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METHOD FOR CALCULATING THE NUMBER OF IOT SENSORS
IN ENVIRONMENTAL MONITORING SYSTEMS

Abstract. Topicality. The rapid growth of environmental threats requires effective environmental monitoring systems. loT
sensors provide continuous real-time data collection. Correct calculation of the number of sensors increases the accuracy and
efficiency of monitoring. Excessive number of sensors increases the cost and energy consumption of the system. Therefore,
developing an approach to determining the number of sensors is critical for optimizing the 10T ecosystem. The subject of
study in the article is methods for determining the composition of sensor networks of environmental monitoring systems. The
purpose of the article is to develop a method for determining the required number of 10T sensors to support an environmental
monitoring system. The following results were obtained. The general structure of the environmental monitoring system is
determined. Its feature is the division of the monitoring zone into autonomous sections. Each section during the time window
is served by an autonomous cluster of the system. The cluster has a certain number of channels of the same type for receiving
readings from active 10T sensors. A mathematical model of the process of transmitting event messages has been devised.
Based on the model, an approach to determining the average number of successfully transmitted messages about one event
has been proposed.. This indicator is chosen as a criterion for the quality of the sensor network. An approximate formula for
calculating the required number of sensors in the monitoring system is proven. Conclusions. The proposed method allows
you to quickly obtain the required number of 10T sensors to support the environmental monitoring system. The deviation of
the calculated number of sensors from the optimal does not exceed 3%. The direction of further research concerns the removal
of the restriction on the full coverage of the monitoring area.
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Introduction

Problem relevance. In the modern world, the
problems of environmental pollution, climate change and
depletion of natural resources are becoming increasingly
urgent [1, 2]. Therefore, there is a need to implement
innovative solutions for their timely detection and control
[3, 4]. One of the most promising approaches in the field
of environmental monitoring is the use of Internet of
Things (IoT) technologies [5]. This technology allows
you to create distributed systems with a significant
number of sensor devices [6]. l0T sensors are capable of
measuring various environmental parameters in real
time: temperature, humidity, air pollution level, content
of harmful substances in water, radiation background,
etc. [7]. The advantages of such systems are their
scalability, autonomy, flexibility in configuration, and
ability to operate in hard-to-reach or remote regions [8].
I0T sensors can operate for years on batteries [9]. They
use energy-efficient communication protocols such as
Long Range Wide Area Network (LoRaWAN) [10],
Sigfox, Narrow Band loT (NB-10T) and Long Term
Evolution for Machines (LTE-M) [11]. Information from
0T devices is transmitted to fog or cloud servers for
further analytics [12, 13]. One of the key tasks at the
design stage of such systems is to determine the optimal
number of sensors [14]. The number of sensors should be
sufficient to obtain representative and reliable
information. It is desirable to avoid unnecessary
duplication and overspending of resources [15, 16].

Insufficient number of devices can cause data gaps.
Excess devices increase the costs of installation,

maintenance and data transmission [17, 18]. In addition,
with a significant excess of sensors, information about
the event can be duplicated many times. This leads to
undesirable delays in the data transmission network of
the environmental monitoring system [19]. When
calculating the number of 10T sensors, it is necessary to
take into account the characteristics of the monitored
object, environmental parameters and coverage density
[20]. It is also necessary to take into account the
characteristics of the devices themselves, namely,
measurement accuracy, range, data transmission
frequency [21, 22].

Literature review. Let's consider some scientific
works on this topic. There are many scientific papers
devoted to the study of the low-level architecture of loT
systems. The work [23] considers a forest fire warning
system. The developed forecasting model is based on
ensemble learning. However, the problem of selecting
and placing sensors is not considered. The work [24]
considers the loT edge layer model. To improve
performance, 10T devices are divided into clusters.
However, this study does not take into account the
features of environmental monitoring systems. The work
[25] focuses on interaction protocols in the 10T system.
This study proposes an enhanced Sensor Web,
integrating loT protocols and spatio-temporal models for
unified access, collaborative management, and dynamic
planning. However, the issues of covering the area with
sensors are not considered. In [26], the study is aimed at
accelerating the transfer of operational transactions. In
this case, the number of 10T sensors is fixed. In [27], an
algorithm for the optimal placement of sensors in the
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study area is proposed. However, it does not take into
account the significant unevenness of the occurrence of
critical events. In [28, 29], the main attention is paid to
high-density 10T. This property is inherent in urban
systems, and not environmental monitoring systems.
Work [30] is focused on improving the performance of
the sensor network. The issue of choosing the number of
sensors is not considered in it. In [31], issues of balancing
the load of the loT system support infrastructure are
considered. However, issues of determining the optimal
number of sensors are not considered.

Consequently, all the considered works [23-31] do
not solve the problem of selecting the optimal number of
sensors for an environmental monitoring system.

The purpose of the research is to develop a method
for determining the required number of sensors for an loT
environmental monitoring system. To achieve the
purpose, the following tasks are solved:

1) description of the general structure of the
environmental monitoring system;

2) devise a mathematical model of the process
of transmitting messages about events;

3) propose a method for calculating the
required number of sensors in a monitoring system.

1. General structure of the environmental
monitoring system

The monitoring system collects data from IloT
sensors. S is the total area of the territory where the

sensors are located. loT devices are divided into

| territorial autonomous clusters. Each i-th cluster
(i el_l) serves zone S;, and
|

S:Ui:]_Si 1)

Each autonomous cluster of the monitoring system
consists of a Cluster Central Node (CCN) and loT
sensors [32]. The 10T sensors are located within the
reception area of the CCN. Data transmission between
the 10T sensors and the CCN is carried out via a radio
channel.

Let the i-th cluster include N; sensors. They are
distributed uniformly, randomly and independently of
each other. The zones of action of the sensors of the i-th
cluster completely cover the area S;:

si=U ’j\l:ilsij , (2)

where S;jj is the area controlled by the j-th sensor of the
i-th cluster.

Let ty be the time interval during which the sensor
analyzes the environment and transmits data when events
are detected. Time in the monitoring system is divided
into time periods of size t,. Each such period is called a
time window (Fig. 1). An event that occurs in the current
window is no longer detected in the next window.

[ =1 1 I+l 1+2 )t
\ tw |ty | t \ ty |

Fig. 1. Time windows of Monitoring system

»
»

The event has the shape of a circle of radius r. The
center of the circle is the point with the coordinates of the
event occurrence. The event will be noticed by the sensor
if it is at a distance not exceeding r from the event
occurrence (Fig. 2). In Fig. 2, a the SEN sensor noticed
the EV event, in Fig. 2, b the SEN sensor did not notice
the EV event.

a b
Fig. 2. Active (a) and passive (b) states of the sensor

The process of occurrence of events is given by a
Poisson point process with parameter A [33, 34]. The
number of events m;, occurring during one window per
unit area has a Poisson distribution.

The points at which events occurred are distributed
uniformly [35].

Let Ki be the number of frequency channels
allocated for data transmission. The following situations
are possible in each channel (Fig. 3):

e success (SUC) — data sent by one sensor;

o empty (EMP) — no sensor sent data;

e conflict (CON) — data was sent by several

Sensors.
- 1 | suc
§ Zw| 2 | SUC
z| &2
£ 5|5t 3 | EMP
) o [ =
= L ° | Ki-1] CON
Ki_| suc

Fig. 3. Example of loading frequency channels
of the central cluster node

Sensors that have noticed at least one event become
active (Fig. 2, a). Each active sensor randomly selects a
channel number to send data about observed events.
Event data is sent in the same window in which it was
seen.

2. Mathematical model of the process
of transmitting messages about events

Let M1aer be the average number of successfully
transmitted messages in a window about one event. In
random event monitoring systems, Mlaer can be
considered as an indicator of the quality of such systems
[36]. Let us calculate its value:

M
M1ger = j‘\ve“ : ®)

where Mayver is the average number of successfully
transmitted messages in a window; A is the average
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number of events that occurred in or near the CCN
coverage area.

The area of the region where events that extend into
the CCN coverage area may occur is calculated as

Sil’ = Si +AS, (4)

where AS is the expansion of the area of event recording
by sensors of the i-th cluster.

Then the average number of events determined by
the sensors of the i-th cluster is equal to

A=2-5. (5)
Let nj be the number of active sensors of the i-th
cluster in window .

Random variables & are introduced, determined by
the formula

Silk = {t

where 6, is the current situation in the k-th channel in

window |. Let mj events occur in window I.
The probability that j sensors send messages in
window | is introduced

piji =P (niy = §/my)- O
Then the probability that a message will be

if g, ='SUC", k e 1,K;;
else,

(6)

successfully sent in the first channel, given the
occurrence of m; events, is equal to
P(&in=1/my)=
j-1
1 (8)
= P mp=J/m 1-— .
ZJ il J/ |I) [ Ki]

The probability that mj events occurred in
window | is

m;)
AT e 9)
ml|

Pl =

Then the probability that a message will be
successfully sent in the first channel will be as follows:

_Ai

mj —0

AMil

P(&n=1)=e -P(&n =1/my). (10)

After substituting expression (8) into formula (10),
the following formula is obtained:

P(§i|1 ~1)=e(K;)
1 (11)
x Z;OW Z—‘ij P(nyy = j/my)- (1_%J :

In the current window, the probabilities of success
in all channels are the same, i.e.

P(&in=1)=P(&,=1)=...= P(filKi =1)7 (12)

therefore, the average number of successfully transmitted
messages in a window can be calculated as follows:

Kj
IVlaver = M[Z filk}:

k=1
= Ki-M[&in]=Ki -P(&iz =1).

From formulas (3), (11) and (13) the final
expression for M1ayer is formed:

MIaver = (e_A/A)X
1 j"l. (14)

X Z —“ZJ P(miy =i/mj)- (1——

||0m" Kj

(13)

Selecting the optimal number of sensors for this
indicator is equivalent to finding N; that maximizes
M1awer. To derive the value of this indicator, expression
(14) is used:

M Loy — s max. (15)

However, the optimization problem (15) has a high
computational complexity. Therefore, in practice,
approximate methods for its solution are used, which
allow choosing a number of sensors close to the optimal
one. This method will be considered in the next section.

3. Calculation of the required number
of sensors in the monitoring system

This section examines the operation of one channel
k of the cluster S; of the monitoring system in the window
I. Therefore, the indices i, k and | are omitted in the
variables to simplify the notation.

The probability value of channel availability is
introduced:

(16)

where S is the area of the channel coverage area, and S(m)
is the area of the region covered by active sensors for m
events.

Finding this probability comes down to calculating
the geometric probability (Fig. 4).

Fig. 4. Example for four active events (m = 4)
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The following notations are introduced:
— L is the perimeter of the channel's coverage area;
— s is the area of the event's coverage area;
— 1 is the radius of the event's coverage area.
Then [37]:
m
;g(m)=1—(—2”‘°’+’7'L J an
27(S+s)+n-L

The events in the model affect a circular area.
Therefore, the area and perimeter of this area are equal,
respectively

s=nr2, n=2nxr. (18)

After substituting formula (18) into expression (17),
the expression for calculation y(m) is simplified:

S+r-L )m

— (19)
arc+S+r-L

;((m):l—[

An example of calculating the function ;((m) for

the coverage areas of a base station, typical for
LoRaWAN networks, is considered. When analyzing
such systems, the most common shape of the coverage
area is acircle [38].

For a circle of radius R, the area and perimeter will

be calculated using the following formulas:
s=zR%, L=2zR (20)

Taking these formulas into account, expression (19)
after transformations takes the following form:

) ZR2+r27R )
Z(m)_ - 2

zr +7rR2+r~27tR

RZy2R.r )
= (21)

:1— _—_—
[r2+R2+r-2R

- (Re(r+21) m=
- [ (Y ] 1

After calculating x(m), the expected value of the

R™-(R+2r)"
(r+R)*"

number of sensors sending messages in the current

window is calculated:
M[n/m]=¢&(m)-N. (22)

The obtained expressions allow us to estimate the
value M1, . For this, formula (8) is transformed:

Né:vm:M{né{F_ifl/ﬂ- )

The probability estimate for success in the first
channel, given that m events have occurred, is

z(m)-N-1
P(& =1/m)= z(m)-N %(1_% - (24)

Next, the probability in formula (10) is replaced by
its estimate (24):

o AM 1 [ 1)Z(m)'N1 (25)

Formula (25) is used to obtain an estimate of the
expected value of successfully transmitted messages in
the window (formula (13)). The result is substituted into
formula (3) to obtain an estimate of M1, :

Mlaver = (KeiA/A)X
1 [ 1 j;{(m)N—l (26)

0 Am
—y(m)-N-—.|1-—
Xgom!z() K K

After accepting the approximate equality
M[m]~ A. 27)
the expression for evaluation (26) takes a simpler form:

MZlaver = (K/A)x

1 1 2(A)N-1
xz(A)N-E-(l—EJ .

(28)

Based on the constraints of the problem, the
maximum value of function (28) is achieved when
condition

1

Z(MN-==1 (29)
K
is met, therefore the required number of sensors is
N = L. (30)
z(A)

4. Discussion of results

Simulation modeling of functions (14) and (28) for
different values of the number of events showed that the
deviation of the calculated number of sensors from the
optimal one does not exceed 3%.

Fig. 5 shows graphs of the average number of
successfully transmitted messages in a window about one
event for several values of A. The same parameters of the
monitoring system were considered for all values of the
average number of events.

It can be noted that the lower the average number of
events A, the higher the  value of criterion (3). The values
of the criterion are very large for low values of A.
Therefore, it is advisable to calculate the number of
required sensors for the maximum possible value of A in
the system. In this case, there will be enough sensors to
detect events for smaller values of A.

The formula for calculating the number of sensors
(30) is valid under the following restrictions:

— the entire coverage area of the base station is under
the control of sensors;

— all channels of each cluster are characterized by
the same parameters.

69



Advanced Information Systems. 2025. Vol. 9, No. 3

ISSN 2522-9052

loll
8
g 6
@©
= 4
2 /\
m—

»

100 200 300 400

—L=50

500 600 700 800 900 1000
Number of sensors
L=10 L=5

—L=25

L

Fig. 5. The value of the quality indicator for different event intensities (L = A)

Conclusions

The article proposes a method for determining the
required number of sensors for an 10T environmental
monitoring system.

The following tasks were considered when
developing the method:

1. The general structure of the environmental
monitoring system is determined. Its feature is the
division of the monitoring zone into autonomous
sections. Each section during the time window is served
by an autonomous cluster of the system. The cluster has
a certain number of channels of the same type for
receiving readings from active loT sensors.

2. A mathematical model of the process of
transmitting event messages is developed. Based on the
model, an approach is proposed to determine the average
number of successfully transmitted messages about one

event. This indicator is chosen as a criterion for the
quality of the sensor network.

3. An approximate formula for calculating the
required number of sensors in the monitoring system is
proven. Simulation modeling showed that the deviation
of the calculated number of sensors from the optimal one
does not exceed 3%.

The direction of further research concerns the
removal of the restriction on the full coverage of the
monitoring zone.
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MeTton po3paxyHky KijibkocTi cencopiB [oT B cucTemMax MOHITOPHHTY TOBKiLIA
I'. A. Kyuayk, 1. B. Uymauenko, H. A. Mapuenko, H. T'. Kyuayxk, 1. O. JIucnuus

AHoTanisi. Axryanbnictb. IlIBHake 3pocTaHHs EKOJOTiYHHX 3arpo3 BHMarae e()eKTHBHHX CHCTEM MOHITOPHHIY
noBkius. 10T-ceHcopu 3abe3nedytoTs 6e3nepepBHUii 30ip JaHUX Y peasibHOMY uaci. [IpaBuiibHUI pO3paxyHOK KUIBKOCTI CEHCOPIB
HiJBHIY€E TOYHICTh Ta €(EKTUBHICTH MOHITOPHHTY. HajMmipHa KibKiCTh CEHCOpIB 30iNbLIye BUTPATH Ta SHEPrOCIOKHWBAHHSI
cucremu. Tomy po3poOka miIxomy 10 BU3HAYEHHS KUJTBKOCTI CEHCOPIB € KPUTHYHO BAXIIUBOIO I onTHMizalii ekocuctemu [oT.
IIpexMeToM BUBYEHHS B CTATTI € METO/IM BU3HAYCHHS CKJIA/ly CCHCOPHHX MEPEXk CHCTEM MOHITOPHHTY IOBKiIsA. MeTolo cTaTTi
€ po3poOKa MeToIy BU3HAUCHHS He0OX1MHOI KiTbKOCTI ceHcopiB loT miaTpuMKH cucTeMy MOHITOPHHTY NOBKULIL. OTpUMaHO Taki
pesyabTaTH. BusHaueHa 3araibHa CTpYKTypa CHCTEMH MOHITOPHHTY JOBKis. {1 0cOGIMBICTIO € PO3GUTTS 30HH MOHITOPUHTY
Ha aBTOHOMHI IimsiHku. KokHa AinsHKAa HAa MpOTA3i Jil 4acOBOTO BiKHAa OOCIYyrOBYEThCS aBTOHOMHHM KIACTEPOM CHCTEMHU.
Kiactep Mae neBHy KiIbKiCTh OZHOTHUITHUX KaHAIIB JUIS MPUHOMY TOKa3aHb akTHBHUX ceHcopiB [oT. Po3pobiena marematuyna
MOJIeNb Mpoliecy Mepeaadi nosioMieHs npo nofii. Ha 6a3i Mozaeni 3anponoHoBaHuit miXia 10 BU3HAYEHHS CepeHbOT KiTbKOCTI
YCHILIHO MepelaHnX IOBiIOMIICHb PO OAHY nomito. JlaHuil moka3sHUK O0OpaHUid y SKOCTI KPHUTEpist SKOCTi CEHCOPHOI Mepexi.
HoBenena npuGmusHa QopMmyna Uil pO3paxyHKYy HEOOXiqHOI KUIBKOCTI CEHCOpIB Yy CHCTEMi MOHITOPHHTY. BHCHOBKH.
3anponoHOBaHMUIT METOJ| JO3BOJIIE IIBHIKO OTPUMATH HEOOXiHY KUNBKICTh ceHcopiB loT miaTpUMKHM CHCTEMH MOHITOPHHTY
JOBKULISA. BinxmiieHHs po3paxoBaHOTO 4HCIa CEHCOPIB BiJ] ONTUMAIBHOTO He mepeBuinye 3%. HanpsaM moganemmx gociipKeHb
CTOCY€ETBCS 3HATTSI OOMEKEHHS 1100 IIOBHOTO OXOIUICHHS 30HH MOHITOPHHTY.

Knwu4oBi cioBa: [HTepHeT pedeil; koMn I0TepHA CHCTEMa; CHCTeMa MOHITOPHHTY HOBKIILL; Kiactep; ceHcopu loT.
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