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IMPROVING ENVIRONMENTAL PROTECTION USING
FUZZY LOGIC ALGORITHMS FOR ANALYSIS OF WATER
RESOURCE CHANGES

Problem. As humanity develops and the planet’s population increases every day, the problem of environmental
threats is becoming increasingly serious. In order to reduce damage to the environment, some people monitor conditions
and take action to ensure a better future. This includes cleaning up rivers, lakes and oceans, planting new trees in place
of felled ones, and introducing carbon-free technologies. The development of information systems that use artificial
intelligence, quadcopters and remote sensing methods to analyse changes in water resources and identify environmental
risks allows for a quick and accurate assessment of water resource dynamics. These systems can collect large amounts of
data for further analysis and are an important tool for maintaining ecological balance.

The article presents the results of a study on an information system that automates the assessment of water resource
conditions by using neural networks, geographic information systems and remotely sensed data acquired by quadcopters.
This system will help users optimize their working environment by providing tools for automating analysis and
monitoring tasks. All calculations involving mathematical models and fuzzy logic are performed on the server part, which
is responsible for storing data and calculation results in the database. Due to its flexible API architecture, the server
component can be integrated into any application. The study also presents mathematical models based on fuzzy logic for
analysing water resource indicators and the final state of a body of water.

Purpose. The research objective is to develop an artificial intelligence-based system for monitoring and analysing
changes in water resources, using quadcopters and remote sensing methods. The system should provide accurate and
timely assessments of the condition of water bodies to inform decisions regarding their preservation and restoration. Fuzzy
logic algorithms were employed to achieve the required forecasting outcomes.

Research results. An information monitoring system was designed to assess the pollution of water resources. The
main advantages of this system are its ability to predict the general state of water bodies based on photo and video
information, and its graphical interface, which displays biological, hydromorphological, chemical, physicochemical and
specific polluting indicators of water bodies on a map.

The study of water body pollution indicators was carried out in two stages, using the fuzzy logic apparatus of the
MATLAB environment. At the first stage, the poor, average or good condition of the reservoir concerning the above
indicators was detected. These indicators included numerous biological indicators related to phytoplankton,
hydromorphological indicators in the form of water level and interaction with the environment, chemical indicators in the
form of the number of chemical pollutants, and physicochemical indicators determined by temperature, oxygen
availability and the physical condition of the water body. At the second stage, a forecast of the reservoir's pollution level
was made based on the analysed indicators, and a conclusion was reached by experts about the condition being very poor,
poor, moderate, good or excellent.

Conclusions. The information system developed for monitoring water resources uses fuzzy logic algorithms and
biological, hydromorphological, chemical and physicochemical indicators.An important stage is ensuring the
functionality and speed with which the predicted result is obtained through the use of information technologies associated
with the improved, high-precision processing of photos and videos, as well as the fast processing of large volumes of
information, due to the features of relational and non-relational databases. The system works correctly by following the
developed base of fuzzy rules to produce a forecast, enabling the necessary actions to be taken to improve the
environmental safety of water bodies.

Keywords: information system, monitoring, forecasting, water resource, pollution, mathematical model, database,
fuzzy logic.
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INOKPAIIEHHA EKOJIOTI'TYHOI'O 3AXUCTY JOBKLJIJIA 3 BUKOPUCTAHHAM
AJITOPUTMIB HEUITKOI JIOT'IKH JJISI AHAJII3Y 3MIH BOJHUX PECYPCIB

IIpo6aema. JtoacTBO PO3BMBAETHCS 1 HACENECHHS IUIAHETH 3 KOXKHMM JHEM 30UIBLIYETHCS, a TOMY INpobiema
€KOJIOTIYHO] 3arpo3H CTa€ aenati Oinpioro. [t 3MEHIIICHHS KON YaCTHHA JIFOJICH CITIIKY€ 32 CTAHOM HaBKOJIHMITHHOTO
cepenoBuIa Mmoo 3a0e3nednTH Kparie MaitOyTHe, OUHMIIYIOUH PidKH, 03epa, OKCaHH, BUCADKYIOUH HA MICIli BUpyOaHUX
ZIepeB HOBI JIepeBa, BIPOBAKYIOUH OE3BYTIICIIEB] TEXHOIIOTIT icHyBaHHA. Po3po0Oka iH(popMamiiHIX CHCTEM AJIS aHATI3Y
3MiH BOJHHUX PECypCiB Ta BU3HAUYCHHS €KOJIOTIYHUX PU3UKIB 13 BHKOPHCTAHHSAM IITYYHOTO 1HTEJIEKTY, KBaIP OKOIITEPIB 1
METOJIB IUCTAHLIHHOTO 30HIYBAaHHS J03BOJISE IIBUAKO Ta TOYHO OIIHIOBATH AWHAMIKY BOIHHX PECypCiB, 30Mparodn
BEJIMKI 00CSTH AaHUX JJIsI TIOANBIIOrO aHalli3y, 0 MOXE CTaTH BAXJIMBUM IHCTPYMEHTOM Y 30€pe)KeHH] eKOJIOTI4HOT
piBHOBarm.

B crarTi HaBeeHO pe3yabTaTH AOCIIKEHb po3po0IieHoT iH(pOopMaIliifHOT cUCTeMHU, B SIKiii aBTOMAaTH30BaHO MPOIIEC
aHaJi3y CTaHy BOJHHX PECypCiB, BAKOPUCTOBYIOUHM HEWPOHHI Mepexi, reorpadiuni iHpopMauiliHi cucTeMu Ta JaHi 3
KBazpokonTepiB. Taka cucrema 3MoKe JONOMOITH KOPHCTyBadaM OITHMI3yBaTH iXHE poOouYe CepellOBHUINE HIIIXOM
HaJlaHHS IHCTPYMEHTapilo Ul aBTOMAaTH3allil 3aBJaHb aHalli3y Ta MOHITOPUHTY. Yci OOYMCIIEHHS 3a JOIOMOTOIO
MaTeMaTHYHUX MOJIETIeH Ta HEWiTKOI JIOTiKH BiIOYBAIOTHCS HA CEPBEPHIl YaCTHHI, KA BiIMOBiaE 3a 30eperkeHHS JTaHUX
Ta pe3ynbTaTiB 00uKcIeHs B 6a3i qannx. Cama cepBepHa 4aCcTHHA JO3BOJISIE IHTETPYBATH CUCTEMY B Oy/Ab-SKHI JONATOK
3aBnsakd THy4Kit API apxiTexTypi. Takok B poOOTi HaBeIEHO CIIPOSKTOBaHI MATEeMaTHYHI MOJIENI HEYITKOI JOTIiKH IS
aHaJIi3y MOKa3HUKIB BOJHIX PECYPCiB, a TAKOX 1 TS aHATi3y 3aKIFOYHOTO CTAHY BOIHOTO 00 €KTY.

MerTa. 3aBIaHHIM IIPOBEJCHOTO JOCIIKEHHS € CTBOPEHHS CUCTEMH Ha 0a3i INTYYHOTO IHTEIEKTY I MOHITOPHHTY
Ta aHaJTi3y 3MiH BOJHHUX PECYPCIB i3 BUKOPUCTAHHAM KBaIPOKONTEPiB Ta METOIB TUCTAHIIIHOTO 30HAYBaHH:. CrucTema
MOBUHHA 320€3MEYNTH TOUHY Ta ONEPaTHBHY OLIHKY CTaHy BOJHHUX O0'€KTIB i JOMIOMOITH B IMIPUHHATTI PillIeHb OO0 iX
30epeKeHHs] Ta BiAHOBJIEHHs. [yt NOCSTHEHHs HEOOXiJHUX pe3yibTaTiB NMPOTHO3YBaHHS BUKOPHCTAHO aJTOPHTMH
HEYiTKOT JIOT1KH.

PesyabTaTu gociimkenHs. J{ns ouiHkn 3a0pyAHEHOCTI BOJHUX PECYPCiB CPOEKTOBAHO iHPOPMAILIHY CHCTEMY
MOHITOPUHTY, OCHOBHUMH IepeBaraMu sIKOi € MOXIIMBICTh MPOTHO3YBaHHS 3arajibHOr0 CTaHy BOJOMM Ha OCHOBI (hOTO i
Bifeo iH(popMarii, a TAKOXK BUKOPHUCTaHHA rpadiqHOro iHTepdercy 1t neperiasany 0ioIoTivHuX, TiApoMOpdOIIOTIYHIX,
XIMIYHUX, Qi3UKO-XIMIYHHX, CTICIH(ITHIX 3a0pYIHIOIOUNX MMOKa3HUKIB BOTHUX 00 €KTIB Ha KapTi.

JlocnmipKeHHs TTOKa3HUKIB 3a0pyJHEHHS BOJOWM IPOXOAWIIO B JIBa €TAlM, BUKOPHCTOBYIOYM amapar HEYiTKOl
noriku cepenoBuina Matlab. Ha mnepriomy ertani 3 BENHKOI KiNbKOCTI OIOJOTIYHMX MOKA3HHKIB, TOB’SI3aHUX 3
(ITOTUTAHKTOHOM, TiIPOMOP(OIOTIYHUX MMOKA3HHUKIB Y BUTIIAL PIBHSA BOAM Ta B3a€MOJIl 3 OTOUYIOUAM CEPEIOBHIICM,
XIMIYHUX TOKa3HHKIB, SKAMHU € KUIBKICTh XIMIYHHX 3a0pYIHIOIOUMX PEYOBHH, i (PI3UKO-XIMIYHHX MOKA3HHUKIB, IO
BU3HAYAIOTHCSI TEMIIEPATYPOIO, HAsSBHICTIO KMCHIO 1 (hJI3NYHMM CTaHOM BOJIHOTO 00’€KTy BU3HAYABCs IOTAHUH, CepeHii
4y J00puil CTaH BOJOWMH CTOCOBHO Ha3BaHMX IOKa3HHMKiIB. Ha apyromy erami 3IiHCHIOBABCS MPOTHO3 CTaHy
3a0pyJHEHHS BOJOMMHU Ha OCHOBI MpPOAaHAII30BaHUX IMOKA3HUKIB 1 OyB 3p00JeHHI €KCIIepTHUI BUCHOBOK IIPO AYXe
[MOTaHWH, IOTaHUH, TOMIpHUH, TOOpHUH, AyxKe TOOpHUil cTaH.

BucnoBku. Po3poGnena indopmariiiHa cucteMa MOHITOPHHTY BOJHHUX PECYpPCIB 3 BUKOPHCTAHHSIM aJTOPHUTMIB
HEYiTKOI JIOTIKM BUKOPUCTOBYE OiooriuHi, rizpomMopdonoriuni, xiMidHi Ta (i3UKO-XIMiuHI MMOKa3HUKH. BaxauBum
erarioM € 3a0e3nedeHHs] (YHKIIOHAJIBHOCTI 1 JOCTATHHOI MIBHJIKOCTI OTPHMAaHHS HPOTHO30BAHOTO pE3YNbTAaTy 3a
paxyHOK BHUKOPUCTAaHHS I1H(QOPMALIHUX TEXHOJIOTiH, TIIOB’S3aHUX 3 TIOKPAIICHOI0 BHCOKOTOYHOK OOpPOOKOIO
¢dororpadiii Ta Bigeo, MBHIKOK OOPOOKOIO BENHKHX OOCATiB iH(OpMAIii 3aBISKH OCOOIHBOCTSAM 3aCTOCYBaHHS
permiiHuX Ta HepersmiHux 0a3 maHmX. CHCTeMa TpaIfoe KOPEKTHO, BIATIOBIAHO IO PO3pOOIIEHOi 0a3w HEJiTKHX
NIPaBWJI 1 BUJA€ PE3yJIbTaT NMPOTHO3YBAHHS, SIKMH JTO3BOJISIE 3pOOMTH BHCHOBKH PO HEOOXiTHI Aii JUIS MOKpameHHs
€KOJIOT1YHOT Oe3IeKH BOIHUX 00’ €KTIB.

KarouoBi caoBa: indopmariiiHa cucTeMa, MOHITOPHHI, IIPOTHO3YBaHHS, BOAHHUI pecypc, 3a0pyAHEHHS,
MareMaTHYHA MOJIEjb, 0a3a JaHWX, HEUITKA JIOTiKa.

Introduction

Monitoring the ecological state of water bodies
is an important and indispensable tool for effective
water  resource management and  ensuring
environmental safety. Pollution of water bodies can
occur with anthropogenic activities, industrial
emissions, agricultural waste, improper disposal of
chemicals, and pollution of urban wastewater.

The relevance of the work lies in the importance
of solving problems related to climate change, land
degradation, and water resource pollution, which

require new solutions for their monitoring and
conservation. Conventional methods of monitoring
water resources are often not effective enough, as
they require significant human and time resources.
Today, most traditional monitoring methods, such as
sampling of water parameters and laboratory
analysis, have certain disadvantages, in particular, it
is not always possible to get to the water body due to
its location. In laboratory analysis, incorrect research
results that determine the real state of water bodies
may be obtained due to the human factor. The
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application of geographic information systems and
guadcopters can solve the problem of accessibility of
the territory and the speed of monitoring. The
development of mathematical models for research
and the use of artificial intelligence technologies with
machine learning methods will provide an
opportunity to automate the monitoring process and
increase the accuracy of research.

The article analyses existing water body
monitoring systems, presents the research results on
the designed information system using quadcopters,
remote sensing methods, and fuzzy logic algorithms
for predicting the ecological situation, together with
the analysis of changes in water resources. The
principal task of the system is to ensure accurate and
prompt assessment of the state of water bodies and
help in decision-making regarding their preservation
and restoration.

Analysis of existing systems and methods for
monitoring water bodies

Water resources monitoring involves collecting
and analysing large amounts of data on various
physicochemical and biological water quality
parameters. These parameters may include the
concentration of pollutants such as nitrates, sulphates,
chlorides, temperature, oxygen level, pH, water
transparency, and the availability of harmful
microorganisms.  Currently, there are various
approaches to monitoring the quality of water bodies.
An effective monitoring system must be able to
integrate diverse data sources, provide opportunities
for automated analysis, and offer tools for their
visualization in a convenient and understandable
format. The main components of such a system are
the means of collecting, processing, storing data, and
its further analysis [1].

It is also important that an effective monitoring
data analysis system must have the ability to integrate
with analytical models and various forecasting
models. This will enable a record of the current state
of water resources and the prediction of possible
changes in the ecological state, allowing for taking
measures in advance to preserve ecosystems. In
synergy with automated sensors and modern data
analysis technologies, such a system can become the
basis for the development of comprehensive
strategies for the conservation of water resources.
Therefore, integrating modern visualization and data
analysis technologies allows not only to improve the
control of surface water quality but also provides

opportunities for timely decision-making to minimize
environmental risks.

We will first select Global Water Watch for a
comparative analysis of known water resources
monitoring systems [2]. This monitoring system uses
satellite images, quadcopters, sensors, and artificial
intelligence, and it provides data on water level,
quality, pollution, and the ecological state of rivers,
lakes, and reservoirs in real time. Satellite data make
it possible to monitor changes in water resources
regularly. Artificial intelligence in the system
is used to analyze large volumes of data and neural
networks for automatic change detection and
forecasting. Remote sensing is carried out using
quadcopters for detailed monitoring of individual
reservoirs, collecting data on their quality and
ecological state. All observation results are contained
in open databases, which allows them to be used for
decision-making.

In Ukraine, for monitoring water bodies, the
State Agency for Water Resources has developed a
website with an interactive map “Monitoring and
Environmental Assessment of Water Resources of
Ukraine” (Fig. 1). On this website, you can find every
water body in Ukraine and get detailed information
about its monitoring at any time [3].

MOHITOPUHI TA EKONOTM4YHA OLIIHKA BOAHUX PECYPCIB YKPAIHU
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Analysis of information technologies for the
design of monitoring information systems

To create an information system for visualizing
and analyzing water resources monitoring data, it is
necessary to determine the input and output
parameters of the system. The structural diagram of
the monitoring system consists of two blocks of input
parameters, three blocks for presenting output results,
and a block for analyzing and visualizing data for
monitoring the environmental safety of water
resources (Fig. 2).
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Figure 2 — Structural diagram of the water resources monitoring system

The safe level of harmful substances in a water
body, which is used to assess the ecological safety of
a water body, is the maximum permissible
concentration of substances. Statistical values are
information about water resources, collected using
guadcopters and sensors. These data are used to study
the dynamics of changes and identify tendencies in
the improvement or deterioration of water resources.
Visualization of monitoring results consists of
displaying information in the form of diagrams and
interactive maps showing the location of water bodies
with which monitoring is carried out. Data analysis
occurs by loading personal data into the system and
displaying it as infographics. Assessment of
ecological safety involves displaying the state of
water resources according to the maximum
permissible concentration, which is the forecasting
outcome of the state using fuzzy logic algorithms [4].

We will analyze information technologies for
developing a water resource monitoring system.

The most popular programming language for
artificial intelligence and machine learning is Python,
which has various libraries for data analysis, neural
network training, and big data processing. The R
programming language can be used for statistical
generation and analysis of large amounts of
environmental data. In synergy with Python, the C++
programming language is used to develop high-
performance systems and algorithms, and can provide
high data processing speed for real-time systems. For
web application design, data visualization, and
application of artificial intelligence algorithms,
JavaScript [5] with the TensorFlow.js library (an
open source library for machine learning and neural
networks supported by Google) can be used.

Relational and non-relational databases are used
to store monitoring data. The most common relational
databases are MySQL for storing structured data and
PostgreSQL, which contains analytical capabilities
and support for geospatial data (PostGIS extension)
[6]. Non-relational databases include MongoDB,

which works with unstructured and semi-structured
data and is best suited for storing large amounts of
data from sensors and quadcopters; Cassandra, a
scalable database for processing real-time data
streams; and InfluxDB, a specialized database for
monitoring sensor data in real time.

The following Python libraries can be used to
conduct machine learning in research. Scikit-learn is
a set of machine learning tools that includes
regression, clustering, and dimensionality reduction
algorithms. Keras provides a simple and user-friendly
interface for building and training machine learning
models and is designed to simplify the process of
creating neural networks [7]. OpenCV is used for
computer vision and can be useful for processing
images and videos collected by quadcopters,
particularly for detecting anomalies on the water
surface. Python language libraries, Pandas and
NumPy, are very efficient for data processing.

To visualize the obtained data, you can use
Microsoft's Power BI technologies for data
visualization and creating interactive maps. Power
Bl's integration with other Microsoft services,
including Azure, is important. Tableau is used in
designing monitoring information systems for data
visualization and analytics, and creating interactive
maps and reports based on water monitoring data.

Formation of a mathematical model of the
object of study

Firstly, it is necessary to determine which
indicators need to be monitored to analyze the state of
water resources. These values will be necessary for
the analysis of water resources, namely rivers, lakes,
transitional and surface waters [8].

The developed mathematical model for
monitoring water bodies contains five classes of
indicators:

1. Biological indicators are determined by
analyzing phytoplankton, microphytes,
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phytobenthos, invertebrate fauna, and fish fauna for
all possible water resources, as well as additional
analysis of macro algae and angiosperms for
transitional waters.

2. Hydromorphological indicators differ for
the four types of resources. For rivers, it is
necessary to determine the amount and dynamics of
the flow, the relationship with groundwater, the
continuity of the river, the shape of the channel,
fluctuations in width and depth, flow speed, and the
condition of the coastal zones of the rivers. When
studying lakes, the relationship with groundwater and
the analysis of lake depth fluctuations, the amount
and structure of the substrate, and the condition of the
lake's coastal zone are important. When monitoring
transitional waters, the inflow of fresh water, depth
fluctuations, and the condition of the substrate are
analyzed, and for surface waters, additionally, the
direction and speed of dominant currents, depth
fluctuations, and the structure of the coastal bottom
are analyzed.

3. Chemical indicators include cadmium, lead,
mercury, chromium, petroleum products, pesticides,
polyaromatic hydrocarbons, chlorides, and sulphates
present in water.

4. When monitoring physicochemical indicators,
the oxygen content in water, water temperature, water
acidity/alkalinity, the presence of ammonium,
nitrates, nitrites, and phosphates are determined.

5. Specific synthetic and non-synthetic
pollutants are determined by the total
concentration of heavy metals in water.

To assess the pollution of water bodies, an
information monitoring system has been created, the
main advantages of which are the possibility of
machine learning to predict the general condition of
water bodies based on photos and videos obtained
from quadcopters [9], as well as the use of a graphical
interface to view biological, hydromorphological,
physicochemical, and specific pollutant indicators of
water bodies on the map.

Uploading a photo or video provides the ability
to flexibly upload photos or videos to classify the
necessary objects in them. The user can upload a
photo or video that must contain water bodies or other
necessary natural objects, such as fallen trees, for
further processing in the system.

Obtaining a processed photo/video consists of
successfully uploading the user's file to the server and
receiving the corresponding file with the results from
the server. A photo or video may contain the expected
classification of objects if they were in the user's files.
New files downloaded from the server will contain
the object labels specified by the user.

Training a machine learning model and editing
the necessary elements in the photos provides the
opportunity to replenish the database for better
classification of natural and water objects. If it is
necessary to add new objects for classification, the
user will be able to personally assign a class to this
object, label this object using the graphical interface,
and send the specified data to the server for
processing and machine learning. Using the graphical
interface of the system, the user receives a flexible
tool for marking and classifying objects.

For ease of use, the information system has a
graphical interface page. The component for creating
marks and forming an object allows the user to place
marks on the map, and if necessary, to form graphic
figures from these marks that can be used as a display
of the perimeter of a water object. At the stage of
entering data about the object, the user specifies the
name of the object, its location, and photos. It is
possible to enter current data on the state of the object,
its indicators, and detailed information for
monitoring. These indicators will be used for machine
learning so that in the future, the system can
automatically predict possible changes in the
indicators and the state of the object. The component
for selecting an existing object on the map and
viewing information about this object enables the
selection of any available objects on the map.

Viewing indicators for a specified period and
viewing detailed information about the indicators of
each class of the object allows the user to view all
available research data that they will need during the
entered period. The function of predicting the object
indicators will allow the user to use the mathematical
model of the system to determine the indicators.

An important part of the monitoring information
system is the database used to store all user data for
analysis and monitoring. PostgreSQL technology was
chosen for the design, since it is suitable for storing a
large amount of data and is easily scalable [10].

To store information about the indicators, four
tables were created - hydromorphological (water
flow, water level, flow dynamics, channel shape,
channel depth, channel width, water volume,
integration with other adjacent ecosystems, natural or
anthropogenic changes to the banks), biological
(phytoplankton quantity, phytoplankton composition,
phytoplankton biomass, phytoplankton production,
phytoplankton species diversity), physicochemical
(oxygen, temperature, acidity/alkalinity, nitrates,
nitrites, phosphates, mineralization) and chemical
(cadmium, lead, mercury, chromium, heavy metals,
petroleum  products, pesticides, polyaromatic
hydrocarbons, chlorides, sulphates) (Fig. 3).
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final_state varchar(255) NOT NULL
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FF biologicalindicators

FH physicochemicalindicators

id

Figure 3 — Tables of hydromorphological, biological, and physicochemical indicators

Research results

For research on the qualitative state of water
bodies, the Fuzzy Logic Toolbox fuzzy logic
inference editor of the MATLAB environment
was used [11].

To build a fuzzy logic system, input variables
were defined, fuzzification, formulation of fuzzy
inference rules, and defuzzification were performed.
Clear input values are converted to fuzzy using
membership functions.

Input biological indicators were determined
from the following ranges of values in percentages
(low [0;50], medium [0;100], high [50;100]) for the
amount of phytoplankton, phytoplankton
composition, phytoplankton biomass, phytoplankton
production, and phytoplankton species diversity.

The input indicators for assessing the
hydromorphological state of the reservoir were the
following: (low [0;500], medium [0;1000], high
[500;1000]) for water flow and water volume in
thousands of litres, (low [0;5], medium [0;10], high
[5;10]) for water level in meters, (low [0;50], medium
[0;100], high [50;100]) for the coefficient of
integration of the river or lake with adjacent
ecosystems and the coefficient of naturalness or
anthropogenic changes of the banks in percent.

To assess the chemical status of a water body,
the following ranges of input indicators were used for
different substances, namely (low [0;1], medium
[0;2], high [1;2]) for cadmium in ng/m?, for mercury
in pg/l, for chromium in mg/l, (low [0;5], medium
[0;10], high [5;10]) for the total concentration of
heavy metals in g/l, (low [0;2.5], medium [0;5], high
[2.5;5]) for the concentration of petroleum products
in mg/l and the content of pesticides in the value of
the hydrogen indicator pH, (low [0;500], medium
[0;1000], high [500;1000]) for chlorides in mg/l.

Input parameters for determining the physical
and chemical parameters of the reservoir were set in
the following ranges (low [0;5], medium [0;10], high
[5;10]) for oxygen in mg/l, (low [0;10], medium
[0;20], high [10;40]) for temperature in °C, (low [0;5],
medium [5;9], high [7;15]) for acidity in the value of

the hydrogen indicator pH, (low [0;1], medium [0;3],
high [1;10]) for ammonium level in mg/I, (low [0;10],
medium [0;30], high [10;50]) for nitrate
concentration in mg/l, (low [0;1], medium [0;5], high
[1;10]) for phosphate content in mg/l, (low [0;1000],
medium  [0;3000], high  [1000;5000]) for
mineralization in mg/I.

The output indicator that determines the state of
the water body is estimated by the following values:
very poor, poor, moderate, good, and very good. In
fuzzy logic, the formed rules determine the input and
output membership functions that are used in the
formation of a logical conclusion. After conducting
research for the given values of the input indicators
given in Table 1, the indicator of the biological state
of water was obtained as 50%; for the values from
Table 2, the indicator of the hydromorphological state
of the water body is 50%; for the input parameters
given in Table 3, the chemical state of the water body
is 44.06%:; for the values contained in Table 4, the
physicochemical state of the water body is 45.37%.

Table 1

Values of indicators for determining the biological
state of a water body

Biological indicators Indicator value
Phytoplankton 60
quantity
Phytoplankton

o 30
composition
Phytoplankton

. 15
biomass
Phytoplankton

. 55
production
Phytoplankton species

A 15

diversity
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Table 2

Values of indicators for determining
hydromorphological state

Hydromorphological Indicator value
indicators

Water flow 600
Water level 5
Water volume 7000
Integration of a river or
lake with adjacent ecosys- 55
tems
Naturalness or anthropo-
genic changes to the 15
banks

Table 3

Values of indicators for determining the chemical
state of a water body

Indicators for chemical .
Indicator value
state
Cadmium 15
Lead 1
Mercury 0.5
Chromium 0.84
Heavy metals 6
Petroleum products 3
Pesticides 2
Chlorides 600

Table 4

Values of indicators for assessing the physical and
chemical state of a reservoir

Phymcpchemlcal Indicator value
indicators
Oxygen 4
Temperature 15
Acidity 7
Ammonium 2
Nitrates 20
Phosphates 1
Mineralization 1000

To predict the general state of the reservoir, the
ranges of biological, hydromoriphological, chemical,
and physicochemical states are taken into account,
such as poor, average, and good. Fig. 4 shows the
model for predicting the state of a water body.

Designen Unties

Figure 4 — Model for predicting the state of a water

body

Fig. 5 shows graphs of the membership functions
of the input variables that determine the biological,
geomorphological, chemical, and physicochemical
state. Graphs for the output value that determines the
state of pollution of the water body are shown in Fig. 6.

Mererinp tocson e

- |

‘ ‘s—n—_—“—-ﬂ-f

— \

Figure 5 — Membership functions of input variables for biological, hydromorphological, chemical, and
physicochemical indicators
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Figure 6 — Membership functions of the output variable,
determining the state of pollution of the reservoir

After modeling the system for the formed rules
(Fig. 7), the values of the pollution coefficient of the
reservoir for the specified values of the input
guantities were obtained wusing fuzzy logic
algorithms. In Fig. 8, the graphs show the relationship
between the input variables and the output ones,
which is determined by the rule base.

average Javerage. |average average
Geod Good Good

-
.
0m : e e \

| D D
Figure 7 — Formed rules for membership functions
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Figure 8 — Representation of modeling results in the form
of images

The fuzzy logic method is used to display the
input fuzzy values into the corresponding output
fuzzy sets and allows generating conclusions for the
resulting dependence. For four input variables,
represented by four fuzzy sets, 30 rules are formed:
The Rule Viewer is used in the fuzzy inference
diagram to diagnose active rules, particularly how a

separate function affects the result. Figure 8 shows
how equal biological, geomorphological, chemical,
and physicochemical indicators affect the pollution
coefficient of a water body. If biological indicators
are  determined by the value of 50,
hydromorphological — 50, chemical — 44, and
physicochemical — 45, then the predicted pollution
state of the water body is 66.8, which corresponds to
the value of “Good”.

Conclusions

The described system for monitoring water
pollution is extremely relevant, since its use will
enable the solution of problems related to climate
change, land degradation, and water resource
pollution, and the creation of new solutions for their
monitoring and conservation. The monitoring system
uses artificial intelligence technologies to monitor
and analyze changes in water resources and
information from quadcopters for remote sensing of
water bodies.

The software was developed using the Python
programming language with the Scikit-learn libraries,
Keras for machine learning, OpenCV for using
computer vision algorithms, image and video
processing. Pandas and NumPy for data processing.

The implemented mathematical model for
automatic assessment of the state of water resources
is based on biological, chemical,
hydromorphological, physicochemical, and other
indicators that are necessary for a full analysis of the
state of water resources. The study was carried out in
two stages, namely, first, the biological state was
determined based on the specified numerical values,
the hydromorphological state for species and specific
parameters of water bodies, and the chemical and
physicochemical state for various numerical
characteristics of pollutants.

To determine the biological state of the water
body were selected quantitative indicators of biomass
composition and species diversity of the present
phytoplankton in ranging from 15% to 60%.
Hydromorphological indicators were determined
by the average water volume of 7,000 thousand
liters and the degree of integration of the water body
with adjacent ecosystems and shorelines, ranging
from 15% to 55%. The chemical composition of the
water body was mainly determined by the
concentration of chlorides at around 600 mg/L,
petroleum products at approximately 3 mg/L, and
pesticide content inferred from the hydrogen ion
concentration (pH), which was 2. The assessment of
the physico-chemical state of the water body
significantly depended on the temperature, which was
approximately 15 °C, acidity — with a pH of 7, and
nitrate concentration of 20 mg/L.

Comparison of the results of fuzzy inference for
the considered options for the values of the input
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variables (poor, average, good) determines the
predicted state of pollution of the water body.
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