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Introduction  

A more powerful tool for improving the 

objectivization of judgments and conclusions 

especially those of scientific nature is considered to 

be a mathematical method, mathematical modeling. 

The most important requirement for it is the one for 

adequacy of a character system chosen, namely, of a 

mathematical model to the object under study or 

some theoretical structure to be used for a theory 

explanation. This requirement is not often checked 

and the fact of using a mathematical method is 

assumed to be a result by default. It is fairly and 

accurately noticed that “a mountain of information 

collected and a scrupulously conducted modeling 

often gives birth to a mouse of a final cognitive 

result”. [1] A detailed answer to this matter of deep 

methodological properties needs more space to be 

published. In this paper the basic facts being 

responsible for the adequacy of those model 

structures involved for objectivization of professional 

competency assessment have been highlighted.  

The adequacy of a mathematical model (MM) 

appears to depend on: 

critically sufficient qualitative description 

(study) of the object by the features chosen; 

reasonable quantitative description of the object 

by the features chosen; 

constant awareness of rational responsibility 

rather than deductive logic for the adequacy of MM. 

If these aspirations of a researcher are achieved, 

it is appropriate to consider the quality of MM. It is 

the quality of MM that is the adequacy of the model 

together with its efficiency. In this case the concept 

of model adequacy is directly based on the definition 

of the modeling object and the notion of efficiency – 

on the modeling purposes [2]. 

The most common situation in the research 

experience is using a questionably adequate tool 

environment (a body of MM, computer support, 

information environment to be attainable in terms of 

data availability and interaction technology of these 

components) unless its limited explanatory and visual 

properties come to the surface. Then, an abrupt 

transition to a different environment or gentle 

combination with a new tooling environment takes 

place. And then one fairly relies on higher adequacy 

in eclectic. The situation is particularly prevalent 

among experienced researchers. Being at the level of 

their rich professional intuition they are capable of 

generating such eclecticism with a given set of 

consumer properties, in fact, working with hybrid 

models. The idea of hybridization of MMs of 

different classes is not new. It seemed to appear after 

the period of “naïve” mathematical modeling when 

proper use of mathematical tools in the essentially 

verbal sphere (retrospective experience of the 

humanities) was emphasized. But the awareness of 

semantics strengthening of the rational category of 

MM adequacy did not come immediately on the 

methodological field. It needed to gain sufficient MM 

experience and its awareness. 

   Here we can share our experience of 

constructing hybrid models from quite different 

subject areas relying on some methodological and 

methodical conclusions to a greater extent. 

Hybridization of multivariate regression 

equations in a single MM adequately describing 

mechanical properties of factory rolled steel and its 

chemical composition is used as a constraint and 

target function in a linear programming problem at 

the next stage. Model effectiveness by this mixing 

has shown the 30% increase in the strength properties 

of steel maintaining the chemical composition on the 

model recommended levels within the State Standard 

(GOST) [3]. 

Hybridization in a single MM of the classical 

network model describing a large-scale investment 

process with an orthogonal regression model is like a 

convolution of specially organized, planned 

simulation experiments. The indicator of integral 

imbalance between the given investment dynamics 

and the one received during the experiment (the 

estimated dynamics) has been used as a response 

function. To vary the planning matrix of extreme 

experiments three groups of factors appearing to be 

sufficiently significant have been chosen: risk-factors 
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– implementation deadlines of objective events – the 

most important business process (BP) elements 

identifying their stages, investment limits by time 

periods; resource-factors – workforce restrictions and 

risk-factors - by time periods. The hypothesis of 

stocked investments has been accepted, the 

workforce being non-stocked. In order to reduce the 

dimension of the factor space the idealized (equal) 

distribution of capital investments within time 

periods has been suggested. The eclecticism 

described provided the range of linear effects 

according to the degree of their influence on the 

response function in a significant nonlinear model 

(oriented graph) and an opportunity to consider the 

so-called pair interactions on the added linear 

orthogonal regression to the second order regression.  

So, there exists a great scope for the analysis of 

nonlinear nature [3].  

The experience of MM hybridization from the 

humanitarian sphere being the objective of the given 

paper is further to be considered. A variety of 

approaches to improve the adequacy of model 

structures in order to increase the objectivization of 

assessment is sufficiently large [4-6].   From the 

authors’ point of view, the increased adequacy and 

objectivization of assessment has been achieved 

through the hybridization of models and expert 

evaluation methods, specialized statistical methods of 

data processing, fuzzy logic techniques and entropy 

approach. These issues will be further explained and 

discussed in detail. 

Methods  

Competencies are meant as a dynamic 

combination of knowledge (K), skill (S) and 

proficiency (P), personal qualities (PQs), behavioral 

aspects to be considered when assessing. The analysis 

of existing methods and models for assessing the 

quality of student performance within degree 

programs in the educational organization has shown 

their significant diversity: knowledge assessment (10 

models), knowledge diagnostics (4 models), 

recognition (classification) (3 models). First of all, 

the relationships between knowledge, skill and 

proficiency has been defined, the expediency of 

including student personal qualities in the 

competency structure has been proved and the 

methodology for assessing the quality of student 

performance within degree programs based on the 

system approach has been developed. The formal 

procedure for competency assessment is as follows: 

knowledge, skill, proficiency as competency 

indicators are traditionally assessed. The assessment 

is assumed to be on a 10-point scale (a fractional part 

allowed) and defining their corresponding grades on 

a 5-point scale. If closed-type assignments are 

submitted, the results of certain simple assignments 

are dichotomically assessed (1 – correct, 0 - 

incorrect), and each indicator is assessed on a 10-

point scale as follows: 
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where ijD  – dichotomous assessment of  the j-th 

simple assignment for i-th indicator; ni – a number of 

simple assignments for the i-th indicator (ni  N).  

If for the i-th indicator only one simple 

assignment is set (ni = 1), then the i-th indicator can 

be dichotomically assessed. 

Next, dichotomous assessment of achieving 

basic learning outcomes (KSPs) on the assumption of 

the grading system of the i-th indicators are 

calculated as follows (2): 
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In the formula (2) T – dichotomous thresholds 

of assessing indicators by components:   ,    and    

(or by each indicator: 
KK niT
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k
,1,  , and also the threshold of 

competency acquisition CT ; the limit value of 

threshold values corresponds to the lower limit of 

«Е» on the ECTS grading scale, i.e. to 5 scores on a 

10-point scale. Under a more differentiated approach 

to the assessment, scaled acquisition thresholds: АT , 

ВT , СT , DT  and ET , (threshold indexes are fixed on 

the ECTS grading scale) can be introduced. The 

grade iD  shows the effectiveness of certain KSP 

indicators acquisition. 

For every l-th competency the final grade of 

development lO  and effectiveness lD  have been 

calculated by the formulas (3) and (4): 
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where liO  and liD  – a grade and dichotomous 

assessment of the i-th indicator for this competency 

component, calculated by the formulas (1) and (2); n 

– a number of indicators of the l-th competency (n  

N). 

However, it is obvious and well-known that 

components of a competency or those of an academic 

subject are interconnected and form a bonded 

structure. In this regard, it has been hypothesized that 

the quality of student performance within degree 

programs and competency development can be 

assessed with greater accuracy when assessing the 

bonds between the system elements rather than the 

elements themselves. In [7] the authors have 

suggested the following procedure of bond 

assessment between KSPs inside the competency: 

Build a structural model of the competency 

consisting of KSPs and bonds between them. 
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Herewith, horizontal bonds between KSPs of the 

same category (Knowledge- Knowledge, Skill-Skill, 

Proficiency-Proficiency) can have mutually opposite 

bonds, and vertical – only direct bonds: Knowledge –

Skill and Skill-Proficiency. 

Assess KSPs on a 10-point scale by the formula 

(1) using a package of submission assignments. 

Dichotomically assess («0» and «1») KSP 

acquisition by the formula (2) given a level of 

development as a set of threshold values    for KSPs.  

Calculate the effectiveness of KSP acquisition 

included in the i-th competency by the formula (4). 

Based on the dichotomous assessment of KSP, 

assess the bonds with the pairs: «00», «01», «10», 

«11» where the left digit corresponds to the 

dichotomous assessment of KSP outflow element, 

and the right one – to the dichotomous assessment of 

KSP inflow element. 

Findings 

Due to the application of this algorithm to 

structuring the professional competency PC-20 «The 

ability to implement and support the choice of design 

solutions by types of information systems options» in 

the training program 09.03.03 "Applied Information 

Science" the structure presented in Fig. 1 has been 

obtained. 

 

 

Fig.1 – Structural model of the competency as a directed 

graph (12 KSPs, 63 bonds, 40 vertical ones and 4 bonds out 

of 23 horizontal bonds shown) 

In this configuration the competency represents 

a system of elements connected between themselves 

thus forming a unit (a single whole). Following this 

approach, a correct assessment of internal structure 

ordering can be made. On the basis of frequency 

distributions of dichotomous pairs, Shannon entropy 

determining competency development has been 

received. So, for the i-th competency the entropy of 

its internal structure for KSPs iH  has been defined 

as follows: 
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where i
p00 , i

p01 , i
p10 , i

p11  – relative frequency 

for occurrence of the pairs «00», «01», «10» and 

«11» within the dichotomous set of bonds assessment 

between KSPs. The entropy calculated is a measure 

of uncertainty regarding the competency 

development as a system.  

Maximum entropy calculated by Hartley 

formula gives HMAX = 2 for the system of four pairs, 

and thus, the entropy for competencies irrespective of 

the bonds in their structure are incommensurable. 

System specification R (6) being free from this 

deficiency is always located on the segment [0, 1], 

regardless the number of elements in the system, 

assessment scale and logarithm base. Ordering 

assessment iR  for the structural model of the i-th 

competency is made by the formula: 

2
1 i

i

H
R 

, (6) 

where iH  – entropy of the competency internal 

structure by the formula (5). 

The development of each competency is defined 

in Table 1 on the basis of D effectiveness and R 

ordering values (Table 1, in bold). When interpreting 

these values V. Bespalko recommends to put grades 

on a 5-point scale – «good» at effectiveness 

coefficient D – 0,8…0,9 and «excellent» – 0,9…1,0. 

Therefore, the entropy value – 0,7 can be considered 

to be the border systemic criterion of the competency. 

This value corresponds to the average level in Table 

1, i.e. to 90% effectiveness dichotomically assessed 

for demonstrable knowledge, skill, proficiency, and 

also to the threshold value of ordering – 0,3. The 

application of this mechanism for systematization of 

competencies sets a universal scale (according to V. 

Bespalko) for assessing individual learning 

achievements presented in Table 1. Scanning of the 

table should be carried out from top to bottom when 

assessing. If all the conditions in a line are met, an 

appropriate level is set. Otherwise, the competency is 

not developed.  

Table 1 – Universal scale for assessing individual learning 

achievements  

D H R Level of development 

  Grade Quality level 

 0,91   0,44  0,56 5 High 

 0,90  0,70  0,30 4 Average 

 0,71  0,87   0,13 3 Low (threshold) 

< 0,71 > 0,87 < 0,13 2 Not developed 

 

Performed experimental computer 

implementation of this technique shows the 
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advantage of taking into account the relationships 

between the elements of the competencies. In 

particular, it has been found out that the 

establishment of relations between KSPs and 

considering them when assessing the quality of 

student performance within academic courses ensures 

structural and logical integrity and improves the 

ordering of course content as well as increases the 

accuracy of competency assessment. 

The appropriateness of including students’ 

personal qualities in the competency structure is 

further shown. The formal procedure of structural 

modeling of educational programs and its 

components with due account of personal qualities 

has been developed. This procedure is that the 

associated structure of competency components is 

constructed as a set of bimodal directed graphs 

  GgМ kllk  ,, , where k  and l  

– a pair of connected KSPs (k  l), kl  – oriented 

bond from k  to l , g – a bimodal graph with one 

edge, G – a set of elements g forming a structural 

model of a competency. 

So, the structure of the i-th competency includes 

a set of basic KSPs   (providing external bonds to 

other competencies) being disjoint with a set of basic 

KSPs   (having only internal bonds), a set of 

personal qualities i determining its development in 

which a subset of dominant personal qualities  i

with their dichotomous assessment being equal to 

«1», and also its corresponding subsets of bonds 

kli  and kli  between the k-th personal 

quality of the subset i  and the l-th forming KSPs 

of the subset i can be singled out: 

   ,,,,,, 0{ klilikiklilikii ggМ    

    },,,,,,, 21  ijjiklilikikliliki gg  , 

(7) 

where iМ  – a structural model of the i-th 

competency, k  and l  – a pair of connected 

basic and forming KSPs, kl  – oriented bond from 

k  to l , kl  – oriented bond from k  

to l , g0 – a bimodal directed graph, connecting 

basic and forming KSPs, ji  –  inflow external 

bond between basic KSPs of some j-th competency 

and basic KSPs of the  i-th competency, ij  – 

outflow external bond between forming KSPs of the 

given i-th competency and basic KSPs of some j-th 

competency; ki  and ki  – dominant and 

forming PQs having oriented bonds with forming 

KSPs  li  – correspondingly, kli  and 

kli  (opposite direction being impossible), g1 

and g2 – bimodal directed graphs connecting 

dominant and forming PQs correspondingly and 

forming KSPs. The model (7) is graphically 

presented in Fig. 2. 

Dichotomous values of PQs are similarly 

defined to dichotomous values of KSPs with 

thresholds. Therefore, available values for assessing 

bonds kli , taking into account only dominant 

PQs (bonds i in Fig. 2), are «10» and «11». So, 

the formula for calculating the entropy 
i

H  of the 

subsystem «PQs–KSPs» of the i-th competency is as 

follows:  
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where 
i

p 10 , i
p 11  – probabilities for 

appearance of the values «10» и «11» within a set of 

bond values i  between the elements PQs and 

KSPs of the i-th competency. 

 

 

Figure 2 – System representation of educational 

competencies 

In this case the formula (6) for calculating 

ordering of the competency system considering the 

dependence of the «KSPs–KSPs» subsystem on the 

«PQs–KSPs» one is as illustrated  by equation: 

  31 1 iiii HHpR   , (9) 

where iH  – entropy of the «KSP–KSP»  

system of the i-th competency (5); i
p 1  – the 

conditional probability of dichotomous values of PQ 

occurrence i  of the i-th competency, in the 

denominator – maximum entropy of the combined 

system of «KSP–KSP» and «PQ–KSP» in the 

limiting case of their independence. 

The formula for calculating efficiency of the i-th 

competency (4), which is a probability of 

dichotomous value occurrence «1» among KSPs for 

the combined system of «KSP–KSP» and «PQ–

KSP», takes an averaged value: 

where iD  – efficiency on KSPs (4), iD  – 
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similarly calculated efficiency on PQs: 

  2iii DDD   , (10) 

The given approach provides a means of 

applying the systemacity principle to structuring 

academic courses and degree programs and also 

implementing a methodology developed for the 

objective quality assessment of student performance 

within degree programs. 

Consequently, the entropy approach to 

competency assessment by taking into account its 

structure and calculating ordering which reduces the 

subjectivity of assessment has been further 

developed. The methods of assessing the quality of 

student performance within academic courses have 

also been proposed and its experimental computer 

realization confirming the advantage of taking into 

account the bonds between the competency elements 

has been performed. 

Then, methods of fuzzy assessment of PQs on 

the basis of Leonhard-Smishek’s characterological 

questionnaire for a more complete objectivization of 

assessing competency development have been 

suggested, which uses expert assessment of 

conformity of the individual parameters according to 

Leonhard and PQs providing expert assessment of a 

certain set of PQs for the time duration of a typical 

test (1 hour). The usefulness of this technique is 

based on the fact that quantitative expression of a 

personality type in its limit value defines the so-

called accentuation. К. Leonhard identified 10 

personality accentuations (types), each integrates a 

set of PQs and is quantitatively assessed using a 

questionnaire-test developed in 1970 by H. Smishek. 

The nominal time duration of the test is 10 minutes. 

To match 39 PQs expertly selected and 10 personality 

types the method of expert assessment and fuzzy 

logic have been applied. It has been considered in 

detail in [8]. 

The studies of the methods for personality 

quality assessment have been carried out in the fourth 

year of Information Science and Computer 

Engineering Faculty, SibSUTIS (108 students) [8]. 

PQ assessment results for one testee are given in 

Table 2. The assessment obtained using the methods 

of fuzzy logic («FL assessment» column) is presented 

in the table, and also PQ assessment obtained using 

standard tests («Standard tests» column) is given. The 

results (Table 2) show that basic data correction has 

reduced deviation to 8%, which is 12% less than the 

assessment deviation without correction. 

Table 2 – Personal quality assessment results with and 

without basic data correction, testee 1 

Personal 
quality 

Without basic data 

correction 

With basic data 

correction 

FL 

asse

ssm

ent 

Stan

-

dard 

tests 

Dev

iatio
n 

FL 

asse

ssm

ent 

Stan

-

dard 

tests 

Dev

iatio
n 

Self-esteem 8,3 5,9 2,41 6,3 5,9 0,40 

Ambitious-

ness 
6,5 4,0 2,50 

4,5 4,0 0,45 

Sociability 7,7 5,6 2,09 6,6 5,6 0,98 

Self-

motivation 
7,4 5,0 2,45 

6,4 5,0 1,40 

Persistence 5,5 7,5 2,00 6,6 7,5 0,87 

Resolution 5,8 7,4 1,59 6,8 7,4 0,60 

Self-control 8,3 7,0 1,31 7,3 7,0 0,34 

Self-

dependence 
7,4 5,8 1,56 

6,4 5,8 0,60 

Resilience 7,0 4,1 2,89 4,6 4,1 0,50 

Self-

assurance 
7,3 6,2 1,06 

6,3 6,2 0,06 

Honesty 5,2 7,1 1,88 6,2 7,1 0,88 

Average 

deviation 
6,95 5,96 1,98 

6,18 5,96 0,64 

 

The final stage of this study represents 

development and functional study of a modeling-

instrumental complex (МIC) implementing the 

methods for objectivization of assessing the quality 

of student performance within degree programs in the 

educational organization. The MIC information 

model as a database containing all necessary relevant 

data for solving MIC issues and expert knowledge 

has been developed. Being a window interface the 

software for MIC implementation is presented in two 

main forms: «Competencies guide» which gives tools 

for easy competency structuring and «Testing control 

module» which provides problem solving of testing 

and their results processing including calculation and 

output of final results and reports [9]. 

Conclusions  

The results of these studies on assessment 

objectivization can draw some conclusions. 

Competency is considered to be a dynamic 

combination of knowledge, skill and proficiency, 

personal qualities to be taken into account when 

assessing. Searching for assessment and data analysis 

methods and models under uncertainty conditions has 

made it possible to determine the formal apparatus 

for improving the model adequacy for the research 

objectives. 

The system approach to competency assessment 

taking into account its internal structure has been 

developed and studied thus reducing the degree of 

subjectivity in assessing. 

The technique of assessing the quality of student 

performance within academic courses has been 

proposed. It proves the advantage of taking 

competency element bonds into account. Considering 

these relationships (bonds) provides structural and 

logical integrity and improves the content ordering of 

academic courses, and it also increases the accuracy 

of assessing competency development. 

Summing it up, it should be noted that in the 

humanitarian filed the adequacy of modeling is 

achieved by a kind of combination of models and 
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methods of their various classes.  

Acknowledgment 

In conclusion the authors would like to thank 

the members of the creative interdepartmental staff of 

SibSUTIS working on the issues of educational 

systems modeling. The deepest appreciation is 

expressed to A. Poletaykin, PhD in Technical 

Sciences, for initiating relevant research areas, ideas 

and fruitful discussion of fundamental issues and to 

A. Baranova, a Master of Mathematical Modeling of 

Business Processes Department, for the valuable 

assistance in data processing and analysis. 

References 

[1]    Kleiner B.G. Economic-mathematical modeling and 

economic theory. Economics and mathematical 
modeling, 2001, Vol. 37, p. 111-126. 

[2]   Kanev V.S., Adequacy and efficiency of mathematical 

modeling // Proceedings of the XI-th International 

Asian Workshop School  «Issues of complex systems 

optimization», Cholpon Ata, Кyrgyz Republic, 27.06 
– 7.08. 2015, Vol. 1, 327-332 p. 

[3] Kanev V. S., Shevtsova Y. V. Fundamentals of 

modeling and operational risk management in e-

commerce and telecommunications. Мoscow: 
Hotline-Telecom. 2015. 

[4] Sigrid Blömeke, Olga Zlatkin-Troitschanskaia, 

Christiane Kuhn and Judith Fege (Eds.) Modeling 

and Measuring Com-petencies in Higher Education 

https://www.sensepublishers.com/media/1531- (дата 

обра-щения 26.04.17) 

[5] Heather Getha-Taylor, Raymond Hummert, John 

Nalbandi-an, and Chris Silvia Competency Model 

Design and Assess-ment: Findings and Future 

Direction // University of Kansas 

http://naspaa.org/jpaemessenger/Artice/VOL19-

1/10_Getha_Taylor_et_al.pdf (дата обращения 
26.04.17) 

[6] Valerie J. Shute, Iskandaria Masduki, Oktay Donmez, 

Vanessa P. Dennen,Yoon-Jeon Kim, Allan C. Jeong, 

and Chen-Yen Wang Modeling, Assessing, and 

Supporting Key Competencies Within Game 

Environments 

http://myweb.fsu.edu/vshute/pdf/shute%202010_c.pd
f (да-та обращения 26.04.17) 

[7] Il’ina Т.S., Poletaykin А.N. Entropy approach to 

assessing educational competency development // 

Mathematical methods in engineering and technology 

– ММTТ-29: Proceedings of XXIX international 

scientific conference: in 12 volumes / edited by А.А. 

Bolshakov. Saratov: Saratov State Technical 

University; St.-Petersburg: SPSTI(ТU), SPPU, 

SPIIRAS; Samara: Samara State Technical 
University, 2016. Vol. 8. P. 137–141.   

[8] Poletaykin А.N., Il’ina Т.S. Methods of fuzzy 

assessment of students’ personal qualities // 

Proceedings of XVII All-Russia conference for 

young scientists in mathematical modeling, 

Novosibirsk, Russia, 30 Oct. - 3 Nov., 2016. -- 
Novosibirsk: ICS SB RAS. 2016. - P. 100. 

[9] Poletaykin A.N., Il’ina Т.S. Information system of 

educational process management in higher school // 
Bulletin of SibSUTIS.  Novosibirsk, 2016.  №2. P. 

38 – 50. 

The authors:  

                                                           
i
 Kanev Valeriy Semenovich, Doctor of Technical 

Sciences, PhD in Physical and Mathematical 

Sciences, Professor, Head of Mathematical Modeling 

of Business Processes, Federal State Budgetary 

Educational Institution of Higher Education “Siberian 

State University of Telecommunications and 

Information Science”, tel. 8(383)269-82-77, e-mail: 

kanev@ngs.ru 
ii
 Alex Polietaikin 

mailto:kanev@ngs.ru

