

er
d u

d u d u

pcp pcp

pnt pnt pcn pcn
� �

�� � �

� �� � � �� �

�

�

�
�
�

�

�

�
�
�

0 5
2

2 2. ,	 (70)

where er – the absolute error of the fuzzy inference; dpcp, ddnt, 
dpcp – the desired values of the confidence degrees in the selec-
tion of architectures as defined by the decision-maker (DM); 
upcp, udnt, upcp, that is, the values at which the probability of 
selecting an architecture that produces a synergistic effect 
under the given task conditions would be higher;

9) study I fsl9 of the fuzzy inference system. Here, the pa-
rameters of the membership functions of the input linguistic 
variable sz and the output linguistic variables pcp, pnt, and 
pcn are adjusted; during training, the gradient descent method 
with a variable learning rate coefficient [14] is used
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par t par t
er
par

�� � � � � �
�

�
1 � ,	 (71)

where par – any of the parameters of the membership func-
tions (asz1, csz1, σsz1, σsz2, csz2, asz3, csz3, apcp1, cpcp1, σpcp2, cpcp2, 
apcp3, cpcp3, apnt1, cpntp1, σpnt2, cpnt2, apnt3, cpnt3, apcn1, cpcn1, σpcn2, 
cpcn2, σpcn3, cpcn3), that are included in the definition of the 
input or output linguistic variables; t is the ordinal number of 
the task being solved (iteration of the fuzzy inference system 
training); η – the correction step, 0 < η < 1, η(t) = t –1; for the 
parameters parpcp, parpnt, parpcn for the membership functions 
of the output variables pcp, pnt, and pcn, expression (71) is 
written as:
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for the parameters parsz of the membership functions of the 
input variable sz, expression (71) is written as

par t par t
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.	 (72)

After the adjustment of the parameters of the membership 
functions of the input linguistic variable, the training stage 
and the operation of the fuzzy inference system are completed.

When solving a new computational task, the fuzzy infer-
ence system begins operation from the first stage, using new 
values for all the parameters of the membership functions.

5. 4. Fuzzy system of model disputation in an intelli-
gent decision support system

Autonomous models are models that simulate the rea-
soning lines of experts when solving partial tasks obtained 
because of stratification. While solving partial tasks and 
obtaining partial (intermediate) solutions, an autonomous 
model interacts during disputation with other models, during 
which integration of the partial solutions occurs and the final 
solution is obtained. Thus, the dispute serves as a mechanism 
for integrating the partial solutions of tasks obtained by au-
tonomous models.

Therefore, disputation in an IDSS represents a hybrid 
model of knowledge integration among experts in situations 

where their opinions diverge. A dispute is a mechanism of 
communication and interaction among autonomous models 
in the IDSS. The strategy of their interaction in a dispute is 
expressed through "Cooperation-Compromise-Consensus," 
and the method of forming the final solution from the partial 
ones is integration as an aggregating and combining element.

When solving a task in an IDSS that includes model dispu-
tation, two levels of knowledge integration are distinguished:

1. Integration at the point of divergence when a model 
solves a subtask with a certain objective function "collides" 
in a dispute with another model, each having its own "view-
point," objective function, and set of parameters. At the point 
of divergence, knowledge comparison takes place (identifi-
cation of the "stronger" knowledge), their combination ac-
cording to the main objective function, and the development 
of the subsequent path of problem solving. The knowledge 
integration formula in this case is represented by production 
rules of the form "if … then …".

2. Integration during the formation of the resulting solu-
tion of the task from the results of solving partial tasks at the 
points of divergence, where the overall solution is represented 
as a sequence of solutions from different models, leading to 
the desired result. The knowledge integration formula in this 
case takes the form of a set-theoretic union of the experts’ 
solutions obtained at different stages of problem solving 
dec dec decu u u

1 2∪ ∪ , where decu1 , decu2 , decu – solutions obtained 
at different stages by different models.

Horizontal integration is ensured by a sequence of dis-
putes during the process of solving a complex task.

Integration at the point of divergence (in depth) is achieved 
through the willingness of experts (models) to make compro-
mises and engage in discussions to ultimately reach consen-
sus. Each model specifies a region of compromise solutions, 
a certain function f t of trust, or a subjective assessment of 
the quality of the solution, which indicates the extent to 
which the model trusts a particular solution from the set of 
possible ones.

The trust function f t resembles the membership function 
used in fuzzy systems [2]. With the help of this function, each 
model defines, for every parameter, an admissibility interval 
to the left and right of the solution it has obtained.

The trust function is specified by each model for every pa-
rameter of the task being solved. The trust function of a model 
for each parameter is determined by the ranges of its trust in 
that parameter and by the parameter value corresponding to 
the solution adopted by the model at a specific stage of au-
tonomous operation. That is, the trust function of model j for 
parameter i is defined as f p a b cj

t i
i j i j i j i( , , , ), where:

– aji – the trust range of model j for parameter i to the left 
of the value bji;

– bji – the value of parameter i for the solution proposed by 
model j at the point of divergence;

– cji – the trust range of model j for parameter i to the 
right of the value bji. To establish all trust functions before the 
beginning of the task execution, each model must determine 
the trust intervals for every parameter.

As an example, let’s consider a dispute between models at 
the point of divergence. Let two models (M1, M2) solve a task 
Z = {p1}, which solution is the value of a single parameter p1; 
b11 and b21 – the values of parameter p1 for the first and second 
models, respectively, with which they have reached the point 
of divergence; a11 and c21 – are the trust ranges for the first 
model; a21 and c21 – the trust ranges for the second model; 
f p a b ct
1
1

1 1 1 1 1 1 1( , , , ) – the trust function for the first model
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and f p a b ct
2
1

1 2 1 2 1 2 1( , , , ) – for the second model
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where p* – the parameter value adopted because of the dis-
pute. Each model, at the point of divergence, provides its own 
solution and its own trust function. In this case, the following 
variants are possible:

1) The value b11 coincides with the value b21; that is, the 
dispute is redundant. This parameter value (identical for both 
models) becomes the starting point for the further solution of 
the partial tasks by each model

p b b* ;= =1 1 2 1

2) The parameter values of the experts’ solutions do not 
coincide

b b1 1 2 1≠ .

Several variants are possible here:
a) the parameter value of the solution of one model falls 

within the trust region of the other, but not vice versa;
b) the parameter value of the solution of one model falls 

within the trust function region of the other and vice versa;
c) the trust function regions of the models intersect, but 

the parameter values of the models’ solutions lie outside the 
intersection zone;

d) the trust functions of the models do not intersect.
Let’s consider in more detail the situations of disputation 

listed in item 2.
The situation in which the parameter value of one model 

falls within the trust region of the other, but not vice versa, is 
expressed as

b b a b c

b b a b c

l j j j j

j l l l l

1 1 1 1 1

1 1 1 1 1

� � �� �
� � �� �

�
�
�

��

, ,

, ,

where j l, ,∈  j l, , ,��� ��1 2  l j≠ .
By analogy with a dispute between experts in an IDSS, 

this situation corresponds to a case where the arguments of 
the first expert persuade the second to reach a compromise. 
If one of the experts has defined their trust region and the 
result of the other falls within this region, it is reasonable to 
state that the argumentation of the latter expert proved to 
be stronger.

The degree of agreement of the second model with the 
first kt2 – the value of the trust function of the second model 
for the given parameter value p1, which corresponds to the solu-
tion of the first model. In the case of the degree of agreement 

of the second model with the first, it is necessary to find the 
value of the trust function for the second model (74) for p1 = b11

k f b a b c b b a at t
2 2

1
1 1 2 1 2 1 2 1 1 1 2 1 2 1 2 1

1
� � � � � �� �� ��, , , .

As a result of the dispute, integration of the models’ 
knowledge took place, and the second model agreed with 
the first. The outcome of the dispute is a collective solution 
corresponding to the solution of the first model (p1 = b11), and 
the coefficient of agreement of the second model with this 
solution is kt2.

The situation in which the parameter values of the models’ 
solutions, along with their respective arguments, fall within 
each other’s trust function regions is expressed as

b b a b c

b b a b c

l j j j j

j l l l l

1 1 1 1 1

1 1 1 1 1

� � �� �
� � �� �

�
�
�

��

, ,

, ,

where j l, ,∈  j l, , ,��� ��1 2  l j≠ .
The trust interval of the second model includes the solu-

tion b11 of the first model, and the trust interval of the first 
model includes the solution b21 of the second; that is, the 
second model trusts the solution of the first and vice versa. It 
remains to determine the degree of trust each model has in 
the opponent’s solution.

The degree of agreement of the first model with the sec-
ond kt1 is the value of the trust function of the first model for 
the parameter value p1 corresponding to the solution of the 
second model.

The degree of agreement of the second model with the 
first kt2 is the value of the trust function of the second model 
for the parameter value p1 corresponding to the solution of 
the first model. To find the degree of agreement of the second 
model with the first, it is necessary to determine the value of 
the trust function for the second model (74) for p1 = b11

k f b a b c b b a at t
2 2

1
1 1 2 1 2 1 2 1 1 1 2 1 2 1 2 1

1
� � � � � �� �� ��, , , .

It is then necessary to compare the coefficients kt1 and kt2. 
As a result, the solution with the higher trust coefficient will 
be selected

p
b k k

b k k

t t

t t
*

, ,

, .
�

�

�

�
�
�

��

1 1 1 2

2 1 1 2

The situation like k kt t
1 2=  should be resolved using one of 

the conflict resolution strategies in the dispute. At the current 
stage of work, the chosen strategy for resolving such contra-
dictions is the priority strategy. To implement it, it is necessary 
that, before the beginning of the problem-solving process, one 
of the models possesses a higher priority. Then, when a con-
flict arises in the dispute, the advantage in selecting the final 
solution p* will be given to the model, which priority is higher.

The situation in which the trust function regions of the 
models intersect, but the parameter values of the solutions of 
both models lie outside the intersection zone, can be expressed as

b b a b c

b b a b c

b a b c
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j j l l

1 1 1 1 1

1 1 1 1 1

1 1 1

� � �� �
� � �� �
� � �

, ,

, ,

11,

�

�
�
�

�
�
�

	 (75)

where j l, ,∈  j l, , ,��� ��1 2  l j≠ .
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In this case, the models can produce a new solution that 
satisfies both and lies within the intersection area of their 
trust functions

p b a b c* , .� � �� �2 1 2 1 1 1 1 1

Thus, the intersection of the models’ trust functions de-
fines the discussion interval – the region within which the 
models can produce a solution that satisfies them.

In practice, the IDSS experts argue, presenting and justi-
fying their viewpoints, and eventually reach a common deci-
sion, even if it differs from the positions they initially held. 
This decision will be a compromise that satisfies both experts, 
and in modeling the dispute, it will lie within the discussion 
interval.

Let’s define the discussion function as the operation of the 
intersection of the models’ trust functions

f f fd c c
1 2
1

1
1

2
1� � .

In the graphical interpretation, the discussion function 
is a triangle formed by the intersection of the trust func-
tions, the base of which is the interval (b21 – a21, b11 + c11). 
To find the vertex of the triangle defined by the discussion 
function, it is necessary to determine the point of inter-
section of the trust functions. Taking into account the 
condition b21 – a21 < b11 + c11(75) and knowing the trust 
functions of the models (73) and (74), for the value pu1 
parameter p1 at the point of intersection of the trust func-
tions, the following equality can be written

p b a a b c p cu u
1 2 1 2 1 2 1

1
1 1 1 1 1 1 1

1
� �� �� � � � �� �� �� �

,

from which the value   follows

p b c b a a cu
1 2 1 1 1 1 1 2 1 2 1 1 1

1
� �� � �� �� .	 (76)

Thus, the discussion function for the interaction of two 
models can be defined as
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	 (77)

The discussion function, which defines the discussion in-
terval within which the task for a single parameter at a given 
stage will be solved, has been determined. However, this does 
not yet constitute the solution of the task. Let’s consider how, 
as a result of the discussion, a solution is produced that to 
some extent satisfies both models. For this purpose, let’s refer 
to the theory of fuzzy systems, in which the concept of de-
fuzzification [1] is introduced – the transformation of a  fuzzy 
set into a single (crisp) value that can be transmitted to the 
control object either directly to the executive mechanisms or 
through the decision-maker (DM).

Let’s consider two methods of defuzzifying the discussion 
function:

1) the center of gravity of the discussion function;
2) the maximum of the discussion function.
The "center of gravity of the discussion function" method 

is based on the principles of mechanics and proceeds from the 
assumption that the crisp value pd1  parameter p1 and, accord-
ingly, the solution p*, produced as a result of the discussion of 
the models is located at the center of gravity of the discussion 
function (77). The center of gravity of the discussion function 
is defined as follows
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Substituting (77) into (78), let’s obtain

After calculating the integrals and simplifying the expres-
sion, let’s obtain
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In this case, the center of gravity of the figure will represent 
a certain compromise solution adopted by both models in the 
course of the dispute p pd* ,= 1  which was produced as a result 
of the discussion and differs from the variants proposed by the 
models. In this situation, the agreement coefficients of the first 
and second models are calculated according to the formulas:

k f p a b c b c p ct t d d
1 1

1
1 1 1 1 1 1 1 1 1 1 1 1 1 1

1
� � � � � �� �� ��, , , ,

k f p a b c p b a at t d d
2 2

1
1 2 1 2 1 2 1 1 2 1 2 1 2 1

1
� � � � � �� �� ��, , , .

Since, in the case of two experts, the discussion func-
tion  (77) has the form of a triangle, the maximum of this 
function will be located at its vertex formed by the intersec-
tion of the experts’ trust functions (76). This value will be the 
value of the parameter adopted at the given stage of prob-
lem-solving during the discussion

p p b c b a a cu* .� � �� � �� ��1 2 1 1 1 1 1 2 1 2 1 1 1
1

��

p

p
p b a

a
p p

b c

d

b a

b c b a
a c

1

1
1 2 1 2 1

2 1
1 1

1 1

2 1 2 1

2 1 1 1 1 1 2 1

2 1 1 1

�

� �
�

�

�

�

�

� d 11 1 1

1 1
1

1 2 1 2 1

2 1
1

2 1 1 1 1 1 2 1

2 1 1 1

1 1 1 1 �

� �
�

�

�

�

�
p

c
p

p b a
a

p

b c b a
a c

b c

b

d

d
22 1 2 1

2 1 1 1 1 1 2 1

2 1 1 1

2 1 1 1 1 1 2 1

1 1 1 1 1

1 1
1

�

�

�

�
�

� �

a

b c b a
a c

b c b a
a

b c p
c

pd

22 1 1 1

1 1 1 1

�

�

�
c

b c

.



Mathematics and Cybernetics – applied aspects 

61

The agreement coefficients of the first and second models 
are equal and are computed according to the expression

k k p p b b a ct t u
1 2 1 1 1 2 1 2 1 1 1

1
1� � � � �� � �� � �

�
* .

The situation in which the trust functions of the models 
do not intersect can be expressed as follows

b a b cj j l l1 1 1 1� � � ,

where j l, ,∈  j l, , ,��� ��1 2  l j≠ .
In such a situation, there is no dispute, since the models 

have no interaction points; that is, the discussion function 
is not defined. In this case, the following resolution options  
are possible:

1) the decision-maker model independently selects the 
solution p*, since the models at this point of divergence, being 
unable to produce a solution, do not engage in discussion;

2) the decision-maker model proposes that one or both 
models expand their confidence intervals to resolve the issue 
at the current point of divergence, so that the conflict situa-
tion can be resolved;

3) the decision-maker model halts the solution process 
and selects other models with confidence functions that allow 
for effective task resolution.

In any case, all conflict situations and methods for their 
resolution are recorded so that, during repeated solving of this 
or a similar task, the decision-maker model can select models 
in such a way that no conflicts arise between them in the 
course of problem-solving or that their number is minimized.

Thus, when modeling the dispute process at the point of 
divergence, three dispute resolution strategies are possible:

1. Acceptance strategy. One of the models accepts the de-
cision proposed by the other, where the degree of agreement 
with this decision p* is expressed by the agreement coefficient 
kt. For this, it is necessary that the confidence functions of the 
models intersect and that the decision adopted by one of the 
models lies within the confidence function of the other, but 
not vice versa. In this case, the final value of the parameter 
adopted at this stage, p*, is the value proposed by one of the 
models, and kt is the agreement coefficient of the other model. 
Thus, when the acceptance strategy is applied, a single alter-
native is chosen for the continuation of the discussion – the 
decision proposed by one of the models.

2. Mutual acceptance strategy. Both models accept the 
decision proposed by the other model, with the degree of 
agreement with this decision expressed by the agreement 
coefficients of the first and the second models – kt1, kt2. There-
fore, it is necessary that the confidence functions of the mod-
els intersect and that the decision of each model is accepted by 
the other; that is, the decisions of the models must mutually 
fall within each other’s confidence functions. In this case, it 
can be stated that when using the mutual acceptance strategy, 
there are two alternatives for continuing the dispute: the de-
cision proposed by the first model b11 with the confidence co-
efficient of the second model for this decision kt2, so there are 
alternatives ( , )b kt1 1 2  and ( , ).b kt2 1 1  In this case, the final value 
of the parameter adopted at this stage is – p* – the value of the 
parameter proposed by one of the models, which confidence 
coefficient from the other model is higher.

3. Discussion strategy. Neither models accept the decision 
proposed by the third model. In this case, the discussion 
function is considered, and a new decision is developed that 

satisfies the requirements of both models. For the continua-
tion of the dispute, there is one alternative – a jointly accepted 
decision – p*, where each model will have its own confidence 
coefficient for this decision kt1 and kt2. It is important that this 
decision satisfies both models.

Let’s consider how the task is solved in this case. Let, 
at a certain point of divergence, the decision-maker model 
define a set of alternatives A = {A1, A2,…, AS}, each of which 
contains the values of the task parameters corresponding to 
that alternative

A p pS A n AS S
�� �1 , , ,

where s – the alternative number, s = {1, 2, …, S}, and i – the 
number of the task parameter, i = {1, 2, …, n}. The number 
of experts solving the task is two, and the number of para
meters is n.

For each parameter, a discussion function of the experts 
must be established. Then one can speak of a set of discussion 
functions for all parameters at the point of divergence

F f f fd d d d n�� �1 1, , , .

Naturally, during the task-solving process, only those 
alternatives will be considered which parameter values are 
included in the discussion functions corresponding to those 
parameters. Let’s denote the set of analyzed alternatives as 
a  subset of the main set A, that is, A′ ⊂ A, under the condi-
tion that for all elements of A′ the following condition holds: 
� �p fi A

d i
s

. Thus, the set A′ contains only those alternatives 
that can be selected during the dispute between the two ex-
perts A′, followed by the condition

� � � � �� �A A A AM1 2, , , ,

where m – amount of alternatives, m = {1,2,…,M}.
Since each parameter value proposed by an alternative 

lies within the scope of the discussion function, it has its own 
evaluation by each model, expressed through a confidence 
coefficient. This allows each alternative to be represented as 
a set of pairs – the experts’ confidence coefficients for each 
alternative

� � � � � �� �A k k k km A
t p

A
t p

A
t p

A
t p
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m

n

1 2 1 2
1 1, , , , .

For each parameter of every alternative, there are two 
evaluations – the confidence coefficients of each expert. When 
selecting alternatives, the method of the sum of the smallest 
coefficients for each parameter will be used. In this case, the 
comparison of alternatives reduces to comparing these sums. 
The evaluation of an alternative is calculated according to the 
following formula

OA k km
i

n

A
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A
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i� � � �
�
�min , ,
1

1 2

and the best alternative has the highest evaluation

A OA
m

m
* max .� �� �

Let’s proceed to the discussion of the research results on 
the development of the polymodel complex.
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6. Discussion of results on the development  
of the polymodel complex for resource  

management

The advantages of the proposed method of the polymodel 
complex are as follows:

– it provides a comprehensive description of the function-
ing process of intelligent decision support systems (1)–(78), 
compared to [6]. This is achieved through the use of an inte-
grated mathematical description of the processes occurring 
within IDSS. This enables higher modeling accuracy of in-
telligent decision support systems for subsequent managerial 
decision-making;

– it allows the description of both static and dynamic 
processes occurring in intelligent decision support sys-
tems (1)–(78), compared to [7]. This is achieved through the 
development of corresponding mathematical expressions 
presented in the study;

– it enables modeling of both individual processes 
occurring in intelligent decision support systems and com-
prehensive modeling of the processes taking place within 
them (1)–(78), compared to [16]. That is, for solving com-
putational tasks, both individual models and the polymodel 
complex as a whole can be applied;

– it establishes conceptual dependencies of the functioning 
process of intelligent decision support systems (Table 1, (1)–(23)). 
This makes it possible to describe the interaction among in-
dividual models at all stages of solving computational tasks, 
compared to [6, 10]. This is achieved through the develop-
ment of the conceptual model;

– it describes coordination processes in hybrid intelligent 
decision support systems (expressions (24)–(44)), thereby 
increasing the reliability of managerial decision-making com-
pared to [9]. This is achieved through the development of 
a  corresponding mathematical coordination model;

– it models the processes of solving complex computa
tional tasks in intelligent decision support systems (expres-
sions (45)–(51)) through the conceptual description of the 
specified process, compared to [11];

– it coordinates computational processes in intelligent 
decision support systems (expressions (52)–(59)), thereby 
reducing the number of computational resources of the 
systems compared to [4, 10]. This is achieved through the 
development of a mathematical consistency model within the 
proposed polymodel complex;

– it provides a comprehensive resolution of disputes 
through a set of corresponding mathematical models (ex-
pressions (72)–(78)), compared to [9, 14]. This is achieved 
through the development of the corresponding mathemat-
ical model.

The drawbacks of the proposed polymodel complex include:
– the lack of the ability to account for the degree of un-

certainty in the data circulating within intelligent decision 
support systems;

– higher computational complexity of operations in intel-
ligent decision support systems compared to known studies.

The proposed polymodel complex will make it possible to:
– conduct comprehensive modeling of the functioning 

process of intelligent decision support systems;
– determine effective measures to improve the operational 

efficiency of intelligent decision support systems;
– increase the speed of solving computational tasks in in-

telligent decision support systems while maintaining the spec-
ified reliability of decision-making during data processing;

– reduce the use of computational resources of intelligent 
decision support systems.

The proposed scientific results are advisable for use in 
information and automated troop control systems such as 
"Delta", "Dzvin-AS", "Oreanda-PS", or their analogues. They 
are particularly useful under conditions of rapid and dynamic 
changes in the number of computational tasks circulating 
within different computational contours of such automated 
and information systems.

The effect of applying the proposed complex is an increase 
in the efficiency (criterion: number of operations per unit 
time/type of computational task) of using computational 
resources in IDSS.

The limitations of the study include the necessity of consid-
ering the delay time for collecting and transmitting information 
from the components of intelligent decision support systems.

Future research directions should focus on integrating the 
developed models into existing automated and information 
systems of general and special purpose.

7. Conclusions

1. The study proposes a conceptual model of intelligent 
decision support systems. The distinction of the proposed 
model lies in the comprehensive description of the function-
ing process of intelligent decision support systems and the 
establishment of conceptual dependencies of their function-
ing process. This enables improved modeling accuracy of in-
telligent decision support systems for subsequent managerial 
decision-making.

2. A set of coordination models in hybrid intelligent deci-
sion support systems has been developed. Their distinguish-
ing feature is the presence of interconnections among them, 
which allows comprehensive modeling of the coordination 
process in IDSS.

3. A mathematical model of consistency in intelligent 
decision support systems has been proposed. The proposed 
mathematical model allows the harmonization of the appli-
cation of individual mathematical models for solving complex 
computational tasks. This is achieved through mathematical 
expressions that enable the coordination of solutions of indi-
vidual models when forming a generalized solution. It allows 
new mathematical models to be integrated into existing ones 
for their further improvement.

4. A fuzzy system for resolving model disputes in intelli-
gent decision support systems has been developed. This math-
ematical model enables the resolution of conflict situations 
in IDSS when solving complex computational problems. This 
improves both the timeliness and efficiency of solving compu-
tational tasks in IDSS.
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