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Preface

We are delighted and honored to present to you the proceedings of the Third Interna-
tional Conference for Information systems and Design (ICID 2022) which took place
September 12–13, 2022, in Tashkent, Uzbekistan.

As stated in the original mission of the conference: ICID is set to become a global
cooperation network that promotes open industry innovations in the academic environ-
ment. We focus on practical results-based studies prepared by academic researchers
and industry experts in Information Systems design, deployment, and adoption. The
ICID community also welcomes students at its conference to present their research and
participate in the experimental workshops (e.g., Ideathons, Hackathons, and the like).

The main value of ICID community development is seen in building global connec-
tions between academia and business. The ICID conference is an active international
scientific event with 100+ participants and guests from Germany, Central Asia, Japan,
South Korea, UK, Finland, Belgium, the USA, and other countries.

In 2022 the organizational committee reviewed 35 and accepted 12 of the submitted
papers. Based on the clear criteria of research focus, depth, and results application a
decision was made to split accepted submissions into two sections, listed below, and
thus ensure the proper positioning of the authors within the ICID community.

The two sections of ICID 2022 papers are

• Methodological Support of analysis and management tools: theoretical-focused
research

• Digital transformation of enterprises based on analysis and management tools:
practical-focused research

The Third ICID conference was run preliminary in the off-line/on-site format and
was attended by 70 people in-person and 40 participants joining on-line via videoconfer-
encing. Following the ICID 2022 program, the conference took place over 2 days with
plenary sessions on day 1, with 26 presentations on the first day and 14 presentations on
the 2nd.

The conference on-site participants included leading experts and teams from key
Central Asian universities, research centers, and leading companies in IT and industry.

September 2022 Victor Taratukhin
Artem Levchenko
Yury Kupriyanov
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Development of the Simulation Model
of Complex Evaluation of the Quality
of the Emergency Medical Services

Svetlana Begicheva1(B) and Antonina Begicheva2

1 Ural State University of Economics, 8 Marta 62/45, 620144 Yekaterinburg, Russia
begichevas@mail.ru

2 National Research University Higher School of Economics, Pokrovsky Boulevard 11,
109028 Moscow, Russia

Abstract. The research is dedicated to the questions of development of the sim-
ulation model of the complex evaluation of the quality of the emergency medical
services. The author suggests supplementing the information as a medical assis-
tance, which according to the method of A. Donabedian can be taken from three
categories: “the quality of the structure’, “the quality of the process” and “the
quality of the results”, the information from the category “the quality of the living
environment”. On the basis of the suggested conceptual model of the quality of
the emergency medical services is defined the model of modelling activity EMS,
which includes the submodels, the total amount of which will allow to take into
account all the categories of the quality of the emergency medical services. There
is an example of the model realization, which conjoins the combination of the
methods of system dynamics and agent modelling. The multi-approach simula-
tion model of the ambulance activity, developed with this concept in mind, takes
into account the specifics of the EMS in a metropolis and allows one to assess the
indicators of various categories of EMS quality.

Keywords: The model of Donabedian · simulation modelling · multimethod
modelling · emergency medical services · the quality of the medical services

1 Introduction

One of the priority tasks of the State program of Russian Federation “The Development
of the Public Health Services” [6] is called the increase of accessibility and the quality
of the emergency medical services. Insufficient information on the field of the matters
connected with the problems of building of models of complex evaluation of the quality
of emergency medical services provides the urgency of the research.

Regulatory and legal framework of Russian Federation in the field of public health
services contains the following definition: “the quality of the medical services is the
summation of the characteristics which reflect the timeliness of the provision of medical
care, the correct choice of methods of prevention, diagnosis, treatment and rehabilitation
providing the medical care, the degree of achievement of the planned result [8].

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
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The main criteria for the quality of medical care used in medical institutions of
the Russian Federation include: the availability of medical care; adequacy, expressed
in accordance with the technology of medical services to the needs of the population;
efficiency and effectiveness; patient orientation and satisfaction; safety of the treatment
process; timeliness of medical care; absence (minimization) of medical errors; scientific
and technical level of organization of the provision of emergency medical care [17]. To
assess medical care, the so-called quality indicators are used – numerical indicators that
indirectly reflect the quality of its main components: structure, processes and results [9].
The principles of quality in the healthcare sector are also applicable to the assessment
of the quality of emergency medical care.

When planning the activities of an ambulance, it is important not only to determine
the quality of its work in the past, but also, based on data on the current state, to calculate
the expected quality of service in order to identify the need for additional moderniza-
tion measures. A typical way to determine the expected quality of service is through
simulation.

Simulation modeling allows you to display the dynamics of the behavior of a system
consisting of a large number of interacting interdependent components. The need to use
simulation modeling in solving problems of quality management and the availability of
EMS is justified by L.F. Laker and others. In the article “Understanding emergency care
delivery through computer simulationmodeling» [11] the authors provide a classification
of existing studies and indicate that most of the works are devoted to modeling such
processes of EMS activity as regulating patient flows, assessing the cost of services,
managing ambulance teams, resource planning, etc. The target variables are most often
two or more quality indicators from the following list: the average time for the team to
reach the place of call, the average time of a patient’s stay in the emergency department,
the number of calls served, and resource allocation indicators [3]. L.F. Laker and others
[11] formulated directions for future research in the field of simulation modeling of
the EMS and recommended using the parameters of the patient’s health status as target
indicators.

The article will present an approach to the simulation of the EMS activity, based
on the provisions of the theory of the doctor and the founder of the scientific study of
quality in health care A. Donabedian. The proposed modification of the classical model
will make it possible to assess the impact of managerial decisions on changes in the
structure of the organization and the process of providing emergency medical services
on the availability and quality of emergency medical care in the context of the growth
of megacities and the development of their infrastructure.

2 Methods

The main goal of the modernization of the ambulance delivery system is to increase the
availability and quality of ambulance services. The target indicators of the EMS work fit
into the classical methodological scheme for assessing quality in health care, proposed
by A. Donabedian [7] in 1988. According to his scheme, it is customary to distinguish
three main components of the quality of medical care:

1. the quality of the structure of the organization of treatment,
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2. the quality of the process of providing medical care,
3. the quality of the results.

A. Donabedian defined the quality of the structure as a component of the quality
of medical care, describing the conditions for the provision of medical care: material,
professional, organizational and managerial resources of a medical organization. The
process includes all manipulations to help the patient from the moment of diagnosis to
the end of treatment. The result of the provision of medical care is understood as the
ratio of the achieved results of treatment to the planned ones. A. Donabedian suggested
that there is a unidirectional relationship between the indicators of the quality of medical
care: the quality of the structure ensures the quality of the process of providing care,
which in turn contributes to the quality of the treatment result. The conceptual model of
quality management of medical care according to Donabedian is often presented in the
form of a diagram of three blocks connected by arrows:

“structure quality” → “process quality” → “result quality”

It should be noted that despite the fact that Donabedian’s approach is the dominant
paradigm in assessing the quality of medical services in the health care sector, there are
studies that indicate the shortcomings of the model. Thus, a sequential linear transition
from structure to process and further to the result is recognized as too simplified and
does not allow to fully take into account the mutual influences and interactions between
the components of the model [4, 12]. In addition, according to critics, the model does
not take into account the influence of external factors [4, 5]. The influence of external
factors on the structure of the organization is taken into account in the modification of
the Donabedian model proposed by Nuckols and other authors [15]. The external factors
influencing the quality and cost of health care, which were identified by the authors,
are as follows: clinical indications for treatment, demographic characteristics and other
determinants of health, including location, climate, employment opportunities, etc.

For a comprehensive analysis of the quality of emergency medical care, we propose
to supplement the conceptual scheme proposed by A. Donabedian with such a com-
ponent as the quality of the living environment. The indicators of the quality of the
living environment are the dynamics of population indicators, transport infrastructure,
demographic characteristics of the population, social infrastructure, social parameters
of society, etc. [16]. The proposal is based on the works of Russian scientists [10, 14]
and others, indicating that the organization of the functioning of the health care system
is determined by such factors as population density, age-sex composition and health
of residents, the socio-economic situation in the region, its natural and geographical
peculiarities. A US Department of Transportation study [13] provides the results of a
comparative analysis of ambulance activities in rural and urban areas, and notes that
the configuration of EMS services is largely determined by the size, geographic, demo-
graphic and political location of the service region. Thus, the above factors influencing
the formation of the structure of the organization of emergency medical care, affect the
process of providing emergency medical services, and indirectly on the quality of the
result.

Considering that the process of providing emergency medical care consists of two
sequential subprocesses: (1) the process of receiving complaints from the population by
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the dispatcher and (2) the process of providing medical care by the ambulance team,
we present a conceptual model for assessing the quality of ambulance as follows (see
Fig. 1).

Fig. 1. Conceptual model for assessing the quality of emergency medical care

According to the proposed conceptualmodel, the quality of the result of the provision
of emergency medical care is directly influenced by the type of settlement, which char-
acterizes the living environment of those seeking emergency medical care. Despite the
fact that the organization of ambulance for the population of all types of administrative-
territorial units is based on the same principles, the existing differences between the types
of settlements leave an imprint on the nature of the provision of emergency medical care.
Such features of megalopolises as high growth rates of megalopolises; abrupt trends in
population change; uneven building density; the rate of development of transport com-
munications; the presence of many artificial boundaries that reduce the connectivity of
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the transport network; the low level of transport accessibility of the territories of the out-
skirts of the metropolis, form a specific list of tasks that determine the planning horizon
of the ambulance activities.

In accordance with the proposed conceptual model, we will define the concept of
modeling the EMS activity, which consists in identifying three objects – submodels,
the totality of which will allow to comprehensively take into account all categories of
ambulance quality (see Fig. 2).

Fig. 2. Conceptual scheme of modeling activities for servicing ambulance calls

Submodel 1. The quality of the living environment affects the quality of life and
health of the population, which, in turn, determine the need for ambulance services. The
dynamics of changes in the indicators of the external flow can be taken into account
when predicting the need for ambulance services based on the analysis of the influence
of a set of reasons that form the number of calls to the emergency medical service. The
system under study is described in terms of storage devices and flows between storage
devices. The modeling method is system dynamics.

Submodel 2. Incoming calls to the EMS service, the number of which is predicted by
model 1, are sequentially serviced by the dispatcher and the EMS team. Thus, submodel
2 is necessary to assess the quality of the organization’s structure and service processes,
which is the result of the interactions of the internal flows of the logistics system for
the provision of EMS. When modeling the call service processes, one should take into
account the importance of tracking interactions between model agents.

Submodel 3. During the operation of submodel 2, statistics are collected on perfor-
mance indicators to assess the quality of the ambulance service. Indicators such as the
time to reach a call, the average daily workload of the team, etc. are easily measured, but
at the same time implicit characteristics of improving the health of patients. The third
submodel is designed to assess the change in the quality indicators of the result when
influencing the structure of the organization of treatment, while the quality of treatment
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results we propose to evaluate in such key indicators of the quality of medical care as
patient satisfaction, receiving care in accordance with the reason for seeking treatment,
and improving the health status of patients. The calculation of the outcome quality score
(D) is based on aggregate patient scores. To calculate the quality indicators, the method
of fuzzy assessment of the ambulance quality proposed in [1] is used.

Let us give a logical and mathematical description of the activity of servicing
ambulance calls, including the development of a conceptual model and its formalized
description. Let’s describe the modeled objects.

Service area of the station or emergency department: According to the order of the
Ministry of Health of the Russian Federation «on the approval of the procedure for
the ambulance’s provision, including emergency specialized medical care», the service
areas of the station and the ambulance department are established taking into account the
20-min transport accessibility, as well as the size and density of the population. When
modeling each service area, the coverage area is compared, which is described by its
centroid and is characterized by population density. We will say that the territory is fully
serviced when the ambulance can fulfill all the requirements that arise in this territory
within a specified time.

There are the following forms of the territorial ambulance’s organization: (1)
ambulance hospitals; (2) stations and emergency departments.

Ambulance Hospitals: Hospitals are medical institutions with departments that are
designed to provide round-the-clock emergency medical care in case of acute illnesses,
injuries, accidents, and poisoning. Hospitals are possible entry points and/or departure
points for ambulances. When simulating a hospital, EMC hospitals are determined by
such parameters as: location given by geographic coordinates; number of hospital beds.

Stations and emergency departments: Ambulance stations and departments are struc-
tural elements of the ambulance service, the location of which is determined by 20-min
transport accessibility to each point in the service area. Near the station, the EMCbranch,
there is an organized parking lotwhere ambulances can parkwhilewaiting for calls. Thus,
the following characteristics of stations and branches of the EMC are important in the
study: location given by geographic coordinates; number of mobile crews.

Calls are received and serviced by ambulance workers.
The paramedic for receiving ambulance calls and transferring them to mobile crews

determines the urgency and profile of the call and decides to send a free mobile crew
of the required profile to the patient (victim). Special software facilitates the work of
the dispatch service and is used to control the number of crews on the line, the cars’
location, determine the calls’ priority, control the time of call execution.

The mobile ambulance crew immediately travels to the place where the ambulance
is called, provides ambulance services based on the medical care’s standards, takes mea-
sures to stabilize or improve the patient’s condition and carry out a medical evacuation
of the patient in the medical indications’ presence. There are: general-purpose crews;
specialized crews (psychiatric, pediatric, intensive care).

Patients are the main consumers of emergency medical services. In the context of
research, patient calls can be classified according to:

– the area of the call;
– call priority (emergency, urgent);
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– call profile (general, pediatrics, psychiatry, resuscitation);
– call time (day/night, a season of the year).

Let us describe the simulated processes.
At each station at the zero point in time, there is a number of crews: general and

specialized. Specialized crews may not be available. The number of crews depends on
the time of day.

With a certain probability, a call comes in from a random address at any time. The
probability of a call appearing depends on the city’s area, time of day, and season. With
a given probability, an incoming call has a certain priority and a call profile: general,
pediatrics, psychiatry, or intensive care.

If there is an idle crew at the EMC station closest to the call site, the call is transferred
to it. In this case, the appointment of the crew takes into account the call profile. If at the
nearest three stations there is the necessary specialized crew, then the call is transferred
to it. If the call is non-core, then the pediatric crew will go to the call only if there are
no general crews at the moment.

If there is no idle crew at the EMC station closest to the call, then an unoccupied
crew is selected, which will be at the closest point to the call’s place. This point could
be a hospital or the crew’s address that has completed a previous call. In this case, if the
condition of the patient served by such a crew changes to «hospitalization is required»,
then the call is transferred to another idle nearest ambulance crew.

When a call is received, the crew is directed to the call address. At the call’s place,
the crew is busy for a certain amount of time according to the given distribution function.
As a result of the call service, the patient may need to be hospitalized. If such a need
arises, the crew takes the patient to a suitable hospital. After that, the crew is released
and goes to a new call or to the station if there are no new calls. If there is no need for
hospitalization, then the crew is free immediately after the call is processed.

Patient hospitalization sites are selected not only by location but also by the profile
of the call. There is a limit on the patients’ number in hospitalization places. If there
are no vacant places in the nearest specialized hospital, another specialized hospital is
selected. If, in this case, there are no free places, then the patient is hospitalized in the
nearest non-core. At the same time, if in any of the hospitalization’s possible places there
is an overflow of more than 10 patients, then hospitalization in this hospital is not carried
out. If the overflow in all possible specialized hospitals is more than 10, then they are
hospitalized in the nearest non-core, etc.

In Fig. 3, we will decompose the described algorithm and highlight the actions of the
modeling’s main objects, using the notation: A – the call generation subsystem, B – the
subsystem for assigning the crew to the call, C – the subsystem for servicing the call by
the EMC crew.

Based on the analysis, we will present a formalized model of the EMS’s activities.
The resulting indicators of theEMC(Y ) are determined through the indicators’ values

of the external flow (Pout), characterizing the quality of the living environment, and the
indicators’ values of the internal flow (Pint), which are formed on the quality’s basis of
the organization’s structure and the quality of the emergency medical care process. Also,
the result is influenced by random factors (Psl). In this way:

Y = f (Pout,Pint,Psl). (1)
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Fig. 3. Structural and functional model of the process

The goal of optimizing EMC activities is to ensure the availability and quality of
emergency medical care. The model can be limited by regulatory restrictions and
requirements, as well as restrictions on the financial security’s amount.

The external flow is specified by the following set of incoming calls’ characteristics:

Pout = {T ,Q,V ,R, I ,G,K, θ} (2)

where T – many types of calls depending on the priority of the call (emergency, urgent);
Q – multiple call profiles (general, pediatrics, psychiatry, resuscitation); V – set of
incoming calls; R is a set of residential objects’ geographic coordinates of a city district
for each of which the relative density of calls is known; I – a set of time periods in a day,
each of which has a certain density of calls (daytime – from 9:00 to 21:00 local time and
night – from 21:00 to 9:00);G – many seasons of the year, which determine the seasonal
course of calls; K – a set of coefficients for adjusting the mathematical expectation of
the time interval between calls for the time of day (i) and the season of the call (g):

K = {i, g} (3)

For the input stream, a set of probabilistic characteristics is set θ.

� = {f ,M ,F}, (4)

where f – the distribution function of the random variable «time interval between calls»,
M – mathematical expectation of a random variable «time interval between incoming
calls»,F – set of event probabilities (event’s probability «call type – emergency», event’s
probability «call profile – pediatrics», event’s probability «call profile – psychiatry»,
event’s probability «call profile – resuscitation», the probability of the need for the
patient’s hospitalization).
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We will assume that the mathematical expectation of the intervals between calls for
a specific area, time of day, and season of the call is calculated by the formula:

ml = m · im · gn, (5)

where m – the mathematical expectation of the interval between calls, adjusted for
urgency, time of day, and season of the call, where 1 ≤ l ≤ |I × G|.

The internal flow is characterized by the quality’s indicators of the organization’s
structure of emergency medical care and its probabilistic characteristics:

Pint = {�,C, S,�} (6)

Π – many profiles of the EMC crews. C – many stations and substations of the EMS,
for each station/substation of the EMC are known:

– geographic coordinates of the EMC station/substation location;
– number of different profiles’ crews (paramedics and general doctors, as well as

specialized crews: resuscitation, pediatric, psychiatric).

S –many emergency hospitals ready to receive emergency patients. For each hospital:

– geographic coordinates of the hospital location;
– number of beds.

� – probabilistic characteristics’ set of the internal flow.

� = {r,R,w,W , h,H }, (7)

where r – the distribution function of the call reception time, R is the expectation of
the call reception time, w is the distribution function of the call processing time in the
control room, W is the expectation of the call processing time in the control room, h is
the set of distribution functions for the time spent by the crew on the call, H is the set of
mathematical expectations the time spent by the crew on calls of different types.

The researched process is characterized by indicators of availability and quality (Y).
The optimized parameter that varies during iterations to obtain the normative indi-

cators of the EMC will be the number of crews of each profile at each station/substation
in each time period in the day to ensure timely availability in the provision of emergency
medical care.

3 Results

Based on the proposed formalization in the AnyLogic software environment, a multi-
agent simulation model was developed, which includes four objects (see Fig. 4), three
of which (Calls, Dispatcher, Brigade) represent interaction at the context level: the Calls
object forms calls that are processed by the “Dispatcher” object and assigned to the
“Brigade” for execution. The purpose of the “Result Quality Assessment” block is col-
lection, calculation and visualization of quality indicators. The model calculates and
accumulates the following indicators of the quality of emergency medical care:
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– indicators of the quality of the living environment: the total number of calls for the
period, the number of emergency calls for the period;

– indicators of the quality of the structure of the organization and the process of pro-
viding emergency calls: the share of departures on emergency calls with a time of
arrival in excess of the 20-min standard for the period, the average time of arrival for
departures on emergency calls for the period, the average time of arrival for departures
on urgent calls for the period, the average daily load brigades for the period;

– indicators of the quality of the results of the provision of emergencymedical services:
patient satisfaction with the service, receiving assistance in accordance with the occa-
sion of the request, improving the state of health. Within the framework of the model,
the indicators of the quality of results take values from the minimum estimate – 0 to
the maximum value −1.

Fig. 4. Generalized structure of the simulation model

Within the context of the context level, interactions are made between those seeking
medical help and the emergency medical service. The model’s operation scheme is
formed from the behavior of agents simulating the occurrence of calls (Call agent type),
dispatchers’ actions (CallDistribution agent type) and ambulance crews (Ambulance
agent type), as well as an agent responsible for calculating the indicators for assessing
the quality of the result (Outcome agent type). The model also contains passive agents
required for modeling patients and EMS substations (Patient and Station agent types,
respectively). Agents interact within the geospatial environment defined by the GIS map
of Yekaterinburg, a large urban agglomeration of the Russian Federation.

The call generation submodel (Call agent type) is built using a simulation model for
predicting the need for ambulance services [2] and takes into account the dynamics of
changes in the total number of calls to an ambulance in the city of Yekaterinburg. In
order to make the probability of a call in each point of the city correspond to the real one
in modeling, to create passive agents of the patient population (type of agents Patient),
the geographical coordinates of the call sites of the database of 15 342 calls collected
using the epidemiological monitoring information system in 2017 were used.

The processes of call distribution and call service by the ambulance brigade are
modeled using agent-based modeling tools.

In the simulation model, the experiment “variation of parameters” is implemented,
designed to implement automatic repeated launch of the model with fixed values of the
parameters in order to assess the mathematical expectation of the resulting indicators.
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A study of the adequacy of the model was carried out, the results of which showed
that the model reflects with a sufficiently high accuracy the results of the activities of
the emergency medical service in Yekaterinburg.

A series of experiments has been carried out, which makes it possible to compre-
hensively compare the indicators of the quality of service calls with the existing level of
provision of the population with institutions and ambulance stations (Experiment 1) and
the level of provision planned by 2025, set by the Draft Master Plan for the Development
of the Urban District –Municipal Formation “City of Yekaterinburg” for the period until
2035 (Experiment 2).

Statistically significant improvements in the following quality indicators have
been proven under the conditions of Experiment 2 in comparison with the results of
Experiment 1:

– an increase in the proportion of departures on emergency calls with an arrival time
in excess of the 20-min standard (p = 0.03);

– decrease in the average daily workload of the brigade for the period (p = 0.01);
– patient satisfaction with service (p = 0.05).

Thus, the conceptual model of the quality of emergency medical care proposed in
the article, which develops the content of the provisions of A. Donabedian’s model and
allows taking into account the influence of the quality of the living environment on the
availability and quality of emergency medical care, served as the basis for the concept
of modeling the quality of emergency medical care, according for evaluating the results
of the EMS, sub-models should be distinguished, the totality of which makes it possible
to take into account all categories of the quality of emergency medical care, taking
into account the characteristics of the type of settlement. The developed multi-approach
simulation model takes into account the following features of the EMC organization in
a megalopolis: uneven building density, which sets a different frequency of calls for city
districts; the dynamics of changes in the demand for ambulance services; actual traffic
routes in the megalopolis, the number of road accidents, etc. and can be used to manage
the resources of the EMC to improve the quality and availability of emergency medical
care.

The results of the study can be suitable for use in the development of models of
the activities of healthcare organizations, designed to develop recommendations for
improving the management strategy of a medical institution.

References

1. Begicheva, S.: Fuzzy model for evaluating the quality of medical care. In: IEEE 21st
Conference on Business Informatics (CBI 2019), vol. 2, pp. 5–8 (2019)

2. Begicheva, S.V.: Use of simulation modeling to select input variables in predictive models
for the demand for emergency medical services in Russia. In: 2020 IEEE 22nd Conference
on Business Informatics (CBI 2020), pp. 101–105 (2020)

3. Cabrera, E., Taboada, M., Iglesias, M., Epelde, F., Luque, E.: Simulation optimiza-
tion for healthcare emergency departments. In: 12th Annual International Conference on
Computational Science, ICCS 2012, pp. 1464–1473. Elsevier, Omaha (2012)



14 S. Begicheva and A. Begicheva

4. Carayon, P., et al.: Work system design for patient safety: the SEIPS model. Qual. Saf. Health
Care Global J. Health Sci. 6(4) (2014)

5. Coyle, Y.M., Battles, J.B.: Using antecedents of medical care to develop valid quality of care
measures. Int. J. Qual. Health Care: J. Int. Soc. Qual. Health Care/ISQua 11(1), 5–12 (1999)

6. Decree of the Government of the Russian Federation of December 26, 2017 N 1640 “On
approval of the state program of the Russian Federation” Development of health care “(with
amendments and additions)

7. Donabedian, A.: Quality assessment and assurance: unity of purpose, diversity of means.
Inquiry 25(1), 173–192 (1988)

8. Federal Lawof 21.11.2011N323-FZ (as amended on 29.05.2019) “On the basics of protecting
the health of citizens in the Russian Federation”, Art. 2

9. Guidelines for emergency medical care [Text]/Ministry of Health and Social Development of
the Russian Federation, ASMOK. GEOTAR-Media, Moscow (2007)

10. Korobkova, O.K.: Problems of improving the provision of medical services in rural areas of
the regions of the Russian Federation. Actual Probl. Econ. Law 1(33), 179–186 (2015)

11. Laker, L.F., et al.: Understanding emergency care delivery through computer simulation
modeling. Acad. Emerg. Med. 25, 116–127 (2018)

12. Mitchell, P.H., Ferketich, S., Jennings, B.M.: Quality health outcomes model. Am. Acad.
Nurs. Expert Panel Qual. Health Care 30(1), 43–46 (1998)

13. National Highway Traffic Safety Administration: Configurations of EMS Systems: a Pilot
Study. Ann Emerge Med 52, 453 (2008)

14. Nonukova, I.V.: Organization of medical care in conditions of inaccessibility of places of
residence and low population density (on the example of the Altai Republic). Novosibirsk –
LLC “Alfa-Resource” (2012)

15. Nuckols, T.K., Escarce, J.J., Asch, S.M.: The effects of quality of care on costs: a conceptual
framework. Milbank Quart. 91(2), 316–353 (2013)

16. Order of the Ministry of Regional Development of Russia dated 09.09.2013 N 371 “On
approval of the methodology for assessing the quality of the urban living environment”

17. Sharabchiev, Y., Dudina, T.V.: Accessibility and quality of medical care: components of
success. Int. Rev.: Clin. Pract. Health 4, 16–34 (2013)



Fuzzy Risk States Assessment Using Markov
Chains

Mikhail Matveev and Vladislav Korotkov(B)

Voronezh State University, Voronezh, Russia
chasecrunk@gmail.com

Abstract. The paper is devoted to automated risk assessment for decisionmaking
in organizational systems with credit risk as an example. The classical approach
involves calculating the borrower’s credit rating using some information model
trained on a statistical ensemble of its indicator values. However, some of the
indicators change over time, and their dynamics is not directly taken into account,
which reduces the reliability of the risk assessment. To consider the dynamics of
indicators, it is proposed to use the Markov chain working with fuzzy states of
an indicator specified on the linguistic scale of these states. Fuzzy states are not
observable, so an algorithm for calculating the elements of transition probability
matrix based on a time series of indicator values is proposed. The Markov chain
allows you to obtain stationary probabilities of fuzzy states, which are converted
into average values of the indicator. Numerical examples show that in the case of
a stationary time series, the classical mean of an indicator equals to an estimate
obtained by the proposed method. If the dynamics of an indicator is increasing,
then the classical mean gives an underestimation of its true value. If the dynamics
is decreasing, then the classical mean gives an overestimated value.

Keywords: risk assessment · credit risk · markov chain · fuzzy states · fuzzy
time series

1 Introduction and Problem Definition

Assessment of the state of a dynamic system is an important decision-making task. In
a number of applications, the set of states of the object under consideration is specified
on a continuous scale. In this case, the decision maker has problems assessing the state.
An example is a credit score, the calculation of which is based on the borrower’s credit
history (an example is shown in Table 1). Credit scoring is an assessment of the risk
of a lender issuing a loan to a potential borrower: an individual, business, company or
government. The specific algorithm for calculating a credit score is always a state or
commercial secret. However, historical data on previous loans of the borrower, the level
of his income and a number of other indicators that determine the risk of the lender are
usually used for the calculation. Historical data always includes the dynamics of change
in the values of a set of features over a certain period of time. In this case, it is called
behavioral scoring [1]. Historical data can be formalized in the form ofmultidimensional
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time series. But most of the well-known approaches to solving the problem of credit
scoring, such as logistic regression, decision trees, multilayer perceptrons, etc., use data
in the form of statistical ensembles and do not take into account the dynamics of change,
which can lead to a significant risk assessment bias. Recurrent neural networks (RNNs)
take into account the dynamics, but their implementation is not trivial and their training
requires a lot of statistical data in the form of long time series. Relatively simple dynamic
models like Markov chains (MC), which are used in behavioral scoring [1–3], can serve
as an alternative to RNNs. An important feature of the MC is the ability not only to
predict the transition states of a dynamic object, but also to determine stationary states
that are important for assessing the risk status.

The risk scale is often given as probabilities in the range [0; 1] and is divided into
several classes (statuses). An example of such a ranking is shown in Table 1.

Table 1. Example of ranking credit risk values

Probability of issuing a loan Status Status interpretation

0,951–1 High The probability of loan rejection is extremely small

0,896–0,950 Good Good chances of getting a loan

0,761–0,895 Average Getting a loan is possible, but not guaranteed

0,596–0,760 Bad The probability of obtaining a loan is extremely small

0–0,595 Very bad Getting a loan is almost impossible

It is difficult to make reasonable decisions on the boundaries of the presented equiv-
alence classes of risk probability values. It is more appropriate to consider tolerance
classes. The statements in the right column of Table 1 therefore can be interpreted as
term sets of a linguistic variable ˜KR with the name «Probability of getting a loan». We
will consider the set of term sets as a set of fuzzy credit risk states with the names pre-
sented in the middle column of Table 1. In this case, a fuzzy state Markov chain model
can be used to obtain risk estimates, which is more flexible and realistic than the classical
Markov chain model based on crisp states. Methods for constructing a Markov chain
for fuzzy states is an actual topic of many studies. For example, Zadeh [4] introduced
fuzzy sets for the mathematical description of fuzzy states. Kruce et al. [5] presented the
fuzzy Markov chain as a classical Markov chain based on fuzzy transition probabilities.
The main problem is calculating these probabilities. Pardo and Fuente [6] showed an
approach to calculating transition probabilities based on the concept of the conditional
probability of a fuzzy state. Dao Xuan Ky and Luc Tri Tuyen [7] considered the con-
struction of a transition matrix based on the results of observing a fuzzy time series.
When building a Markov chain for fuzzy states of credit risk, there is an observable
dynamics of historical data in the form of time series, while the fuzzy states themselves
are not observable.

The objective of the study is to build a Markov chain model for fuzzy states, auto-
matically calculate the risk status and study the influence of considering the dynamics
on the accuracy of the risk status assessment.
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2 Fuzzy Time Series and Markov Chain

This section presents brief information about fuzzy time series andMarkov chains, based
on the works [4–6, 8, 9].

Definition 1. A fuzzy set is a subset Ã of the universal discrete set X given by the
following expression.

Ã = {x1|μ(x1); x2|μ(x2); . . . ; xn|μ(xn)}, (1)

where xi ∈ X – historical data values, μ(xi) ∈ [0; 1] – membership function values for
element xi and set U .

Definition 2. The fuzzy state of credit risk Ãi is the fuzzy set defined on the scale of
the observed risk factor x with a normalized triangular membership function.

μÃi
(x) =

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

0, x ≤ ai;
x−ai
ci−ai

, ai < x ≤ ci;
bi−x
bi−ci

, ci < x < bi;
0, x ≥ bi.

(2)

Definition 3. Linguistic variable ˜KR called «Credit risk status» is a variable with a given
finite term-set of states {Ã1; . . . ; Ãs}, the semantics of which is determined using a set
of membership functions {μÃi

(x)}, where x is the value of a dynamically changing risk
factor. The term-set of states and the corresponding membership functions are set by an
expert on the scale of the corresponding risk factor.

Definition 4. A linguistic scale of fuzzy risk states is an ordered set of fuzzy states Ãi

such that if i < j, then Ãi precedes Ãj (Ãi ≺ Ãj). A possible view of such a linguistic
scale is shown in Fig. 1.

Fig. 1. Linguistic scale example.

To assess fuzzy risk states, the levels of the time series of historical data generated
from the elements of the set X is used. The assessment is based on the correspondence
between the level of the series and the fuzzy state. An important condition that must be

observed when forming a language scale is
S
∑

i=1
μÃi

(x) = 1.
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Definition 5. Fuzzy correspondence C : X →
{

Ãi|μÃi
(x)

}

is a correspondence

between the level of the time series, x ∈ X , and the fuzzy state Ãi. The correspon-
dence value is determined at time t by the value of the membership function μÃi

(xt). In
the general case, the fuzzy correspondence is ambiguous, one value xt can correspond
to several fuzzy states Ãi with their own values of membership functions. An example
of ambiguity is shown in Fig. 1.

Definition 6. A fuzzy time series Ã(t) is a sequence of randomly changing fuzzy risk
states ordered by time t – (Ã0

i ; Ã1
i ; . . . ; Ãt

i . . .), where Ã
t
i ∈ {Ã1; . . . ; Ãs}.

Let a random sequence Sn; n ∈ N be given, in which Sn takes a countable number
of values I = {1, 2, . . . , m}.

Definition 7. A random sequence of system states is called a Markov chain if and only
if for all (s0; s1; . . . ; sn) ∈ I the following condition is satisfied:

P(Sn = sn|S0 = s0; . . . ; Sn−1 = sn−1) = P(Sn = sn|Sn−1 = sn−1). (3)

Let the state vector (s1; s1; . . . ; sm) at a given time t be characterizedby the corresponding
probability distribution vector of the system states at this moment – pt = (pt1; . . . ; ptm).

The recursion of the vector pt is defined by the following expression

pt = M · pt−1, (4)

where M = (pij) is the probability matrix of system transitions from state i to state j;

∀i(∑
j
pij = 1). If thematrixM does not changewith time, then theMarkov chain is called

homogeneous. The probability distribution vector pt describes changes in distributions
during transient processes.

Definition 8. A stationary distribution ps is defined as lim pt

t→∞ = ps, where ps = Mps.
The stationary distribution is interpreted as a status of the system.

3 Calculation of the Probability Distribution of Fuzzy Credit Risk
States

Further material is based on the following assumption. The probabilities of credit risk are
determined on a certain time interval [τ0; τk ] by a set of dynamically changing factors
from the set of historical data. Moreover, each factor in one way or another affects the
probability of risk. Accounting for the influence of each of them should be carried out
by the corresponding Markov chain. The resulting local probability distributions of risk
states will be further aggregated taking into account the degree of influence of each
factor and their possible interaction.

This section provides a methodology for calculating the probability distribution of
credit risk for a single dynamically changing factor.
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Let us consider the main stages of the proposed modeling technique. To construct
a fuzzy time series model, it is necessary to specify a linguistic scale in the form of an
ordered set of terms (Ã1; Ã2;…; Ãs). This is done as follows [10]. A continuous segment
[a; b] ⊆ X is chosen in such a way that this segment includes all possible values of the
levels xt of the time series. A fuzzy partition of [a; b] is made, i.e., a term-set of states
(Ã1; Ã2; . . . ; Ãs) is specified, corresponding to the following assumptions:

– membership functions μx̃(x) are normalized triangular functions with modes equal
to one and zero values at the ends of the support;

– to ensure uniform coverage of [a; b], the supports of adjacent membership functions
μx̃i (x) are chosen and placed on the set [a; b] so that they intersect and the equality
μx̃i−1(x

�) = μx̃i (x
�) = 0, 5 is satisfied at the intersection points x�.

Let xt = (x0; x1; . . . ; xn) be a time series of risk factor values, the levels of which
are given by discrete values or intervals (in the case of continuous x) on [a; b]. Let us
also define a linguistic scale containing the necessary and sufficient number of terms to
describe fuzzy states.

The fuzzy time series of states is formed on the basis of the introduced concept
of fuzzy correspondence C : X → {Ãi|μx̃i (x)}, which is set at each time t. We will
successively substitute the values xt into all membership functions μx̃i

(

xt
); i = 1, . . . ,

s; t = 0, . . . , n and mark those states whose values are greater than zero. The marked
membership functions, due to the ambiguity of the correspondence C, will determine
the fuzzy vector of fuzzy states at time t:

Ãt = (Ãt
i |μÃi

(

xt
) 
= 0, i = 1; . . . ; k). (5)

Thus, the change over time in the values of the risk factor x determines a fuzzy time
series of states (Ã1; . . . ; Ãt; . . .). If we assume that the time series of risk factor values
has theMarkov property, then the fuzzy time series of states, due to the adopted algorithm
for its construction, will also correspond to the Markov property. In this case, following
the classical methods, in particular, works [11, 12], it can be argued that the previous
state Ãt−1

i ∈ Ãt−1 with a certain probability will be followed by the state Ãt
j ∈ Ãt , and,

therefore, on the set of states, one can introduce a fuzzy relation Rij(t − 1, t) = (Ãt−1
i ,

Ãt
j), which can be formally represented using fuzzy implications At−1

i → Ãt
j . We will

consider such a fuzzy relation as a fuzzy state change event.
At time t, several fuzzy events appear at once, determined by the direct product of

fuzzy vectors Rt−1, t = X̃ t−1 × X̃ t . Then each binary relation defined by such a direct
product can be written as Ãt−1

i → Ãt
j |μij, where the value of the membership function

is given by the following expression:

μij = min
(

μÃi; μÃj

)

. (6)

The observed features of the state x are usually considered as randomvariables, due to
the randomness of the factors that form them and (or) the presence of observation errors.
Therefore, the event of taking some particular value xt is random and is characterized
by a probability p

(

xt
) ∈ [0; 1]. Since the fuzzy state change event is defined with xt , it

should also be considered as a random event. The combination of two distinct types of
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uncertainty: fuzziness and randomness is found in many studies, for example [13–16],
and requires the introduction of the concept of a fuzzy probability space.

According to [15], the fuzzy probability space is defined by the triple (�, σ(�),
P(Ã)), where � – the set of fuzzy random events; σ(�) ⊂ 2� – the sigma-algebra on
the set �; P(Ã) – the probability of a fuzzy random event Ã ∈ 2�. The fuzzy probability
space is a generalization of the classical probability space.

Definition 9. The random event of the system transition from the fuzzy state Ãi to the
fuzzy state Ãj at time twith the degree of confidenceμij is called a fuzzy elementary event

. The randomnature of the event is due to the randomsequence

of indicator values; the fuzzy character of is due to the fuzzy implication – (Ãt−1
i →

Ãt
j)|μij.

Note that fuzzy correspondences C at various adjacent times can generate homoge-
neous (in the sense of the invariance of the pair ij) implications with different values of
the membership function:

Ãij = {(Ãt1−1
i → Ãt1

j )|μ1
ij; . . . . . . ; (Ãtk−1

i → Ãtk
j )|μk

ij}. (7)

Definition 10. A fuzzy event Ãij is a composite event that includes all homogeneous

transitions Ãi → Ãj with different values of membership functions – Uk(Ãi → Ãj)|μkij
ij .

L. Zadeh [16] defined the probability of a fuzzy event Ã relative to the distribution
P(Ã) as the following expression:

(8)

which can be interpreted as a weighted average of the probabilities of fuzzy elementary
random events, where the weights are the values of membership functions for transitions
over a given time series interval.

An estimate of the probability distribution can be obtained
based on the concept of statistical probability. To do this, we represent all possible fuzzy
random events on the set of fuzzy states (Ã1; Ã2; ...; Ãs) as a matrix of dimension s× s:

⎛

⎜

⎜

⎝

Uk11( Ã1 → Ã1)
∣

∣

∣μk11
11 . . . Uk1s( Ã1 → Ãs)

∣

∣

∣μk1s
1s

. . . . . . . . .

Uks1( Ãs → Ã1)
∣

∣

∣μks1
s1 . . . Ukss( Ãs → Ãs)

∣

∣

∣μkss
ss

⎞

⎟

⎟

⎠

. (9)

The elements of matrix (9) are the unions of all homogeneous fuzzy events obtained
as a result of observations. Let us denote the maximum value of the index kij as Kij

– the number of homogeneous events in the union ij. It is easy to see that each row of
matrix (9) contains a complete group of events. The number of elementary fuzzy events

in each row of matrix (9) is equal to Ki =
s

∑

j=1
Kij for all i. Let’s select elementary events

with identical values of μk
ij from each set of homogeneous events. Let’s also denote
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the number of such values as Kμ
ij . Then the frequency or statistical probability of an

elementary event in the complete group of events is calculated according to:

(10)

Expression (10) allows calculating the probabilities (8) for the matrix elements (9).
The probability matrix corresponding to matrix (9) will look like:

⎛

⎜

⎜

⎝

P
(

Ã11

)

. . . P
(

Ã1s

)

. . . . . . . . .

P
(

Ãs1

)

. . . P
(

Ãss

)

⎞

⎟

⎟

⎠

. (11)

4 Markov Chain of Fuzzy Random Events and Determination
of Risk Status

The probabilities of fuzzy random events P(Ãij) could be considered as elements of
the stochastic transition matrix M in expression (4), but these probabilities, generally
speaking, do not satisfy the mandatory condition:

∀i(
∑

j

Pij = 1). (12)

Condition (12) will be satisfied after the following normalization Pij:

∀i
(

Pij = P(Ãij)
∑

j P(Ãij)

)

. (13)

Now the obtained values pij can be considered as elements of the stochastic transition
matrix in (4) and interpreted as the probabilities of random fuzzy events – the transition
from the fuzzy state Ãi to the fuzzy state Ãj. The discrete model of the Markov chain of
random fuzzy states is no different from the classical notation:

⎛

⎝

pt+1
1
. . .

pt+1
s

⎞

⎠ =
⎛

⎝

p11 . . . ps1
. . . . . . . . .

p1s . . . pss

⎞

⎠ ·
⎛

⎝

pt1
. . .

pts

⎞

⎠ (14)

with initial condition
(

p01, . . . , p0s
)T
.

To determine the status of the system, i.e., to determine the probabilities of its station-
ary states ps = (ps1; ps2; ...; pss), it is necessary to solve system (14) with the stationarity
condition – pt+1 = pt . To obtain nontrivial solutions, system (14) is usually rewritten
with one equation replaced by a normalization equation, ps1 + ps2 + ... + pss = 1.
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5 Numerical Experiments

Numerical experiments are needed to test the claimed advantages of the proposedmethod
for constructing a Markov chain with fuzzy risk states and to demonstrate automatic
assessment of the risk state when processing a hypothetical borrower’s time series of
data.

In order to explore the advantages of the proposed algorithms, a special technique
was developed that makes the difference in the static and dynamic approaches clearer.
Taking into account the assumptions of Sect. 3, we will consider a scalar hypothetical
risk factor represented by a time series on a ten-point scale:

x =
(

x1; x2; . . . ; x12
)

= (5; 6; 6; 5; 6; 6; 5; 6; 6; 5; 6; 6).
A statistically significant regression dependence of series levels on time is described

by the equation x = at + b, where a = 0, b = 5, 667. I.e., the time series is stationary
with an average value of 5.667.

Let a linguistic variable with the name «Probability of obtaining a loan», with the
corresponding fuzzy statuses: «Ã1 – high»; «Ã2 – good»; «Ã3 – medium»; «Ã4 – low»,
be represented on the linguistic scale shown in Fig. 2.

Fig. 2. Linguistic scale for probability of obtaining a loan

Applying the proposed method described in Sects. 2 and 3, we obtain matrix of
transition probabilities of fuzzy risk states:

M =

⎛

⎜

⎜

⎝

0 0
0 0,423

0 0
0,577 0

0 0,483
0 0

0,517 0
0 0

⎞

⎟

⎟

⎠

.

The corresponding system of Eqs. (14), taking into account the normalization
equation, will look like:

{

(0,423 − 1)pc2 + 0,483pc3 = 0,
pc2 + pc3 = 1.

The solution of this system of equations gives us the following vector of stationary
states ps = {0; 0, 456; 0, 544; 0}.
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To check the adequacy of the proposed methodology, let’s digitize the risk statuses,
for example, «5 – high»; «4 – good»; «3 – medium»; «2 – low». Such a digitization will
allow us to calculate the arithmetic mean of the statuses, the probabilities of which are
estimated using the Markov chain

xMC = 0 · 2 + 0,456 · 3 + 0,544 · 4 + 0 · 5 ≈ 3,544.

Digitization allows you to more accurately assess the status. In this case, the status
is between «good» and «average», a little closer to good.

It is reasonable to expect that the average value of the stationary time series should be
equal to the mathematical expectation of the stationary status values obtained using the
Markov chain. To compare the average values of the time series and the average values of
fuzzy states, it is necessary to establish a correspondence between the measuring scales
of the average values. The linear correspondence of the scales is easy to build on the
basis of the correspondences between the beginning and the end of each scale. In this
case, the linear correspondence of the scale [1; 10] and the scale [2; 5] will look like:

x[2;5] = 1

3
· x[1;10] + 5

3
. (15)

The value of the average time series of local estimates given by correspondence (15)
is:

x[2;5] = 1

3
· 5,667 + 5

3
≈ 3,556.

As can be seen, the average value of risk factor time series and the average value of
the digitized stationary states are almost equal, as expected. This can be considered as
an experimental confirmation of the adequacy of the proposed method.

Let us consider the non-stationary time series of risk factor values. We will consider
two non-stationary series, ascending and descending, respectively (Fig. 3):

xa = (2; 3; 3; 4; 5; 5; 6; 6; 7; 8; 9; 10)

xd = (10; 9; 8; 7; 6; 6; 5; 5; 4; 3; 3; 2)

Note that the average values of the presented series are 5.667, i.e., they are equal to
the average of the stationary series. Figure 3 shows the mean value as a dotted line.

The corresponding matrices of transition probabilities of fuzzy risk states are:

Ma =

⎛

⎜

⎜

⎝

0,33 0,667 0 0
0,105 0,579 0,316 0
0 0,188 0,562 0,25
0 0 0,25 0,75

⎞

⎟

⎟

⎠

,

Md =

⎛

⎜

⎜

⎝

0,5 0,5 0 0
0,222 0,611 0,167 0
0 0,375 0,562 0,062
0 0 0,571 0,429

⎞

⎟

⎟

⎠

.

The corresponding systems of equations of type (14) will take the form:
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Fig. 3. Ascending (left) and descending (right) time series

– for the ascending series
⎧

⎪

⎪

⎨

⎪

⎪

⎩

(0,33 − 1)pc1 + 0,105pc2 = 0,
0,667pc1 + (0,579 − 1)pc2 + 0,188pc3 = 0,
0,316pc2 + (0,562 − 1)pc3 + 0,25pc4 = 0,

pc1 + pc2 + pc3 + pc4 = 1.

– for the descending series
⎧

⎪

⎪

⎨

⎪

⎪

⎩

(0,5 − 1)pc1 + 0,222pc2 = 0,
0,5pc1 + (0,611 − 1)pc2 + 0,375pc3 = 0,

0,167pc2 + (0,562 − 1)pc3 + 0,571pc4 = 0,
pc1 + pc2 + pc3 + pc4 = 1.

The solution of these equations gives us a stationary state probability distribution:

– for the ascending series:

pc = {0,035; 0,221; 0,372; 0,372};
– for the descending series:

pc = {0,229; 0,516; 0,229; 0,025}.
Mean of stationary states:

– for the ascending series:

xMC = 0,035 · 2 + 0,221 · 3 + 0,372 · 4 + 0,372 · 5 = 4,081;
In terms of the scale [1: 10] x[1;10] = 7, 244.

– for the descending series:

xMC = 0,231 · 2 + 0,519 · 3 + 0,231 · 4 + 0,019 · 5 = 3,05.

In terms of the scale [1: 10] x[1;10] = 4, 151.
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Therefore, ignoring the dynamics of the risk factor leads to the establishment of an
incorrect correspondence between the factor values and the probability values.

The purpose of demonstrating automatic diagnostics of the risk status in terms of
states is to indicate the higher information content of the proposed approach to support
decision-making on issuing a loan. Let the company-borrower have long been credited in
some bank. The credit history of the borrowing company is represented by a time series
of values of the loan service quality indicator calculated by the bank on a continuous
scale similar to the scale in Table 1. The credit history contains information on the basis
of which the bank decides on the possibility of issuing a loan and the amount of the
loan rate for the borrower. A rational approach to decision-making should assume the
presence of some threshold value of the time-aggregated indicator of quality of service
and the allocation of classes or statuses with a fixed credit rate. The proposed approach
allows, based on the analysis of credit history, to estimate the probabilities pci , i = 1, . . . ,
S of the borrower’s status matching the given statuses, for example, such as in Table 1,
where S = 5. If the bank has determined a fixed credit rate ki for each status, then the
mathematical expectation of risk coverage can be calculated as

k =
∑S

i=1
pci ki. (16)

Thus, having set the desired amount of coverage, the bank can vary the values of the
credit rate, so as to achieve a given amount of coverage for a borrower with a specific
credit history.

Let the credit history of the borrowing company be represented by the following
time series of values of the quality of service for previous loans:

(0,953; 0,875; 0,920; 0,870; 0,810; 0,750; 0,960; 0,895; 0,951).
Stationary states (statuses) of the borrowing company according to the proposed

algorithms are:

pc = {0,130; 0,462; 0,333; 0,074; 0}.
Then, for the given credit rates k = {0, 05; 0, 08; 0, 13; 0, 20; 0, 30}, the calculated

value of coveragewill be 0, 13·0, 05+0, 462·0, 08+0, 333·0, 13+0, 074·0, 20+0·0, 30 =
0, 102 = 10, 2%. Let the risk coverage defined by the bank be 12%. It is clear that the
distribution of credit rates must be changed. One of the possible distributions is k =
{0, 06; 0, 11; 0, 15; 0, 20; 0, 30}.

6 Conclusion

As a result of the research, a method was developed for constructing a homogeneous
Markov chain for a system with fuzzy states, based on the processing of time series of
risk factors.

Unlike well-known fuzzyMarkov chains, the transition matrix is not considered as a
fuzzy relation, but remains a regular stochastic matrix. This approach makes it possible
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to obtain stationary risk states that characterize the risk status at some given time interval.
This information can be used in a decision support system tomanage lending parameters.

The key feature of the resulting Markov chain is an ability to consider the dynamics
of risk factor states change when calculating the average values of risk status under
conditions of fuzzy status assignment.

Numerical experiments with the constructed Markov chain of fuzzy states are pre-
sented, which confirm its adequacy and the possibility of taking into account the system
dynamics. It’s also demonstrated how the proposed approach can be applied to determine
lending rates for a borrower with a specific credit history.
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Abstract. Thework is devoted to the control problemof large systems, the param-
eters of which change in time. It is noted that with the increase in the complexity
of such objects, the reliability of the corresponding control systems decreases. In
this regard, the task of developing new approaches to the control of large sys-
tems remains relevant. As such an approach, it is proposed to use the evolutionary
concept of multiple alternatives, which involves the reproduction of processes
occurring in large ecosystems. In particular, this concept includes several prin-
ciples: the principle of multi-level, the principle of diversity and separation of
functions, as well as the principle of modularity. An example of applying these
principles to control a complex dynamic system with a reference model is con-
sidered. The structure of a multilevel control system has been developed, which
contains two channels: the channel of hierarchically connected elements of the
object and the channel of the corresponding cascades of the reference model. It is
shown that the possibility of such a multilevel control is based on the condition
of representing a complex object in the form of elements of a low dynamic order.
When this condition is met, the contradiction between the original object com-
plexity and the control system stability is removed. A comparative analysis of the
proposed control structure with known signal adaptation schemes has been given.
The results of numerical simulation are presented, confirming the effectiveness of
the proposed approach to the control of complex non-stationary systems.

Keywords: Complex Control Systems · Evolutionary Approach · Principles of
Multiple Alternatives · Systems with a Reference Model

1 Introduction

The control of complex systems of any nature inevitably encounters a large dimension of
its vector coordinates and non-stationarity of the parameters. These features of complex
objects lead to the fact that the corresponding complexity of the control system for such
objects conflicts with its reliability and performance [1–4].

In this regard, methods for controlling large systems, combining the simplicity of
centralized control and the reliability of local control, are currently being intensively
developed [5–7].

In line with this research area in the works [8–10], an evolutionary approach to
the management of complex systems was proposed, which reproduces the property of
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large ecosystems to maintain the ability for sustainable development in a wide range
of changes in the parameters of the external environment and internal elements. This
approach is formulated as a concept of multi-alternative structure and functioning of a
complex system, and is based on a number of principles: the principle of multi-level
control system, the principle of diversity and division of functions at each level of the
system, and the principle of modularity [11].

In the proposed work, an example of applying these principles to control a complex
dynamic system with a reference model is considered. The presence of such a model
in an explicit or implicit form predetermines the desired state of the object, which is,
ultimately, the goal of control [12–20].

Known control schemes with a reference model are characterized by cumbersome
implementation – in the case of using parametric adaptation [21–24], or a small depth
of regulation – in the case of signal adaptation [25–27]. The article will show that the
construction of a control system based on the principles of multiple alternatives allows,
under certain conditions, eliminating the indicated shortcomings of known schemes
and ensuring the high quality of the system, combined with the simplicity of control
algorithms.

The claimed advantage of the proposed approach arises from the fact that the original
object of a high order is structurally and physically represented in the form of elements
of a low dynamic order. A simple signal adaptation subsystem is built for each selected
element, and then the resulting subsystems are combined into a hierarchical structure
containing two parallel channels: a channel from the object’s elements and a channel
from the corresponding cascades of the reference model. The resulting structure, which
combines the block structure and multi-level control, eliminates the accumulation of
adaptation errors in each cascade of the system, and removes the contradiction between
the requirements for the stability of the system as a whole and its complexity [28].

The article has the following structure:

• formal statement of the problem;
• analysis of adaptive properties of known and proposed control methods;
• obtaining the conditions for stabilizing the system when changing the object’s

parameters;
• presentation of the method for solving the problem set on the basis of the principles

of multiple alternatives;
• numerical modeling and comparison of known and proposed control schemes on a

specific numerical example.

2 Problem Statement

Let’s consider the object:

ẋ(t) = Bx(t) + Nu(t);
y(t) = A x(t), (1)

where x(t) = [x(t)1…x(t)n]T is the object state vector; y(t) – controlled (output) value;
u(t) – control action (argument t is omitted below); B – characteristic matrix of the
object, [n × n]; N – control matrix, [n × 1]; A – output matrix, [1 × n]. Matrices B, N
and A of the object contain non-stationary elements that change in time.
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Let’s apply to this object a single-level signal adaptation scheme with an explicit
reference model, Fig. 1 [16]:

B,N A

k 

xq yu 

W(s)

Fig. 1. Block diagram of a system with single-level signal adaptation and an explicit reference
model.

The reference model of the object is indicated in Fig. 1 by matrices B̂, N̂ , Â and
quantities x̂, ŷ having names similar to the object eq. (1). The coefficient k is a scalar
constant forming a closed loop of signal adaptation; ε – adaptation error.W(s) and Ŵ (s)
are the transfer functions of the object and the reference model, respectively.

The task is to reproduce the reference behavior ŷ at the output of the object with the
required regulation time tp and error ε, asymptotically tending to zero.

3 Theoretical Analysis of the Problem

The equations of motion shown in Fig. 1 diagrams look like:

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

ẋ = Bx + N (u − k · ε);
y = Ax,

˙̂x = B̂x̂ + N̂u;
ŷ(t) = Âx̂;
ε = y − ŷ.

(2)

The system of Eqs. (2) indicates the fundamental possibility of signal compensation for
variations in the matrices B, N and A of the object by the term kε, which is included in
the general control q = u − kε.

Substituting from (2) the expressions for y and ŷ into the equation for ε, and then ε

into the equation for ẋ, we get:
{
ẋ = (B − NkA)x + N (kÂx̂ + u);
˙̂x = B̂x̂ + N̂u,

(3)
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Let us analyze the properties of scheme (2), (3). Let us rewrite (3) in the form:
[
ẋ
˙̂x
]

=
[
B − NkA NkÂ

0 B̂

]

·
[
x(t)
x̂(t)

]

+
[
N
N̂

]

· u. (4)

As a result, we find the characteristic polynomial of the schemewith a single-level signal
adaptation:

[
ẋ
˙̂x
]

=
[
B − NkA NkÂ

0 B̂

]

·
[
x(t)
x̂(t)

]

+
[
N
N̂

]

· u. (5)

E = diag(1…1).
Expression (5) shows that the eigenvalues of the characteristic matrix of scheme

(2) repeat the roots of the characteristic polynomial
∣
∣
∣sE − B̂

∣
∣
∣ of the reference model

without changes, and also include the roots of the object’s characteristic polynomial
|sE − B + NkA|, which can change significantly due to the introduction of the feed-

back coefficient k. This implies that the Hurwitz polynomial
∣
∣
∣sE − B̂

∣
∣
∣, i.e. the reference

model, is chosen to be known to be stable with some value of the maximum root of this
polynomial λ̂max < 0.

To analyze the influence of the coefficient k on the closed adaptation loop stability,
we represent the matrices of the object (1) in the Frobenius form:

],; [0 ... 0 1] ; [ ...
с 0

T1 0
E0

m
n bbANB 










  (6)

where [b0...bm 0] and c = [c0...cn−1]– respectively, the coefficients of the polynomials
of the numerator and denominator of the object’s transfer function W(s) in Fig. 1:

W (s) = y(s)

q(s)
= A(sE − B)−1N , (7)

or

W (s) = B(s)

C(s)
= bmsm + bm−1sm−1 + . . . + b1s + b0

sn + cn−1sn−1 + . . . + c1s + c0
; m < n. (8)

Rewriting the polynomial |sE − B + NkA|, taking into account (6), (7) and (8), we get:

|sE − B + NkA| = sn + cn−1s
n−1 + cn−2s

n−2 + . . .

+(cm + bmk)s
m + (cm−1 + b m−1k)s

m−1 + ... + (c1 + b 1k)s + c0 + b 0k.
(9)

Expression (9) shows that the one-level signal adaptation applied to the object (1) is
accompanied by an increase in the initial coefficients ci of its characteristic polynomial
to the values ci + bik, (i = 0…m). Note that not all, but only the first m + 1coefficients
c are subjected to such a change.

Such a partial and disproportionate change in the coefficients of the original charac-
teristic polynomial |sE − B| of the object, in the general case, leads to an unpredictable
displacement of the matrix eigenvalues B − NkA in the complex plane of their values,
which conflicts with the desire to improve the quality of adaptation by increasing k.

Let’s consider several specific cases.



Principles of Multiple Alternatives in Complex Control Systems 31

3.1 First Order Object

Integrator. For such an object, the characteristic polynomial of the signal adaptation
circuit has the form:

|sE − B + NkA| = s + b 0k. (10)

In this case, the adaptation loop for any non-negative values of k retains its stability.
However, as a result of the introduction of the adaptation loop, the integrating properties
of the object are lost, and it acquires the properties of an inertial link. In this regard, the
analysis of this case is reduced to the analysis of objects in the form of an inertial link.

Inertial Link. Type of the characteristic polynomial of the signal adaptation contour:

|sE − B + NkA| = s + c0 + b 0k. (11)

The loop feedback coefficient k is included only in the free term c0 + b 0k of this
polynomial, and it is always possible to choose a sufficiently large k for which the
inequality −(c0 + b 0k) << λ̂max is satisfied, i.e. the adaptation scheme will provide
a system of dominant roots of its characteristic polynomial that is almost identical to

the roots of the reference model polynomial
∣
∣
∣sE − B̂

∣
∣
∣ in a wide range of changes in the

object’s parameters c0 and b0.

3.2 Second Order Object

For an object of the second order, the characteristic polynomial of the signal adaptation
scheme has two implementation options – for an object with forcing:

|sE − B + NkA| = s2 + (c1 + b1k)s + c0 + b0k, (12)

and for an object without forcing:

|sE − B + NkA| = s2 + c1s + c0 + b0k. (13)

Let us use the analytical expression for the roots s1,2 of the polynomial (12):

s1,2 = −c1 + b1k

2
±

√

(c1 + b1k)
2

4
− (c0 + b0k). (14)

It follows from (14) that for case (12) the choice of a sufficiently large k ensures the

dominance of the roots of the reference model polynomial
∣
∣
∣sE − B̂

∣
∣
∣ without losing the

adaptation loop stability.
In the case (13), b1 = 0 and expression (14) takes the form:

s1,2 = −c1
2

±
√

c21
4

− (c0 + b0k), (15)
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from which it follows that as the coefficient k increases, the roots become complex, and
their imaginary part increases. The coefficient k does not affect the real part of the roots
s1,2. It follows from this that with an increase in k, the frequency of natural oscillations
of the circuit increases, and can be taken out of the operating frequency range of the
entire control system.

The stability of the contour is still preserved for any value of k.
Let us analyze the possibility of suppressing the resonant frequencies of the circuit

in the complete adaptation scheme for the case (13).
The transfer function of the complete adaptation scheme (see Fig. 1) is:

Wa(s, k) = y(s)

u(s)
= W (s)(kŴ (s) + 1)

1 + kW (s)
. (16)

Limit of expression (16) for k tending to infinity:

lim
k→∞

Wa(s, k) = Ŵ (s) (17)

indicates the fundamental – theoretical ability of the scheme in Fig. 1 to reproduce the
properties of the reference model.

Let’s find a quantitative – practical assessment of the values of k, atwhich the resonant
oscillations of the adaptation scheme noted above will be suppressed to a given level,
for example, (−20) dB. Let’s take an object:

W (s) = 1

s2 + 0.2s + 1
(18)

with pronounced oscillatory properties (the damping factor for this object is 0.1), and
the reference model:

Ŵ (s) = 1

s2 + 2s + 1
(19)

with real roots of the characteristic polynomial, i.e. with the monotonous nature of the
transient process at its output.

As a result of substituting (18) and (19) into (16), we obtain W a(s), and then the
frequency and transient characteristics of the adaptation scheme for values of k=1…100,
Fig. 2.

With a value of k = 100, the transient response of the adaptation scheme visually
coincides with the transient response ŷ(t) of the reference model. The resonant surge in
the amplitude frequency response of the scheme does not exceed (−20) dB.

Thus, for objects of the second order, the considered single-level signal adaptation
scheme canbe implementedwith the values of the feedback coefficient k of the adaptation
loop without restrictions on the stability criterion.

3.3 Third Order Object

For the third order object, the characteristic polynomial of the signal adaptation circuit
for the variant without forcing has the form:

|sE − B + NkA| = s3 + c2s
2 + c1s + c0 + b 0k. (20)
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Fig. 2. Amplitude frequency responses L(ω) and transient responses y(t) of the adaptation scheme
for various values of the coefficient k.

The strongest condition for the realization of this variant is the stability condition.
According to the Hurwitz criterion for (20), we obtain:

c2c1 > c0 + b 0k. (21)

Condition (21) for a non-stationary object is practically unsatisfiable not only because
of the a priori unknown change in its parameters c2, c1, c0, b 0, but also because of
the fundamental contradiction with the principle of operation of the considered signal
adaptation scheme: improving the adaptation quality requires increasing the coefficient
k, but increasing k makes it difficult to fulfill the stability condition (21).

Similar difficulties arise for variants of the object with forcing. In some cases, the
situation described can be mitigated by the fact that in real objects, the number of
dominant roots of the characteristic polynomial is usually small, and such objects can
be considered as dynamic links of the second and even first orders.

4 Solution Method Based on the Principles of Multiple Alternatives

The presented analysis leads to the conclusion that for the effective application of the
considered signal adaptation scheme, it is necessary to physically separate the sub-
objects of the first and second orders from the complete high-order object, and to form
a separate adaptation scheme for each of these selected parts. In other words, it is
possible to eliminate the fundamental limitations of signal adaptation identified above
by using a block representation of the control object and constructing an appropriate
multilevel signal adaptation scheme for each block with a dynamic order no higher than
the second. The structure of such a circuit for a third-order object is shown in Fig. 3. In
Fig. 3: W1(s), W2(s) – transfer functions of cascades of the first and second orders in
the object, respectively; Ŵ1(s), Ŵ2(s) – similar transfer functions of the reference model
cascades; k1, k2 – adaptation loop coefficients.

The transfer function W̃ (s) of the structure in Fig. 3:

W̃ (s, k1, k2) = y(s)

u(s)
= W (s)(k2Ŵ2(s) + 1)

(1 + k1W1(s))(1 + k2W2(s))
+ W1(s)k1Ŵ (s)

1 + k1W1(s)
. (22)
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It is obvious that:

lim
k1 → ∞
k2 → ∞

W̃ (s, k1, k2) = Ŵ (s). (23)

Fig. 3. Block diagram of a system with two-level signal adaptation and an explicit reference
model.

It is essential that multilevel signal adaptation is not a trivial serial connection of
single-level cascades. In this case, an adaptation error would accumulate in each cascade.

As follows from Fig. 3, the relationship between the adaptation levels is divided
into two channels: the reference channel in each stage generates reference controls ŷ2
and then ŷ1, regardless of the true state of the object, i.e. no error. Therefore, the error
ε2 contained in the signal y2 will enter the signal q1, then ε1 and will be compensated
together with the first level own error.

Themotion equations of lower levels of adaptation cannot be described using a single
transfer function of the form (16), but have the form, for example, for Fig. 3:

y(s, k1) = W1(s)

1 + k1W1(s)
y2(s) + W1(s)k1Ŵ1(s)

1 + k1W1(s)
ŷ2(s). (24)

With an increase in k1, we come to the following result, which is equivalent to (17):

lim
k→∞

y(s, k1) = Ŵ1(s)ŷ2(s). (25)

The two-level signal adaptation scheme shown in Fig. 3, as already noted, cannot contain
a series-connected integrator due to the closure of each stage with feedback. Therefore,
the scheme in Fig. 3 does not have the properties of astatism, i.e. it always has a static
error between y and u. To eliminate this error, the signal adaptation scheme should be
covered by a common feedback, and a proportional-integral (PI) or other controller with
an integrating link should be included in the direct channel of the system (see the example
in paragraph 5).
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5 Numerical Simulation Results

For a numerical example, we will use a third-order object, which can be divided into two
cascades – first and second orders, and in the general case, the second-order cascade has
complex roots of the characteristic polynomial:

W (s) = b10
s + c10

· b20
s2 + c21s + c20

. (26)

The values of non-stationary parameters of the object are presented in the Table 1.

Table 1. Options for non-stationary object parameters

Variant c0 c1 c2 b0 c10 b10 c20 c21 b20

v1 0.04 0.22 0.3 0.1 0.2 1 0.2 0.1 0.1

v2 2 2.2 10.2 1 10 1 0.2 0.2 1

v3 5 2 5.2 1 5 1 1 0.2 1

As a reference model, we choose two links of the first and second orders with
monotonic transient responses and a total control time tr = 6.4 s:

Ŵ (s) = 1

s + 1
· 1

s2 + 2s + 1
. (27)

The transient characteristics of the variants of the object and the reference model are
shown in Fig. 4 and demonstrate significant changes in the object properties with the
changes in the parameters indicated in the table.

0 1 2 3 4 5
0

1

2

3

Time t, (s)

O
u
tp

u
t 

co
o
rd

in
at

e 
y (

t)

y
v

(t)
y

v
(t)

y
v

(t)

)(ˆ ty

Fig. 4. Transient characteristics of variants of the object and the reference model.

We implement a two-level signal adaptation scheme according to Fig. 3, in which,
based on the above analysis, we take k1 = k2 = 100. Transient processes are shown in
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Fig. 5. For a visual comparison, Fig. 5 shows the result of a one-level adaptation of the
v1 variant according to the scheme in Fig. 1. In this scheme, the stability condition (21)
limits the coefficient k of the variant v1 to a critical value:

k <
c2c1 − c0

b0
= 0.3 · 0.22 − 0.04

0.1
= 0.26. (28)

To ensure the margin of stability in the single-level adaptation scheme, the value of k =
0.15 is chosen.

Fig. 5. Transient responses for the reference model (ŷ(t)) and object variants in single-level
(yv1(t)) and two-level (yv2(t), yv3(t)) signal adaptation schemes.

Figure 5 confirms the practical unsuitability of one-level adaptation for this example
(this was to be expected due to the extremely small coefficient k = 0.15), and also
illustrates the high efficiency of the two-level adaptation scheme.

At the same time, Fig. 5 shows the theoretically predicted existence of a static error
in the values yv2(t) and yv3(t) relative to the reference process ŷ(t). In order to eliminate
this error, we cover the two-loop adaptation scheme with a common negative feedback
and introduce a controller with an integrating link into the system, Fig. 6:

Wc(s) = 10(s + 1)3

s(0.01s + 1)2
. (29)

Fig. 6. Structural diagram of an astatic control system with signal adaptation.

Transients in the astatic control system are shown in Fig. 7 and differ by fractions
of a percent from the reference process for all variants of non-stationary parameters
indicated in the table.

Note that the regulation time in the complete control system corresponds to the set
value tr = 6.4 s (see Fig. 7).
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Fig. 7. Transients in a complete control systemwithmultilevel signal adaptation and an additional
regulator.

6 Conclusion

The results of the study of a complex signal adaptation system with an explicit reference
model presented in the paper allow us to draw the following conclusions:

• the traditionally considered narrow operating range of signal adaptation can be sig-
nificantly expanded if the non-stationary control object is structurally and physically
represented in the form of series-connected cascades with the dominant dynamic
order of each of them not higher than the second;

• the specified representation of the object makes it possible to implement a multi-
level signal adaptation scheme, which is a hierarchically subordinate connection of
single-level schemes with two parallel channels: a channel with object stages and a
channel with the corresponding stages of the reference model. Such an organization
of adaptation levels excludes the accumulation of adaptation errors of each cascade;

• the division of the adaptation scheme into parts of a low order fundamentally
eliminates the contradiction between the quality of the adaptation scheme and its
stability;

• the simulation results confirm the high efficiency of the proposed signal adaptation
scheme and thus demonstrate the constructive nature of the evolutionary concept of
multiple alternatives used in this work.
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Abstract. The article considers the solution of the problem of parametric identi-
fication of atmospheric temperature in the case of the usual least squares method
and the author’s method of the modified least squares method. If the processes are
adequately described by linear differential equations, it is convenient to switch to
difference equations. In this paper, the results ofmodeling in the case of explicit and
implicit difference schemes are discussed, the quality of estimates of parameters
of the identification problem is evaluated. The results of the numerical experi-
ment show that when the modified least square method (LSM) is applied to the
parametric identification problem based on the Crank-Nicholson scheme, the best
quality of model parameter estimates is obtained. The results are slightly worse
for the Crank-Nicholson scheme and the implementation of the usual least squares
method. The worst result as estimates was shown by the usual for the multiple
autoregression model. This can be explained as follows. First, we conducted an
additional study in which we showed that in the case of an explicit scheme and
negative parameters of the identification problem, the convexity condition is vio-
lated, although the conservativeness condition itself is fulfilled. The reason for
this may be a violation of the state of the Clock. In the case of using an implicit
difference scheme, for example, Krank-Nicholson, we have shown that even in
the case of negative parameters, the stability state is preserved. Secondly, the
Krank-Nicholson scheme is a five-point difference scheme, which also improves
the quality of estimates of the parameters of the atmospheric temperature field
model.

Keywords: autoregressive model · finite difference equations · identification ·
LSM estimates · biased estimates of model parameters · the reduction of the
dimensionality · explicit difference scheme · implicit difference scheme ·
conservativeness condition

1 Introduction and Problem Statement

Model studies of meteorological processes are a necessary component in forecasting
systems and accounting for weather events in various practical fields: agricultural pro-
duction, aviation, etc.Modeling the behavior of temperature fields in the atmosphere is an
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important component of these studies. At the same time,models represented by parabolic
differential equations are widely used, for example, convective diffusion models. Diffu-
sion and advection are the main factors determining the dynamics of temperature fields
in the atmosphere on given isobaric surfaces. With a given model structure, there is
a need to evaluate its parameters, i.e. there is a problem of parametric identification.
Despite a significant number of studies conducted in the field of parametric identifi-
cation, including works [1–5], research in this area is relevant to this day. At the same
time, almost all knownworks are based on statistical researchmethods that allow obtain-
ing statistical estimates of the true values of the parameters of models of real dynamic
objects or phenomena. However, the quality of the estimates obtained does not always
meet the requirements of applications, in particular, in meteorological problems work-
ing with a particular mathematical model, especially in conditions of strong noise of
the observed variables. In this regard, the problem of improving the quality of estimates
of model parameters for a given model structure remains urgent. The use of a statisti-
cal approach to solving the parametric identification problem necessitates the transition
from a continuous differential equation to its discrete analogues. Discrete analogs can
be obtained by approximating the original differential equation with finite-difference
schemes of various types defining a regular grid in a variable space, at the nodes of
which multidimensional time series are formed. Time series form statistical samples of
variable values necessary for the implementation of statistical identification procedures.
Adequate models of multidimensional time series are the equations of multidimensional
autoregression, the study of which is still fragmentary. Obviously, different schemes of
finite-difference approximation will determine different structures of time series models
and, as a consequence, different identification quality.

The article considers the solution of the problem of parametric identification of
distributed dynamic processes. The identification parameters themselves are not constant
values, but depend on time. This greatly complicates the solution of the problem. In
order to obtain estimates of parametres, data classification was carried out, and then the
problem of parametric identification within each class was solved.

We have considered such difference equations for which the conservativeness con-
dition was met. The solution of the parametric identification problem was carried out
on the basis of the usual least squares method, as well as the method proposed by the
authors, called modified least square method LSMwith the aim of improving the quality
of estimates in the context of the MAPE parameter. Note that at the first stage, the case
of an explicit difference scheme was considered. To identify the parameters within each
class, two situations were considered: the parameters are a convex linear combination
and the sum of the parameters is equal to one, but there are also negative parameters.
In the second case, the quality of assessments drops markedly. It was decided to use an
implicit unconditionally stable Krank-Nicholson difference scheme. And then we have
to solve the problem of parametric identification based on LSM and modified LSMs.

There are many different approaches to solving this problem. One of the convenient
ways to solve the problem of parametric identification is to use the time series apparatus.
In [6] we showed that if the processes are adequately described by linear differential
equations, then it is convenient to switch to difference equations. Also in our works,
we discussed the conservativeness condition [7, 8], which consists in the equality of
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the sum of the parameters of the difference equation to one. In addition, the parameters
of the difference equation form a convex linear combination. In [9, 10] we compared
several algorithms for solving the parametric identification problem in order to improve
the quality of estimates. All these algorithms are implemented based on the least squares
method.

2 Research Models and Methods

In this section, we will show the models and methods of parametric identification that
we are studying.

The simplest model describing the behavior of the temperature field on a given
isobaric surface is the two-dimensional diffusion-advection equation:

∂x

∂t
= D1

∂2x

∂l21
+ D2

∂2x

∂l22
− v1

∂x

∂l1
− v2

∂x

∂l2
, (1)

whereD1, D2 are diffusion coefficients, v1, v2 are components of the advection velocity
vector, l1 is latitude, l2 is longitude.

The transition to the difference form allows one to obtain the autoregressive
equations.

yt+1
i = a1y

t
i−1 + a2y

t
i + a3y

t
i+1 + εt, (2)

where ε1, ε2, . . . , εt are independent random variables having the same normal distri-
bution with zero mean and variance σ 2.

2.1 Methods for Obtaining LSM Estimates

LSM is the main method of regression analysis, which is used to estimate the unknown
parameters of linear autoregression models from sample data.

In general, the LSM takes the following form:

∑

t

e2t =
∑

t

(yt+1
i − (a1y

t
i−1 + a2y

t
i + a3y

t
i+1))

2 → min
a1,a2,a3

. (3)

Let y a column vector of observations of the explained variable, and Y this is (n×3)
a matrix of observations of factors (rows of the matrix - vectors of factor values in a
given observation, columns - vector of values of a given factor in all observations). The
matrix representation of the linear model has the form:

y = Ya + ε.

Then the vector of estimates of the explained variable and the vector of autoregression
residuals will be equal to

ŷ = Ya, e = y − ŷ = y − Ya.
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Differentiating this function with respect to the parameter vector a and equating the
derivatives to zero, we obtain a system of equations (in matrix form) of the form:

(YTY )a = YT y.

We now describe the measurement error model. Let the true relationship between
the actual observed value and the explanatory variables take the following form:

ỹ = Ỹα,

where ỹ is the (n × 1) vector of observations of the explained variable, Ỹ is the (n × 3)
matrix of true values of the explanatory variable, α is the (3 × 1) vector of regression
coefficients. Values ỹ and Ỹ are not observed due to the presence of a measurement error.
Instead, the values of ỹ and Ỹ are observed with additive measurement errors:

y = ỹ + u, Y = Ỹ + V

where y is the (n × 1) vector of observed values of the explained variables which are
observed with the (n × 1) measurement error vector u. Similarly, Y is (n × 3) a matrix
of observed values of explanatory variables which are observed with the (n× 3) matrix
V of measurement errors in Y . In this case, we can assume that the usual perturbation
term is included in u without loss of generality.

The above formula can also be represented as:

y = Ỹα + u, Y = Ỹ + V

it can be assumed that only Y is measured with measurement errors V , and u can be
considered as an ordinary perturbation term in the model.

If some of the explanatory variables are measured without any measurement error,
then the corresponding values of V will be zero.

Let’s pretend that:

E(u) = 0, E(uuT ) = σ 2I , E(V ) = 0, E(VTV ) = �, E(VTu) = 0.

The following set of equations describes the measurement error model:

y = Ỹα, y = ỹ + u, Y = Ỹ + V ,

which can be expressed as:

y = ỹ + u = Ỹα + u = (Y − V )α + u = Yα + (u − Vα) = Yα + ω,

where ω = u − Vα is called the composite perturbation. This model resembles a con-
ventional linear autoregression model. The basic assumption in a linear autoregression
model is that the explanatory variables and perturbations are not correlated. Let’s check
this assumption in the model as follows:

E[{Y − E(Y )}T {ω − E(ω)}] = E[VT (u − Vα)]
= E[VTu] − E[VTV ]α = 0 − �α = −�α �= 0.
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Thus, Y and ω are correlated. Thus, LSM will not give an effective result.
Then the LSM is defined as:

a = (YTY )−1YT ya − α = (YTY )−1YT (Yα + ω) − α

= (YTY )−1YTωE(a − α) = E[(YTY )−1YTω] �= (YTY )−1YTE(ω) �= 0

Since Y is a random matrix correlated with ω. Thus, a becomes a biased estimate of
α.

The advantages of LSM include ease of implementation and a relatively small
standard deviation. The main disadvantage of LSM is the presence of bias in param-
eter estimates. The shift can be significant in conditions of non-stationarity, stochastic
dependence of regressors and random noise.

Known methods for reducing bias worsen another important characteristic of the
estimate – the standard error.

2.2 Modified Least Square Method

To reduce the estimation error, we propose a modification of the least squares method
based on the condition of conservativeness of the difference scheme approximating the
original differential equation. The condition of conservativeness is the fulfillment of the
corresponding conservation law at the discrete level. A sign of conservativeness of the
difference scheme is the equality of the sum of the parameters of the reduced difference
scheme to one.

The autoregression model obtained on the basis of the given difference scheme will
have the form

yt+1
i = a1y

t
i−1 + a2y

t
i + a3y

t
i+1 (4)

with specified initial and boundary conditions:

y0i = c, yti−1 = bti−1, y
t
i+1 = bti+1,∀t (5)

where i - discrete values of the spatial coordinate, t – discrete time; a1 + a2 + a3 = 1,
that is, the right part of expression (4) is a convex linear combination of temperatures.

Methods of reducing the dimension of the autoregressionmodel are proposed, taking
into account the conservativeness property of the difference scheme. So in [10], taking
into account the correlation of time series in neighboring grid nodes, it was proposed to
change the level of the series in the i-th node to the expression

yti = β1y
t
i−1 + β2y

t
i+1 + ξ t . (6)

Expression (6) allowsus to expect to obtain parameter estimateswith a lower standard
error both by reducing the dimension and by reducing the correlation of time series in
non-adjacent nodes. Substituting expression (6) into (4), we get

yti = (a1 + a2β1)y
t
i−1+(a2β2 + a3)y

t
i+1++ ξ k+1

i − ξ k
,
= θ1x

k
i−1 + θ2x

k
i+1 + �ξ,

(7)
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where ξ k
 is a convex linear combination of interference ξ ki−1, ξ
k
i , ξ ki+1.

The expression (8) with the obtained estimates β̂ allows us to construct a system of
linear equations with respect to the parameters β̂:

a1 + a2β̂1 = θ1, a2β̂2 + a3 = θ2, a1 + a2 + a3 = 1. (8)

The determinant of the system (9) β̂1 + β̂2 − 1 is different from zero in the case
when β̂1 + β̂2 �= 1.

2.3 Least Squares Method with Implicit Difference Scheme

A study was conducted in which the convexity condition of the parameters was violated
[9] and one of the parameters turned out to be negative. Such results were obtained
for meteorological data in the task of forecasting atmospheric temperatures. It is shown
that in the case of negative parameters, the Courant condition is violated. Therefore, we
decided to use the ineffectively stable Krank-Nicholson difference scheme (see Fig. 1).
We use the Crank-Nicholson scheme for meteorological data. The Crank-Nicholson
scheme is an unconditionally stable implicit difference scheme and can be written as a
whole, as shown below:

(2 + 2r)xn+1
i − rxn+1

i−1 − rxn+1
i+1 = (2 − 2r)xni + rxni−1 + rxni+1, (9)

where r = τ
h2

.

The Crank-Nicholson scheme can be written as:

−(θ1 + θ2)x
k+1
i−1 + (1 + 2θ1)x

k
i + (θ2 − θ1)x

k+1
i+1 = (θ1 + θ2)x

k
i−1 + (1 − 2θ1)x

k
i + (θ1 − θ2)x

k
i+1

or

(1 + 2θ1)x
k
i = (θ1 + θ2)x

k
i−1 + (1 − 2θ1)x

k
i + (θ1 − θ2)x

k
i+1+

(θ1 + θ2)x
k+1
i−1 + (θ1 − θ2)x

k+1
i+1 .

Fig. 1. Type of Crank-Nicolson difference scheme.

Divide both parts of the last inequality by (1 + 2θ1), we get

xki = (θ1 + θ2)

(1 + 2θ1)
xki−1 + (1 − 2θ1)

(1 + 2θ1)
xki + (θ1 − θ2)

(1 + 2θ1)
xki+1 + (θ1 + θ2)

(1 + 2θ1)
xk+1
i−1 + (θ1 − θ2)

(1 + 2θ1)
xk+1
i+1

(10)
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The sum of the coefficients in the right part is equal to one (this is easy to verify),
that is, the condition of conservativeness is fulfilled. At the same time, if the coefficients
on the right side are negative, then this will not contradict the Courant condition, unlike
the previous difference scheme in our studies. Let ‘s introduce the notation:

a1 = (θ1 + θ2)

(1 + 2θ1)
; a2 = (1 − 2θ1)

(1 + 2θ1)
; a3 = (θ1 − θ2)

(1 + 2θ1)
.

Let, for example, a3 < 0, the rest are positive

(θ1 − θ2)

(1 + 2θ1)
< 0.

As θ1 = D�t
2(�z)2

, θ2 = ϑ�t
4�z , then 1 + 2θ1 > 0. Thus

θ1 − θ2 < 0 => θ1 < θ2.

It doesn’t contradict anything. That is, in the case of using the Krank-Nicholson
scheme, the requirement of linear convexity of the coefficients is not necessary. In the
case of solving the problemof parametric identification by themethod of least squares for
the problemof forecastingmeteorological data [6], it is proposed to conduct a preliminary
stage, which consists in the formation of classes of homogeneous statistical data. Within
each class, its own model will be built and the problem of parametric identification will
be solved. The construction of classes of homogeneous statistics can be carried out on the
basis of statistical clustering methods or on the basis of postulating physical conditions
of uniformity and checking these conditions according to a measurable criterion [6]. The
second direction seems more appropriate in our conditions.

To solve the problem of parametric identification in the case of the Krank-Nicholson
scheme, the least squares method was used. In Eq. (10), the role of the free term for the
least squares method is played by xki in the left part. Unknown parameters are found for
the right side of the equation with the corresponding variables.

3 Experimental Study of the Quality of Assessments

We will consider a model of average daily temperature changes in the nodes of a flat
coordinate grid above the earth’s surface (see Fig. 2). The source of statistical data is a
web resource [12], the step in latitude (coordinate i) and longitude (coordinate j) is h =
2.5°.

There is a correlation between time series in neighboring grid nodes.
It is necessary according to a set of input statistical data representing vectors of

temperature values in the vicinity of the node ij

x(t) = (
xi−1,j; xi,j; xi+1,j; xi,j−1; xi,j+1

)
.

Obtained at various points in time, in order to distinguish classes of homogeneous
statistics - for this it is necessary to determine the criterion for evaluating the uniformity
of the process conditions and, accordingly, the uniformity of Mk ∈ M , k = 1, .., d .
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Fig. 2. View of the grid.

Atmospheric physics [8, 9] allows us to take a finite-difference estimate of the temper-
ature gradient at each node of the spatial grid, where the components of the gradient
vector are estimated by the central differences ∇ = (δi, δj)∇ = (δi, δj)

δi = xi+1,j − xi−1,j, δj = xi,j+1 − xi,j−1.

It can be assumed that the gradient calculated in this way characterizes themovement
of air flows, which largely determines the current state of the atmosphere. If the gradient
calculated in the vicinity of the node with coordinates i,j, if it does not change (or rather
almost does not change) in time, then under certain assumptions it can be assumed that
the state of the atmosphere in this neighborhood is stable and can be attributed to one
of the classes. In other words, each class of homogeneous statistics is a combination
of interval fragments of a time series with similar values of the temperature gradient.
To build classes, we can propose the following procedure described in [13–15]. In each
class, an autoregression model was built in each node of the temperature grid ij.

yij(t + 1) = aijyij(t) + ai−1jyi−1j(t) + ai+1jyi+1j(t) + aij−1yij−1(t) + aij+1yij+1(t)

The parameters of the autoregression model will be determined using least square
method – conventional and modified, and then we will compare the results. Classes of
homogeneous statistics for meteorological data on the angle and length of the gradient
vector for the usual autoregression model and the Krank-Nicholson scheme are formed.
In both cases, we get 16 classes. For each class, we find unknown parameters using LSM.
In the case of using the Krank-Nicholson scheme, we use a modified LSM, replacing
one of the equations of the system with a value equal to one, and comparing it with the
results of a conventional LSM. We compare the accuracy and adequacy of models using
the coefficient of determination and the indicator of the percentage error of the MAPE
forecast [16–18]

MAPE = 1

T

∑T

t=1

∣∣∣∣
x(t) − x̂(t)

x(t)

∣∣∣∣

where x(t) and x̂(t) the actual and calculated values of the levels of the MAPE series,
respectively, should not exceed 10–12% [19, 20]. Below are three tables of the results
of solving the parametric identification problem (each table contains the three most



48 M. G. Matveev et al.

representative classes). The first table shows the results of solving the problem on the
basis of conventional autoregression, the second - on the basis of the Crank-Nicholson
scheme for a conventional LSM, the third – the Crank-Nicholson scheme and a modified
least square method (see Tables 1, 2 and 3).

Table 1. Parameters of the autoregression model for the homogeneous statistics class

Class
number

a1 a2 a3 a4 a5
∑

a MAPE R2

K6 0 0 0,66 −0,40 0,63 0,89 4,5% 0,82

K7 1,9 0 0,83 0 −1,82 0,91 5,6% 0,80

K8 −0,7 0,15 2,98 3,78 −5,40 0,81 4,8% 0,73

Table 2. Model parameters for the Crank-Nicholson scheme in the case of a conventional least
square method

Class
number

a1 a2 a3 a4 a5
∑

a MAPE R2

K6 0,5197 0,4891 −0,2707 0,5218 −0,257 1,002 3,6% 0,986

K7 0,3674 0,5662 −0,287 0,557 −0,243 0,969 3,9% 0,97

K8 0,632 0,457 −0,303 0,449 −0,291 0,944 3,76% 0,98

Table 3. Model parameters for the Krank-Nicholson scheme in the case of amodified least square
method

Class
number

a1 a2 a3 a4 a5
∑

a MAPE R2

K6 0,5135 0,465 −0,253 0,5157 −0,24 1,0012 2,9% 0,989

K7 0,345 0,559 −0,268 0,564 −0,23 0,97 3,9% 0,987

K8 0,645 0,459 −0,302 0,449 −0,299 0,952 3,2% 0,989

4 Conclusion

The results of the tables show that when a modified least square method based on the
Krank-Nicholson scheme is applied to the parametric identification problem, the best
quality of model parameter estimates is obtained. The results are slightly worse for the
Crank-Nicholson scheme and the implementation of the usual least squares method.
The worst result as estimate was shown by the usual LSM for the autoregression model.
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This can be explained as follows. First, we conducted an additional study in which we
showed that in the case of an explicit scheme and negative parameters of the identification
problem, the convexity condition is violated, although the conservativeness condition
itself is fulfilled. The reason for thismaybe a violation of the state of theClock. In the case
of using an implicit difference scheme, for example, Krank-Nicholson, we have shown
that even in the case of negative parameters, the stability state is preserved. Secondly,
the Krank-Nicholson scheme is a five-point difference scheme that also improves the
quality of estimates.
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Abstract. Today, many universities tend to use the mechanisms of project man-
agement to solve the problems of organizational and technological development.
For effective change, a management mechanism is needed that ensures coordina-
tion of actions between employees of various departments. As such a mechanism,
it is often proposed to use an automated information system. The main func-
tional requirements for such a system, as a rule, are the ability to keep records
of university projects, to be able to involve employees and students with the nec-
essary competencies in projects, to track the status of projects and to minimize
organizational costs and, consequently, project execution time.

Each potential project participant has a number of competencies. Each com-
petency can be valued at some value and each competency has some value for the
successful implementation of the project. Project participants, like projects, are
complex objects that can be represented in the form of a multi-criteria model, in
which one of the indicators must be tied to a point in time.

In this article, I would like to consider the issues of taking into account the
tem-porality of data and the possibility of building amodel of the state of a complex
object, taking into account its possible changes in time.

Keywords: temporal data · design of information systems · project management

1 Prerequisites for the Development of a Multi-alternative System

Today, many universities tend to use the mechanisms of project management to solve the
problems of organizational and technological development. Effective change requires
a management mechanism that ensures coordination of actions between employees of
various departments. As such a mechanism, it is often proposed to use an automated
information system. The main functional requirements for such a system, as a rule, are
the ability to keep records of university projects, be able to attract employees and students
with the necessary competencies to participate in projects, track the status of projects
and minimize organizational costs, and hence the duration of the project.

A mandatory attribute of each potential project participant is the set of competencies
that he possesses. We will assume that each competency can be estimated at some
value and each competency has some significance for the successful implementation
of the project. Some of the competencies (attributes of the model) can be assessed
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using information of a quantitative type, while indicators can have different units of
measurement. Other indicators cannot be quantified.

Let

C+ = {C+
i1
, . . . ,C+

is1
} (1)

be a subset of competencies at the moment of time to which requirements are imposed,
and

C− =
{
C−
i1
, . . . ,C−

is2

}
(2)

be the subset of competencies at the moment of time to which there are no requirements,
so

C+ ∪ C− = C (3)

is the set of all competencies at the moment of time that the project participant has,

s1 + s2 = s (4)

is their number. Each of the competencies can only be assigned to one C+ or C− class.
Obviously, there are projects for which it is important to take into account a large

number of competencies of the participants, and there are projects for which the compe-
tencies of the participants do not matter. The latter, in particular, may include projects
(parts of projects) involving a large amount of mechanical work, data collection, etc.
Thus, the project is also a complex object and may have a number of characteristics,
one of which is a set of competencies that a potential project participant must have in
order to consider the possibility of participating in the project. At the same time, each
necessary competence should be assessed by a certain range of values, allowing you to
select project participants that best meet the needs of the project.

A set of project competencies can include both quantifiable competencies and non-
quantifiable competencies. This implies the need to provide the ability to indicate the
range of acceptable values of competencies, using different units of measurement. In
the framework of this work, we will assume that the set of competencies and the range
of acceptable values is set once for the project and does not change over time, which
certainly simplifies the accounting for the set of competencies.

Let

P+ = {P+
i1
, . . . ,P+

in1
} (5)

be a subset of competencies to which requirements are made, and

P− =
{
P−
i1
, . . . ,P−

in2

}
(6)

be a subset of competencies to which requirements are not are presented, so that

P+ ∪ P− = P (7)
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is the set of all competencies that are important for the selection of suitable project
participants,

n1 + n2 = n (8)

is their number. Each of the competencies can only be assigned to one P+ or P− class
(see Fig. 1).

Fig. 1. The process of selecting the most suitable project participants based on the list of
competencies and obtaining the final aggregated assessment of the participants.

Such a system assumes that the weights of potential project participants’ competen-
cies fall within the range of competencies acceptable for the project. However, in some
cases, a situation is possible when there are no participants whose competencies fully
meet the requirements of the project. In this case, it makes sense to allow the project
administrator to allow the selection of participants taking into account the historical
values of competencies: taking into account the dynamics of changes in the weights of
required competencies over time, predicting changes in the weights of competencies in
the foreseeable future within the expected life of the project, taking into account previ-
ously relevant competencies of participants, building an assumption about the presence
of unaccounted for competencies acquired in the framework of previous participation
in projects. This creates a multi-alternative system and allows the user to be given the
opportunity to choose an alternative algorithm for selecting participants, depending on
the need (willingness) to take into account the history of changes in the competencies
of participants.

2 Designing Temporal Data

Under temporal data it is customary to understand any data associated with certain
moments or time intervals. Often such data is also called temporal or dynamic.
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Conventional relational models are primarily designed to work with static objects.
However, storing the history of changing objects is in demand in many subject areas.

A class is a description of a set of objects that have the same attributes, operations,
relationships, and semantics [3]. As a rule, the semantics of an instance of a class, being
defined initially, does not change throughout the existence of an instance of the class,
however, the attributes and relationships of class instances often tend to change over
time. In cases where the projected class refers specifically to temporal data, its nature
must be taken into account at all stages of designing and developing an information
system. The techniques used in modeling temporal data may vary depending on the
specific subject area and system requirements.

In [5] the issues of taking into account the temporality of data at the stage of design-
ing an application program of an information system were considered. For each class,
temporality may not be taken into account, or it may be taken into account in one of the
following ways: temporal class, temporal attribute, temporal association [5]. Depending
on the methods used for processing temporal data, the characteristics of the system will
change.

All operations can be represented as consisting of several system operations, such as
creating an instance of a class, modifying attributes, creating or breaking an association
[6, 7]. With regard to the project management system, we are faced with the following
cases of using temporal data:

• time-varying degree of competence (attribute) of project participants;
• time-varying ownership of competencies by project participants (within the frame-

work of this project, we assume that competencies can both appear for project
participants and terminate irrelevant competencies for a participant);

• time-varying weights of project participants’ competencies for each specific project;
• time-varying characteristics of each specific project.

Let’s consider each case in more detail.

2.1 Time-Varying Degree of Competence (Attribute) of Project Participants

One of the possible solutions to this problem is to represent attributes that tend to change
over time (temporal attributes) as separate classes. In [5] they are called attribute classes
(see Fig. 2).

Fig. 2. Modelling of time-varying degree of competence (attribute) of project participants.

However, this scheme of working with temporal attributes is not without drawbacks.
Modeling additional classes will require additional time from the developer and, accord-
ingly, the financial costs of the customer. In addition, with sufficiently frequent changes
of a large number of attributes, higher requirements will be imposed on the persistent
storage devices used.
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Thus, when the number of time-varying attributes is large, the above modeling
methodwill be inefficient. In this case, it seemsmore attractive to associate not individual
attributes with time instances, but the entire instance of the class.

2.2 Time-Varying Ownership of Competencies by Project Participants

In this case, we are talking about storing an association that changes over time. By
temporal connection, wemean a connection that connects different instances of classes at
different time intervals. As a solution to the problem of processing temporal associations,
one can use the mechanism of creating associative objects, each of which is a separate
object containing references to the identifiers of each of the participating instances [5]
(see Fig. 3).

Fig. 3. Modelling of time-varying ownership of competencies by project participants.

In case of occurrence, the associative object will be the heir of the temporal class,
which in turn is associated with instances of the time class.

2.3 Time-Varying Weights of Project Participants’ Competencies for Each
Specific Project

This case also involves the creation of attribute classes (see Fig. 4).

Fig. 4. Modelling of time-varying weights of project participants’ competencies for each specific
project.
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2.4 Time-Varying Characteristics of Each Specific Project

In this case, as a rule, a large number of related characteristics of the project change
simultaneously, so it is proposed to use the Snapshot approach. A snapshot of data is
a representation of data at a specific point in time. The snapshot must provide time
as one of its visible properties. The advantage of using the Snapshot approach is a
significant reduction in the number of classes, which reduces the complexity of designing
and developing an information system. In addition, this method is characterized by a
significant simplification of queries to the database in comparison with the method of
temporal attributes.

When using this method, the class inherits properties from some Temporal class, the
main property of which is its connection with the Time class (see Fig. 5)

Fig. 5. Modelling of time-varying characteristics of each specific project.

Due to the fact that the system, taking into account the temporality, is designed to
preserve the previous values of the data, the deletion of class instances as such is not
performed in it.

The main task in modeling data temporality by the methods presented above is to
design a temporal class from which other classes inherit temporal qualities.

3 Mathematical Modeling of Temporal Data

All operations can be represented as consisting of several system operations, such as
creating an instance of a class, modifying attributes, creating or breaking an association
[3]. Representing the operations performed on temporal data in the form of cooperation
diagrams, we obtained data on the number and types of system operations that are
performed to perform certain operations with temporal data (Table 1).

Table 1. Methods for accounting for temporality

The method used to
introduce the
temporality
accounting system

Creating an instance
of a class (number of
operations)

Attribute modification
(number of operations)

Creating an
association (number
of operations)

Without regard to
temporality

(continued)
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Table 1. (continued)

The method used to
introduce the
temporality
accounting system

Creating an instance
of a class (number of
operations)

Attribute modification
(number of operations)

Creating an
association (number
of operations)

1. Create an instance
of the class

1 1 –

2. Changing the
class instance

– 1 –

3. Deleting an
instance

1 – –

4. Creation of an
association

– – 1

5. Rupture of
association

– – 1

Temporal class

1. Create an instance
of the class

2 2 1

2. Changing the
class instance

2 3 1

3. Deleting an
instance of a class

– 1 –

Temporal attribute

1. Create an instance
of the class

3 3 2

2. Changing the
class instance

2 3 2

3. Deleting an
instance of a class

– 2 –

Temporal
association

1. Creation of an
association

2 2 3

2. Rupture of
association

– 1 –

An information system without taking into account the temporality of data can be
represented as a directed graph as follows:
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Fig. 6. System without regard to data temporality

The notion of adjacency in a directed graph presented in Fig. 6 is extended relative to
a conventional directed graph [1]. In this case, we consider that the vertex s1 is adjacent
to the vertex s2 when performing operation 1.

For this case, we obtain an adjacency matrix of the following form (Table 2):

Table 2. Adjacency matrix for the system without regard to temporality

IS S1 S2 S3 FS

IS Ø {1,3} {2} {4,5} Ø

S1 Ø Ø {1} Ø {3}

S2 Ø Ø Ø Ø {1,2}

S3 Ø Ø Ø Ø {4,5}

FS Ø Ø Ø Ø Ø

In the case of introducing temporality into account when designing an information
system, it (the system) will correspond to the directed graph shown in Fig. 7:
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Fig. 7. Information system taking into account temporality

We get the following adjacency matrix (Table 3):

Table 3. Adjacency matrix for the system taking into account temporality

IS S1 S2 S3 FS

IS Ø {1,3,6,7,9,10,12} {2,8,11,13} {4,5} Ø

S1 Ø {6,7,9,10,12} {1,6,7,9,10,12} {6,7,9,10,12} {3}

S2 Ø Ø Ø Ø {1,2,8,11,13}

S3 Ø Ø Ø Ø {4,5,6,7,9,10,12}

FS Ø Ø Ø Ø Ø

Representing the system in the form of graphs in this way makes it possible to
estimate the length of the path and the cost of resources for each operation, and, therefore,
to draw conclusions about the effectiveness of the design solution when introduced into
the temporality accounting system. To obtain more accurate results, it is necessary to
conduct experimental studies.
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4 Development of Mechanisms for Selecting Project Participants

A separate task within the framework of developing a project management automation
system is the task of developing mechanisms for selecting project participants.

Taking into account the assumption of the need to develop a multi-alternative system
within the frameworkof this task, it is supposed to developmechanisms that allow solving
the problem of selecting optimal project participants depending on the input parameters.
The solution should include a multilayer neural network and the ability to train it based
on a reference sample.

A neural network is a kind of structural model that has inputs and outputs, and
neurons are some entities between which there are connections of different weights, and
in the learning process these weights of connections are adjusted.

The use of neural networks as a mechanism for selecting project participants accord-
ing to the weights of competencies will allow taking into account a large number of
dependencies and not wasting time preparing formulas for performing such calculations.

In the case of searching for suitable project participants, the neural network will
consist of input, output and several hidden layers. The number of hidden layers will
depend on the number of competency categories relevant to the system.

To train the neural network, it is supposed to use a simple genetic algorithm similar
to how it is done in [2].

Building an aggregate estimate is also one of the big tasks in this project. An option
for obtaining an aggregated estimate, which may be applicable to the system under
consideration, is described in [4].
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Abstract. This work is devoted to the development of an algorithm that opti-
mizes production planning at a discrete engineering enterprise. In the course of
the work, the bottlenecks of the production process were analyzed. As part of the
development of proposals to increase the resource intensity of production, existing
approaches to optimizing production planning were considered. None of the exist-
ing approaches met all the functional requirements obtained as part of a series of
interviews with company representatives. Based on the specifics of the company’s
work and technological features of production, an algorithm was developed. The
developed algorithm combines production programs from several sites and dis-
tributes parts to production according to the date of need and the working time
fund of individual sites. This algorithm is implemented on the basis of the method
of successive approximations, which makes it possible to complete production
starting from the last months of the period. Thus, the production program is dis-
tributed with compaction for the nearest period, while maintaining a reserve of
production capacity for urgent orders. The developed solution is implemented in
the program code and tested on various production programs of the enterprise.

Keywords: Production planning · Digitalization of production processes ·
Sustainable production

1 Introduction

The efficiency of the use of the enterprise’s resources and its economic stability depends
on compliance with the production plan (Guzman et al., 2021; Skornyakova et al., 2018).
However, production planning is often carried out either manually or with partial pro-
cessing of production process data, which does not allow developing realistic production
programs (Kuprijanov, 2018; Athar and Janos, 2022). Digital technologies are the solu-
tion in the field of automation of production planning (Kamble et al., 2021; Alcácer and
Cruz-Machado, 2019; Smirnov, 2021; Dobrinskaya, 2021).

The emergence of digital technologies has led to a global industrial transformation
through the implementation of automatedmeans of production and the transition to smart
manufacturing (Chen et al., 2017). New technologies for data collection and processing
have led to the creation of digital twins of products and automatization of the processes
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of manufacturing and distribution of products (Ricciato et al., 2019). However, in the
field of mechanical engineering, the use of digital technologies is mainly limited to local
automation of processes (Uhlemann et al., 2017; Kritzinger et al., 2018). This feature is
associated with the complexity of technological processes and a significant number of
elements of the production process (Guzman et al., 2021; Qi and Tao, 2018).

In the course of this work, the practical task of using digital technologies to increase
the material utilization rate is solved.

This research is carried out on the basis of a discrete engineering enterprise. Themain
activity of the company is themanufacture of parts of assembly units by laser and plasma
cutting of metal. The distribution of parts according to the cutting cards is carried out
by a specialized software solution. However, the preparation of the demand plan before
sending it to the program and the processing of the results of the program is carried
out manually. The purpose of this work is to develop an algorithm that optimizes the
preparation of a plan for the need for details and the further distribution of the received
cutting maps about the production capacities of the enterprise.

Within the framework of this work, the features of the company’s production pro-
cesses were analyzed based on data obtained from interviews with company representa-
tives. Based on the information received and the analysis of existing solutions described
in the articles of the Scopus database of scientific publications, functional requirements
for the algorithm are formed, as well as the selection of a mathematical optimization
tool is carried out. The result of the work is an algorithm for calculating the production
program based on digital data on the characteristics of parts and production capacities
of the enterprise.

2 Methods

As part of the study, the features of the company’s production processes were analyzed
based on data obtained from interviews with company representatives. Based on the
interview results, the main requirements for the production program planning algorithm
were identified and the existing solutions described in scientific publications of the Sco-
pus database were analyzed. During the interview with the company’s representatives,
the following problems were identified:

• A large number (100+) of sheet metal types with uneven demand within different
production sites. For example, an enterprise specializes in type A metal. They have
large volumes of production from this type of metal. The material utilization rate for
this type of metal is very good. However, this enterprise also has less commonly used
metals in its production program, which cannot be effectively combined in batches.

• The material utilization rate is below the desired level due to the uneven distribution
of parts on the cutting lists, as well as due to situational planning of urgent orders.

• Isolated production planning in same production sites. This means that orders placed
at one enterprise are only carried out there without the possibility of merging. As a
result, enterprises have to fulfill small orders, preventing them from earning on scale.
Small orders statistically have lower material utilization rate.

Accordingly, based on the information received, the main tasks of project tasks were
identified:
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• Optimization of the material utilization rate in the long term. An increase in the
material utilization rate of even a couple of percent significantly reduces production
costs, which can make the enterprise cost-effective.

• Combined planning of long-term and emergency orders. Emergency orders occur as
a result of loss or damage to previously manufactured parts. They must be produced
as soon as possible. This overlapping of planning types lowers the material utilization
rate, reducing the overall profitability of production.

• Calculation of the economic effect of the production program, taking into account
logistics costs and changes in the material utilization factor. This is a completely opti-
mization task, since increasing the material utilization rate by combining production
sites leads to an increase in logistics costs.

The process of optimizing production planning should begin with the definition of
the objective function: cost minimization, profit maximization, or multiple operational
functions (Fahimnia et al., 2013). On the one hand, there is a clear problem of low
material utilization rate, on the other hand, it is necessary to minimize logistics costs
between production sites and the production of orders on time. Based on expert data
from the company’s representatives, it was determined that the cost of material is the
most impressive item of expenditure. This is due to the increase in the market price of
materials over the past few years. Thus, it is assumed that material savings should cover
logistics costs, taking into account the transport accessibility of production sites.

Accordingly, one target functionwas identified, which is optimization of thematerial
utilization rate in the long term. Since accounting for logistics and production time is
also necessary, it is necessary to find a tool that ensures that all indicators are taken into
account while observing the target function.

However, the main requirement for the algorithm remains simplicity, flexibility and
speed of operation. It is assumed that there are multiple launches of the algorithm when
new orders are received for recalculation of the production program, which necessitates
a high speed of the algorithm. Moreover, the process of forming the cutting cards takes
place in a third-party program. Thismeans that the algorithmmustmeet the requirements
for flexibility and ease of integration with third-party services. Consider the existing
approaches to optimizing production planning in terms of the following requirements:

• the search for a quasi-optimal solution, that ensures that all indicators are taken into
account while observing the target function;

• high-speed operation and low consumption of resources;
• simplicity, flexibility and reliability of solutions as the need to accelerate technology

deployments becomes even more critical;
• the ability to integrate with third-party information solutions.

As part of the analysis of existing solutions, the following tools were identified:
mathematical techniques, heuristics techniques, simulation, and Gas (Guzman et al.,
2021; Skornyakova et al., 2018; Fahimnia et al., 2013; Yang et al., 2016; Berbić et al.,
2022; Chu et al., 2022).

Mathematical programming models such as Linear Programming models, Mixed
Integer Programming models, and Lagrangian Relaxation models have been demon-
strated to be useful analytical tools in optimizing decision-making problems. However,
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there are difficulties in using these methods in the framework of software implementa-
tion of optimization of production planning. Firstly, it is difficult to interpret the pro-
duction planning process in the form of mathematical equations, since the increase in
the number of variables and the introduction of new restrictions exponentially compli-
cate mathematical algorithms. Secondly, the software processing of complex equations
requires significant time and computer memory, which also affects the economic costs
for the entire project (Fahimnia et al., 2013). The speed of calculation algorithms is a
key requirement for the system, since it is assumed that the production program will be
recalculated when new orders are received (Guzman et al., 2021; Skornyakova et al.,
2018).

Simulation modeling allows you to simulate the behavior of a real system, which
makes it possible to study the behavior of the system in the context of various external
and internal changes (Yang et al., 2016). However, simulation modeling is not a tool for
finding the optimal solution or program and is used for processes involving managerial
influence on orwithin the system. In this case, simulationmodeling is used tomonitor the
system as part of the diagnosis of problems and forecasts of its development depending
on various changes. Heuristics techniques are also not used to find an optimal solution,
therefore they cannot be considered for solving this problem (Fahimnia et al., 2013).

Genetic algorithms are principally able to search optimal solution because of robust-
ness, searching flexibility and their evolutionary nature. Genetic algorithms produce a
large population of solutions, for each of which the evaluation of the fitness function is
sought (Berbić et al., 2022). The advantages of using GAs are their reliability, search
flexibility and evolutionary nature. GAs is capable of searching in large, complex and
unpredictable systems, which makes it easier to find the optimal solution. Thus, the
choice of the optimal solution occurs by convergence of functions with the number of
evolutions. There are, however, a number of challenges when designing a customized
genetic algorithms procedure to solve a certain planning problem.

The first problem is to form the chromosome structure which accordingly affects
the whole GA procedure (Chu et al., 2022). To solve different problems from various
complexity levels it is necessary to make different chromosome representations. This
means that Gas cannot be used to solve problems of different levels of complexity.
The second problem is to make customized genetic operators to perform the matting
process on the chromosomes. It turns out that there is an additional task of developing
a mechanism for processing constraints. To solve the practical problem of production
planning, it is proposed to find a simpler solution that will provide greater flexibility for
improvements and expanding the capabilities of the algorithm.

The method of successive approximations allows you to get a solution with a certain
accuracy in the form of a limit of consecutive iterations. In practice, this means that
with each iteration, different constraints will be taken into account sequentially with-
out departing from the objective function. Thus, by choosing the simplest method of
optimization for one objective function, it becomes possible to take into account other
features of the process and find a quasi-optimal solution a quasi-optimal solution that is
as close as possible to the optimal one.
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3 Results

Based on the results of the interview and the analysis of existing solutions for optimizing
the planning of production processes, the following functional requirements for the
algorithm were developed:

• calculation of production capacities taking into account a separate machine, a group
of interchangeable machines, a workshop and a group of workshops;

• distribution of the production program according to the date of need by periods;
• checking the available production capacity before distributing the demand plan;
• recalculation of the production program when new orders are received;
• integration of the production program from several nearby production sites;
• distribution of the production program taking into account the characteristics of the

machines;
• flexible settings of the reserve of production capacities in the context of a separate

machine, a group of interchangeablemachines, aworkshop and a group ofworkshops;
• consolidation of the production program by the beginning of the period to ensure the

reserve of production capacity for emergency orders.

Since the distribution of parts by cutting cards is the task of a third-party program, it
is necessary to configure data exchange between the algorithm blocks and the program.
The high-level algorithm of the program is presented in Fig. 1.

Figure 1 shows a simplified scheme of the algorithm. It is important to take into
account that the input of information occurs sequentially in two blocks:

• production capacities;
• orders and production sites.

The information input block is divided into two branches, since joint data processing
occurs only at the step of distribution of cutting lists according to production capacities.

It is important to note that the algorithm does not include choosing of the branches,
because it is fully automated and continuous. All logical operators are designed to visu-
alize internal checks in the distribution process of cutting lists according to production
capacities.

Thus, the program receives data on production sites, orders and available production
capacities. At the output of the program, the user receives a production program taking
into account the distribution of cutting cards by production capacity in the context of
a separate machine, a group of exchangeable machines, a workshop and a group of
workshops.

Since the planning horizon is always a year, two types of periods are available within
the calculation of the production program: a month and a quarter. The longer the period,
the more parts fall into a single order and the greater the probability of obtaining a high
material utilization rate. However, the probability of overhead costs for the storage of
finished products increases.

The peculiarity of the distribution of the program is in compaction for the nearest
period. For example, in the user set the period – month. Then, the calculation starts from
December. The cutting cards with the material utilization factor are unformed and the
details are sent to the previous period. Thus, the guarantee of manufacturing parts on
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Fig. 1. The algorithm of the program.
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time is provided. In the received production program, the earliest period will be filled
as much as possible, providing an additional opportunity to recalculate the production
program when urgent orders appear.

The program algorithm has a reserve of production capacity for emergency orders.
The reserve data is filled in by the user. When a new order is received, the calculation of
the production program is either started completely anew for all periods, or the program
is recalculated for a period with the use of reserve capacities taken into account. The
choice is up to the user.

It is also worth noting the peculiarities of the distribution of cutting cards by produc-
tion capacity. The distribution takes place according to the characteristics of the material
and on the basis of a larger mass. This means that the cutting card is sent to the site
where most of the parts from the cutting card must be made according to the order. The
developed algorithm is implemented in the program code and tested on various plans
for the needs of the enterprise.

As part of the evaluation of the results of the algorithm, we will conduct a series of
experiments:

• calculation without optimization – without taking into account the consolidation by
periods and production sites;

• calculation with consolidation by periods;
• calculation with consolidation by periods and production sites.

The calculation was carried out for two production sites on 3 different plans. Each
of the plans differs in the number of parts, the size of the parts and the corresponding
amount of cutting lists.

Consider the calculation without optimization (Table 1). In order to maintain data
confidentiality, all quantitative data are proportionally normalized.

Table 1. Results without optimization

Production site 1 Production site 2

Number of parts Material utilization rate
(%)

Number of parts Material utilization rate
(%)

Plan 1 174876 80,9 207 70,6

Plan 2 51895 74,2 406 64,8

Plan 3 48718 59,2 4975 67,3

The calculation results reflect the real situation in production without taking into
account the possibility of consolidation by periods and production sites.

Consider the calculation with consolidation by periods (Table 2).
As can be seen from the reference tables consolidation by periods leads to an increase

for all production sites and for all plans. It is worth noting that an increase of more than
0.2% can already be considered cost-effective for the company due to the high cost of
the material.
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Table 2. Consolidation by periods

Production site 1 Production site 2

Number of parts Material utilization rate
(%)

Number of parts Material utilization rate
(%)

Plan 1 174876 82,4 201 72,7

Plan 2 51895 74,7 404 65,2

Plan 3 48718 59,8 4644 72,1

Table 3. Consolidation by periods and production sites

Consolidated calculation

The total number of parts Material utilization rate (%)

Plan 1 543777 79,1

Plan 2 221548 72,0

Plan 3 206654 73,7

Consider the calculationwith consolidation by periods and production sites (Table 3).
To compare the results, it is necessary to give the values of test 1 and test 2 toweighted

average. Thus, we will be able to analyze the dynamics of changes in the indicator of
material utilization rate for two sites at once.

Consider the results for each of the plans, taking into account the number of cutting
cards (Tables 4, 5 and 6), the values of material utilization rate are calculated as weighted
average for two sites.

Table 4. Summary results of the plan 1

The total number of parts The total number of cutting
cards

Material utilization rate (%)

Test 1 543777 536 76,9

Test 2 543777 525 78,7

Test 3 543777 522 79,1

The results according to plan 1 showed an increase of about 2.2%, which allows to
consider the distribution algorithm cost-effective.

Consider the results for Plan 2 (Table 5).
The results according to plan 2 showed an increase of about 0.7%, which allows us

to consider the distribution algorithm cost-effective.
Consider the results for Plan 3 (Table 6).
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Table 5. Summary results of the plan 2

The total number of parts The total number of cutting
cards

Material utilization rate (%)

Test 1 221548 1311 71,3

Test 2 221548 1303 71,8

Test 3 221548 1298 72,0

Table 6. Summary results of the plan 3

The total number of parts The total number of cutting
cards

Material utilization rate (%)

Test 1 206654 6323 65,6

Test 2 206654 5980 69,3

Test 3 206654 5625 73,7

The results according to plan 2 showed an increase of about 8%, which allows us to
consider the distribution algorithm cost-effective.

It is worth noting that the size of the increase in the material utilization rate depends
on the size of the parts. So the programwith the most dimensional details gave the lowest
increase.

Depending on the number of parts in terms of demand, the material utilization rate
increased by 1–8%.

4 Conclusion

As part of this work, the task of using digital technologies to automate production plan-
ning was solved. In the course of the work, the features of the production process of the
enterprise were analyzed and the functional requirements for the optimization algorithm
of production planning were determined. The method of successive approximations was
chosen as the main optimization tool, since it allows taking into account the existing
production constraints without deviating from the objective function to increase the
material utilization factor. The result of the work is an algorithm that optimizes pro-
duction planning at a discrete machine-building enterprise. This algorithm allows you
to combine plans for the needs of parts from several production sites, which leads to
a more resource-intensive distribution of parts on cutting maps. The resulting cutting
cards are distributed according to the production capacity of the enterprise, taking into
account the processing characteristics of a particular material. The developed algorithm
is implemented in the code and successfully tested on the plans of the enterprise’s needs.
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Abstract. Modern educational standards are focused on the formation of univer-
sal competencies among students, and the project format is almost the only way to
form the necessary flexible competencies. The ability to conduct project activities
becomes one of the main meta-competencies. The most important element of the
new edition of the educational policy of Peter the Great St. Petersburg Polytechnic
University, published in 2021, is the concept of end-to-end project activities and
the ecosystem of project activities. The implemented approach imposes appropri-
ate requirements on the quality of graduate training, which, in turn, requires an
appropriate system formeasuring and evaluating the level of formation of universal
competencies. The creation of such a system is an urgent problem now. The paper
proposes a conceptual model for assessing the formation of universal competen-
cies in the implementation of end-to-end project activities.Given the complexity of
the internal structure of universal competence and the fact that the process of their
formation is nonlinear, it is proposed to use “learning curves” for evaluation. For
this purpose, the logistic form of the curve is considered. The concept of “project
points” is introduced. A formal procedure for calculating project points is pro-
posed, taking into account various characteristics of end-to-end project activities.
The proposed approach to the assessment of universal competencies was tested
at SPBPU for undergraduate courses. It is planned to test it as part of end-to-end
project activities for undergraduate and graduate students in the framework of the
Priority 2030 program.

Keywords: End-to-end Project Activities · Competencies · Universal
Competencies

1 Introduction

The world is changing narrowly specialized knowledge and experience, are no longer
as valuable in the eyes of employers as they used to be, if they are not backed up by
universal skills. Mastering flexible skills allows an employee not only to increase the
efficiency of work in his industry but also to remain in demand when moving between
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industries. This is because professional knowledge becomes obsolete catastrophically
quickly and it is easier to quickly train an employee with suitable flexible skills than to
retrain a professional who does not have the necessary competencies [9].

Education should be reoriented to the post-industrial scientific paradigm and the
realities of the XXI century; to interdisciplinary training and creative pedagogy; to
develop the ability to find original effective solutions in non-standard situations, to work
effectively in conditions of uncertainty; to perceive and implement innovations in all
spheres of social production. In this regard, a number of main trends in the training of
future specialists can be identified [10, 12]:

• formation of interdisciplinary skills;
• continuity of education (long-life-learning);
• practice-oriented education and involvement of representatives of industries in the

educational process;
• digitalization of educational content and the educational process.

Modern educational standards are focused on the formation of universal competen-
cies among students, and the project format is just about the only way to form flexible
competencies that are so necessary for students. The ability to conduct project activities
becomes one of the main meta-competences. There is currently no single format for
organizing project activities at a university, so each educational institution develops its
learning algorithm [13, 14].

In 2021, a new edition of the educational policy of Peter the Great St. Petersburg
Polytechnic University (hereinafter referred to as SPbPU) [15] was released, one of the
trends here is the concept of end-to-end project activity. Starting in 2017, SPbPU has
introduced a mandatory basic discipline “Fundamentals of Project Activities”, which
is implemented for students of all areas of study. During this time, the university has
created and successfully implemented a holistic system of involving students in project
activities. It includes not only a hybrid course that is unique in structure, pedagogical
design and architecture, but also a systemofmentoring and involving external companies
as customers of student projects.

During one semester, second-year students (4,500 people) go from choosing a project
idea and finding a solution to receiving a product and presenting it to the customer,
mentors and experts of the course “Fundamentals of Project Activity”. Each launch is
650+ teams and about 100mentors accompanying projects. The solution required special
methodological, pedagogical and organizational solutions and, in fact, the creation of
a new format of a mass course, which had not been conducted at the university up
to this point. Since project training is impossible without the practical application of
the theoretical knowledge obtained, the classic solution in the form of an online course
could not ensure that students receive the necessary competencies. On the other hand, the
organization of mass implementation of students’ projects in the format of an individual
or team project, as it is, for example, organized at the Moscow Polytechnic University
is quite expensive.

Being in the fork between mass and individual training, the team turned to a hybrid
format. The course consists of two blocks – theoretical and practical. Theory is a well-
developed online course with an extensive block of onboarding, theoretical lectures,
methodological guidelines and tests. It is characteristic that the introductory part of the
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course is onboarding, which allows you to combine both offline and online activities.
Students gain applied project work skills by working in teams on real projects under
the guidance of mentors. The main principle of this format is training through practice,
aimed at implementing projects with specific customers. The results obtained:

For students: the development of soft skills, adequate self-esteem, increased moti-
vation for project activities, participation in real projects of leading enterprises, with the
possibility of further employment.

For the university: the experience of mass training of project activities was gained,
teachers-mentors were trained; a data bank on the leaders of project activities (students
and teaching staff) was obtained; networking with other universities was implemented;
an increase in the number of integrated interdisciplinary projects carried out by university
staff; new forms of interaction with partner enterprises.

In the new educational policy, the concept of end-to-end project activity is norma-
tively fixed, which includes an obligatory part – the course “Fundamentals of Project
Activity”, as well as a variable component, which includes disciplines that provide for
the implementation of term papers and course projects implemented in the form of a
project, the discipline of the mobility module “Tools and technologies of project activ-
ities”, research, final qualifying work, undergraduate practice (if there is a component
of project activity). As a result, an ecosystem of project activities is being formed at the
university, capable of quickly adapting and responding to the needs of students, teachers,
industrial partners, companies and the transformation of society as a whole.

The mission of this ecosystem is the mass implementation of integrated project
activities using STEM/STEM technologies. As a result, such an environment will be
created for students where theoretical knowledge provided by the university is combined
with research and practical tasks from real companies to develop students’ skills that
increase their competitiveness in the global labor market after completing their studies
at the university.

The approach being implemented imposes appropriate requirements on the quality
of graduate training, which, in turn, requires an appropriate system for measuring and
evaluating the level of formation of universal competencies and meta-competences. The
creation of such a system is an urgent problem now. The purpose of the work is to
propose a conceptual model for assessing the formation of universal competencies in
the implementation of cross-cutting project activities.

2 Methods and Materials

From the point of view of measurement and evaluation, universal competencies are
complex objects of a latent nature. The process of forming universal competencies is
a continuous process that is extended over time. Today, there are two complementary
approaches to assessing competencies. In the first approach, based on the decomposition
of competence into indicators and descriptors (knowledge – skills – possessions), a
matrix of distribution of descriptors bydiscipline elements, including types of assessment
tools used, is compiled. This approach works well if we are dealing with one discipline
that forms hard or professional competencies. An alternative is an approach in which a
portfolio is assessed based on a student’s individual achievements.
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However, if we are trying to evaluate universal competencies, then the level of com-
petence formation will depend on many factors. To date, there is no clear understanding
of how to assess the competence formed by a pool of disciplines in dynamics (through-
out the entire training, several semesters). The article [5] describes in detail the problem
of measuring universal competencies – it is indicated that the very concept of “univer-
sal” implies the presence/formation of these competencies in all modules of educational
programs and in various activities. Since universal competencies are of an over subject
nature, their formation is carried out within the framework of various forms of orga-
nization of the educational process throughout the entire period of study. Therefore, to
evaluate them, it is necessary to usemulti-stagemultidisciplinarymeters. In this case, the
transition from decomposition to integration of educational results will be justified. This
means a transition to interdisciplinary character, meta-subjectivity and the cross-cutting
nature of their formation.

3 Results

The competency assessment tools are considered in sufficient detail in [2], and more
specific questions about measuring competencies are discussed in [1] and [11]. As a
comprehensive assessment of the level of competence formation, these works propose to
use additive convolution.Theuseof additive convolution in the evaluation is justifiedonly
in the case when the results of the mandatory part, implemented within the framework
of the discipline “Fundamentals of Project Activities”, are evaluated.

It is proposed to use the following methodology to evaluate the results of training in
the discipline “Fundamentals of Project Activities” [10]. First, in accordance with the
competence matrix, indicators of the achievements of universal competencies formed
by the student during the development of this discipline are highlighted. Secondly, the
obtained indicators, if necessary, are grouped so that the total number of evaluation indi-
cators (indicators of achievement) is optimal for visual representation (for example, 10
≤ n ≤ 14). Thirdly, the composition of control and measuring materials and means of
assessing competencies for each indicator of achievement of learning outcomes in the
discipline is determined. This approach is used quite widely in SPbPU, but a characteris-
tic feature of the proposed methodology for evaluating students’ results in the discipline
“Fundamentals of Project Activities” is that:

• weighting coefficients are determined taking into account the share of participation
of each evaluation tool in the formation of indicators and competence;

• both individual students and teams are evaluated, both thementor teacher and the head
of the student project team contribute to the evaluation. The practical part of the course
is based on the teamwork of students and, as a result, each student receives two grades:
an assessment of the work of the team and an individual assessment of the student.
During the training, the team performs group tasks (templates and presentations).
The evaluation of each template/presentation contributes to the evaluation of several
indicators, which in turn contribute to the development of several competencies with
a certain weighting factor.

Given the complexity of the internal structure of universal competence and the fact
that the process of their formation is non-linear, it is possible to use learning curves
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for evaluation [6, 7]. It is proposed to consider two main processes for obtaining use-
ful information in the course of training: iterative and logistical. The iterative process
assumes that the speed of assimilation of information is proportional to the speed of
its receipt and decreases with the growth of the already learned [8]. This process is
described by an exponential curve. In contrast to the exponential, the logistic learning
curve is characterized by an initial flat area of information accumulation, after which
there is a sharp increase in the rate of assimilation of information or the formation of
competence.

To assess the learning outcomes in the discipline of general education, it is pro-
posed to use the followingmethodology [3, 4]: decomposition of universal competencies
formed by the discipline into indicators of achievement of relevant competencies; consid-
ering the different contributions of the theoretical and practical parts of the course to the
development of various indicators. Table 1 presents a matrix of universal competencies
built in accordance with this methodology.

Table 1. Competence matrix for UC-2 and UC-3

Competence
category

Code Name of the
competence

Indicators Theoretical
part

Contribution
to
competence

Practical
individual
assessment

Contribution
to
competence

Final
assessment of
the level of
competence
formation

Yj p Tkpj cpj Nkpj dpj Yjk

Development
and
implementation
of projects

UC-2 Is able to
determine the
range of tasks
within the set
goal and
choose the
best ways to
solve them,
based on
existing legal
norms and
available
resources and
limitations

Formulation of
tasks that ensure
the achievement
of the goal

0,05 0,15 Y2k

Information
search

0,02 0,08

Information
analysis

0,02 0,08

A systematic
approach to
solving the tasks
set

0,02 0,08

Designing a
solution to a
specific problem

0,05 0,15

Solving specific
tasks of the
project of the
declared quality
and in a set time

0,05 0,15

Presentation of
results

0,02 0,08

Teamwork and
leadership

UC-3 He is able to
carry out
social
interaction
and realize his
role in the
team

Leadership 0,01 0,04 Y3k

Communication 0,05 0,25

(continued)
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Table 1. (continued)

Competence
category

Code Name of the
competence

Indicators Theoretical
part

Contribution
to
competence

Practical
individual
assessment

Contribution
to
competence

Final
assessment of
the level of
competence
formation

Yj p Tkpj cpj Nkpj dpj Yjk

Personal
contribution
(Adequate
personal
assessment)

0,02 0,08

Information and
communication
technologies

0,05 0,15

Teamwork 0,05 0,25

Activity 0,01 0,04

In general, the level of competence formation in the course of mastering a particular
discipline is determined by the formula (1):

Yjk =
P∑

p=1

(Nkpjdpj + Tkpjcpj) (1)

where:

Yjk – the level of mastery of a specific student j competence;
Nkpj – individual assessment for the practice of a particular student according to the p
indicator (indicator) j of competence;
Tkpj – individual assessment of each student k, received for work on the theoretical
course on the p indicator (indicator) j of competence;
dpj and cpj – coefficients showing the contribution of individual grades of each student k,
received for practice and for work on the theoretical course (respectively) for p indicator
(indicator) j of competence.

The strength of the proposed assessment of the results of students’ achievements
in the discipline of general education is: taking into account the contribution of the
assessment tools used, templates and test results (of various types) to the development
of indicators by assigningweighting factors, taking into account the share of participation
of each assessment tool in the formation of indicators and competence; both the student
and the team are assessed, and both the teacher-mentor and the head of the student project
team contribute to the assessment.

Thus, the individual assessment of student k by the indicator p (Nkp) takes into
account the student’s “personal contribution” to the work on the template/presentation.
The individual assessment of each student is found as the product of team scores and
“personal contribution” (see (2)):

Nkp =
l∑

i=1

Riaikbip (2)
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where:

Ri – a team assessment for template i, the completion of which contributes to the
formation of the competence for which assessment is carried out Nkp.
Riaik – individual assessment of each student k, received for work on template i;
aik – coefficient showing the contribution of a particular student to the grade for the
completed template i. The coefficient takes a value in the range from 0 to 1 in increments
of 0.1, depending on the student’s contribution. “Personal contribution” is evaluated by
the head of the project team; is a weighting coefficient showing the contribution of a
specific template (estimation) to the formation of the indicator p.

The evaluation of the work of the team s by the indicator p (Msp) is determined as
follows (3):

Msp =
I∑

i=1

Ribip (3)

where:

– team score for template i, i = 1, …, 11 (the number of completed templates);
Ribip – contribution to a specific template (estimation)Ri to the formation of the indicator
p;
– coefficient (factor).

Note that a team assessment is an assessment that goes only to the student’s portfolio.
A graphical representation of the learning outcome of each student (individual and

team) is shown in Fig. 1.

Fig. 1. Diagram (visualization) of assessment (team and individual) by a group of indicators
(indicators of competence achievement)
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In our case, when obtaining a comprehensive assessment of discipline competence,
we divide the results of mastering conditionally into two components (practical and
theoretical) because it is not possible to separate the skills and practical skills in this
case.

The proposed approach for evaluating end-to-end project activities on the example
of SPbPU assumes:

• Recording of all project activity on the portal, formation of a digital trace: an element
of the curriculum, connection with project activity, information about the project,
progress, student assessment, accumulation of “project points” of the student.

• The result of individual project activities – each student is required to score a certain
number of “project points”.

The level of competence formation during the learning process ismeasured in project
points Pl.

Plk =
Ml∑

i=m

Ril fikl + 5ekl +
Ql∑

q=1

3hqkl + 3s (4)

l = 1, …, L i k = 1, …, K

Here,Plk – the number of project points scored by k student of l institute;M– the total
number of professional disciplines with term papers and term projects in the curriculum
k of a student of l institute, i = 1, …, M.

- indicator, takes the values “0” if the work was carried out by k student of the l institute
individually, «1» – team work of a group of students, «2» – in inter-institution projects.
Ril – an assessment of the volume of term papers and term projects in credits (but not
more than 80%) of the volume of the entire discipline of the institute. Ekl – indicator,
takes the value “1” if the course of the mobility module is the discipline “Tools and
technologies of project activities”, with a volume of 5 credits by a k student of l Institute
or “0”, if the course is not selected.
hqkl- indicator, takes the values ”0” if the researchwas carried out individually, “1” – team
projectwork of a group of students, “2” –workwithin the framework of inter-institutional
projects.
Ql – the number of semesters of R&D in accordancewith the curriculum of the l institute.
s – indicator, takes the values “0” if the final qualifying work and pre-graduation practice
are not related to project activities, “1” – in the course of the final qualifyingwork and pre-
graduation practice, team project workwas carried out by a group of students, “2” –work
within the framework of inter-institutional projects or Startup is like a diploma.

Thefinal formula for calculating the formation of universal competence j for k student
of the l institute:

dYjk
dt

= Plk
(1 − Yjk)

Pmax
l

(5)

l = 1, …., L u k = 1, …, K



Conceptual Model for Assessing the Formation of Universal Competencies 81

Where Plk- number of project points scored by k students of the l institute; Pmax
l is

the maximum possible number of project scores of student l Institute; Yjk the level of
formation of universal competence j for k student of the l institute.

Thus, with the help of “learning curves” a relationship is established between stu-
dents’ assessments and the level of formation of individual components and parts of the
declared competencies.

The proposed approach to the assessment of universal competencies was tested for
junior bachelor’s students at the FPD course, which has been implemented since 2017. It
is currently planned to be tested as part of a pilot launch of cross-cutting project activities
for undergraduate and graduate students under the Priority 2030 program.

4 Conclusions

An approach to assessing the formation of a student’s universal competencies in the
process of implementing cross-cutting project activities is proposed. The organization
of end-to-end project activities involves fixing a digital trace – information about ongo-
ing projects, progress, assessments of each student at various stages. This provides an
opportunity to evaluate the level of both an individual student and a project group. The
use of learning curves is proposed as the basis for the formation of an assessment, which
allows, firstly, to consider the non-linearity of the process of forming competencies. Sec-
ondly, it reflects the dynamics of the process of formation of universal competencies, as
a continuous process. To assess the level of competence formation during the learning
process, the concept of “project points” is introduced. A formal procedure for calculating
project scores is proposed, considering various characteristics of cross-cutting project
activities. The proposed approach allows you to automate the process of quality control
of student training.

At the moment, an automated system for monitoring and visualizing learning out-
comes in disciplines included in the module of end-to-end project activities is being
tested, where the collection of a “digital footprint” will be implemented and method-
ological recommendations for teachers and students will be prepared. Thus, the result
of the research is the proposed comprehensive approach (procedure) for assessing the
level of formation of students’ competencies in the field of project activity, including a
formalized (mathematical model) assessment of students’ achievement of indicators of
the assessed competencies.

The approbation was carried out when evaluating the results of students’ training
within the framework of the discipline “Fundamentals of Project Activity”, which form
twouniversal competencies (“meta-competencies”) related to students’ project activities.
At this stage, the proposedmodel showed a high level of reliability of the results obtained.
However, when evaluating other competencies, and primarily from the professional
group, the proposed approach will require refinement in terms of taking into account the
hypothesis of learning curves.

Conflict of Interest Statement. On behalf of all authors, the corresponding author states that
there is no conflict of interest.
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Abstract. Thiswork summarizesmore than 10 years of the authors’ experience in
creating anddeliveringSAPcourses for students and teachers of higher educational
institutions. In this article, the authors consider the difficulties that universities face
in preparing such specialists and propose a solution in the form of a multi-format
hybrid course, as well as describe their experience in conducting such courses.

The article describes in detail the structure of the hybrid course, its participants
and the forms of their interaction, various formats of the training, depending on the
needs and situations. It also compares the two SAP Academies that took place in
2020 and 2021. Their differences are considered in terms of student recruitment,
the onboarding process and progress monitoring, as well as how all these factors
influenced learning outcomes.

This work can be useful both for specialists in online and blended learning
and for representatives of large companies interested in competently preparing the
future pool of talent for their ecosystem.

Keywords: ecosystem course · e-learning · hybrid course · multi-format
learning environment · higher education · SAP · S/4HANA ·MOOC

1 Introduction

Almost all major IT companies have their own programs for interactionwith universities.
Companies implement various approaches: the creation of joint training programs, from
separate courses to full-fledged master’s programs, the opening of joint laboratories or
industrial chairs.

Each of the options has its own advantages and disadvantages. In general, universities
are faced with the difficulty of training teachers for specific solutions, the gap between
the theory and practice of applying solutions, and the lack of direct communication with
employers.

SAP company in this respect implements one of the most complete and systematic
approaches to learning. All educational materials are developed and updated centrally,
and universities also get access to cloud IT systems to perform practical exercises in

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
V. Taratukhin et al. (Eds.): ICID 2022, CCIS 1767, pp. 83–95, 2023.
https://doi.org/10.1007/978-3-031-32092-7_8

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-32092-7_8&domain=pdf
http://orcid.org/0000-0001-6181-046X
http://orcid.org/0000-0002-6674-4286
http://orcid.org/0000-0001-9917-2942
http://orcid.org/0000-0002-8665-0965
http://orcid.org/0000-0001-8958-0264
https://doi.org/10.1007/978-3-031-32092-7_8


84 A. N. Ambrajei et al.

accordancewith these educationalmaterials. Initially,materials and systems are available
in English and German, adaptation and translation into other languages is carried out by
local Academic Competence Centers in universities.

Thus, a ready-to-use educational product is obtained - a training system, theoretical
materials and instructions for performing practice. All materials are designed as inde-
pendent modules, which makes it possible to embed them as practical examples not only
in IT courses, but also in courses on finance, logistics, production process management,
etc.

However, this approach does not solve all the issues of interaction with employers
and mass high-quality training, because not all universities have sufficient resources to
train competent teachers [1].

Peter the Great Polytechnic University, together with the SAP University Alliances
CIS, has proposed a fundamentally new approach to learning: ecosystem courses on the
flagship SAP product, ERP system SAP S/4HANA.

2 The History of the Development

In 2008, the ACC SAP SPbPU became the main center for coordinating the teaching
of SAP technologies in the CIS countries. The tasks of the center included training
of teachers and students, developing a methodology for introducing SAP courses into
the educational process, organizing and conducting certification courses. Also the area
of responsibility of ACC SAP SPbPU included the creation of new and adaptation of
the standard courses of the SAP University Alliances, preparation and delivery of SAP
training systems to universities.

The SAPUniversity Alliances programwas launched in Germany in 1988, and more
than 1,000 universities from around the world took part in it [2].

The goal of the SAP University Alliances program is to stimulate inter-university
cooperation, as well as to unite the efforts of SAP and educational institutions around
the world to improve the quality and level of education and, ultimately, the innovative
component of the scientific, technical and industrial sector.

Curricula in the SAP University Alliances are developed centrally through the Uni-
versity Competence Centers (UCCs), and the academic centers are engaged in the
localization and development of specialized topics. Access to the software is carried
out through hosting centers, so universities do not have the difficulties associated with
installing, configuring and maintaining their own training systems [3].

For the last 10 years, the center has conducted more than 80 training courses, and
about 3,400 students and teachers took part in them. Of these, 30 courses were certi-
fication courses under the TERP10 “SAP ERP Integration of Business Processes” and
TS410 “Integrated Business Processes in SAP S/4HANA” programs, and as a result,
272 people received professional certificates (Fig. 1).

The peak of certification came in 2012, when several leading universities joined the
courses and organized certification centers. In general, the maximum courses were in
2019, the center opened an additional program on analytical solutions, including cloud
ones.
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Nevertheless, training until 2019 was carried out quite traditionally, in full-time or
part-time format, only the number of participants and the location varied. The standard
introductory course consisted of a 4–5 day’s full-time part, which was conducted for
teachers, and their subsequent independent work with the system using ready-made
methodological materials.

Face-to-face teaching has an undeniable advantage because the knowledge is trans-
ferred “from hand to hand”, there is an opportunity to provide personal support and, to
some extent, inspire teachers to learn new complex technologies.

However, there were also a number of problems. Introductory training alone was
clearly not enough, a combination of introductory training and a two-week certification
course was recommended, but not so many teachers were ready for such an inten-
sive training. Also, often teachers could not find enough time for continuous learning.
For these reasons, there was a lack of highly qualified teachers in the field of SAP
technologies. It was necessary to use new tools and approaches to learning.

At the beginning of 2019, the authors began the preparation of an online course on the
Moodle platform: recording video lectures and video instructions, developing notes and
guidelines for practice. Simultaneouslywith the reworking of the content, the study of the
specifics of hybrid courses and the best world practices in the development of MOOCs
was going on [4, 8, 9, 11]. After analyzing the existing practices for the implementation
of online and blended learning and flipped classroom courses, the authors came to the
conclusion that it was possible to create some universal teaching methodology that will
combine the best qualities of the existing ones [7].
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3 Multi-Format Hybrid Courses

The main idea of such courses is that the teacher should have a set of modular materials
and communication tools that he is able to quickly adapt (recompile) to the objectives
of a particular course in specific conditions. Courses should be initially designed with
this approach in mind [10, 14].

Let’s see how the course format affects the composition and use of themain elements.
We will consider an online course in a hybrid model, blended learning (intensive and
scheduled classes, remote intensive).

Eachof the formats has beenusedby teachers and canbe considered quitewell-tested.
The key element of the scheme shown in Fig. 2 is an online course implemented

on LMS Moodle. Moodle is used by a large number of universities and is a standard
platform for SPbPU, students are accustomed to working with this LMS, and it is under-
standable to most of the teachers. Moodle’s technical capabilities make it easy to create
and rebuild courses, quickly publish videos, and work with question banks. As a result,
we came to amodel where amaster course exists and it is “cloned” for different purposes.
Reconfiguring the course to the desired format takes about an hour.

The online course contains standard elements for this format: video lectures,
abstracts, tests, guidelines for practice, as well as video instructions for execution of
the case studies.

Despite the fact that the practice is performed in a separate system, the practice check
is carried out through the LMS tools, which allows you to record an individual track of
the course for further analysis.

Fig. 2. The scheme of a multi-format hybrid course

The hands-on part of the course is implemented on the S/4HANA ERP system,
which is deployed in the hosting center. This solution makes it easy to organize access
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to practical tasks from anywhere in the world, and the SAP FIORI web interface allows
you to use only a browser for work. The SAP GUI interface is available as an option for
students and they can run cases using it if they wish. In general, for such courses, cloud
solutions are preferable to on-premise solutions.

Students work in S/4HANA on the data of a model company with customized and
transparent processes. Clear processes and a well-described company structure help
students understand their operations. All processes are end-to-end and are tied to the real
roles of employees, performing the process, and the student goes through 5–8 different
roles in one case study. Data sets for students are divided according to the principle of
adding an individual three-digit number to all entities.

To automate the verification of user actions in the training system, there are special
transactions that greatly simplify the search for errors and scoring.

The first launch of the hybrid online course was in September 2019, about 400
students from 60 + universities of the Russian Federation, the Republics of Belarus,
Kazakhstan and Uzbekistan took part in it [6]. The results of the course are described in
detail in the article [7].

The second launch on March 1, 2020 was more ambitious - already more than 660
students from 80 universities. It had two streams - an open recruitment and a target
recruitment of the SAP personnel reserve from a limited list of universities, in this case,
the responsibility for the contingent lay with the curators from the universities.

In total, 590 out of 1,170 participants completed the first version of the hybrid course.
In addition to 2 online launches, there were three face-to-face courses and one remote
intensive course. All formats performed quite well [12].

4 Format Features

Online course on the hybridmodel.The course is held in a standard format “weekly” for
10–15 weeks, topics are opened sequentially, but it is possible, by completing additional
optional tasks and tests, to open topics faster. This opportunity motivates listeners to
better master the material. According to our estimates, about 20% of students use it.

Support for listeners is multi-channel: forums on each topic, a dedicated email
address, weekly newsletters, video consultations via zoom, and for the remote inten-
sive format and groups of up to 40 people - a WhatsApp group chat. Recently, forums
have been abandoned, as it turned out that students practically do not communicate on
the forum, but are waiting for answers from teachers. The effectiveness of the chat is also
called into question, because instead of solving the case on their own, students begin to
ask questions at each step.

With a large number of participants, the onboardingmodule is very important, and the
authors of the course paid great attention to it. Such elements as checklists, knowledge
bases (for example, on practice mistakes), video instructions, etc. were used. The main
technical difficulty for the trainees was the need to work both on the online Moodle-
based platform and in the ERP system at the same time. Therefore, detailed instructions
and videos have been developed. High-quality onboarding allows you to remove a lot of
questions.With a small number of listeners, an introductorywebinar is usually sufficient.
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Mixed format. It combines a full-time intensive course lasting 5 days or a regular
course for students with classes in the classroom according to the schedule, and an online
course as a tool for testing, fixing results and self-study and practice.

The remote intensive is distinguished by the replacement of the face-to-face part
with a series of webinars and more intensive support, for 5 days the teacher is constantly
in touch with the group.

5 Benefits of the Multi-Format Approach

The multi-format approach has a number of clear advantages:

• Reuse of content. Thanks to the modular approach - essentially micro-learning -
different “learning blocks” can be easily combined into new courses.

• Solving problems with absenteeism. Since the bulk of the materials are available
on the online course, students who missed classes will be able to fill in the gaps and
even complete the practice on their own.

• Available storage. Students can download the materials they need at any time.
• Testing platform. Modern LMS systems are great for testing, and with proctoring

tools you can get objective results when testing outside the classroom
• Accumulation of material - an online course is a good tool for teachers to collect

and enrich their courses
• Fast Change. Modifying a course through an LMS is easy, although it does require

some technical skill, and updated materials are immediately available to all course
participants.

• Recording the digital footprint - you can analyze the activity of students, the results
of tests and practical classes, even mark the attendance of face-to-face classes. This
creates the basis for an objective assessment of the final grade.

• Adaptability - you can quickly adjust the course to changing conditions or audiences,
there are no problems with adding content.

• No problems with distance learning. If you have a foundation in the form of an
LMS course, then the transition to remote learning is painless, as was the case with
all SAP ACC courses during COVID-19 restrictions.

• Adding partner content. If you need to connect an external expert to the course,
you can do it directly through the LMS platform or upload a record.

• Export of education. Since we have a finished product, with the possibility of remote
participants, it can be included in the educational process of other universities.

6 The Architecture of the SAP Academies

The2020 and2021SAPAcademieswere the largest project that used the above approach.
These were free and for the most part of the students not compulsory courses.

In total, three courses were held - a pilot and two full-fledged academies.
The enrollment in each academy was 1000 students from Uzbekistan, Kazakhstan,

Azerbaijan and the Russian Federation. Students were selected on the basis of analysis
of their learning and motivation profile according to the point-rating model. In addition,
the audience included target groups from specific universities. To increase students’



Ecosystem Courses as an Effective Way 89

motivation, meetings were held at universities with representatives of SAP partners and
customers before the start of the course.

The existing hybrid course on S/4HANA was expanded with two additional training
circuits, and a number of organizational and career guidance activities were carried out
within the course. Companies participating in the course also had the opportunity to
prepare their assignments for students and evaluate them. Thus, students received marks
in several categories: theory, practice, webinars from SAP and partners, and assignments
from partners.

The first circuit is in-depth seminars on specific SAP modules and solutions, the
second is the soft skills required for an SAP consultant.

Below are the results of student surveys: the first one was taken at the beginning
of the course, and the second one in the middle. It can be seen that the profession of
consultant remains a gray area for students, although understanding is improving (see
Fig. 3).

9%
41% 44%
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40%
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survey at the beginning of the course Mid-course survey

Fig. 3. Dynamics of understanding the role of the consultant

The large number of participants made it possible to organize career guidance events
within the course, such as Career Day and Job Fair, which were very popular with
students.

Additional materials were implemented in the form of webinars delivered by SAP
experts and partners. The control of attendance and assimilation of materials was
included in the general system of student assessment.

The average results of two surveys on the value of webinars show that students rate
these sessions well (Fig. 4).
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Fig. 4. Assessment of the importance of webinars

It can be said that the Academies were fully aimed at the vendor’s ecosystem as a
whole, and not just at individual products. The wide participation of SAP partners and
customersmade it possible to achieve a high synergy effect. This is confirmed by surveys
that show a high degree of satisfaction. Below are the results of these surveys (Figs. 5,
6 and 7).
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Fig. 5. Comparison of overall course grade across two Academies
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Fig. 6. Comparison of course compliance with trainees’ expectations

50%

38%

10%
1%

54%

35%

9%
1% 2%

0%
10%
20%
30%
40%
50%
60%

I definitely
recommend

Rather
recommend

Neutral Would rather
not

recommend

Definitely do
not

recommend

Would you recommend the course to your friends and 
colleagues?

2020 2021

Fig. 7. Comparison of willingness to recommend the course

7 The Results of the SAP Academies

Both Academies had the same structure, but there were some differences. The main
differences were in the composition of the participants, the structure of the webinars and
how they were evaluated. In the first Academy, webinars were evaluated by the presence
of listeners, and in the second, by mini tests. In addition, two more cases on system
settings were added in the 2021 course.

The input number of participants for both courses was approximately the same -
about a thousand students (Fig. 8).
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Fig. 8. Comparison of course audiences by country

The selection system was radically different: for the second Academy, a point-rating
systemwas created and the volume of target groupswas increased. Based on our previous
research, we hoped that this would increase the already very high success rate of the
course. Unfortunately, we were unable to improve the results.

Below is a comparison of academies in the form of a “funnel”. As the graph shows,
the results of the second Academy are slightly lower, and the main problem lays in the
transition from theory to practice, but if we look at the percentage of graduates of those
who switched to practice, then the second Academy has it even higher (Fig. 9).

Fig. 9. Comparison of course results as a funnel

The behavioral characteristics of the participants in both courses are almost the same.
Below is the distribution of online course attendance by participants and the number of
actions on the learning platform in the Academies 2020 and 2021, respectively. As one
can see on the graph, the students show approximately the same behavior with peak
efforts during the onboarding phase and near deadlines (Fig. 10).
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Academy 2020.  
Average number of ac�ons per user (lower curve) and number of unique users (upper curve) by date

Academy 2021.  
Average number of ac�ons per user (lower curve) and number of unique users (upper curve) by date 

Fig. 10. Comparison of behavioral characteristics of the participants during the course

8 Conclusions and Key Outcomes

Based on the results of the two Academies, we can conclude that the participants showed
very high performance results for the free open course.

We can talk about the stability and reproducibility of the pedagogical result [13].
Student surveys show a consistently high level of satisfaction with the courses

themselves and with the additional content from partners.
The use of the online platform made it possible to effectively collect the individual

digital footprint of students and analyze it to cluster students and identify factors that
affect the results of their mastering of the course [5, 15].
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The Academies were the result of many years of work of the ACC SAP SPbPU, and
at the moment they can be considered the most advanced system for training the SAP
personnel reserve.

TheAcademiesmanaged to fully create an ecosystemcourse, inwhich all participants
in the vendor’s ecosystem were involved and which works for this system as a whole.

The results obtained allow us to say that this training approach is effective and can
be scaled to other systems and target audiences.

Conflict of Interest Statement. On behalf of all authors, the corresponding author states that
there is no conflict of interest.
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Abstract. Design thinking is a human-centered approach that revolutionizes the
way you create new goods, services, procedures, and organizations. Design Think-
ing is widely used in education process to teach students about design thinking
process and to create valuable projects that can boost innovations in the companies
that support research at academic organizations. The question of our research is
about the length of design thinking seminar. We study what is the most efficient
length of the course to achieve the stated goals.

In this paper we observe the main information about design thinking seminars
run at higher educational institutions. We study the examples of short-, medium-
and long-term design thinking courses. The outcomes and comparison provided
in the research show that design thinking teaching that can evolve into successful
innovative startups is most efficient if it takes three or more months.

Keywords: Design Thinking · Academia Industry Collaboration · Innovation ·
Education

1 Introduction

Design thinking is a problem-solving approach that involves empathy, creativity, and
experimentation to understand and address the needs of users [1]. It is often used in
product and service design but can also be applied to other areas such as business
strategy and organizational design. The goal of design thinking is to create innovative
solutions that are user-centered and meet real needs [3].

Design thinking process usually involves five steps [1]:

1. Empathize: Understand the needs, wants, and limitations of the user through
observation, research, and interviews.

2. Define: Clearly define the problem or opportunity that needs to be addressed.
3. Ideate: Generate a wide range of ideas and potential solutions through brainstorming

and other idea-generation techniques.
4. Prototype: Create a physical or digital representation of the most promising ideas to

test and refine them.
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5. Test: Gather feedback on the prototypes and use it to iterate and improve the design.

It’s worth noting that the process is often iterative, meaning that each step may be
repeated multiple times and steps may be combined or re-arranged depending on the
specific context. Additionally, some variants of design thinking may include additional
steps or different terminology, but the five steps are the most common [4].

Design thinking is becoming increasingly popular in different fields and industries
because of the number of benefits it has such as [2]:

• User-centricity. Design thinking puts the user at the center of the problem-solving
process, ensuring that the solutions developed are tailored to their needs and
preferences.

• Creativity and Innovation. Design thinking encourages creativity, experimentation
and ideation, which allows to come up with innovative solutions to problems.

• Practicality. Design thinking is a hands-on approach to problem-solving that can be
applied to a wide range of challenges, from product design to business strategy.

• Collaboration. Design thinking promotes collaboration and cross-disciplinary team-
work, which helps to bring different perspectives and skills to the problem-solving
process.

• Flexibility. The process of design thinking is adaptable and can be tailored to different
contexts and situations.

• Iteration. Design thinking allows to test and refine solutions until they are optimized
for the user.

• Empathy. Design thinking process starts with empathy, the ability to understand and
appreciate the perspective of the user, which is crucial for creating user-centered
solutions.

• Incremental change. It allows teams to test and validate solutions with minimal
investment, before scaling up.

• Holistic approach. Design thinking is a holistic approach that considers the problem
not just from one perspective but from multiple perspectives, which allows teams to
identify the root cause of the problem and find a comprehensive solution [5].

All of these valuable advantages make design thinking a valuable skill for students
to learn, and it’s why it’s becoming increasingly popular in universities as part of the
curriculum [6].

Design thinking seminars are usually taught using the following strategies.
Start with a clear introduction to the design thinking process and its key principles,

such as empathy and iteration. Then provide students with a design challenge or problem
to work on, one that is relevant and relatable to their own experiences. It is also important
to facilitate the brainstorming and ideation process by using techniques such as mind-
mapping, sketching, and idea-generation exercises. Encourage students to create and test
prototypes, this can be done with low-fidelity mock-ups, wireframes, or other types of
physical or digital representations of their ideas and to gather feedbackon their prototypes
from their peers, instructors, and potential users [3]. Provide time for reflection and self-
assessment,where students can reflect on their owndesign thinkingprocess and strategies
used. Encourage them to iterate and improve their designs based on the feedback they
received. Incorporate real-world examples, cases, and guest speakers to provide students
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with a broader understanding of how design thinking is applied in different fields and
industries. Encourage them to practice design thinking on different types of problems
and industries. And of course, provide opportunities for students to share their work with
others, through presentations, exhibitions, or other forms of public display [6].

The length of the design thinking process can vary depending on the specific project
or problem being addressed. In general, it can take anywhere from a few days to several
weeks or even months to go through the full process. Some specific steps within the
process, such as prototyping and testing, may take longer than others. It’s also worth
noting that the process is often iterative, meaning that each stepmay be repeatedmultiple
times and stepsmay be combined or re-arranged depending on the specific context. Also,
the design thinking process is not a linear process, and it can be flexible, it can be adjusted
to the complexity and scope of the problem and the resources available. In general, the
key is to keep the process moving forward, and be flexible with the time frame, and
make sure that you are not taking too long on one step while neglecting the others. The
goal is to find a balance between spending enough time on each step to gather useful
information and insights, but not so much time that the process becomes bogged down
or loses momentum.

2 Design Thinking Seminars

In 2022 we participated in organizing several design thinking seminars that lasted for
different periods of time. Seminars typically cover the key concepts and methods of
design thinking, such as empathy, prototyping, and iteration. They may also include
hands-on exercises and group activities to give participants the opportunity to practice
the design thinking process. Design thinking seminars are a great way for individuals
and organizations to learn about the design thinking process and how it can be applied
to their own work. They can provide a valuable introduction to the key concepts and
methods of design thinking and help participants develop the skills and mindset needed
to use design thinking in their own projects. There is a brief description of eachworkshop
below.

2.1 Short-term Design Thinking Seminar

Two-days elective for MBA and EMBA students of at School of Management Skolkovo.
Usually this course is offline, but this year it took place in hybrid mode. The seminars
were held in a high-tech auditorium with equipment that allowed you to conduct classes
in the most modern formats. The equipment allowed the teacher to conduct a discussion
with hundreds of listeners gathered in the audience, without being distracted by technical
problems and maintaining eye contact with each participant. If the format of the event
in the audience is mixed – online/offline – the professor connects remotely, and five
cameras allow you to instantly “snatch” the speaker’s face and transmit the picture to
both him and other participants in Zoom. The professors and some other facilitators
from the South Korea and the USA joined the seminar in Zoom, while students with
assistants were present at the Business School auditorium. Themajority of students were
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not familiar with the concepts of design thinking before the start of the seminar. Two-
days seminar made it possible to familiarize students with the fundamentals of design
thinking and practice its steps while creating projects in groups (Table 1, Fig. 1).

Table 1. Short-term Design Thinking Seminar

Duration 2 days

Dates March 2022

Name of the course Stanford Design-Based Method

Number of students 30

Audience Top-level managers and specialists who are students of MBA and EMBA
programs

Format Blended learning

Initial goal Teach students the basics of design thinking
Run a workshop to show all steps of design thinking on practice
Provide examples of real-world applications of design thinking to help
students see the potential relevance of this approach for their current work

Results The students unlocked their creative potential, leant how to create user
experiences that resonate with the users and provide high strong business
impact obtained

Fig. 1. Stanford Design-Based Method, 2022. (Source: personal archive)

2.2 Medium term Design Thinking Seminar

Design thinking seminar lasted for 3 weeks in total, with 4–6 h of face-to-face commu-
nication per week. It was a part of Internet Project Management course at the National
Research University Higher School of Economics and showed students how they can
use design thinking in project management. Majority of students were already familiar
with the basics of design thinking (Table 2, Fig. 2).
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Table 2. Medium term Design Thinking seminar

Duration 3 months

Dates January – March 2022

Name of the course Internet Project Management

Number of students 28

Audience Master students all working mostly in IT companies

Format Blended learning

Initial goal Teach students how to use design thinking in project management
students see the potential relevance of this approach for their current
work

Results The students leant how use Design Thinking methodology in project
management, how to clarify project’s goals and objectives, enhanced
creativity, discovered how to pivot towards a project management style
that ii user-centered and playful, includes empathy and creativity

Fig. 2. DesignThinking on Internet ProjectManagement course, 2022. (Source: personal archive)

2.3 Long term Design Thinking Seminar

Stanford University ME310 university course that focuses on building solutions that
anticipate the future. This programme was invented back in 1965. And it was the one
that helped solve a bunch of different problems, creating many interesting approaches.
In particular, ME310 has been used by Audi, IKEA, GM, Huawei, Lockheed Martin,
Merck, Microsoft, Siemens and many others. The methodology involves complex tasks
involving multicultural teams from different universities. Different ages, cultures, gen-
ders, specialties – all this gives the project a breadth of vision. This year students from
the USA, Austria and Germany developed the solution of Yoi ecosystem that inspires
employees and employers to enhance workplace wellbeing via wearable band to mea-
sure personalized wellness level. The decided to do this project because more than 70%
of Americans report that they experience stress at work. Work-related stress has become
one of the most serious health problems in the modern world. Long working hours and
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lack of resources are the main sources of stress. That is why it is important to lower the
stress levels of people working in the companies.

About 80% of seminar participants of the design thinking seminars already knew
the main concepts of design thinking while for another 20% it was a completely new
approach. Students widely all the resources they were provided and at the end even
received offer of 10000$ investment to continue their project (Table 3, Fig. 3).

Table 3. Long term Design Thinking seminar

Duration 10 months

Dates September 2021 – June 2022

Name of the course ME310 Future Talents project

Number of students 11

Audience Master students with engineering major

Format Blended learning

Initial goal Teach students how to prototype and test their different design concepts
Help them to create a full proof-of-concept system that demonstrates
their ideas at the end

Results The students leant how use Design Thinking methodology for creating
startups, teamwork, international collaboration, received 10000$ funding
for future development of the project from one of the partners

Fig. 3. ME310 Future Talents program participants working, 2022. (Source: personal archive)
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2.4 Comparison

Stanford The best length of a design thinking workshop depends on the specific goals
and objectives of the workshop and the level of familiarity of the participants with design
thinking.

A short-term workshop can be a good introduction to the basics of design thinking,
providing participants with an overview of the key concepts and methods. This type of
workshop can be useful for participants who are new to design thinking and want to
understand the basics of the process.

A medium-term course can be more in-depth, providing participants with more
hands-on experience and the opportunity to practice the design thinking process in a
more detailed way. This type of workshop can be useful for participants who are familiar
with the basics of design thinking and want to develop their skills further.

A multi-day workshop provides more time for in-depth learning, practicing and
refining the design thinking process. It also provides opportunities to work on real-world
problems and to have more time for feedback and iteration. This type of workshop can
be useful for participants who are already familiar with design thinking and want to
apply it to a specific problem or challenge.

3 Conclusion

The best length of the design thinking process is the one that allows for a comprehensive
understanding of the problem or challenge being addressed, the generation of a wide
range of ideas, and the testing and validation of the most promising solutions. This
length will vary depending on the specific project and the resources available as we
saw in the examples discussed in this article. It’s important to balance the need for
a thorough understanding of the problem with the need for timely solutions. A short
process didn’t provide enough time to fully understand the problem and test them on
greater number of users, in the medium term seminar there was enough time to do all
steps of design thinking, but less team cohesion and no future project development,
while a longer process led to delays but as the same more time provided teams travel and
international collaboration opportunities which improved team cohesion, the quality of
minimal viable product and the reality of continuing the project with investments.

To summarize, when facing the question about the length of the design thinking
seminar it is important to look at the goals first. If the goal is to introduce students with
design thinking method, then short- or medium-term seminar would be the best option.
However, if the goal is to create a new innovative product or tool, medium- and long-term
seminars would be the best solution.
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Abstract. In this paper, we review the current state of the future of Design inno-
vations including the Janus Initiative at Stanford and propose the active use of
game-basedmethods as the important element of introducing theNext-GenDesign
Thinking process, to understand the corporate history of innovation. Next-Gen
Design Thinking (NG DT) is significantly extending the traditional Design think-
ing approach with a strong focus on the historical and cultural elements of partici-
pants. Next-GenDesign Thinking Innovation Gamewas developed based on Stan-
ford Janus Initiative research as a tool for supporting the Next-Gen Design Think-
ing process for Engineering, Management, and IT students. Next-Gen Design
Thinking Game supports a robust understanding Design thinking process, the cor-
porate culture of industry partners, and innovation products history. Next-Gen
Design Thinking Game implementation results will be compared with the tradi-
tional design thinking process. Theway forwardwill be addressed, and the authors
will propose future research directions.

Keywords: Design Thinking · Janus Project · Business Archaeology · Business
artifacts · Innovation methods · Next-Gen Design Thinking · Next-Gen Design
Thinking Game · Corporate Culture · Cultural elements

1 Introduction

1.1 Current Economic and Social Environment

The acceleration of social and economic changes and the impact of the latest events
have yet to be fully understood. As always, in times of crisis and instability, there are
growing demands for developing new approaches to the functioning of companies in
challenging environments; thus, there is a need for a fresh look at the issues of designing
and maintaining corporate innovations.
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Design thinking, developed at Stanford University [1–3], is a powerful tool, and
such a well-developed approach is actively implemented in global companies, leading
business schools, and international organizations such as the UNDP [4].

It is also the number of research groups and consulting companies who are reviewing
current Design thinking approaches and proposing corporate adoptions such as IBM [5],
andSAP [6].Despite heavy time investments to develop such adapted solutions, it is still a
significant gap between the current DT process and customers’ needs in a fast-changing,
multicultural business environment [7].

1.2 Next-Gen Design Thinking

We believe it is impossible to form business creative practices of the future without
experience of the Past, especially in the context of previous stages of the organization’s
Innovation process, a formed corporate culture, social and cultural components, and
the spatial location of economic activities. Defining a new extended Design method
will require taking a deep dive into the theory and practice of Archaeological science
from one side and human-centered cultural experience from another side. As a result,
Next-Gen Design Thinking (NG DT) [7, 8] is significantly extending the traditional DT
approach with a strong focus on the historical and cultural elements of participants.

NG DT is a crucial approach to creating innovations specifically in corporate envi-
ronments with strong corporate internal memory and cultural diversity. In addition,
management, project-oriented education [7, 8], and game-based practices [7, 8] being
embedded into the Next-Gen Design thinking process will enable engineering, IT, and
management students to develop design projects and entrepreneurial skillswhileworking
in real-life innovation challenges formulated by an industry partner.

2 Business Archaeology and Janus Project

2.1 TAG Roundtable and Business Archaeology

Archaeology is a broad discipline that frequently reaches outside the boundaries of its
academic setting. Its primary business application is attributed to its capacity for relating
to objects, goods, materials, and design ideas of the past and transferring them to the
present environment. However, an even greater question is what lessons can we take
from our accumulated experience that may help us construct a better future?

The key ideas were discussed at TAG 2021 [9], Theoretical Archaeology Group
Roundtable “The archaeological now: future world building” [10], by a diverse group
of researchers from Stanford University, University of Muenster, Heidelberg Univer-
sity, academic institutions from the US, Denmark, UNESCO Future Literacy Group,
Industry, and others. The roundtable discussed several key questions and provided valu-
able comments about developing archaeological methods in academic and business
environments.

By using short, personalized case studies, the participants were able to hold a com-
prehensive discussion of this embeddedness amidst the contemporary experiences of
exiles and emigres, the problems arising from the displacement of people and its impact
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on their identities, as well as growing tensions resulting from pervasive inequality and
calls for social justice. The discussions included such actual topics as the perspectives of
using archaeological methods and history in helping to understand and manage changes
within communities, companies, and other enterprises; the possible correlation between
archaeological hindsight and strategic foresight; the degree of influence of organiza-
tional history over its capacity for innovation and actual planning and performance; and,
finally, the influence of individual or collective history and memories on shaping the
common identity and the future prospects of a community or company.

2.2 Janus Project

The intense and productive discussion resulted in a new scientific initiative – Stanford
Janus Project and Business Archaeology as a new Foundational Science [11].

The Janus Initiative [11, 12] seeks to facilitate human-centered design thinking and
strategic foresight, aimed at stimulating business innovation and changes in corporate
management. The capacity to innovate utilizes people’s skills and competencies to study
and understand basic and complex human needs and desires, which may result in com-
pletely new ideas and ways of presenting products, services, solutions, or experiences
required in the future. The keystones of this approach are collaboration and communica-
tion – two concepts important for the survival and proliferation of mankind at all stages
of history. And yet, design thinking still has not found an efficient way to incorporate
memories and histories of the past preserved through various artifacts and elements of
material culture into the way it can be used to create forecasts of the future.

The Janus Initiative employs a variety of well-established methods and tools that
have proven their worth within design thinking and strategic foresight tool kit and skill
set. Now, we only must use them to focus on the memories that are embedded in old
products and buildings, in artificial landscapes and cityscapes.

On the other hand, archaeology has many ways of using the past embedded in sites
and artifacts, for solving actual problems of the present day, i.e., providing ametaphorical
bridge between the past and the future. As an example, we propose highlighting the past
achievements of a company or community to show how it has managed to reach its
current position, and how it has affected its psychological profile, namely, its capacity
to change, adapt, and learn.

Museums and archives host myriads of artifacts and memories that can be a key to
altering the self-image of a company or community to better fit the new vision of their
future.

3 Next-Gen Design Thinking Game

3.1 Supporting the Design Thinking Process Through a Game-Oriented
Approach

Next-Gen Design Thinking Game (NG DT Game) was developed for supporting the
Next-Gen Design Thinking process for Engineering, IT, and Management students. NG
DT Game was evaluated for international teams of students working for 3–9 months
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on design thinking challenges. Despite the limitations associated with COVID-19 and
organizational difficulties, based on students’ feedback NG DT Game has significantly
helped in developing a deep understanding of the Design thinking process, the corporate
culture of industry partners, and innovation products history.

Defining NG DT Game, we as members of Janus Initiative [11, 12] believe that the
present day, the past, and the future meet. Like archaeologists, you will get treasures
- artifacts from the past. The study of the artifact allows you to recreate the ideas and
principles of doing business of the people who invented it, to feel the spirit of the era,
the “archaeological layer”. Then you will consider existing business development trends
and create a new one in your field. This is exactly what archaeologists do: they study
the past so that people can draw the necessary conclusions and create a better future,
taking into account the achievements and mistakes of their ancestors. After that, you
will strengthen and polish development with the help of powerful tools from today and
with the active participation of other players.

Working in teams and team interaction helps to complement participants’ develop-
ment with unique experiences and vision of the problem by people from other areas of
activity and get numerous insights. In addition to artifacts, you need Design thinking
tools to support the extended Design thinking process and Trends definition to bring in
an element of time and to make the process relevant to the current reality. We defined the
Next–Gen Design Thinking Game concept below (Fig. 1) as the integration of Artifacts,
Tools, and Trends cards.

Fig. 1. NG DT Game Concept. Artifacts, Tools, and Trends.

3.2 Next-Gen Design Thinking Game in Details

The NG DT Game set includes three types of cards: Artifacts, Tools, and Trends. The
game can be used at various stages of the design thinking process. It is assumed that
the teams are already working on some challenges. Each team draws three cards (one of
each type). The teams then take turns presenting their ideas and prototypes and testing
them with the help of other teams. Other teams give their feedback.
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The cards inspire players to create new, broader ideas by immersing themselves in a
different reality and getting acquainted with other experiences. The Artifact card talks
about an extraordinarily successful or brilliant business idea from the past. The Trend
card sets one of the existing trends within which the concept will be developed. The Tool
card offers a specific method (from the Design Thinking and Archaeology arsenal) by
which players optimize the concept they have developed.

When developing a concept, players are allowed to use the Internet to obtain addi-
tional information about the Artifact, Tools, or Trends. Artifacts, Tools, and Trends card
examples are presented below (Fig. 2).

Fig. 2. An example of Trends (first row from the top), Tools (second row from the top), and
Artifacts (third row from the top) in the NG DT Game.

Below is a prototype of a playboard that consists Design thinking process picture,
specific zones for play cards associated with Design stages, and extra card zones (Fig. 3).

Some ideas about theway to implement a game-oriented approach toDesign thinking
have already been discussed [7, 8].

To summarize, the Next-Gen Design Thinking game has the potential in eliciting the
cultural experiences of individuals, who are not only a designer but also an innovator
or a creator willing to make a change. By applying these personal stories throughout a



Accumulated Practical Experience 109

Fig. 3. NG DT Game play board template.

design thinking process, problems and solutions can be solidified and persuasive from
the users’ point-of-view. Incorporating cultural experiences adds value when it comes
to generating a new idea or framing a new pattern. Applying one’s cultural experiences
might add new perspectives, which let designers immerse deeply into the users’ scenario
with empathy. Sharing a new cultural experience might inspire other teammembers who
are unfamiliarwith the culture, allowing them to indirectly imagine the situationor realize
the differences. Combining diverse cultural aspects might trigger innovative ideas and
stimulate creative thinking. Thus, depending on the users’ circumstances, considering a
specific cultural context or pre-analyzing human behaviors might become an essential
step before framing the problem.

4 Incorporating Cultural Experiences

Design thinking tools, such as IDEO’s Method Cards, SAP Scenes, SAP’s Leporello,
Board of Innovation’s Brainstorm Cards, and many others from various organizations
were created to keep a human-centered approach at the core of a design process [13–
18]. According to several scholars, there are potential weaknesses of utilizing cards in
a design process; but also, others illustrate the strengths and values of card decks as a
supporter for “inspiration, organization, and communication of ideas” [18]. As there are
many different design toolkits that focus on a single stage or an aspect of design process
[17], each having a slightly different purpose, it is also important to develop a tool that
can be applied in the entire design thinking process holistically.

The value of implementing cultural experiences into the design thinking process is
proven to be significant as IDEO’s method cards involve several culture-related contents
[13]. For instance, the ‘Cross-Cultural Comparisons’ method from the learning category
supports teams to compare different cultural groups when designing for an international
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market. This allows teams to understand different humanbehaviors in relation to the same
topic. The cards designed for the Next-Gen Design Thinking process embrace global
trends, cultural artifacts, and iconic representations to inspire designers and creators
from diverse cultures to expand their perspectives for a various range of users while
tackling a complex problem.

4.1 Preliminary Evaluation of a Prototype: Problem and Solution Framing
for Sustainable Smart City

Experts from diverse disciplines, such as industrial engineering, chemical engineering,
sustainable finance, mobility, and human-computer interaction, were divided into two
teams for preliminary evaluation of the Next-Gen Design Thinking game set. With
prototypes of a playboard and three sets of cards, they were challenged to tackle a smart
city problem regarding sustainable development. Their goal was to generate as many
ideas as possible by combining the cards to support the research and ideas generated by
each team. The topic was about ‘smart cities for sustainable development’ in general;
however, teams were free to narrow down into sub-topics related to the energy transition,
carbon-free, mobility, or eco-friendly.

In the deck of cards, Korean traditional and contemporary artifacts are involved
partially as this session took place in South Korea. The artifacts included Korea’s region,
monuments, trends, traditional objects and clothes, and food. These were selected based
on the popularity of their use in Korean culture. We believe that personal and familiar
experiences can strongly impact an individual’s creativity in the sense of generating a
unique idea to redesign a new concept for an existing problem (Fig. 4).

Fig. 4. Next-Gen Design Thinking game set (play board & cards)

Based on the processes and usage of cards, insights were found during the session.
One team flipped the cards randomly from each category and tried to find a story con-
nected to their own experiences related to the keywords. This sparked new ideas which
later became the key to solving the issue in which they were tackling upon. Another
team spread out all the cards at once to choose keywords that would inspire and support
their ideas. As such, teams could engage more actively with randomness and unexpected
connection of cards from different categories, which helped them to connect with their
unique cultural stories and to use those personal experiences to think outside the box.
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5 Implications and Conclusion

Active use of game-based methods within a design thinking process leverages the cre-
ativity of the teams allowing them to bemore open-minded, collaborative, and immersive
in the situation. Moreover, Next-Gen Design Thinking significantly extends the bound-
aries of the traditional design thinking approach with a strong focus on the historical and
cultural elements of participants by recalling their unique experiences and memories
that will impact their way of thinking throughout the problem-solving process.

This paper showcased a newly developed design thinking toolkit and explained how
it can be used to implement designers’ knowledge and cultural experiences for creating
innovative outcomes in various contexts. In this regard, the limitation lies in receiv-
ing feedback from a small group of experts. However, in our prospective research, we
plan to evaluate this toolkit by involving more participants from different countries and
areas of expertise and collecting extensive feedback through conducting a survey and a
short interview. Additional artifacts card sets development is underway for Central Asia
(Uzbekistan) and the Nordic region (Finland). As such, more feedback regarding the
guidance and improvement will allow us to develop the contents and structure of this
toolkit that will match the needs of diverse players, who will use design thinking to over-
come complex problems. We expect that Next-Gen Design Thinking will continuously
develop to be more efficiently used in digital settings as well.
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Abstract. As the electric vehicle (EV) market is growing, the demand for conve-
nient and fast charging is also increasing. As more people own electric vehicles
(EV) and travel long distances with their EVs, more public charging infrastruc-
ture is required. This paper analyzes EV charging stations not only as sustainable
charging hubs but also as recreational places for EV drivers and other users. In this
research, we conduct a comprehensive literature review and case studies, focus-
ing on how architectural design and associated services can play a pivotal role in
encouraging more sustainable behaviors among users. To define the fundamental
concept of the EV charging station, we explore the future concept and design
of EV charging stations and qualitative data is gathered through interview-based
cases to provide a solid understanding of user experiences. Finally, we propose
design guidelines for creating sustainable and environmentally-friendly user expe-
riences at public EV charging stations, aiming to benefit the local community from
relaxation, recreation, and aesthetic perspectives.

Keywords: Sustainable Design · Electric Vehicle (EV) · Public EV Charging
Station · Lifestyle ·Mobility · Energy · Design Guidelines

1 Design for Public EV Charging Stations

1.1 Research Background and Purpose

Smart mobility has become more accessible and provides easy mobility services for
citizens. Electric Vehicle (EV) and EV charging stations are characterized as future
technologies of smart mobility. These mobility technologies are considered to meet the
needs of people’s changing lifestyles and create values for sustainable urban systems
[1].

Need for Public Charging Station. As more people own electric vehicles, EV drivers
require a convenient charging environment and public EV charging stations are major
infrastructure for smart mobility services. In the European Union, the share of home
charging is expected to reduce 40% by 2030 as more middle to lower income households
purchase EVs [2]. Renters in the United States do not have home charging systems since
rental-property owners have little incentive to invest in EV supply equipment [2].
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Need for Fast Charging. Public fast charging stations are necessary to increase EV
adoption in terms of decreasing the level of anxiety of EV drivers – encouraging drivers
to convert from ICE (Internal Combustion Engine) to EV [3]. According to Villeneuve
et al., solutions related to building fast charging stations and services were the most
popular ones out of many other new ideas regarding EV charging while driving and
parked [4]. Pilot project performed by utility TEPCO (Tokyo Electric Power Company)
demonstrated that EV drivers’ behaviors were changed significantly. In this test, EV
drivers returned to the office with approximately 70% of battery remaining when the
public charging station was not installed. However, after the public EV charging station
was built, drivers returned to the office with approximately 30% charged [3] meaning
that the level of anxiety have decreased due to easy accessibility. As EV owners are
increasing, there is an urge to build public fast EV charging stations, especially for
people who are expecting to travel long-distance.

Creating Values for the Environment. The experience of driving EVs and utilizing
sustainably designed charging stations allows people to place a greater value on envi-
ronmental sustainability in their life than ever before [5]. EV adoption is a symbol
of expressing one’s self-identity concerning environment and sustainability [6]. In this
regard, public EV charging stationswill challenge designers to build a sustainablemobil-
ity ecosystem and urban system for non-EV drivers as well as EV drivers. Environmental
beliefs and user awareness of environmental issues affect the intentions to purchase EVs
and encourage users to use renewable energy [7].

In this paper,we outline the key architectural design factors that need to be considered
for EV charging stations and how they influence users’ lifestyles and environmental
values. By focusing on human needs within the space and sustainability for energy
charging, decision makers will be able to adopt sustainable design and technologies for
EV charging stations. Consequently, we aim to define the design factors and guidelines
to build EV charging stations for creating a positive impact on improving people’s
sustainable lifestyle and actions toward a sustainable behavior.

1.2 Process and Methods

This paper presents a literature review and case studies that examine user preferences for
charging stations and their services, aswell as interaction between users andEV charging
spaces. Data from individual’s comments, articles on electric vehicles and charging
experiences are collected and analyzed to understand the role of charging stations in the
future. Also, interview data of current EV owners’ needs are referenced to define design
considerations for future EV charging stations. To investigate further, 20 existing and
conceptual designs of EV charging stations are reviewed. Importantly, we have included
the results of the EV charging station design competition in 2022, organized by Electric
Autonomy Canada, to understand the architectural style, materials, and services of the
future charging station [8].

In this study, we have adopted the framework fromDesign for Sustainable Behaviour
(DfSB) [9] and the Fogg Behavior Model (FBM) [10]. The framework from DfSB refer-
enced the FBM to explain how design strategy could be applied to sustainable mobility
services. The FBM shows the relationship between motivation, ability, and triggers that
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represents how these factors influence design approaches and practices, which make
people to support sustainable behaviors [10]. According to the FBM, when people gain
enough of these three factors from the external environment, they can change their behav-
iors. Therefore, generating a new concept of sustainable EV charging station can play
an important role for the three factors of the FBM [10]. However, only increasing the
motivation cannot change EV drivers’ behaviors properly. The drivers need motivation
and ability to make sustainable decisions on their mobility services. Innovative design
of EV charging stations encourage ability along with motivation by showing simple and
clear messages on how to behave sustainably. Thus, we expect EV charging stations to
increase sustainable behavior and decisions of users to benefit our society; moreover,
build a sound mobility ecosystem.

2 Challenges for EV Drivers on Charging Electric Vehicles: Define
Hurdles and Pain Points of Users

Effort to increase EV adoption is tackled by inconvenient perceptions of the current EV
charging process and equipment. Long charging times, EV purchasing cost, and limited
availability of charging stations are the challenges in urban environments [11]. Among
the hindering factors toward the EV driving environment, we could find several major
obstructions that drivers concern the most. We have found common inconveniences
of charging EV by interviewing EV drivers and analyzing articles. In general, they
commonly avoid long distance travel with EV and mostly charge from their familiar
place. Detailed problems are as follows.

First, drivers experienced a lack of information on EV charging stations. They com-
mented it is not easy to find adjacent charging stations when they are in unfamiliar
locations and check availability of the charging equipment. In this regard, charging
reservations using mobile apps is one of the functions drivers want to use. Also, users
want to know what is nearby so they can plan what to do while waiting for the car to
fully charge [12].

Second, drivers encounter usability issues of EV supply equipment (EVSE). There
are complaints about EV charging cables and EVSE. Location of the charging cable is
difficult to reach, cables are heavy to move, and the length of cable is short to reach the
vehicle. Besides, over 5.2% of the 26,000 public EV chargers in the UK were broken
and out of order [13].

Another usability issue is about the information displayed in EVSE and the payment
system. Information displayed while charging is not user friendly. For instance, charging
cost, charging amount (%), charging time is not provided all together and drivers are
often confused to receive the information they need.

Lack of a unified payment system in public charging stations is another challenge
to adopt EV. There are diverse payment service providers and EVSE adopts different
types of payment methods. This increases complexity and inconvenience of the payment
system. Despite all these barriers, we need to define target behaviors of users, consider
how to motivate users, and trigger their actions to accelerate energy transition through
electric vehicles.
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3 Motivation for Sustainable Behavior: What Makes People
Behave More Sustainably?

EV charging stations can play a role in motivating and triggering behavioral change.
Behavior that we try to achieve is called target behavior according to the FBM. Defining
the target behavior is the primary work to create motivation and triggers for behavioral
changes of users. For charging stations, the target behavior is to make people more
clearly aware of the problems of carbon emissions and purchase electric vehicles to
accelerate sustainability of communities. When motivation is increased, it is more likely
that people will perform the target behavior [10].

To motivate users to take actions for sustainable living, there are three elements of
motivation from the FBM we need to consider for the charging stations: pleasure, hope,
and social acceptance [10]. Aesthetic design, innovative technologies, and convenient
services give pleasure to users, and it is an important attribute that attracts people to
charging stations. Hope is a virtuous motivator and an effective means to persuade
people to purchase electric vehicles and a smart mobility ecosystem. Using the charging
stations, people are expecting that they are socially and environmentally recognized as
a front runner of EV. There are several questions to specify the motivators and triggers
for charging stations:

• What do EV drivers want to do during the charging time?
• What are the user requirements on the infrastructure for charging?
• Does this bring more people to EV charging stations?

In this regards, we clarify the major design concepts based on its functionalities.
1) Re-charging: recharging people’s psychological needs with nature-friendly design
and environments as well as their electric vehicles; 2) Smart-charging: providing easy,
convenient and fast EV charging experiences using renewable energy; 3) Fun-charging:
waiting time in the station turns out to be recreational and playful. Based on these func-
tionalities, we created design guidelines for sustainable EV charging stations. Interview
analysis and various online comments about EV charging experience regarding six com-
ponents of services are recommended to enhance drivers’ motivations of re-charging,
smart-charging, and fun-charging (Table 1).
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Table 1. Type of required services by users in EV charging stations

Driver
Type

Vehicle
Maintenance

Vehicle
Cleaning

Food &
Beverage

Shopping Entertainment Lounge

EV driver
(Owner)

High High Medium High Low High

EV driver
(Rental)

Low Low High High High High

PM driver High Low High High Low High

EV or PM
driver for
delivery

High Low Low Low Low High

EV: Electric Vehicle
PM: Personal Mobility

4 Exploring Designs for Sustainability: Case Studies and Best
Practices of EV Charging Stations

In this research,we exploreddesign cases fromdifferent sources and identifiedkeydesign
elements for future EV charging stations. From the case studies, common elements for
charging stations were found. Cases show that they minimize the environmental pol-
lution of building the exterior and other infrastructure while maximizing comfort and
convenience of users. As electric vehicles are known as the solution for reducing emis-
sions for mobility [4], we believe that EV charging stations should also use renewable,
reused, or recycled materials to construct a more sustainable space.

Sustainable architecture design started from an ecological perspective leveraging
ecological functions conducted by nature [14]. Case studies we examined reflect this
approach. From the cases, we found that designers are trying to create environmental
ecosystems and enhance biodiversity in the EV charging space. The key principles
of green architecture are: Sustainable Site Design; Water Conservation and Quality;
Energy and Environment; Indoor Environmental Quality; and Conservation ofMaterials
and Resources [14]. Thus, we have selected several elements from these principles
to apply when considering the design of sustainable charging station, which focused
on the local ecology and culture of the community as well as technology. Sustainable
charging stations support environmental, social, and economicbenefits. Energy transition
to renewable energy is accelerated by the extended use of electric vehicles and charging
stations.

Conceptual designs are referenced from the Design Competition Project of Elec-
tric Autonomy Canada in 2022 [8]. Key design factors identified from the cases are
summarized in the following chapter (Fig. 1).



118 H. Yim et al.

1. Conceptual Architecture and Designs for Sustainability 

1-1. Fabric.a Architects, 

Turkey

1-2. SUPERSPACE, 

Turkey 

1-3. Credohus Architects, 

China

1-4. James Silvester, 

Scotland 

1-5. Yutian Tang, 

USA 

1-6. Maria Lepina, 

Russia 

2. Sustainable Materials 

2-1. KKA Solar-Powered 

Charging Station, Denmark 

2-2. Four Cobe - E.ON Drive 

& Clever, Sweden 

2-3. Synthesis Design + 

Architecture, Italy 

3. Connection to Public Transportation 

3-1. Connected to airport: 

GRIDSERVE Electric 

Forecourt (Gatwick Airport, 

UK) 

3-2. Connected to highway: 

Innovationspark 

Zusmarshausen (Autobahn, 

Germany) 

3-3. Connected to the train 

station: EV station for Train 

Commuters (nearby BART, 

USA) 

Fig. 1. Case study: Architectural styles, materials, and designs for EV charging stations [8]
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5 Design Components for Sustainable EV Charging Station

This study identified 10 design components for EV charging stations. EV charging time
and space delivered a negative experience for the users; however, by following the design
components and check points suggested in this chapter, it could turn out to be a pleasant
and refreshing time and place for the users to enjoy (Table 2).

Table 2. 10 Design components and check points to consider for building EV charging stations

No. Design
Component

Check Point

1 ACCESSIBLE • Is the charging station noticeable while driving?
• Is the charging station located in an easily accessible area?
• Is charging supply equipment easily accessible in terms of
location, availability, and charging cable?

• Is it accessible by everyone (including people with
disabilities)?

2 AESTHETIC • Does the design and architecture provide motivation for
sustainable lifestyle and time for refreshment?

• Does the station have good view or a park nearby for users to
take a walk or refresh?

• Is the atmosphere and design of the space appealing enough to
attract people for a revisit?

3 MODULAR • Is the architecture designed in modular units and easy to build?
• Are modular units adaptable to diverse environments and
resizing for expansion?

4 NATURE-BLENDED • Does the station blend well with the natural environment?
• Is the station designed environmentally to connect people with
nature?

5 RECREATIONAL • Does the station provide opportunities for recreation and
relaxation?

• Are there shopping places, restaurants, cafes, etc. which offer
diverse recreational services to satisfy users?

• Is there a park or a garden nearby?
• Can the station provide outdoor activities for families and
travelers?

6 RENEWABLE • Does the charging station utilize renewable energy sources for
EV charging?

• Are there any plans for an energy storage system (ESS) to be
installed for surplus energy allocation?

• Does the design of charging station seamlessly integrate
necessary infrastructure for utilizing renewable energy?

(continued)
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Table 2. (continued)

No. Design
Component

Check Point

7 SEAMLESS • Do charging space and recreational space of the station
connect seamlessly to represent unified and singular aesthetic,
structural, and environmental identity?

• Can the visitors move between charging and other service
areas without encountering barriers?

8 SMART • Does the design of charging station offer infrastructure
embedded smart technology as key components, such as
payment, charging and information display, etc.?

• Does the charging station offer innovative and creative services
using smart technology that users can experience while
charging their EV or using other provided services?

9 SUSTAINABLE • Are sustainable materials used to build the charging station
and do they minimize environmental impact?

• Do materials, architecture, and concepts of the station align
with the sustainability goals of EV technology?

10 USABLE • Are charging cables and plugs easily reachable and movable
by drivers?

• Does the station install enough fast-charging equipment?
• Are variable charging speeds provided to drivers to meet their
needs?

• Is it easy to maintain charging equipment?
• Do drivers feel comfortable reporting errors of the equipment?
• Is it easy to pay without installing all different types of mobile
apps?

6 Conclusion: Creating a Sustainable Energy Future

This research examines the components of sustainable and innovative design approaches
for the EV charging station analyzing its functionalities, key features, and services pro-
vided from the station. To accelerate the energy transition toward a net-zero future, more
EV charging stations need to be designed and operated sustainably. A sustainable EV
charging station should deliver positive effects through social, cultural, and recreational
activity. Additionally, its design should strengthen local features physically and aes-
thetically to improve users’ freedom of movement [15]. As ecosystems of EV charging
stations create new players, technologies, and business models [16] in sustainable meth-
ods, the goal of our design guidelines for sustainable EV charging stations is to support
decision makers and stakeholders in the energy charging ecosystems.

In this study, we defined what users seek from EV charging stations and the values
that charging stations provide to the users. As such, it is crucial to emphasize and deeply
understand the needs of diverse users and stakeholders surrounding the EV industry.
A prospective study on emphasizing users and generating new ideas for constructing
a sustainable EV charging station will be continued based on the design guidelines
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suggested in this research. We expect that the findings in this paper could contribute to
building a platform of new technology to achieve sustainable energy, which eventually
benefits local communities and citizens in the future.
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Abstract. This article examines the application of design thinking methodology
in the design process of career guidance services for high school students, thereby
revealing the specifics of this method. The author considers and comments on the
main stages of design thinking and identifies design thinking tools for the devel-
opment of career guidance services. The methods were selected for each stage of
design thinking separately. Thus, a unique approach of service development was
formed. Approach suggested by the authors consists of three stages with struc-
tured set of actions: the preparatory stage, the development stage, which includes
the choice of software architecture and the choice of tools for development and
the final stage of testing, bug fixes. Based on the elaborated approach a service
operationmodel was also built with key success factors of the service implementa-
tion identified. Singavio platform and BPMN notation were used to create service
operartion model.

Keywords: design thinking · career guidance service · Signavio

1 Introduction

Every year, a large number of boys and girls aged 17 to 18 years old begin to look for
the use of their powers and abilities “in adulthood.” At the same time, according to the
results of the study “Problems of human resource development in the IT industry” from
SAP, for the vast majority of high school students (87%), the choice of a future pro-
fession becomes random: it has little to do with professional orientation and is strongly
associated with external factors [7]. Hence there are difficulties with further education
and subsequent employment. The reasons are not only in the “closeness” of the labor
market for the young and inexperienced, but also in the fact that the vast majority of
high school students have very vague ideas about the modern labor market, existing
professions, are unable to correlate the requirements of a particular field of professional
activity with their individuality. Another reason is the influence of parents on the choice
of a future profession. Given the difference in generations, very often the opinion of
parents differs from the opinion of the child. Excessive parental control in relation to
professional decision-making by adolescents leads to negative results. With the devel-
opment of informatization, the strategy of preparing children for a conscious choice of
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profession is changing, which leads to qualitative transformations in the content of the
organization of career guidance work at school. One of the ways tomodernize the system
of vocational guidance of schoolchildren is the development of amodern career guidance
service. The authors argue that service should be aimed not only at high school students,
but also at parents. When designing a service, it is rational to use new approaches to
collect requirements, identify insights (sometimes event not explicitly displayed by their
subject) and facilitate decision-making. One of possible approaches with a good fit for
the parameters stated above is the design thinking methodology. Design thinking is an
iterative process that is more abstract in nature, its drivers are not logic, statistics and
numerical models, but empathy, intuition, emotional insights, experimental models, and
the desire for novelty [1].

2 The Technology of Creating a Career Guidance Service for High
School Students Using the Methodology of Design Thinking
as the Main Tool for Obtaining a Quality Product

The approach for service development is understood as the optimal sequence of steps that
will lead to a high-quality end result [3]. Let’s distinguish three stages of development,
each of which contains a sequence of steps and a methodology to achieve the result.

The preparatory stage is an important link in the development process. Before pro-
ceeding to its content, let’s turn to a brief excursion into design thinking. The concept
of design thinking was summarized in 1980 by Professor of architecture Brian Lawson
in the work “How designers think”. Stanford University teachers have introduced the
methodology into education [1]. A distinctive feature of this methodology is its simplic-
ity and effectiveness in creating innovative solutions. Simplicity is described by the fact
that the methodology can be applied in a variety of situations: starting from simple life
and ending with a business strategy and establishing relationships in the company. CEO
of IDEO and author of the book “Design Thinking in Business” Tim Brown talks about
the methodology of design thinking as an approach to designing innovative solutions
focused on people. It is based on the tools used by designers and is used to integrate
people’s needs, business needs and technological capabilities [2]. In design thinking,
there is not always a specific “next step” to which you can proceed. Each phase of the
methodology is unpredictable and can lead to many “next steps” as opportunities. This is
the peculiarity. The Hasso Plattner Institute of Design at Stanford, commonly known as
D.School, describes design thinking as a five-step process. The stages of design thinking
do not have a strict sequence. Many designers can swap them, execute them in parallel,
or repeat them when necessary. Each stage of design thinking is a separate tool that
affects the entire project. Stanford School distinguishes five stages of design thinking:
empathy, define, ideate, prototype, test. The first four components are just included in
the preparatory stage of the development of the service, and the latter is allocated a
separate stage. This approach is distinguished by its specificity, complete description of
the stages and their number [5].

Before proceeding to the direct development of the service, you need to understand
who this product will be interesting to, what their needs, desires, what worries them,
to study the target audience with the help of empathy. To reflect all these points, it is
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logical to use the method of constructing an empathy map in the format of the consumer
quadrant (Fig. 1). It reflects the experiences of potential users and their interests, and
this greatly simplifies the further search for current problems.

Fig. 1. Consumer Quadrant

After the facts about consumers are collected, we proceed to analyze and identify the
problem that worries potential customers and generate ideas for its solution. To identify
the problem, it is logical to use the “Why?” method. It allows you to build logical chains
that lead to problems that users have. You can visualize this method using intelligence
maps. (Fig. 2).

The result of the constructed intelligence map will be a formulated insight statement
that describes the deep needs of a person and the problem he faces: I want to choose
a profession that I would like, but I’m afraid that it will be difficult for me to study
at university, that I will make a wrong choice and that we will have disagreements
with parents. Insight explains all the desires and fears of the user. When the problem is
defined, it is worth thinking about its solution. The “SCAMPER” technique will help in
this. The “SCAMPER” technique is a scheme for posing certain questions that stimulate
the generation of new ideas. In other words, it is a technique of creativity. Its author is
Bob Eberle [4].

Before applying the SCAMPER method, it is necessary to clearly set the task: to
identify a problem that needs to be solved, or an idea that needs to be developed. The use
of the methodology in the context of the development of the structure of career guidance
service is shown below (Table 1).
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Fig. 2. Intelligence map

This method is universal and applicable to any problem. It focuses thinking on one
part of the problem, which will allow you to quickly find the right idea. After all the
ideas have been collected, it remains to create a single concept of the future service.
Creating a prototype will help in this. The prototype is necessary to reflect the structure
of the future service that the user sees. The prototype can be presented in the form of a
flowchart, or created in a special application, for example, in Justinmind, Miro or Tilda.
Before proceeding to the product development stage, you should create a technical task.
The technical specification contains basic information about the product, approximate
terms, scope of application, as well as the necessary requirements.

Before proceeding to the service development stage, it is necessary to think about
the software architecture and the choice of development tools. In the process of study-
ing the types of software architectures, it was decided to use a client-server three-level
architecture. All client accesses to the database occur through the middleware, which
is located on the application server. As a result, the flexibility of work and the produc-
tivity of the service increases. The choice of development tools is carried out jointly
with the developer separately for the server and client parts. To develop the server part,
you should decide on the programming language. According to the rating of program-
ming languages, which was published on GitHub, the largest web service for hosting
IT projects and their joint development, Java occupies a leading place in Back-End
programming. Programming languages are rarely used in their pure form. Very often,
development is carried out using frameworks. Frameworks are a pre–designed template
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Table 1. The SCAMPER method

Letter Components Questions used Ideas

S Substitut What can be replaced to make
an improvement?
Is it possible to replace the
functionality, visual, service?

Replace career guidance testing
with mandatory joint tests with
parents, joint psychological
consultations and a mandatory
blog to check the level of
knowledge of the material

C Combine Is it possible to add something
else to create something new? Is
it possible to combine objects?

Add podcasts, pages of
successful people in a particular
field

A Adapt Is it possible to take a solution
from somewhere and adapt it to
the product?

The city of professions
“Kidburg” is a space in which
children immerse themselves in
real adult life, visiting numerous
game houses, each of which
specializes in a separate
profession. There is an idea to
create a “fitting” of professions
– a 3-day marathon in which a
high school student can
experience professions for
himself. The assistant will be a
chatbot that acts as a boss.
(Setting tasks for the day, issuing
literature and assignments)

M Modif Is it possible to change part of
the process or some functions to
improve the product?

Remove the standard library of
professions from the
functionality, which may serve
as a distracting aid

P Put to Other Uses Can it be used to solve other
problems?

It can be used for employers to
test new employees when hiring

E Eliminate Will removing any function help
solve the problem?

Moving away from standard
testing and the catalog of
professions will allow you to
look at the problem from a
different angle

R Rearrange Is it possible to reverse an
already existing concept?

Shift the focus from a career
guidance service to a personal
guide with built-in artificial
intelligence for “fitting”
professions
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that allows you to speed up the development process by reusing its components. The
most popular frameworks are presented below (Fig. 3).

Fig. 3. The most popular frameworks [8]

If the Java language is used for development, then the choice should be made in
favor of Hibernate. This framework contains its own query creation language (HQL),
which makes SQL queries simpler [3]. One of the criteria for choosing a database is
the speed of access to data, specifically in a career guidance service to a selection of
professions, skills, etc. Sometimes it is very important to view several professions at
once in order to make the right choice, compare them with each other. And the speed
of data access is determined by the amount of information viewed during the sampling
process. Therefore, the higher the speed, the better the work on the site will be carried
out. In relational databases, the process of accessing small data is fast. It is also easier
to monitor the integrity of the data here. The most famous DBMS of this type will be
Oracle, PostgreSQL, MySQL. The most popular Front-End development language is
Java Script. As in Back-End development, frameworks are used in addition to a pure
language. The most popular are React and Angular. Also, the main client part is written
using HTML and CSS. HTML is responsible for the page frame, CSS is responsible for
the page styling.

Product development is followed by a testing phase. The task of WEB testing is
to find errors in the program and their possible elimination. The testing stage can be
carried out in two levels: server and user. The main task of server testing is to check the
equipment to meet all its characteristics: ease of use, simplicity, and efficiency. You can
use special tools to test the server side. One of these is SQLBench, a tool that allows
you to evaluate the work of a client-server application at an early stage of software
development. The main task of user testing is to check the functionality of the service
and ease of use for customers. At this stage, it is important not only to test the product,
but also to track the emotions and feelings of the target audience.

For the visual operation of the service, it is recommended to build a model (Fig. 4).
For modeling, a program for designing business processes – “Signavio” can be used
and a BPMN diagram is selected. Business Process Model and Notation (business pro-
cess modeling notation) is a system of symbols that displays business processes using
flowcharts. The BPMN diagram shows the sequence in which work actions are per-
formed and information flows are moved, and it is also the link between the analyst and
the business manager.

After building the model, it will be correct to identify four main factors on which
the success and effectiveness of the service implementation depends:
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Fig. 4. Service operation model

• A systematic approach divided into separate stages: with this approach, developers
can turn to the best experience and get the opportunity to avoid other people’smistakes
and minimize their own;

• High-quality feedback: feedback allows you to identify shortcomings in the work of
the service, as well as to fix new ideas that may come from respondents.

• User orientation: in order for an application or service to be in demand, it is necessary
to find out the problem that the platform will solve, therefore, there is a need to study
the target audience.

• Integration into existing infrastructures: this factor guarantees the rapid implementa-
tion of the project.

3 Results

As a result of going through all the stages of service development, a ready-made version
of the product is obtained that can be used in reality. But we cannot exclude the fact
that errors in the operation of the service may appear during its operation. Therefore,
constant support of the site is necessary.

Thus, design thinking made it possible to create a high-quality career guidance
service. Empathy allowed us to understand the experience and motivation of students,
as well as immerse ourselves in the physical environment to gain a deeper personal
understanding of the issues raised. The compiled empathy map has become a good tool
for investigating the problem. In this case, it was the problem of the lack of a working
career guidance service that benefits. At the stage of generating ideas, it was decided to
create a service that will take into account all external factors that affect the choice of a
child. In addition, the service gives you the opportunity to try yourself in any profession.
This function allows you to quickly decide on the choice of a future profession. Next,
a prototype of the service was created in order to understand what functions need to be
added and what the interface will be. The next step in the development of my research
will be testing the prototype. One of the easiest ways to test a prototype is to take a
marketing survey. To make the survey more productive, all respondents will be divided
into two groups. The first groupwill be shown the layout being developed, and the second
group will be shown the layout of the site of the main competitor. Thus, shortcomings
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related to the structure of the site, the location of information and its design will be
identified. According to the results of testing, the necessary adjustments will be made
to the structure of the service.
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