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1. Introduction 

One of the most important factors of scientific and 

technological revolution is the introduction of automatic 

systems and informational systems (AS and IS) in all fields of 

human activity [1]. Both in the field of industrial 

manufacturing and in the informational sphere, the role and 

significance of such a notion as quality is constantly growing 

and is being developed under the influence of novel 

technologies and market needs. In the last decades, the 

problems connected with testing the quality of products have 

become the subject of intensive investigations conducted in 

such a new scientific branch as quality science. One of the 

main branches of this science is qualimetry, which is devoted 

to the development of methodological backgrounds for the 

quantitative estimation of product quality [2]. 

The central concept of both quality science and 

qualimetry is the concept of quality, which, according to the 

ISO 8402-2000 international standard, means a totality of 

characteristics of an object that determine its capability to 

satisfy the established or supposed requirements [2, 3]. In the 

field of designing and applying new information technologies, 

the investigations devoted to estimation of the product quality 

have been long conducted. The results of these investigations 

have been reflected in the international standards and our 

GOST [4]. For example, the international standard ISO 

9126:1991 "Information technology. Evaluation of software 

products. Quality characteristics and a manual for their 

application" [4, 5] and the subsequent standards (ISO 9126:1-

-4, ISO 14598-1--6: 1998--2000) contain models, indices, 

criteria, and metrics of the quality of software tools and 

products [4]. 

The analysis of the results obtained in this field has shown 

that, by now, there exist methodological tools that allow one 

to evaluate the quality of a computer model or a computer 

program [4, 5]. Therefore, in the modern conditions, the 

development of tools for evaluating the quality of methods, 

models, algorithms, and methodologies at earlier stages of 

modeling original objects is very topical. 

It is worth noting that, in the field of investigating the 

quality of models, many scientific and practical results 

connected both with qualitative and quantitative estimation 

and analysis of the properties of models [6, 7] and the choice 

(synthesis) of models have already been obtained [8--10]. For 

different application domains, specific theories and 

technologies of modeling have been designed. In addition, a 

large number of bases of models and poly-model systems 

have been developed, which are being widely used in 

practical investigations [11--14]. 

Together with this, under the presence of a large number 

of various models, the problems of substantiated choice of 

models, their comparison, arrangement, and comparison of 

different technologies of modeling are still unsolved [11]. 

Moreover, under the modern conditions, there is an urgent 

need in designing information technologies that can be used 

without designers as free as it can be done for the 

corresponding software products [15]. First of all, to solve all 

specified problems, the theoretical backgrounds that allow 

one to solve problems of evaluating and analyzing the quality 

of models and poly-model (multiple-model) systems have to 

be developed. The results of this investigation are very 

important for substantiation choice of structure of multiple-

model complexes in different areas. In our case we use these 

results for structure-functional synthesis of multimodal 

interfaces in man-machine systems [8-16]. The main problem 

of these systems is connected with information fusions from 

different types of input devices (an eye-gaze, a gaze-speech, a 

manual-gaze-speech input devices, for example). In our paper 

we propose the methodological backgrounds of the solution 

of the problem of qualimetry of models employed in 

integration of data and knowledge from multi-model 

interfaces in man-machine systems. 

2. The Main Lines of Investigation of the 

Problem of Evaluating and Analyzing the 

Quality of Models and Poly-model Systems 

The analysis of the material presented above has shown 

that, regrettably, in modern conditions, the problems of 

estimating the quality of models, analyzing, ranking their 

classes, reliably synthesizing new models, or choosing 

existing models that are preferable for solving particular 

applied problems are still unsolved. The topicality of this 

problem grows when the investigated object is described by a 

poly-model system, which may contain diverse and combined 

structures estimated by their own indices [11, 14, 16--18]. 

Additional complexity arises when we should take into 

account the time factor. This is mainly true for original 

objects that, due to some reasons (objective, subjective, 

internal, external, etc.), have structural dynamics [19]. Under 

these conditions, to provide that a model preserves its 

adequacy, it is necessary to adapt its parameters and structures 

to changeable conditions. For this purpose, in advance, at the 

stage of synthesizing the model, it is necessary to introduce in 

the composition of its parameters and structures additional 

elements (redundancy). In the further application, these 

elements will allow one to control the model quality and to 

reduce the sensitivity of the model and the corresponding 

quality indices to variations in the composition, structure, and 

content of the source data. However, in our opinion, to 

constructively solve the general problem of evaluating and 

controlling the quality of models (of choosing the most 

preferable variants), first of all, we should investigate the 
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following complexes of problems: to describe, classify, and 

choose a system of indices that evaluates the quality of 

models and poly-model systems; to develop a generalized 

description (macrodescription) of various classes of models 

(macromodels) that allow one, first, to establish 

interrelations and correspondences between the types and 

kinds of models, and, second, to compare and rank them, 

using various metrics; to develop combined methods for 

estimating quality indices of models (poly-model systems) 

given by numerical and non-numerical (nominal and ordinal) 

scales; to develop methods and algorithms for solving 

problems of multicriterial analysis, ordering, choice of the 

most preferable models (poly-model systems), and control of 

their quality; and to develop the methodological backgrounds 

of the solutions of problems of multicriterial analysis and 

synthesis of technologies of integrated (system) modeling of 

complex objects. 

In our opinion, the specified problems and the 

methodological backgrounds for their solution, supplemented 

by the development of the conceptual and methodological 

base, can be regarded as components of a new applied theory, 

which will be called in what follows qualimetry of models 

(modelmetry) [20]. Consider in detail the most important 

aspects of the specified problems of qualimetry of models and 

poly-model systems. 

3. Qualimetry of Models: Basic Concepts and 

Definition 

The concept of model is widely applicable in natural 

human languages and is a general scientific term. It is 

characterized by polysemy that is brightly expressed and 

reflects different meanings of this concept depending on 

applications and contexts. At present, there are several 

hundred definitions of the concept of a model and modeling 

[21]. Let us present some of them [6, 7, 14, 16, 22, 23]. For 

example, a model is a system whose investigation is a tool for 

obtaining information about another system; a model is a 

method of knowledge existence; a model is a multiple-system 

map of the original object that, together with absolutely true 

content, contains conditionally true and false content, which 

reveals itself in the process of its creation and practical use; 

modeling is one of the stages of cognitive activity of a 

subject, involving the development (choice) of a model, 

conduction of investigations with its help, obtaining and 

analyzing the results, production of recommendations on the 

further activity of the subject, and estimation of the quality of 

the model itself as applied to the solved problem and taking 

into account specific conditions. 

The analysis of the listed definitions implies that each 

correctly designed model contains objective truth (i.e., to 

some extent, it correctly reflects the original object) [21, 22]. 

Together with this, because of the finiteness of the designed 

(applied) model (a limited number of elements and relations 

that describe objects belonging to infinitely diverse reality) 

and limited resources (temporal, financial, and material) 

supplied for modeling, the model always reflects the original 

object in a simplified and approximate way. However, the 

human experience testifies that these specific features of a 

model are admissible and do not oppose the solution of 

problems that are faced by subjects. In the course of 

modeling, it is advisable to distinguish the following basic 

elements and relations: first, a subject or subjects )( m
S >< , an 

original object )( op
Ob >< , model-object )( m

Ob >< , an environment 

)( m
CP ><  in which the modeling is performed; and, second, 

binary relations between the listed elements  

),(1
mop

SObR ><><>< , ),(2
mm

ObSR ><><>< , ),(3
mop

ObObR ><><>< , 

),(4
opm

ObCPR ><><>< , ),(5
mm

ObCPR ><><>< , and ),(6
mm

SCPR ><><>< . The 

subscripts "" ><  mean the personal names of objects 

(subjects) and relations [23]. Note that, in what follows, 

subjects of modeling mean the following classes of social 

subjects: decision makers (DM); persons that substantiate the 

decisions (PSD); experts; persons that use the models; and 

persons who design the models. Figure 1 presents possible 

variants of the interrelation between the listed elements and 

relations between them. 

opOb ><

m
S ><

mCP ><
mOb ><

R<1>

R<5>

R<3> R<6>

R<4>

R<2>

 
Fig. 1 All possible interrelations of objects and subjects of 

modeling 

It is worth noting that one of the main specific features of 

original objects (real or abstract) is their exceptional 

complexity [10, 11] that reveals itself in the form of structural 

complexity, complexity of functioning, complexity of the 

choice of behavior, and complexity of development. 

Therefore, to describe such objects, we should use several 

models, rather than a unique model. In other words, we 

should perform system modeling (polymodel description of 

the application domain) [11]. Another specific feature of the 

modern stage of development of methods and tools of abstract 

modeling consists in considerable intensification of works in 

automation of this process and, first of all, the phase 

connected with the design of a computer model [8, 11, 14]. 

Moreover, within the framework of new information 

technologies based on the concepts of knowledge bases, the 

concept of "model" has considerably extended the limits of its 

application - from the field of passive informational resources 

to the field of active ones. Under these conditions, algorithms 

that are elements of procedural knowledge turn into operating 

environments that provide the solution of problems by a 

subject in the language of models. The most important 

components of the conceptual base of qualimetry of models 

and poly-model systems are their properties. Therefore, we 

briefly describe the main properties of models that should first 

be evaluated in their comparison and choice. 

1. Adequacy (from Latin adaequatus, which means 

equated, completely suitable, or comparable). The model 

should possess the specified property relative to certain 

aspects of the original object. It is obvious that, in practice, 

we should say about adequacy in some sense, rather than 

about complete adequacy. As was mentioned above, for 

complex systems (original objects), a single model may reflect 

a side or an aspect of the prototype. Therefore, the concept of 

adequacy does not exist in general. We may say only about 
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the adequacy of reflection of certain properties. For a poly-

model system, we can pose the problem of achievement of 

adequacy in a broader sense that encompasses various 

features of the prototype. However, in all cases, the adequacy 

of the model (poly-model system) should be evaluated taking 

into account the degree to which it satisfies the goal of 

modeling (goals of the subject). 

We distinguish qualitative adequacy, i.e., the reflection of 

certain qualitative properties of the original object with the 

help of the model, and quantitative adequacy, which means 

the reproduction of numerical characteristics of the prototype 

with certain accuracy. For this purpose, various types of 

metrics are introduced [24, 25]. 

Because of particular significance of this property of 

models and poly-model systems in the general structure of the 

generated conceptual base of qualimetry of models, we 

consider in more detail possible approaches to the 

quantitative estimation of this characteristics in Section 4. Let 

us consider other indices. 

2. Simplicity and optimality of the model (poly-model 

system). The property of adequacy is directly associated with 

the properties of simplicity and optimality of the model. 

Indeed, sometimes, to achieve the required degree of 

adequacy, we should essentially complicate the model. On the 

other hand, if we can choose different models that have 

approximately the same adequacy, it is advisable to use the 

simplest model. This property becomes very topical under 

optimal choice of the structure of a poly-model system. In this 

case, the adequacy of modeling is determined by not only the 

properties of each model, but also the characteristics of their 

interaction. In [26, 27], which are devoted to the general 

theory of modeling complex systems, a number of principles, 

rules, and methods that provide the correct transition from a 

formal description op
Ob ><  to the scheme of modeling 

(computer program) are found. 

3. The flexibility (adaptability) of models assumes that 

parameters and structures that can vary in given ranges are 

introduced in the composition of models in order to achieve 

the goals of modeling. 

4. Universality and task orientation of models. Numerous 

investigations directed to the search for the specified 

compromise have shown that, at present, the development of 

universal models op
Ob ><  directed to a broad application domain 

result in a difficult-to-solve problem. It is advisable to design 

models specialized relative to an admissible class of modeled 

objects and universal with respect to a list of supported 

functions. 

Among other properties of models, which have to first be 

investigated in the framework of qualimetry, we should 

distinguish reliability, unification, simplicity, openness and 

accessibility, intelligence, the efficiency of computer 

implementation, complexity, identifiability, stability, 

sensibility, observability of models, their invariance, and self-

organization and self-learning [11, 20]. 

It was mentioned above that different properties of models 

that describe original objects op
Ob ><  are evaluated and 

analyzed in the course of system modeling (Fig. 2), which is 

one of the types of purposeful processes [22]. Therefore, 

within the framework of qualimetry of models, it is advisable 

to consider two particular lines of investigation that 

encompass both the problems of estimating and analyzing the 

quality of different techniques of modeling op
Ob ><  and the 

problems of choosing variants of their optimal organization. 

Figure 2 presents a typical aggregative technique for 

conducting system (integrated) modeling as an example [11]. 

In this figure, the following notation is accepted: 1, for 

theoretical investigations; 2, for methods of structural and 

behavior analysis; 3, for analytical investigations of models, 

4, for designing models (poly-model systems); 5, for 

development of a modeling algorithm; 6, for designing a 

computer model; 7, for simulation investigations; and 8, for 

the representation and interactive analysis of the results of 

modeling. As applied to different types of op
Ob ><  different 

classes of employed models, this scheme may be considerably 

complicated. For example, in the solution of problems of 

synthesizing the structures of complex op
Ob >< , at present, 

analytical and simulation models that describe various aspects 

of the specified problems in necessary details are widely 

applicable [28]. In so doing, several scenarios (procedures 

and techniques) may be proposed for arranging and 

conducting integrated modeling, which may be different in 

the methods of generating admissible alternative solutions, in 

the rules for testing constraints given in an analytical or 

algorithmic form, and in the methods of transition from one 

step of interactive restriction of the set of admissible 

alternatives to another. 

 1 2 3 

4 5 6 7 

8 

Application domain and goals of 

modeling 
  

Fig. 2 The technology of system modeling 

The analysis of results of numerous investigations has 

shown that joint use of diverse models in the framework of 

polymodel systems allows one to improve the flexibility and 

adaptability of the simulation system (SS), as well as to 

compensate the drawbacks of one class of models by the 

advantages of the other [11, 14, 22, 28]. Moreover, 

investigating problems of analyzing and synthesizing the 

structures op
Ob ><  in the framework of each of the listed classes 

of models, the subjects of modeling may use simultaneously 

and in parallel several methods and algorithms different in 

computational complexity [5, 9, 11]. 

Each variant of implementation of system modeling technique 

is characterized by its own time cost, the expenditure of 

different types of resources, and by final results (effects). In 

these conditions, the problems of evaluating and choosing the 

best variants are of great interest [22]. 

4. The Main Approaches to the Generalized 

Description of Models and Poly-model Systems 

One of the characteristic features of the investigation of 

complex objects and processes is the development and 

application of the corresponding systems of interrelated 

models reflecting various aspects of their functioning and 
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interaction with each other and with the environment [8, 11, 

14, 16]. In other words, the problems of poly-model 

multicriterial description and investigation of particular 

application domain with account of uncertainty of the effect 

of the environment (internal and external) on the considered 

objects and processes have gained a particular significance 

[16, 17]. In so doing, as a rule, the correct interaction of 

diverse models becomes possible when combined methods, 

algorithms, and methodologies are used. 

The clear trend for integration of various scientific 

directions connected with the problem of system modeling of 

complex objects and processes is the most noticeable in 

decision-making problems. This trend is explained by the 

general nature of decision-making problems that appear in 

different application domains. First of all, among these 

problems are the problems of group, hierarchical, game 

decision-making, and problems of multicriterial (vector) 

optimization, each of which can be formulated and solved 

taking into account the differences in information about the 

disturbing factors. It is worth noting that the problems of 

synthesizing the technique of system modeling also belong to 

decision-making problems. 

To describe the problems of this class constructively, it is 

necessary to use such a generalized representation that allows 

one to unify the formulation and investigation of both 

traditional problems of modeling and their novel forms that 

arise in practical investigations. 

The combined generalized description of application 

domains based on structural--mathematical and categorical-

functorial approaches, which provide a background of the 

concept of modern mathematics, seems to be very prospective 

[29-31]. 

The main objects in the investigation of formal systems 

developed by the scientific school of N. Bourbaki are 

mathematical structures that are generated on the steps of the 

scale of basis and auxiliary sets as a result of the execution of 

special operations (e.g., Cartesian products and Booleans of 

sets) and introduction of axioms that determine the type of a 

mathematical structure. In this case, if we regard a particular 

mathematical structure of a given type as a model of a really 

existing (created) object, then interesting prospects emerge. 

Under this interpretation, each mathematical class of model 

should be considered in the framework of a mathematical 

structure of a certain type, and the transition between the 

types of structures (e.g., by the introduction of new axioms, 

replacement of old axioms by new ones, and by introduction 

of new steps and basic sets). Using the same principles, we 

can classify models in qualimetry, establish and investigate 

the interrelation of different classes of models, analyze 

different decomposition (aggregation) models and poly-model 

systems, and coordinate them. 

In [30], using the example of constructing the foundations 

of system and control theory, it was shown that, based on the 

formal technique developed by N. Bourbaki, we can study 

from unified positions various classes and types of models 

such as static, dynamic, deterministic, stochastic, fuzzy, 

mathematical, logical-linguistic, and logical-algebraic models, 

which are traditionally considered separately by modern 

scientific schools. The undoubted advantage of the structural-

mathematical approach is that the possibility to use 

knowledge and results accumulated in the branches of 

mathematics arises in order to solve problems existing in its 

other branches [30, 31]. 

The specified possibilities are extended after the transition 

from the structural--mathematical to categorical-functorial 

concept of the construction of qualimetry of models. The 

theory of categories and functors provides constructive 

methods for mathematical description of objects through their 

correspondences (morphisms) [29-31]. In this case, the 

properties of a certain mathematical object (in our case, 

model), which are usually formed through its internal 

structure, are expressed through the properties of mappings of 

this object into similar objects. 

The introduction of functors as a system of relations 

between different categories (classes of models) guarantees 

their consistency and the consistency of the results of 

investigations. Let us illustrate the specified statements by a 

particular example. For this purpose, first of all, we give an 

axiomatic definition of a category and functor [29-31]. 

A category P ( PKat ) is a mathematical construction that 

consists of a class of objects POb  and a class of morphisms 

(arrows) PMor  that satisfy the following conditions: (a) for 

each ordered pair of objects A  and B , there is a set of 

morphisms ),( BAMorP  with elements (morphisms) of the 

form BAf →: , where A  is the domain of definition or the 

beginning of the morphism, and B  is the domain of values or 

the end of the morphism; (b) for any ordered triple of objects 

A , B , and C  and morphisms BAf →:  and CBg →: , the 

operation of composition (product) of morphisms is defined 

CAfg →:o ; (c) for any four ordered objects A , B , C , and 

D  and morphisms BAf →: , CBg →: , and DCh →: , the 

associative axiom of the composition holds 

fghfhh oooo )()( = ; (d) for each object A , there is a 

distinguished identical morphism AAA →:1  such that, for 

any pair of morphisms BAf →:  and CBg →: , we have the 

identity ff A =1o , ggA =o1 . 

Categories provide one of the most convenient methods 

for describing objects within the framework of the developed 

qualimetry of models since, first, the conceptual level of the 

representation of objects in the given theory has to be 

invariant relative to the method of description of their internal 

structure, and, second, an object in a category is integral, 

since its internal structure is not considered. Finally, objects 

acquire properties only in a certain category and these 

properties reveal themselves only in the comparison with 

other objects. 

Functors establish relationships between different 

categories. In what follows, a functor (one-place covariant 

functor) LPF →:  from the category P  to a category L  is a 

pair mappings LObPObF →:  and LMorPMorF →:  that 

map each object A ∈ Ob P to an object F(A) ∈ Ob L and each 

morphism f ∈ ),( BAMorP  to a morphism 

F(f) ∈ ))(),(( BFAFMorL , and the composition operation 

)()()( gFfFgfF oo =  and the identical morphism 

)1)1((
)( AFAF =  are preserved. 

A one-place covariant functor can be characterized as a 

mapping from one category to another that preserves their 

category structure. Thus, functors allow one to compare 

objects of different categories and to establish interrelations 

between them. To achieve the following goals [30-32]: to 

investigate properties of different classes of objects of 

categories (models) using functor transformations; to reduce 
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the investigations of objects of one class to the analysis of 

objects from another class (e.g., functors from the category of 

topological spaces are constructed to the categories of abelian 

groups or rings, which allows one to solve topological 

problems by algebraic methods [31]); to conduct joint 

investigations of various categories (classes of models); and 

to form new categories. Two kinds of functors such as 

forgetful functors and constructive functors are of special 

importance. The forgetful functors allow one to make a 

transition from a category that contains complex objects to a 

poorer category. The constructive functors allow one to make 

a transition in the opposite direction. 

In multimodel investigations, the operation of natural 

transformation of functors or morphism of functors is widely 

applicable. In Fig. 3, the functor S  assigns to objects A and 

A′  and morphism f  of the category P  objects and a 

morphism of a category L : images )(AS , )(AS ′ , and )( fS . 

Analogously, the functor F  assigns to objects A , A′ , and f  

objects )(AF , )(AF ′ , and a morphism )( fF . In the same way 

as the objects )(AS  and )(AS ′  are connected by the 

morphism )( fS , the objects )(AF  and )(AF ′  are connected 

by the morphism )( fF . In turn, )(AS  and )(AF , )(AS ′  and 

)(AF ′  are connected by the morphisms h  and h′ . In 

addition, for the latter morphisms, the conditions of a 

morphism of functors are satisfied if and only if the diagram 

generated by the mappings H , h′ , )( fS , and )( fF is 

commutative; i.e., the equality .)()( hfFfSh oo =′  holds. 

Let us demonstrate the capabilities of the categorical-

functor approach to qualimetry of models by an example of a 

poly-model description of the problem of multistructural 

analysis and synthesis of a pattern of a flexible manufacturing 

system (FMS) [11, 32]. The main difficulty is that the 

synthesis of optimal programs for controlling the equipment 

of a FMS can be performed only when the distribution of the 

main and supplying functions and tasks of the FMS over its 

main elements and subsystems has become known. In turn, 

the specified distribution depends on the laws of functioning 

of the FMS. Traditionally, the considered problem is solved 

based on the corresponding decomposition with the help of 

both analytical simulation models and expert knowledge [19, 

32].  
 

F 

F 

S 

S Kat P 

(A) 

(A′) 

Kat L 

F(A) 

F(A′) 

Kat L 

S(A) 

S(A′) 

h′ 

h 

 
Fig. 3 An example of operation of natural transformation of 

functors 

The problem of analyzing and synthesizing technical 

structures of an FMS is most frequently formalized using 

either graph (network) models or models of linear and integral 

programming. As a rule, the problem of analyzing and 

synthesizing programs for controlling the equipment of the 

GPS is formalized with the help of dynamic models [11, 19, 

32]. However, under this polymodel description, the problems 

of coordination and consistency of the results remain open. 

To obtain a constructive solution of these problems, in [32], a 

functorial transition to the category of digraphs ΦKat  that 

specifies the models of execution of operations in the 

category of dynamic models DKat , which describes the 

processes of functioning the equipment of the FMS, was 

proposed. In this case, a constructive covariant functor 

DG →Φ:  establishes a correspondence between the nodes of 

the graph Φ∈ Obxi  and dynamic models DObd i ∈ , and 

between the arcs >< ji xx ,  ∈ ),( XXMorΦ  and the mappings 

of dynamic models ijψ  ∈ )),(( >< jiD xxGMor  called the 

adjacency morphism in [32]. Lately, several variants of 

formalization of the specified mappings have been proposed, 

among which are the methods based on the introduction of 

logical [32, 33] and stepwise functions [34] and phase and 

mixed constraints given in the form of equalities and 

inequalities [13, 17]. Together with this, the specified 

methods and the corresponding models have a number of 

drawbacks (the growth of the dimensions of the solved 

problems and difficulties in taking into account constraints on 

the continuity of executing operations in the FMS), which 

hampers their wide applicability. Therefore, in [19, 35, 36], 

another approach to the formalization of the adjacency 

mappings was proposed. Its simplified variant can be 

represented in the form of the following model: 
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where )(txi  is a variable that characterizes the state of the 

execution of an operation iA  at the time instant t; ia  is a 

given amount of its execution; )(tuij  is the control action that 

takes the value one if the operation iA  is executed in the jB  

plot of the FMS and zero otherwise; −Γ∈ i1α  and −Γ∈ i2β  

generate the set of operations that p 

recedes iA  and are technologically connected with it by 

logical operations AND and OR; [ 0t , ft ] is the time interval 

on which the functioning of the FMS is considered. 

In the framework of this formalization, the test of the 

condition of functoriality of the transformation of the digraph 

into a dynamic model can be based on the analysis of the 

results of the transitive closing of binary relations that give 

the order of operations in the FMS in each of the models. For 

the graph (static) model, the testing of given conditions does 

not cause serious difficulties and is reduced to execution of 

simple operations with the adjacency matrix. For the dynamic 

model, this testing requires special transformations of its 
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structure [11]. The investigations have shown that, in the 

framework of the considered polymodel description of the 

functioning of the FMS, not only functionality conditions 

hold, but also the conditions of the general position of the 

adjacency mapping [19, 35]. This has opened wide 

opportunities in using the advances of modern control theory 

in solving problems of structural--functional synthesis of 

complex technical systems [13, 28, 32, 37]. 

5. Conceptual and Methodological 

Backgrounds of the Analysis of the Main 

Properties of Models and Poly-model Systems 

In the solution of problems of modeling of complex 

objects op
Ob >< , the problems of providing a required adequacy 

of the results and controlling the quality of models and the 

modeling processes is of special importance. It is obvious 

that, using the model m
Ob ><  in practical investigations, we 

should evaluate its adequacy each time relative to op
Ob >< . The 

reasons for inadequacy may be inexact source prerequisites in 

determining the type and structure of the models, 

measurement errors in testing, computational errors in 

processing sensor data, etc. [38]. The use of inadequate 

models may result in considerable economic loss, emergency 

situations, and failure to execute tasks posed for a real system. 

For definiteness, following [20, 23], we consider two 

classes of modeled systems. By the first class, we refer to 

those systems with which it is possible to conduct 

experiments and to obtain the values of some characteristics 

by measuring. 

Figure 4 presents the generalized technique for estimating 

and controlling the quality of models of objects of the first 

class. In this figure, we take the following notation: 1, for 

forming the goals of functioning of op
Ob >< ; 2, for 

determination of input actions; 3, for setting goals of 

modeling; 4, for the modeled system (objects op
Ob >< ) of the 

first class; 5, for the model ( m
Ob >< θ ) of the investigated system 

op
Ob >< ; 6, for the estimation of the quality of a model (poly-

model system); 7, for controlling the quality of models; 8, for 

controlling the parameters of models; 9, for controlling the 

structures of models; and 10, for changing the concept of 

model description. 

5

1

op
Ob ><

4

m
Ob >θ<m

Ob ><1

3

2 76

8

9

10

 
Fig. 4 The generalized technique of estimation and control of 

the quality of models of the first class 

All technical systems and complexes working in an 

autonomous mode are examples of systems of the first class. 

We refer to the second class of modeled systems, for 

which it is impossible to conduct experiments (according to 

the technique presented in Fig. 3 and to receive the required 

characteristics. Large-scale economic and social systems and 

complex technical systems that function under essential 

uncertainty of the effect of the external environment are 

examples of these systems. The human factor plays an 

important role in these systems (organization structures). 

Consider the variants of evaluating the adequacy of m
Ob ><  

for the mentioned systems. We assume that we have a metric 

space of mathematical patterns that describes op
Ob ><  and m

Ob >< . 

Then, it is advisable to use the distance ),( mop
ObOb ><><ρ  that 

has to satisfy the axioms of a metric [38] as the proximity 

measure between the object and model. In the ideal situation, 

the proximity measure must be zero. However, in practical 

cases, because of a number of reasons (the principal 

difference between m
Ob ><  and op

Ob >< ), the uncertainty of 

source data, measurement and computational errors, etc.), the 

probability of the equality 

0),( =><><
mop

ObObρ  

is close to zero. Therefore, a real adequacy condition must 

have the form 

0,),( >≤><>< εερ mop
ObOb . 

The first condition, which has a purely theoretical value, 

is called the condition of absolute adequacy, and the second 

one is called ε -adequacy. We also note that, in the course of 

implementation of one or another technique of modeling 

(Figs. 1, 2, and 3), as a rule, the degree ρ  of adequacy 

decreases in the transition from one stage of modeling to 

another 

ρρρρρ =≤≤ R321 ... , 

where Rρ  is the adequacy measure of m
Ob ><  at the k stage. 

As applied to the first class of op
Ob >< , the considered 

adequacy measures can be given in various forms. For 

example, in deterministic description of systems, the 

Euclidean metric, Chebyshev metric, Hamming metric, Lee 

metric, etc., are most frequently used [38]. The value of the 

difference of the output actions obtained in the object ))(( )0(
ty  

and model ))()(( )0(
tt yye −=  is considered as the argument in 

the corresponding functionals. In the stochastic case, 

adequacy measures based on the quantitative estimation of the 

distance between random samples (the first situation) 

obtained in the course of experiments with op
Ob ><  and m

Ob ><  

and on the estimation of the distance between the statistical 

laws constructed based on these samples (the second 

situation) [38] can be proposed. In addition to the mentioned 

approaches in giving metrics for the first situation, the set of 

other metrics for analytical-simulation, logical-algebraic, 

logical-linguistic, and combines models have recently been 

developed [24, 25, 38]. 

The quantitative estimation of the adequacy of models 
m

Ob ><  that describe systems of the second class is difficult 

with the use of the metrics proposed above, since, first, it 

requires very large resource expenditure in order to directly 
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determine the characteristics of the form )0(
y  by conducting 

experiments with the specified systems, and, second, in a 

number of situations, it is simply unrealizable (modeling of 

accidents, catastrophes, and military operations). Moreover, 

the concept of "model adequacy" itself needs to be refined. In 

this case, it is advisable to comment on the usefulness and 

fitness of the model m
Ob ><  for solving a certain class of 

problems connected with op
Ob ><  [38-41]. We assume that, to 

describe a certain system of the second class op
Ob >< , k models 

)(
11 ><Γ pM , )(

22 ><Γ pM ,..., )( ><Γ
kpkM  were proposed, each of 

which is characterized by its structure and a set of parameters  

><Γ
jpj ,   j = 1,...,k. First, we consider the situation when the 

structures of models are fixed and models differ from each 

other by the composition of parameters whose exact values 

are, as a rule, not known. It is necessary to choose the most 

preferable model among the set of models )}({ ><Γ
jpjM  [38]. 

In addition, we assume that the listed models are used in order 

to solve the problems of prediction and choice of optimal 

variants of functioning of the system op
Ob ><  from the point of 

view of a given generalized efficiency index J. Assume that it 

is not known in advance what actual values are taken by the 

parameters of a real system. Thus, it is necessary to collect 

data about the actual behavior of the system op
Ob ><  under 

uncertainty conditions. Consequently, we should use 

additional information. 

Consider the simplest situation, when m
Ob ><  depends only 

on a single parameter p, which takes a finite number of 

values, p∈{p1, p2,…,pb}. Note that the result of functioning 

the real system op
Ob ><  depends on the same parameter, which 

takes the same values. However, it is not known in advance 

which actual value is taken by the parameter p in the system 
op

Ob >< . Assume that any deviation of the parameter of the 

model )( jj pM  from the value of this parameter in the real 

object results in a "loss," which is estimated by the index J. 

To solve the problem, we form Table 1, which contains 

the values of the efficiency index of the following form: 

Jνµ = Jνµ (uν, pµ), where Jνµ is the value of the index of νu  for 

the variant of functioning of op
Ob ><  computed for the model 

)( νν pM  under the actual value of the parameter µp . Based on 

Table 1, we construct Table 2 of risks calculated by the 

formula ∆Jνµ = | Jνν– Jνµ|. 

In this case, the choice of the fittest model is reduced to a 

choice of a value of p. As an optimization criterion, we take 

the criterion of minimum risk: 

νµ
µν

JJ ∆=′ maxmin  

Table 1. The values of the efficiency indices of the form 

Jνµ = Jνµ (uν, pµ) 

 pµ 

pν p1 p2 ⋅⋅⋅ pb 

p1 J11 J12 ⋅⋅⋅ J1b 

p2 J21 J22 ⋅⋅⋅ J2b 

⋅⋅⋅ ⋅⋅⋅ ⋅⋅⋅ ⋅⋅⋅ ⋅⋅⋅ 
pb Jb1 Jb2 ⋅⋅⋅ Jbb 

Table 2. The values of risks of the form  

∆Jνµ = | Jνν– Jνµ| 
 pµ 

pν p1 p2 ⋅⋅⋅ pb 

p1 0 ∆J12 ⋅⋅⋅ ∆J1b 

p2 ∆J21 0 ⋅⋅⋅ ∆J2b 

⋅⋅⋅ ⋅⋅⋅ ⋅⋅⋅ ⋅⋅⋅ ⋅⋅⋅ 
pb ∆Jb1 ∆Jb2 ⋅⋅⋅ 0 

 

If we consider the general case of the choice of a many-

parameter model from a given set of models )}({ ><Γ
jpjM , then 

it is advisable to divide the solution of this problem into the 

following stages. First, for each fixed model )( ><Γ
jpjM , the 

best combinations of the value parameters are found in 

accordance with the criteria proposed above; i.e., we find 

)( **
><Γ=

jpjj MM . As a result, we obtain k models 

*
1M , *

2M ,..., *
kM with fixed parameters. From these models, 

using an analogous procedure again, we choose the best 

model. 

In conclusion, we consider the possible variants of the 

calculation of the adequacy indices of models and control of 

their quality for the situations when only the values of 

parameters are changed in the system, but the structure of 

models remains the same. 

We introduce the following sets: the set of models 

M  = { 1M ,…, θM } of an original object op
Ob >< ; the set of 

features )(tPcs  = { )(cs

gP , Hg ,...1= } of op
Ob >< ; and the set of 

possible variants (totalities) of the feature values csP . 

In addition, assume that AD(Mθ, csP ), θ = 1,...,Θ  is a 

certain given adequacy index of the model Mθ relative to 
op

Ob ><  that is characterized by )(tPcs  at the time instant t. 

Together with the classical axioms of a metric, the 

adequacy functional AD(Mθ, csP ) must possess the following 

additional properties [42]: 

(a) AD(Mθ, csP ) > 0, ∀ Mθ∈ M , csP ∈ csP ; 

(b) AD(Mθ, 
)1(

csP ) > AD(Mθ, 
)2(

csP ), 

where the model Mθ more adequately describes op
Ob ><2  with 

the set of features )2(
csP  than op

Ob >< 1  with the set of features 

)1(
csP ; 

(c) AD(
1θM , )1(

csP ) > AD(
2θM , )2(

csP ), 

where the model 
2θM  more adequately describes op

Ob >< 1  

with the set of features )1(
csP  than the model 

1θM . It was 

supposed in relations (4.6)-(4.8) that the parameters of each 

model are optimally adjusted to the corresponding op
Ob >< . It is 

worth noting that, under the action of different factors, both 

the parameters and structures of op
Ob ><  can be changed. 

Therefore, in the estimation of the functionals involved in (a)-

(c), it is necessary to take into account and predict the 

variation in the values of the parameters )(tPcs  characterizing 
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op
Ob ><  and the environment at each time instant, so as to 

temporally correct the structures and parameters of the model 

(poly-model system). Choosing the value of the time interval, 

for which we have to predict the values of features of op
Ob >< , 

we should find such a compromise decision that, on the one 

hand, provides as accurate an estimation of csP  as possible, 

and, on the other hand, the chosen time interval must be big 

enough for constructing a new model op
Ob ><  and adjustment of 

its parameters before its operation. Moreover, the universe of 

events csP  = )(tPcs  that changes in time is characteristic of 

developing situations. Under these conditions, the approach 

based on interpretation of the processes of designing models 

and evaluating their quality by methods of modern control 

theory of dynamic systems with reconfigurable structure [19, 

35] is very prospective. As an example, we can consider two 

possible statements of the problem of controlling the quality 

of models (synthesis of their structure) based on the proposed 

dynamical interpretation of the processes occurred. 

Problem A. It is required to minimize a functional that 

characterizes the degree of proximity of the model and op
Ob ><  

under the constraints on the total time of synthesizing the 

model and on its parameters and structures [42] 

AD( )(l
Mθ , csP ) → min, 

st

l

st tMt ≤),( )(
θw , 

)(l
Mθ ∈ M , w  ∈ W, 

)(l
Mθ  = Φ ( )1( −l

Mθ , w , csP ),  l = 1,2,..., 

where AD( )(l
Mθ , csP ) is a functional that is used to 

estimate the degree of adequacy of the model )(l
Mθ  relative to 

the object op
Ob ><  characterized by the set of features from the 

set  )(tPcs  = { )(cs

gP , g = 1,...,H}; stt  is the total time of 

synthesizing a model with given properties; stt  is the limit 

admissible time of synthesizing the model; Φ  is the operator 

of interactive construction of the structure of the model )(l
Mθ ; 

l is the current iteration number; w  is the vector of 

parameters of the structural adaptation of the model; and W is 

the set of its admissible values. 

Problem B, which is inversed to Problem A, can be 

represented in the following form: 

min),( )( →l

st Mt θw , 

AD( )(l
Mθ , csP ) ≤ ε2, 

)(l
Mθ ∈ M , w ∈W, )(l

Mθ  = Φ ( )1( −l
Mθ , w , csP ), 

where ε2 is a given constant that characterizes the 

admissible level of degree of adequacy of the models m
Ob ><  of 

the form )(l
Mθ ; and θ ∈ I

~
 = {1,...,Θ}, M  is the set of 

possible variants of models m
Ob >< . 

From the point of view of control theory, these problems 

are referred to the class of problems of adaptation of the 

parameters and structures of objects (the models op
Ob ><  are 

regarded as objects). The presented relations imply that, as the 

main criterion of the process of parametric and structural 

adaptation of the models op
Ob ><  (or, in other words, of the 

control of the model quality), it is advisable to choose the 

condition of adequacy of models. Note that adequacy means 

the principal correspondence between the results of modeling 

and the changes and relations between op
Ob ><  and the 

environment that takes place under real conditions, rather 

than the reflection of the models in all details. The main 

destination of the quantitative evaluation of the adequacy 

used at the time instant t of the model )(l
Mθ  is determined by 

the necessity to improve to an admissible level the confidence 

degree of the decision maker that will allow him to judge the 

correctness of the propositions about the real object based on 

the data obtained in modeling [11, 13]. 

6. Conclusions 

Resuming the aforementioned, we should note that, under 

modern conditions, it is very urgent to develop the 

methodological foundations of the theory of estimation and 

control of the quality of models or qualimetry of models. This 

theory is a part of the science of quality and can be 

decomposed into many particular applied directions in which 

the estimation of the quality of models employed in a certain 

application domain should be conducted. 

Figure 5 presents as an example the basic elements of the 

theory of estimation and control of the quality of models 

developed recently, which are used in integration of data and 

knowledge (Information Fusion Models) [43] In our opinion, 

the development of qualimetry of models should be made in 

parallel in the main two lines of investigations that closely 

interact with each other. In the framework of the first line of 

investigations, the general problems based on the results 

obtained in solving applied problems of the theory of 

estimation and control of the model quality [22]. It is 

advisable to set off the development of integrated systems for 

decision-making in estimation and control of the quality of 

models and poly-model systems as a particular line of 

investigations. 
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 Formulation of the problem: the development 
of scientific foundations of the estimation and 

control of the quality of models used in 
integration of data and knowledge  

(Information Fusion Models) 

Concepts: system analysis 
and integrated modeling, 
control theory, knowledge 
engineering, science of 
quality 

Methodological 
foundations  

of qualimetry 

Classes of problems solved 
in evaluating and controlling 

the quality of models 

Principles: necessary 
diversity, external 
complement, and 
embedding 

Requirements to the 
models: 

adequacy (adaptability), 
multifunctional 
capabilities and 
unification, simplicity, 
accessibility, and 
intelligence 

Fundamental approaches to the problem solution:  
a developing situation whose participants are objects 
and subjects of modeling, rather than models of 
integration of data and knowledge, as well as meta-
model (models of models) are the objects of 
investigation 

Problems of analysis (A): 

– classification of models;  
– analysis of adequacy, sensitivity, 

observability, controllability,  
reachability, stability of models  
and meta-models 

Problems of observation (B): 
identification of parameters and 
observation of the state of a 
developed situation 

Decision-making problems (C): 
multicriterial ordering, choice 
of models, and control of the 
quality of models 

Developed and applied methods and models of problems  
of qualimetry of models (A, B, and C) 

Methods of generation and 
restriction of the set of non-

dominated alternatives (A and C) 

Methods of multicriterial theory 
of usefulness (A and C) 

Methods of hierarchical analysis 
(A, B, and C) 

Methods of multicriteria 
ranking 

(C) 

Methods of verbal analysis of 
situations (B) 

Methods of approximation of 
attainability 

(А,В,С) 

Structural–mathematical and 
categorical–functorial description  

of models and meta-models  
(A, B, and C) 

Generalized meta-model of 
estimation and control of the quality 

of information fusion models  
(A, B, and C) 

Poly-model systems designed on the 
basis of probabilistic analytical–

simulation models, the technology 
of knowledge engineering, neural 

networks, fuzzy and genetic  
models and algorithms  

(A, B, and C) 

Expected practical results 

– quantitative and qualitative evaluations of classes of models;  
– methods of estimation and control of the quality of models;  
– a prototype of software tools for estimation and control the quality of models;  
– proposals on the composition, structure, and principles of development and 

use of intelligent systems for automation of the processes of designing models.  

Expected effect from the introduction of the obtained results in practice 

– improvement of the quality of design decision in development of software 
tools of information systems;  

– reduction of design cost due to finding bugs in software tools at early stages of 
their life cycle 

 

Fig. 5 The methodological backgrounds of the solution of the problem of qualimetry of models employed in integration 

of data and knowledge
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