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Abstract. It is proposed a new approach to healthcare research, considering the
dynamic interaction of all subsystems. It is created a model of a modified
operation of the health care institution in a smart city, which will allow to
evaluate the effectiveness of correcting the effects of various risk factors on
their functioning and to offer the most favorable ways of modifying the system
both from the medical point of view (reduction of the sickness rate), and
financial one (efficient use of funds).
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1 Introduction

The development of project activity in the medical field is caused by a rapid increase
of information about the causes, pathogenesis, prophylaxis and treatment of various
diseases. The implementation of projects that involve the development of information
systems allows introducing the new methods of research of the impact on human
health and modify the work of healthcare institutions in smart cities. The current level
of recommendation systems based on the use of medical knowledge allows us to
assess the indirect effects of risk factors on human health and to prevent the occur-
rence of diseases. Among the risk factors that need to be studied are social,
psychological, etc. The use of referral systems increases the efficiency of their
analysis.

It should be noted such works [1-4] among the existing ones on the application of
referral systems in medicine. Their purpose is to effectively analyze the large amounts
of medical data and make appropriate decisions. In addition, the software applications
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are developed for automation of the mentioned tasks. However, none of the papers
offer a fundamentally new concept for the work of a healthcare institution, but focus-
es on relatively narrow, specialized aspects of the industry and does not provide
changes to the structure of the institution functioning as a whole.

Existing healthcare-related models in most cases consider the process of providing
medical services to patients in healthcare institutions, or logistic models of providing
health services. There are models that describe the whole process of providing
medical care, from calling an ambulance, delivering a patient to the hospital,
determining the diagnosis of the disease, and taking appropriate medicines and drugs.
The purpose of such modeling is to optimize the delivery time of the qualified
medical care on which the patient's life depends. The sooner such help is provided,
the greater the likelihood of the patient recovering is.

Another group of models is focused on determining the workload of medical and
support staff, the means of patient delivery, and their distribution across the premises
of medical institutions.

All of these models use discrete event simulation in the form of queuing systems
[5-7] or a Petri net that reproduce the states of the simulated system at discrete
moments with imitation of the certain event occurrence. The simulation reproduces
the dynamic behavior of the system in the model as objects (e.g., patients move
through units, staff, equipment) and actions (eg, registration, nursing examination,
physician examination, laboratory tests, etc.) are performed. The rules controlling the
movement of objects and the ways of moving depend on the features of the simulated
object. Describing systems that involve human interactions requires the use of
mathematics based on probability theory and statistics, which can describe the
probability and discretion of events.

The reference analysis shows that there are practically no models that consider the
processes of managing the national health care system based on the risk factors of the
population disease with limited funding. In such cases, it is necessary to use resource
models (system dynamics models) to select priorities and to normalize financial
flows, taking into account the cause and effect relationships between reducing the
sickness rate of population and the efficient use of funds. Therefore, the problem of
optimizing and restructuring the work of healthcare institutions remains relevant and
still open.

1.1 Problem Statement

Public health is the process of providing health care services, as well as dealing with
all the factors (primarily non-medical ones) that affect health such as education, nutri-
tion, the environment, etc. Today, the need for medicine arises when the disease is
discovered. This is more about the doctor's professional activity and their relationship
with patients.

The World Health Organization recognizes that health protection is providing with
the normal physical and mental functioning of a person, both individually and in so-
cial groups. This concept includes health promotion and disease prevention activities,
as well as curative and regenerative medicine in all its aspects.



According to the current legislation of Ukraine, the health protection system is the
system of social and state measures aimed at ensuring the preservation and develop-
ment of physiological and psychological functions, optimal working capacity and
social activity of a person with the maximum biologically possible individual life
expectancy.

In everyday life, the society perceives health protection as a set of measures aimed
at preserving and enhancing the physical and mental health of every citizen, maintain-
ing their active long life, providing with medical assistance in case of bad health.

Modern medicine needs to be transformed from a social-spending sphere into a so-
cial-investment one. Today, investments in a person, their physical and psychological
potential are of strategic importance for the national security of the state.

The current state of healthcare facilities does not fully take into consideration the
possible causes of any disease. Nowadays, it is necessary to consider the effects of
factors related not to treatment but to prevention of disease (not medical factors).
They include healthy lifestyle, athletic activity, a balanced diet, hygiene, abstinence,
as well as social economic and psychological well-being. As shown in scientific work
[8], such factors have a very high impact on the sickness rate and mortality rate due to
diseases.

The aim of the paper is to create a model of a modified operation of the healthcare
institution in a smart city, which will allow to evaluate the effectiveness of correcting
the effects of various risk factors on their functioning and to offer the most favorable
ways of modifying the system both from the medical point of view (reduction of the
sickness rate), and financial one (efficient use of funds).

During the project development, the concept of a smart city healthcare institution is
formed, which increases the level of human health and reduces the costs on treatment
by preventing the emergence of the disease, influencing medical and non-medical
factors. The simulation models to evaluate performance characteristics are created and
investigated to compare the proposed concept with the existing system.

2 General Concept of a Healthcare Institution in a Smart City

The generalized cause-and-effect cycle of health deterioration can be described as
healthy residents of a smart city under the influence of non-favorable factors acquire
bad habits. Bad habits lead to the development of risk factors in a person, which in
turn cause acute or chronic diseases, which lead to loss of working capacity,
irreversible health deterioration or death (Fig. 1). The figure shows the special
composition of the inhabitants in a smart city.



Non-prescriptive

. Ocomrence of an acute disease or injury :
program et medical care, treatment
\ L 2 L
--=-"7°7 prevention

recovery
. Urgent medical
mprovement care

of health

Ay
\ recovery \ [ Primary and secondary

Category of special 7 Death
staff who have ¥
(acute or chronic)
disease

Special staffset [“abegory of Category of
special staff that % v 1\ special staff

has no who have
pathological

i 3
[AY

Occurrence *, seymplomatic

changes in heal SN health disorders | OCCUWITENCE
of premorbid *, of chronic
state disease
\
Tertiary
prevention
//_.———._\ “. General sickness
' N ate Mortality
Dangerouns Unhealthy Adverse social and
environment Lifestyle economic conditions

Fig. 1. Influence of various factors on human health

There is also a reverse cycle that is the process of restoring the previous state of
health or not worsening the current state. For example, fight with bad habits will help
some residents to give up them, thus returning to the healthy category. It means that
they will significantly reduce the likelihood of acquiring risk factors. Treatment that
does not allow the development of more severe forms of the disease is also possible.

Patients who have been cured of bad habits are transferred either to the category of
fully healthy or to the category of people with bad habits, depending on the
effectiveness of the fight. The model of a health care institution in a smart city would
be incomplete if we did not consider the natural aging of the body.

The intensity of deaths usually increases with age and has the Weibull distribution.
Thus, with increasing age, the sickness rate increases, the complexity of nosology
raises, more money is spent on treatment and a patient. In addition, the effectiveness
of treatment is reduced and the effectiveness of fighting with bad habits and
promoting a healthy lifestyle is significantly decreased [8-11].

It is well known that the work of a smart city healthcare institution is funded by the
city budget, so the impact of financial costs must be taken into account in the model.
Non-variable costs are calculated regardless of the health condition of a citizen. They
include food, housing, and other material values, as well as payment of salary.
Variable costs are costs for preventive measures, early diagnosis, treatment, etc.
Variable costs increase with the growth of patient amount and depend on continuous
funding. So, it can be assumed that the prevention and treatment of patients stop due
to the lack of funds. The created model allows us to analyze the ratio between the
amount of spent money and the health of the residents.

Experiments with the model are conducted to find the answers to the following is-
sues:

« to distinguish if there are any factors in the smart city healthcare institution that

can significantly improve the general health at relatively low cost;



+ to determine numerically how preventive measures and early diagnosis at a

young age affect the reduction of sickness rate in the future;

+ to find a combination of efforts that will maximize working capacity at the

longest possible life expectancy (professional longevity);

+ to discover the best ratio of the number of healthy residents to spent money;

* to determine the minimum funding required to provide a certain percentage of

healthy residents from the total population in a smart city.

The simulation model is based on the principles of system dynamics and consists
of funds, flows and converters [10]. The funds serve as reservoirs for the
accumulation of the resident number of the city with an appropriate health status.
They are filled and exhausted by flows that, by their nature of use, are divided into
limited and unlimited, unidirectional and bidirectional. The flow intensity is set by a
function whose coefficients are usually stored in the converters. These coefficients
can be both preset constants and adjustable variables. The coefficients in the
converters that can be changed in the simulation process are shown with the controller
in the middle. Fig. 2 presents the interaction of fixed assets and flows of the first most
common version of the smart city residents' health change model.

sickness
abtaining curing becoming sick curing
good infl bad infl RF prop RF prop prop prop

chronization prop

Sick

@
M

N v 4

)\—/ﬁ:;ig sick chronization

Dead

bad (}—/d:ath sick seath :hm‘n}@

example frac quiting frac death prop

Healthy Chranics

==

recruiting

death prop
sick chronics

Fig. 2. A generalized model of changing public health

The model uses the following funds:
— HEALTHY - completely healthy;
— BH (Bad Habits) — with bad habits (smoking, alcoholism, drug addiction, sedentary
lifestyle, unbalanced diet, lack of hygiene, etc.);
— RF (Risk Factors) — have risk factors such as health disorders that do not directly
lead to disability, but without timely treatment cause more serious diseases like
hypertension, obesity, diabetes, etc.;
— SICK — acute illness, temporarily disabled
— CHRONICS - chronically ill, permanent disability;
— DEAD - died due to accute illness.
Marked biflows on Fig. 2 specify:
— OBTAINING BH — acquisition or getting rid of bad habits;



— OBTAINING RF — acquiring or eliminating risk factors;
— BECOMING SICK - the development of illness or recovery.
Unidirectional flows specify:
— RECRUITING - replenishment of healthy residents in a smart city;
— QUITTING BH — getting rid of bad habits after passing a successful course of
treatment;
— CHRONIZATION - acquisition of chronic diseases;
— DEATH SICK — death due to acute illness;
— DEATH CHRONIC — death due to exacerbation of a chronic illness.

The model uses the following adjustable converters:

— GOOD INFL — aggregate positive influences aimed at giving up bad habits (include
an extremely wide range of influences from promoting healthy lifestyles to improving
living conditions, reducing stress, providing psychologist services, creating sports
facilities and making healthy eating available, etc.);

— BAD INFL - aggregated negative influences that lead to bad habits and stress,
overwork, poor social conditions, etc.;

— QUITING FRAQ - percentage of people who abandon bad habits, which is
proportional to the spent time by psychologists to fight with bad habits.

Converters specified by constants are:

— BAD EXAMPLE FRAC — the bad example factor (the more people have bad habits,
the more likely other people will get them);

— OBTAINING RF PROP - the likelihood of the development of risk factors as a
result of the influence of bad habits;

— CURING RF PROP — the likelihood of successful treatment of risk factors, which
depends primarily on early diagnosis;

— BECOMING SICK PROP - the likelihood of severe (acute) illness due to risk
factors;

— SICKNESS CURING PROP - the probability of successful treatment of the
disease;

— CHRONIZATION PROP - the probability of chronic disease;

— DEATH SICK PROP - the likelihood of death due to illness;

— DEATH CRON PROP - the likelihood of death due to an acute illness.

The extended model takes into account the aging processes, which are simulated
by the sequential transition of people by age groups up to 20, up to 30, up to 40, and
up to 50 years [12, 13]. The mentioned age groups are represented in the model by the
respective funds. In the model, the categories as healthy people, with bad habits and
others are divided into separate sectors.

The coefficients that change the intensities of the model flows in the converters are
given as an array of coefficients where the indices of these arrays determine the age
groups. In order to close the cause and effect cycle, it is introduced a dependency on
financing. The closed circuit looks like the more healthy residents of a smart city are,
the better it develops, but the cost of maintaining health increases in turn.

The main goal is to find the ratio of costs for preventive measures and treatment,
which will provide the desired percentage of healthy residents in a smart city at a
minimum cost.



The complete model with corresponding blocks is presented in Fig. 3.

The model reproduces the processes of financing the healthcare institution in a
smart city with the use of a budget block (BUDGET), which has a certain balance of
funds at the beginning of the simulation. Once a year, the budget of the healthcare
institutions is replenished with revenues from the State budget (BUDGETING flow).
Every month, the budget of the city is funded (UPKEEP) by the operation of a smart
city healthcare institution. To determine management actions in the medical service
based on the above models, it is necessary to conduct a series of experiments under
given scenarios to determine the best management decisions[14-20].

Fig. 3. A model that determines the level of the population health based on funding

3 Analysis of Experiment Results

It is necessary to consider three scenarios that identify disease prevention,
improvement of the social and psychological well-being of people in healthcare insti-
tutions of a smart city and social and economic activities that contribute to giving up
bad habits. To investigate the impact of each group of factors, it will be conducted the
following experiments:

« equal distribution of efforts between factors (standard budget);

« refusal from influence on social and psychological factors in favor of disease

prevention with a standard budget;

« effort division with a 40% increase in budget that is close to the best one.

According to the results of the experiments given in Table 1 and Table 2, with a
balanced distribution of efforts, the health care institution in a smart city is unstable
because of a lack of funds (too much of the budget goes to meet social needs and, as a
consequence, there is not enough money for anything else). The number of
inhabitants under such a strategy is unstable and insufficient. In the case of excluding
social and psychological factors, the numbers and costs are stabilized, but the level of



health of the city residents is unsatisfactory, due to the excessively high sickness rate
and chronic diseases.

Table 1. Budget for the end of period and recurring costs

Bad | Good| Buiting | 5 years 10 years 15 years 20 years 25 years 40 years
Infl | Infl Infl upk | budg | upk | budg | upk | budg | upk | budg | upk | budg | upk | budg
0.5 0.5 0.5 55 8 345 | 8 3,5 78 35 7,8 35 7,8 35 7.8
1 0.6 0.5 10 7 11 6 11 8 10 6 12 4 11 6
0.8 0.9 0.9 22 13 23 13 22 13 23 13 22 13 23 13

Table 2. The number of health groups and the total number

BadInfl | GoodInfl | Quiting 5 years 10 years | 15years 20years 25years 40years
SumHealthy | 0.5 0.5 0.5 250 400 300 300 300 300
SumBH 0.5 0.5 0.5 200 350 250 250 250 250
SumRF 0.5 0.5 0.5 50 100 100 100 100 100
SumSick 0.5 0.5 0.5 25 50 50 50 50 50
SumChron 0.5 0.5 0.5 125 150 130 130 130 130
SumHealthy | 1 0.6 0.5 350 350 350 350 350 350
SumBH 1 0.6 0.5 300 300 300 300 300 300
SumRF 1 0.6 0.5 75 75 75 75 75 75
SumSick 1 0.6 0.5 50 50 50 50 50 50
SumChron 1 0.6 0.5 100 100 100 100 100 100
SumHealthy | 0.8 0.9 0.9 600 600 600 600 600 600
SumBH 0.8 0.9 0.9 350 350 350 350 350 350
SumRF 0.8 0.9 0.9 75 75 75 75 75 75
SumSick 0.8 0.9 0.9 50 50 50 50 50 50
SumChron 0.8 0.9 0.9 80 80 80 80 80 80

In the case of an increase in the budget, we can see that such actions make it
possible to use the funds more efficiently, the number of inhabitants is increasing or
stable, the sickness rate is significantly reduced, and the number of chronic diseases is
also significantly decreased.

Conclusions

Research on healthcare institutions in a smart city shows that funding is needed to be
increased by 30-40% to effectively implement various programs aimed at preventing
diseases to improve the health of urban residents. The unexpected results are the low
efficiency of dramatic improvement of social conditions, without a large number of
profile and preventive measures. This is due to the very high cost of such actions.
Working with the city's residents and implementing profile programs contributes to




improving the health of the city's residents. However, complete neglect of social
factors can also lead to negative changes.

Thus, it can be concluded that the means of improving living standards and
reducing social pressure should be distinguished in view of the normal financing of
preventive measures. This strategy will improve the health condition of residents in a
smart city twice and increase its level by 40-50%.

In further studies it is advisable to take into account the environmental health of the
population and the impact of negative environmental factors related to the reduction
of noise and pollution of air, water, soil, as well as social well-being. This requires the
development of preventive measures aimed at preventing the occurrence of diseases
by eliminating the causes and conditions of their occurrence and development, as well
as to increase the resistance of the organism to the effects of adverse environmental,
productive and domestic environmental factors.

References

1. Velten, K.: Mathematical Modeling and simulation: introduction for scientists and engi-
neers (2009).

2. Stergiou, N., Decker, L. M.: Human movement variability, nonlinear dynamics, and
pathology: is there a connection? Elsevier (2011).

3. Martseniuk, V.: About the web-integrated software environment for medical system
research support, http://iai.dn.ua/public/Journal Al_2004_4/Razdel2/08_Martsenyuk.pdf.

4. Voronenko, Yu., Meghed, V.: Modeling the process of managing the health protection
system of the State Border Guard Service of Ukraine, http://www.umj.com.ua/wp-
content/uploads/archive/71/pdf/1442_ukr.pdf?upload.

5. Jerry Banks, John S. Carson, I, Barry L. Nelson, David M. Nicol: Discrete event system
simulation (Fifth Edition): Prentice Hall (2009).

6. Tomashevskyi, V.: Systems modeling, 352 p. (2007).

7. Levi, J., Segal L.M., Juliano C.: Prevention for a healthier America: investments in disease
prevention yield significant savings, stronger communities. Washington, DC: Trust for
America's Health (2008), http://healthyamericans.org/reports/prevention08.pdf.

8. Schoen, C., Guterman, S., Shih, A., Lau, J., Kasimow, S., Gauthier, A., Davis, K.: Bending
the curve: options for achieving savings and improving value in U.S. health spending.
Commonwealth Fund (2007),
http://www.commonwealthfund.org/publications/publications_show.htm?doc_id=620087.

9. Hirsch, G., Homer, J, McDonnell, G, Milstein, B.: Achieving health care reform in the
United States: toward a whole-system understanding. 23rd International Conference of the
System Dynamics Society (2005),
http://www.systemdynamics.org/conf2005/proceed/papers/HIRSC406.pdf.

10. Homer, J.: System dynamics applications at the federal centers for disease control and
prevention. institute on systems science and health University of Michigan School of
Public Health (2009).

11. The site of the developers of the Stella simulation system (TM),
www.iseesystems.com/software/Education/StellaSoftware.aspx.

12. Hirsch, G., Homer, J.: A System dynamics model for planning cardiovascular disease
interventions. american journal of public health 100 (4), 616-622 (2010).


http://iai.dn.ua/public/JournalAI_2004_4/Razdel2/08_Martsenyuk.pdf
http://www.umj.com.ua/wp-content/uploads/archive/71/pdf/1442_ukr.pdf?upload
http://www.umj.com.ua/wp-content/uploads/archive/71/pdf/1442_ukr.pdf?upload
http://healthyamericans.org/reports/prevention08.pdf

13.

14.

15.

16.

17.

18.

19.

20.

Milshtein, B., Hirch, G., Homer, J.: Healthbound policy simulation game. Overall design,
preliminary insights, and future directions, http://www.cdc.gov/healthbound/.

Andrunyk, V., Shestakevych, T., Kunanets, N.: Information technologies for teaching
children with ASD. Advances in Intelligent Systems and Computing I (AISC) 938, 523—
533 (2019).

Chernov, S., Titov, S., Chernova, L., Kunanets, N.: The maple® symbolic mathematics
system in the method of projections for discrete optimization problems. ICT in Education,
Research and Industrial Applications. Integration, Harmonization and Knowledge Trans-
fer, 2387, 231-249 (2019).

Kunanets, N., Matsuik, H.: Use of the smart city ontology for relevant information
retrieval. CEUR Workshop Proceedings of the 3rd International conference on
computational linguistics and intelligent systems, COLINS-2019 2362, 322-3332 (2019).
Kazarian, A., Kunanets, N., Pasichnyk, V., Veretennikova, N., Rzheuskyi, A, Leheza, A.,
Kunanets, O.: Complex information E-Science system architecture based on cloud compu-
ting model. In CEUR Workshop Proceedings, vol. 2362, 366-377 (2019).

Bodnarchuk, I., Kunanets, N., Martsenko, S., (...), Tkachuk, R., Shymchuk, H.: Infor-
mation system for visual analyzer disease diagnostics. CEUR Workshop Proceedings
2488, pp. 43-56 (2019).

VyKklyuk, Y., Kalahurka, T., Voronovsky, M., Kunanets, N.: Information technology plat-
form "dental laboratory". CEUR Workshop Proceedings, 2255, pp. 287-300 (2018).
Lapkina, I. O., Malaksiano, M. O., Malaksiano, M. O.: Optimization of the structure of sea
port equipment fleet under unbalanced load. Actual Problems of Economics 9(183), 364—
371 (2016).


http://www.cdc.gov/healthbound/
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57200314734&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57200749785&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57203004628&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57189375884&zone=
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=6603302497&zone=
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57189375884&zone=
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57204918728&zone=
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57213984101&zone=
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57211626782&zone=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85074639514&origin=resultslist&sort=plf-f&src=s&sid=03e60e79c24ae39790e502a26220a8c6&sot=autdocs&sdt=autdocs&sl=18&s=AU-ID%2857189375884%29&relpos=45&citeCnt=0&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85074639514&origin=resultslist&sort=plf-f&src=s&sid=03e60e79c24ae39790e502a26220a8c6&sot=autdocs&sdt=autdocs&sl=18&s=AU-ID%2857189375884%29&relpos=45&citeCnt=0&searchTerm=
https://www.scopus.com/sourceid/21100218356?origin=resultslist
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=6504272188&zone=
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57204914298&zone=
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57204917420&zone=
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57189375884&zone=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85057846183&origin=resultslist&sort=plf-f&src=s&sid=03e60e79c24ae39790e502a26220a8c6&sot=autdocs&sdt=autdocs&sl=18&s=AU-ID%2857189375884%29&relpos=70&citeCnt=0&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85057846183&origin=resultslist&sort=plf-f&src=s&sid=03e60e79c24ae39790e502a26220a8c6&sot=autdocs&sdt=autdocs&sl=18&s=AU-ID%2857189375884%29&relpos=70&citeCnt=0&searchTerm=
https://www.scopus.com/sourceid/21100218356?origin=resultslist

