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Abstract

Objectives. The aim of the study was to develop mathematical tools to assess the performance and probabilistic-
temporal characteristics of packet transmission processes in industrial networks employing random multiple access.
Our study specifically examined strict packet delivery time constraints and the impact of collisions.

Methods. The research applies methods from the theory of random processes. We used the Laplace-Stieltjes
transform to derive key relationships analytically and prove the main theorem.

Results. We formulated and proved a theorem which defines the Laplace-Stieltjes transform for the packet
transmission time distribution function. The result incorporates packet retransmissions caused by conflicts in the
multiple access environment. We analyzed information transmission processes in industrial networks with random
multiple access, considering variations in the number of workstations and packet flow intensities at network nodes.
Our evaluation included throughput, node and transmission medium utilization, and packet transmission times under
collision conditions. The results reveal significant differences in the temporal characteristics of packet transmission
between central and edge nodes. We developed and implemented a software package, in order to automate the
study and evaluate various network operating modes during scaling and under increased nodal load.

Conclusions. The study of industrial networks with random multiple access established that while network throughput
increases with the number of nodes during scaling, it degrades under significantly high node and transmission
medium utilization. The utilization of edge nodes and their packet delivery times increase markedly faster than those
of central nodes. This is due to a higher collision rate. As the network size increases, the performance and temporal
characteristics exhibit only marginal dependence on the node distribution type: random or deterministic equidistant.
In order to ensure balanced operation in an industrial network with random multiple access, we propose reducing the
load on edge nodes by 10—15%. This strategy can maintain approximately uniform utilization of both the transmission
medium and the nodes as their number increases.
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Peslome

Llenu. Llenb paboTbl — pa3paboTka MaTeMaTM4ecKkoro annapara AJis OLLeHKN NPON3BOANTENBHOCTU M BEPOSITHOCTHO-
BPEMEHHbIX XapakKTEPUCTUK MPOLLECCOB Nepefayyn NakeToB B MPOMBbILLIIEHHbIX CETSX, MCMOMb3YIOLMX METOL, CNy-
YaliHOro MHOXEeCTBEHHOro goctyna. Ocob6eHHOCTbIO MCCNef0BaHUA SIBNSIETCS Y4ET CTPOrMX OrPaHNYEeHN Ha BpeEMSI
[OCTaBKM NAKETOB U BANSHUE KOJIIN3UIA.

MeTopbl. B 0CHOBe vccnenoBaHms nexxar MeTobl TEOPUM CTyHaliHbIX MPOLLECCOoB. [119 aHanIMTUYeCKoro BbiBoAa KIove-
BbIX COOTHOLLIEHWI 1 JOKA3aTENbCTBA OCHOBHOW TEOPEMbI NMPYMEHSIETCA annapat npeobpasoBaHus Jlannaca — Ctunrbeca.
PesynbTaTtbl. ChopmynmpoBaHa 1 JokasaHa TeopemMa, onpeaenstoLlas dopmMy npeobpasosaHuns Jlannaca — Ctuntbeca
ons GyHKUMK pacnpeneneHnst BpeMeHW nepeaadn naketa. 10T pesynbTaT YYUTbIBAET NOBTOPHLIE Nepeaaqn NakeTos,
BbI3BaHHbIE KOHMIVMKTaMK B CPeSE C MHOXECTBEHHBIM IOCTYNOM. [NpoBeieH aHann3 NpoLeccoB nepeaadn nHdopmaumm
B MPOMBILLIEHHBIX CETSIX CO CITy4aiHbIM MHOXECTBEHHbIM JOCTYMNOM, BKOYasA USMEHEHWE KOIMYECTBA Paboymx CTaHLMIA
M MHTEHCUBHOCTM NMOTOKOB MakeToB. AHaIM3NPOBASIMCh NMaKeTbl, MOCTyMNAoLLME B Y3/bl CETW, OLEHNBAINCH NPON3BOAN-
TENbHOCTb CUCTEMbI, CTEMEHBb 3arpy3Kku y3/10B 1 KaHana nepeaayun, a Takke Bpemsi OCTaBKU NakeToB C y4ETOM BO3HMKA-
IOLLIMX KOHDNKTOB. BbISIBNEHO 3HAYMTENBHOE Pa3NINYME BO BPEMEHHbIX XapakTepUCTMKax Nepeaaqm Mexay LLeHTpasbHbI-
MU 1 nepudepuiiHbIMK y3namu ceTu. g asToMaTmsaumm UCCNeAoBaHUN 1 OLEHKM Pa3/IMYHbIX PEXMMOB paboThl CETH
npv ee MacLUTabnpoBaHMM 1 YBENIMHEHUN HArpy3kn Ha y3/bl pa3paboTaH 1 pean3oBaH NporpamMMHbIii KOMMIEKC.
BeiBopbl. [py npoBeaeHUM NccnefoBaHns NMPOMBbILLIEHHbIX CETEN CO CllydYaliHbIM MHOXECTBEHHbLIM JOCTYMNOM BhbISiB-
NIEHO, YTO NPU MacLUTabUpPoBaHUM CETU C yBENTMYEHNEM KONIMHYECTBA Y3/10B BO3PACTaET NPON3BOAMNTENBHOCTL CETU, Of-
HaKo NPV 3HAYUTESNIBHOM YBEJIMYEHUW 3arpy3KK Y30B 1 NepenatoLLeil cpeabl NPOM3BOAUTENBLHOCTL NagaeT. 3arpyska
KpalriH1X y3110B 1 BpeMsi nepenaym nakeToB 1n3-3a NoBbILLIEHHOrO BO3pacTaHUs KOHMINKTOB BO3PACTalOT 3HAYUTENTbHO
ObICTPEE N0 CPABHEHMIO C LIEHTPasIbHbIMUK Y3n1aMu. [porM3BOANTENBHOCTb U BPEMEHHbIE XapaKTEPUCTUKM NPW yBENNYe-
HUW KONTIMYECTBA Y3/10B HECYLLECTBEHHO 3aBUCAT OT TUMa pacrnpeaeneHns y3nos — Cy4aiHoro Mnn AeTepMMHUPOBaH-
HOro aKBUAMCTaHTHOro. Jns obecnedveHns c6anaHCMpPOBaHHOCTM PEXMMOB PaboTbl MPOMBILLIIEHHOW CETU CO Cryyai-
HbIM MHOXECTBEHHbIM JocTyrnom npeanaraetcs Ha 10—15% yMeHbLUMTb Harpy3Ky Ha KparHue y3nbl. [Npu 9ToOM MOXHO
obecneynTb NPMMEPHO OAMHAKOBYIO 3arpy3Ky nepenatoLleil cpeabl U y3noB Npu YBENYEHUN UX KONIMYECTBA.

KniouyeBble crioBa: npoMbILLSIEHHAs CETb, MPOU3BOANTENIbHOCTb, BPEMEHHbIE XapaKTepUCTUKK, Npeobpas3oBaHne
JNannaca — CTuntbeca, MHOXECTBEHHbIV JOCTYM, MacluTabnpoBaHmne
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Mpo3spavyHocTb pUHAHCOBOW AeATENIbHOCTU: ABTOPbI HE UMEIOT PMHAHCOBOW 3aMHTEPECOBAHHOCTY B NPeACTaB/IEH-

HbIX MaTepunanax nin MmetTogax.

ABTOPbI 3a5BASIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.

INTRODUCTION

When analyzing the effectiveness of industrial
communication networks, the characteristics of data
transmission processes occurring at the first three
levels of the open systems interconnection (OSI)
reference model need to be taken into account. These
levels determine the correctness of frame formation,
addressing, error control, and physical channel security.

One of the key requirements for industrial networks
integrated into automated control systems for various
purposes is the limitation on data delivery time.
Compliance with this parameter is crucial for maintaining
the required time indicators of technological processes
and ensuring the stable operation of distributed control
systems.

In order to evaluate the performance and
probabilistic-temporal ~ characteristics  of  data
transmission processes, an industrial network was
studied in which the Carrier Sense Multiple Access
with Collision Detection (CSMA/CD) method was
implemented. This method provides shared access for
multiple nodes to a common transmission medium by
preemptively monitoring the channel status and stopping
transmission when a signal conflict is detected. The data
transmission channel bandwidth in the simulation was
assumed to be equal to C = 1 Gbit/s, which corresponds
to the characteristics of typical wired industrial Ethernet
networks.

During the analysis, the dependencies of the study
parameters on the number of network nodes were
examined for both peripheral and central elements. The
differences between random distribution of nodes along
the communication line and their uniform (equidistant)
placement were also considered.

1. LAPLACE-STIELTJES TRANSFORMATION
THEOREM FOR PACKET TRANSMISSION TIME

As an integral indicator of industrial network
efficiency, similar to the approach proposed in [1], the
total intensity of data flow processed in a timely manner
by all system nodes was used:

N
Aot =ZMQ,» (1)
i=1

wherein O, is the probability of timely delivery of
packets arriving from the ith node; A, is the intensity of
packets arriving at the ith node.

As shown in [1], the probability that no conflicts
will arise when servicing a packet which has arrived at
the kth node, no conflicts will arise, is estimated using
the following formula:

N —xnzL"k
g =[]e " 'mdk=LN. ()
n=l1

n#k

wherein N is the number of nodes in the network,
L, is the distance between the kth and nth nodes in the
network, and, V__, is the signal propagation speed in the
transmission medium.

The probability P, that a packet arriving
at the kth node will be transmitted after
exactly n attempts (i.e., » — 1 collisions will occur
during transmission) is equal to:

P, =(1 _qk)n_lqk- (€))

Based on the original results obtained earlier
by A.S. Leontiev and published for the first time
in 2001 on the development of mathematical methods
for studying local networks [1], the following theorem
can be formulated:

Theorem. The Laplace—Stieltjes transform Zk*(s) of
the distribution function of the packet transmission time
from the kth node is estimated using the formula:

1
I=(=g)X ()W, (s)

Zi(5)= T (s) “4)

o0

where V,: (5)= I e Std V. (¢) is the distribution function
0

of the packet resolution time coming from the kth node;

o0

X*(s)= j e™'dX (t); X(f) is the distribution function of
0

the delay time before packet retransmission in case of

o0
a conflict; T™(s) = J e 3dT(¢); T(¢) is the distribution
0
function of the packet transmission time without
conflict.
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Proof. Derivation of the Laplace—Stieltjes
transform formula for the packet transmission time
distribution function, taking into account possible
conflicts.

The Laplace—Stieltjes transform for a function F(¢)
which derivative is equal to F’(f) = f{t) is defined as
follows:

F*(s)= [ f(t)dt.
0

The Laplace—Stieltjes transform is characterized by
the multiplicative property [2—6]:

if random variables & = &, + &, +... + &, are
independent and have distribution functions F(#), then
the Laplace—Stieltjes transform for the cumulative
distribution function is defined as the product of the
transforms of the individual functions:

F5(s) = F; (5)- Fy (5) ... Fy (s).

Let us apply this data to derive functional
relationships for packet transmission times in industrial
networks. Let P, denote the probability that a packet will
be successfully transmitted exactly on the nth attempt. In
this case, the packet transmission time for n attempts can
be expressed as follows:

gmms(n) =&+ +.+E, NN, ot
n—1 n—1
+ My + Ttrans = Z &i + zni + Ttrans’
i=l1 i=1

wherein &; is the resolution time of the ith conflict;

n-1

Z‘ii is the total resolution time of n — 1 conflicts;

i=l1

n, is the delay time before retransmitting the packet
n—1

when the ith conflict occurs; Zni is the total delay
i=1

time when n — 1 conflicts occur; T,

transmission time (nth attempt).

If all & have the same distribution function V(z), and
all n have the same distribution function X(#), then the
Laplace—Stieltjes transform of the distribution function
of the packet transmission time exactly after n attempts
will take the form:

is the packet

B, (s) = ()" (X7 ()" 1T ().

The Laplace—Stieltjes transform of the packet
transmission  time  distribution  function  from
the kth node, taking into account the conflicts that arise,
will be determined by the expression:

Zi(s)= 2 F,B,(5)=

" )
=Y [BX ) @ T () ],
n=l1
ZZ (s)=

=2 (=g )" g (X)) 1 ()T (s) = (6)
n=1

1
1-(1-g )X ()W, (s)

= qkT*(S)

wherein qka (S) is the first term, and (1—¢;)X *(s) Vk* (s)
is the denominator of an infinitely decreasing geometric
progression. Expression (6) coincides with formula (4),
which proves the theorem.

Differentiating the resulting expression with respect
to s, we obtain expressions for Z,ED and Z}gz) of the
distribution function, Z(1), B;’, B}gz)‘ They can be
used to derive functional relationships for the packet
transmission times in networks [1, 2, 7].

During modeling, the network length was assumed
to be 500 and 1000 m, respectively. The distribution of
nodes in the network can be deterministic with equal
intervals or random. In the case of random distribution,
the positions of the nodes were set arbitrarily [8—16].

2. RESULTS OF THE ANALYSIS OF INDUSTRIAL
NETWORK CHARACTERISTICS

The communication channel bandwidth was
assumed to be C = 1 Gbit/s during modeling, and the
speed of electromagnetic signal propagation along the
line was V=29 108 m/s. The maximum retransmission
delay upon collision detection (overlap of packets
transmitted simultaneously) was t = 0.0005 s. A packet
with a length of L; . = 36 bits was used, in order to
simulate interference. The directive transmission time of

one packet was taken to be equal to T, d(‘l) =0.001s, and

1
the length of the transmitted packet is Lopk = 4096 bits.
The intensity of data arrival at the nodes of the simulated
network (2,) varied from 1200 to 1800 pack/s with an
interframe interval of A7z =0.0005 s.

The results of the numerical experiment are shown
in Figs. 1-7. Analysis of the dependencies (Fig. 1) shows
that with an increase in the number of network nodes
and their random placement along the length of the
communication line L . . = 500 m, as well as with
a traffic intensity of A, = 1800 pack/s, N =1110,
auniform load p is achieved in the central sections of the
network and the transmission channel. At the same time,

the border nodes demonstrate a higher load level,
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exceeding the average value by approximately 10—15%.
This is due to an increase in the probability of packet
conflicts at the network boundaries where mutual
interference is more frequently observed. The results
confirm the influence of the geometric location of nodes
and the topological features of the network on the
efficiency of the data transmission channel. This leads to
a significant increase in the transmission time of packets
from edge nodes when scaling the network due to the
high load on edge nodes. The load remains virtually the
same even with a deterministic equidistant distribution
of nodes along the network length.

1.0

Rl bmedilum ' ‘ ! | l | | ! b
0.9} Pavg —'
0.8 [~ Pext ]

0.7+
0.67
0.57
0.4}
0.37
0.2
0.1F

Load p

E) 10 20 30 40 50 60 70 80 90 100 110
Number of nodes N

Fig. 1. Loads of the transmission medium (P, qium)»
extreme (p,,;), and average (pavg) nodes with random
distribution of nodes in the network

Figure 2 shows the dependence of packet
transmission time on the number of network nodes N at
a packet arrival rate A, = 1800 pack/s, where the delivery
time from the average and extreme nodes is compared for
two node distribution schemes: random and deterministic
equidistant. The influence of network topology and node
location on delivery characteristics is also shown.

-0=
Tovg Fandom

61 Text random_
-0 TEWg determined

£ 5 [|=— T\ determined 1
8

~

) 4r

E

> 3

(<]

=

8 2

8 10 20 30 40 50 60 70 80 90 100 110
Number of nodes N
Fig. 2. Delivery time for packets arriving from
the average (Tavg) and extreme (T ,) nodes with random

ext
and deterministic equidistant distribution

The average delivery time for packets coming from
extreme nodes given a large number of nodes (and
accordingly when heavily loaded), can exceed the average
delivery time for packets coming from middle nodes by
several times. This was observed both in the case of
random and deterministic equidistant node distribution.
The time characteristics of packet transmission with
random and deterministic equidistant placement differ
insignificantly when scaling the network.

Figure 3 shows how the probability of timely delivery
of O packets depends on the total number of nodes N in
the network. The analysis was performed separately for
packets arriving from average and extreme nodes with
a traffic generation intensity of A, = 1800 pack/s at each
node. The graph allows us to compare how different
node distribution schemes—random and deterministic
equidistant—affect the guarantee of timely delivery for
different categories of nodes when scaling the network.
When scaling the network (increasing the number of
nodes), the probability of timely packet delivery drops
sharply. This drop is more pronounced for the edge
nodes of the network. The nature of the network node
distribution (random or deterministic equidistant) has
less of an impact on the probability of timely packet
delivery.

1.0
097 TR

o 08} SE =

> Ty

s 077 Tore

E §'e~

% 0.6+ \“l*#

g, 05~ Q,yq random \k*.

3 041" Qgqrandom 1\

2 03l Qag determlned |

e -u- Qg,; determined '

o 02} e
0.1} 2,

0 10 20 30 40 50 60 70 80 90 100 110
Number of nodes N

Fig. 3. Probability of timely delivery of packets
coming from the middle (Qavg) and extreme (Q.,,)
nodes with random and deterministic equidistant

distribution of nodes

Figure 4 shows the dependence of network
performance A, on the total number of nodes N. The
study was conducted for a constant packet generation
rate by each node, equal to A, = 1800 pack/s, N =1,110.
The graph allows us to compare the effect of network
topology (random and deterministic equidistant
distribution of nodes) on throughput. Analysis of the
curves shows how network scaling affects its overall
performance under different organizational principles.

As can be seen in Fig. 4, the type of node
distribution (random or deterministic) has no significant
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effect on performance. When scaling the network by
increasing the number of nodes, performance first
increases, then reaches a maximum and drops sharply.
This is due to the fact that as the number of nodes
increases, the load on the nodes and the transmission
medium increases, the packet transmission time
increases sharply, and, accordingly, the probability
of processing packets within a time not exceeding
the directive decreases. This leads to a decrease in
performance.

80 000

70 000}
60 000}

[é)]
o
o
o
o

40 0001

Intensity A,

30 000}

20 000} == Ao Fandom

10 000+ —=— A, determined

0 10 20 30 40 50 60 70 80 90 100 110
Number of network nodes N

Fig. 4. Network performance with random and
deterministic equidistant distribution of network nodes

Figures 5—7 demonstrate how the main characteristics
of an industrial network with random multiple access
change when scaled down when the intensity of packets
arriving at network nodes decreases to A, = 1200 pack/s,
N =1,110.

Figure 5 shows how the number of nodes N in
a network affects the load on its key elements: the
transmission medium, as well as the edge and middle
nodes. The data was obtained for two topology scenarios:
with deterministic and random node placement at an
incoming traffic intensity of A, = 1200 pack/s at each
node. The graphs show that the load on the nodes
and the transmission medium does not significantly
depend on the type of node distribution, but depends
significantly on the length of the network. As can be
seen from the graphs, the load on the transmission
medium increases much faster than the load on the
nodes. At the same time, with a reduced intensity of the
incoming packet flow, the growth in the load on both
the nodes and the transmission medium occurs much
more slowly as the network scales up. This indicates
more stable system operation under moderate loads.
The maximum values of the transmission channel and
network node load, taking into account the influence
of collisions, are achieved only with a larger total
number of active network elements. This confirms the
dependence of the system’s efficiency on the density
of its topological structure and traffic intensity. In

this case in particular, the critical number of nodes N
is equal to 190, while at A, = 1800 pack/s the critical
value is N= 110 (Fig. 1).

09"
0.8+
07+
06
05 z
0.4+ S
0.3} =

0.2+ 2
0.1

Load factor p

0 20 40 60 80 100 120 140 160 180
Number of network nodes N
- Prmedium andom (L = 500 m)
- Pmegium determined (L = 500 m)
- Pedium determined (L = 1000 m)
~ Payg random (L =500 m)
- g, Fandom (L = 500 m)
~ Pgyq determined (L =500 m)
-=- Pgy determined (L = 500 m)
- Pgyq determined (L = 1000 m)
-=- Pgy determined (L = 1000 m)

Fig. 5. Dependence of the transmission medium
load (P egium)» €Xtreme (p;), and average (pavg)
network nodes under deterministic and random node
distribution with different network lengths

Figure 6 shows the effect of the total number of
network nodes N on the packet delivery time T.
The dependence was analyzed separately for packets
generated by nodes located at the network boundary and
nodes located at its center. In all experiments, the load
intensity generated by each node was fixed and equal
to A, = 1200 pack/s. The graph allows us to estimate
how the choice of network topology—deterministic or
random node distribution—affects data transmission
delays when the system scale changes.

As can be seen from the graphs, the type of node
distribution (random or deterministic) does not
significantly affect the temporal characteristics when
scaling the network. In the critical operating
area (N = 190) the packet transmission time is
significantly less than in the critical operating area at
a packet arrival rate of A, = 1800 pack/s, n=1,N. It was
established that the critical value of the number of
network nodes is N = 110. When this threshold is
reached, the system transitions to saturation mode, as
characterized by a change in the ratio between the load
on the nodes and the data transmission channel. Analysis
of the dependencies obtained (Figs. 2 and 6) showed that
when the transmission medium is overloaded, the
difference in the time characteristics of packet
transmission between peripheral and central nodes is
significantly less than in the case of overload of the
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extreme nodes of the network. This indicates that under
high loads, the data transmission channel becomes the
determining factor in equalizing delays across the entire
length of the network. Hence, it follows that when
scaling an industrial network, the principle of balance
should be observed, i.e., the load on the transmission
medium and the load on the nodes should change
approximately equally, taking into account the conflicts
which may arise. To achieve this, not only must the
intensity of the flows entering the nodes be selected in
such a way that the load on the central nodes corresponds
to the load on the transmission medium, but also the
intensity of the packet flows coming for processing from
the extreme nodes be reduced by 10-15% compared to
the central nodes.

5.0

a5l - Tavg random (L =500 m)
2| -- gy random (L = 500 m)

4.0H - Ta\,g determined (L =500 m) s

[}
€ 35l Ty determined (L = 500 m)
@ | Ta\,g determined (L = 1000 m)
'5 3.0} -+- T, determined (L = 1000 m)
E 25¢
>
S 2.0F
=
o 1.5
[a)
1.0f
0.5f

0 20 40 60 80 100 120 140 160 180 200
Number of network nodes N

Fig. 6. Delivery time of packets arriving from

the average (Tavg) and extreme (T,;) nodes with random

and deterministic node distribution for different network
lengths

According to the data in Fig. 7, the performance A,
of an industrial network demonstrates the expected
dependence on scale: it decreases with an increase in
the number of the nodes N. However, the key result is
that the type of topology (both random and deterministic
equidistant distribution of nodes) does not have
a significant effect on performance. This conclusion
is confirmed by the graphs constructed for incoming
traffic intensity A, = 1200 pack/s. They also indicate
the dominant role of the total number of nodes, rather
than their spatial distribution, in determining network
throughput.

The drop in performance in the critical area of
operation caused by heavy transmission medium load
at N =160-190 (Fig. 7) is significantly weaker than in
the critical area caused by heavy load on the extreme
nodes at N = 90-110 (Fig. 4). This is caused by the
fact that the time characteristics of packet transmission
increase more sharply with a high load on the extreme
nodes, taking into account potential conflicts, (Fig. 2)
when compared to a high load on the transmission
medium (Fig. 6).

100 000
90 000+
80000+
700001
60 000+
50 000+
40000 f
30000+

Performance A, ;, pack/s

- Aoy random (L = 500 m)
- Ayop» determined (L = 500 m)
—o= Ao determined (L = 1000 m)

20000+
10000+

0 20 40 60 80 100 120 140 160 180
Number of network nodes N
Fig. 7. Network performance A, with a random
and deterministic equidistant distribution of network
nodes at different network lengths and packet arrival
rates at network nodes A, = 1200 pack/s, i= 1N

CONCLUSIONS

The performance and probabilistic-temporal
characteristics of industrial networks with random
multiple access were evaluated, taking into account
restrictions on packet transmission time. The study
formulated and then proved a theorem on the Laplace—
Stieltjes transform of the packet transmission time
distribution function, taking into account emerging
conflicts.

The study also conducted an analysis of information
transfer processes in industrial networks with random
multiple access. It included changes in the number of
workstations and the intensity of packet flows arriving
at network nodes. A set of programs was developed and
implemented, in order to automate research and evaluate
various network operating modes during scaling and
increased load on nodes.

The simulation showed that in the initial stages of
network scaling, accompanied by an increase in the
number of active nodes, there is an increase in its overall
performance due to the more efficient use of available
channel bandwidth. However, with a further increase
in traffic intensity and load on both nodes and the
transmission medium, the system’s performance begins
to decline. At the same time, there is a sharp increase
in packet transmission delays, indicating a decrease in
the efficiency of data exchange at high network traffic
density. In addition, the study established that nodes
located at the periphery of the network are characterized
by a faster increase in packet transmission time and
load level when compared to the central elements of
the topology. This is due to the increased likelihood
of collisions and signal interference arising from
simultaneous attempts to transmit data at the edge of the
network.
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Taking into account potential conflicts when
the number of nodes increases, studies have shown
that performance and timing characteristics do not
significantly depend on the type of node distribution:
random or deterministic equidistant. However, they
do depend significantly on the length of the network.
The study also showed that the timing characteristics
of packet transmission, taking into account emerging
conflicts, increase more sharply with high load on the
extreme nodes when compared to high load on the
transmission medium.

It can be thus concluded that when scaling an
industrial network, the principle of balance should be

observed. The load on the transmission medium and
the load on the nodes should change approximately
equally, taking into account emerging conflicts. In order
to achieve this, not only must the intensity of the flows
entering the nodes be selected in such a way that the
load on the central nodes corresponds to the load on
the transmission medium, but also the intensity of the
packet flows coming for processing from the extreme
nodes be reduced by 10-15% when compared to the
central nodes.

Authors’ contribution. All authors contributed
equally to the research work.
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