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OPTIMAL ROUTE DEFINITION IN THE RAILWAY INFORMATION
NETWORK USING NEURAL-FUZZY MODELS

Purpose. Modern algorithms for choosing the shortest route, for example, the Bellman-Ford and Dijkstra algo-
rithms, which are currently widely used in existing routing protocols (RIP, OSPF), do not always lead to an effective
result. Therefore, there is a need to study the possibility of organizing routing in in the railway network of infor-
mation and telecommunication system (ITS) using the methods of artificial intelligence. Methodology. On the basis
of the simulation model created in the OPNET modeling system a fragment of the ITS railway network was consid-
ered and the following samples were formed: training, testing, and control one. For modeling a neural-fuzzy net-
work (hybrid system) in the the MatLAB system the following parameters are input: packet length (three term sets),
traffic intensity (five term sets), and the number of intermediate routers that make up the route (four term sets). As
the resulting characteristic, the time spent by the packet in the routers along its route in the ITS network (four term
sets) was taken. On the basis of a certain time of packet residence in the routers and queue delays on the routers
making up different paths (with the same number of the routers) the optimal route was determined. Findings. For
the railway ITS fragment under consideration, a forecast was made of the packet residence time in the routers along
its route based on the neural-fuzzy network created in the MatLAB system. The authors conducted the study of the
average error of the neural-fuzzy network’s training with various membership functions and according to the differ-
ent methods of training optimization. It was found that the smallest value of the average learning error is provided
by the neuro-fuzzy network configuration 3—12-60-60-1 when using the symmetric Gaussian membership function
according to the hybrid optimization method. Originality. According to the RIP and OSPF scenarios, the following
characteristics were obtained on the simulation model created in the OPNET simulation system: average server load,
average packet processing time by the router, average waiting time for packets in the queue, average number of lost
packets, and network convergence time. It was determined that the best results are achieved by the simulation net-
work model according to the OSPF scenario. The proposed integrated routing system in the ITS network of railway
transport, which is based on the neural-fuzzy networks created, determines the optimal route in the network faster
than the existing OSPF routing protocol. Practical value. An integrated routing system in the ITS system of railway
transport will make it possible to determine the optimal route in the network with the same number of the routers
that make up the packet path in real time.

Keywords: routing; OSPF protocol; simulation model; hybrid system; term; membership function; sample; error

solve the routing problem is the Hopfield's net-
Introduction work, which is able to operate in real time, but in
the case of using it one needs to conduct additional
studies of the transfer functions of neurons and the
energy function of the neural network [4, 8, 11,
18].

In turn, fuzzy neural networks (hybrid systems)
are designed to combine the benefits of neural
networks and fuzzy inference systems [13, 17].
This makes it possible to develop and submit the
systems models in the form of fuzzy product rules
to construct which the capabilities of the neural

At present, various scientists have been search-
ing for a solution of the routing problem in the
computer networks based on the use of neural net-
works [1, 3-4, 6, 14, 19]. The first such attempt
was made by Hopfield to solve the traveling
salesman problem [11]. Pavlenko M. A. analyzed
the possibilities of some neural networks: multi-
layer perceptron, Hopfield network, RBF network
for organizing routing of five routers [6]. It has
been established that the most promising way to
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networks are used. For example, the Adaptive—
Network—Based Fuzzy Inference System (ANFIS)
implemented in the MatLAB Fuzzy Logic Toolbox
application [9-10]. In the work [2], in particular,
Kovalenko T. A. determined the route in the com-
puter network based on the neural fuzzy network,
to the input of which the following parameters are
supplied: number of transitions, data transmission
speed; as a resultant characteristic the time of the
packet residence in the route was taken. But it is
appropriate for the railway ITS network to consid-
er a change in the traffic intensity rather than a data
transmission speed that requires the construction of
a neural network of another structure. In addition,
based on the estimated packet transmission time in
the network, it is advisable to determine the route
itself, provided the same number of routers on the
paths of the packet, which also requires the crea-
tion of additional neural network.

Previously, the authors of the works [7, 15-16,
20] have already presented the results of studies of
the use of intellectual means in the railway ITS
network: Hopfield network and multi-layer neural
network, ant and genetic methods. In addition, the
possibility of using the RIP protocol in the
Prydniprovska Railway network on a software
model was investigated. But nowadays, new mod-
eling systems have emerged that allow us to create
simulation models of networks and conduct re-
search on them. Among them, the OPNET Model-
er system [5, 12], which combines analytical
methods and simulation tools.

Purpose

In our work, we envisage for the railway ITS
network to develop a methodology for determin-
ing the optimal route based on the use of fuzzy
neural networks. For their modeling to generate
samples on a simulation model of the railway ITS
network fragment created in the OPNET Modeler
system.

Methodology

Problem statement. Today, the railway
transport ITS network, the fragment of which is
presented in Fig. 1, is being constructed based on
an optical transport network. Conceptually, to con-
struct a single data network of Ukrzaliznytsia, Cis-
co network equipment was selected, which is

a single hardware and software complex. At the
present stage in the railway ITS network, the router
performs OSPF (Open Shortest Path First) pro-
tocol, as it is a common standard supported by var-
ious network equipment manufacturers and avoids
closed loops during development of the data
transmission networks at the railway transport of
Ukraine.

Given that the packet transmission time on the
network channel is much shorter, it is only advisa-
ble to consider the packet residence time on the
routers that make up its path in the ITS network.
Given that the packets are received by the router
according to the Poisson law and the distribution of
processing time is exponential, we have the
M/M/1model. Then the packet residence time on
the router is calculated in the following way:

where t; — package residence time on the i-th rout-
er, us; t" — packet waiting time in the queue on the

i-th router, ps; t” — packet processing time by the
i-th router, ps.

In turn, the processing time of packet by the i-
th router can be calculated by the well-known for-
mula:

Lpac
tPr = , 2
= @

where LP* — packet length, byte; V — the rate of
data staging by the router, Mbps (in particular for
Fast Ethernet 100 Mbps).

The number of packets processed by the i-th
router will be:

Pi = A 'tipr ) (3)

where A; — the intensity of packets receipt to the i-

th router, packet/s.

Then the calculation of the packet waiting time
in the queue on the i-th router is calculated by the
following formula:

P
ot @
~Pi
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where K — is the number of intermediate routers
that make up the packet path.

It is necessary to determine the optimal route of
packet in the railway ITS network provided that:

®)

K
Dt —>min,
i=1

Myzhnodniprowvsk-\uzal

rywyi Rih

o 5 <
<3

ki

Y

PROXY SMTR WA

Fig. 1. The structure of the railway ITS network fragment under consideration:

@— router; % — switch; @ — workstation; @ — server

Creating a simulation model. In the OPNET
Modeler simulation system a simulation model of
the ITS railway network fragment was created, the
structure of which is presented in Fig. 2, according
to the structure of the ITS network (see Fig. 1).

Two scenarios have been created on the Fast
Ethernet simulation model at the ITS of
Prydniprovska Railway: RIP and OSPF protocol.
The study (within five minutes) of the following
characteristics was performed: average load of the

server located in Kyiv; average packet processing
time by the router in Dnipro; average waiting time
for packets in the queue (Dnipro—Synelnykove sec-
tion); average number of packets lost with the fol-
lowing parameters: packet length is 6000 bits, traf-
fic intensity is 10 packets/sec. Some characteristics
obtained (from 2 min 00 sec to 3 min 00 sec) on
the simulation model of the network are shown in
Fig. 3.
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Fig. 2. Simulation model in the OPNET Modeler:

ﬂ — router; E -

Fig. 3 shows that the worst results are obtained
by the network simulation model according to the
RIP scenario: server load increases rapidly (on av-
erage, about by 3 times per minute); packet pro-
cessing time by the router takes much longer (ap-
proximately by 0.5 times per minute); the packet
waiting time in the queue is always greater (about
by 1.6 times per minute); packet losses increase
rapidly (on average by 3.5 times per minute); the
network convergence time is almost twice as large.
As an example, the average waiting time of pack-
ets in the queue and the average number of packets
lost on the router are shown, Fig. 3. Regardless of
the routing protocol (RIP or OSPF): the longer the
waiting time for packets in the queue (Fig. 3, a),

3
switch; @ — workstation

the higher the number of lost packets (Fig. 3, b).

Determining the packet residence time on
the routers based on the use of Neural Fuzzy
Network (NN1). The following variables are used
as the input parameters: x, — packet length (LM,
LC, L); x, — traffic intensity (AM ,AMb, AC,
ACb, A); %3 — number of transitions (number of
intermediate routers that make up the packet route)
(K1, K2, K3, K4). The packet residence time in the
routers on the route of its transmission in the ITS
network (T1, T2, T3, T4) is taken as the resultant
characteristic y. The values of the term sets used
for linguistic evaluation of input and output varia-
bles are summarized in Table 1.
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Fig. 3. The experiment results on a simulation model:
a —the average waiting time for packets in a queue; b— the average number of packets lost on the router
Table 1
Linguistic evaluation of input and output variables for NN1
Input variables Output variable
bytes packet/s sitions s '
AM :10-200
K1l:1 T1: -14
LM: 70 - 500 AMb : 201 — 400 5,6-140
K2:2 T2: 141 - 275
LC:501-1000 AC : 401 -600
L- 1001 — 1500 K3:3 T3:276 - 410
' ACb : 601 - 800 K4: 4 T4: 411 — 545
A 801-1000
The number of fuzzy product rules depends on The structure of the corresponding NN1 is
the number of input variables and the number of shown in Fig. 4. Layer 1 contains neurons that rep-
terms and is 3-5-4=60rules. The rule base frag- resent membership functions of the input fuzzy

ment is presented below:

if x,=LMI
if x,=LMI
if x,=LMI
if x,=LMI
if x,=LMI
if x,=LMI
if x,=LMI
if x,=LMI
if x,=LMI

X, =AM T X;= K1, theny = T1,

X, =AM T X;=K2, theny =T3;

X, =AM T X; = K3, then y = T1,
X, =AM T X;= K4, theny = T4,

X, =AMD I X;=K1, theny = T1;
X,=AMD I X;=K2, theny = T3;
X, =AMD I X;=K3, theny =T1;
X, = AMD I X;=K4, theny = T4;
X,=AC T X;3=K1, then y = T1.

variables and perform the operation of fuzzifica-
tion (making fuzzy) of the input data. Layer 2 con-
tains neurons that store the correct values for the
rules that make up the knowledge base created by
the model's training; these neurons may contain
any variant of the realization of the t-norm opera-
tion, which is a fuzzy analogue of «<AND» (logical
operation «AND»). Neurons of the layer 3 contain
the results of calculations of rules, taking into ac-
count the weight of each rule. Neurons of the layer
4 contain the final results of the rules’ calculations,
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layerl

layer?2

layer3
Br

layer4

layer5

which are grouped into fuzzy classes. Layer 5 con-
tains only one neuron that calculates the final mod-

O P PR . es the :
1 @S @ et @ el output by performing a defuzzification (making
Lo\ e -0 clear) by determining the centers of fuzzy classes.
\ WA Formation of samples for the NN1. The fol-
VW @ : :
R 0 lowing samples for the NN1 were formed: a train-
J\M'. L 4 . - -
oy > 0 ing sample of 60 examples (a fragment of which is
TN ‘ given in Table 2), a test sample of 24 examples and
2 @ _\\C;: i /1 s X a control sample of 12 examples (Table 3).
A"' 1& :,:§|' ,'.
J \"\.!‘;' @
@ e @
3 .- ] 'I(;’ | ! +'
|m"' 2 ;." "
@ -
Fig. 4. NN1 structure
Table 2
Fragment of training sample for the NN1
Num-
Packet . Number | Packet time in the Packet ] ber of | Package time in
length, _Traffic | of transi- | routers on the length, Traffic tran- | the routers on the
bytes intensity, tions route, ps bytes intensity, Si- route, us
packet/sec packet/sec | tions
70 10 1 5.6 70 1000 1 5,6
500 10 1 40 500 1000 1 42
1000 10 1 80 1000 1000 1 87
1500 10 1 120 1500 1000 1 136
70 10 2 11.2 70 1000 2 11
500 10 2 80 500 1000 2 83
1000 10 2 160 1000 1000 2 174
1500 10 2 360 1500 1000 2 273
70 10 3 16.8 70 1000 3 17
500 10 3 120 500 1000 3 125
1000 10 3 240 1000 1000 3 261
1500 10 3 360 1500 1000 3 409
70 10 4 22.4 70 1000 4 23
500 10 4 160 500 1000 4 167
1000 10 4 320 1000 1000 4 348
1500 10 4 480 1500 1000 4 545

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2019/184385

86

© V. M. Pakhomova, Y. S. Mandybura, 2019


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2019/184385

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka Ta nporpec Tpancrnopty. BicHuk J[HiIponeTpoBchKoro
HaLliOHAJBHOTO YHIBEPCHTETY 3alli3HHYHOTO TpaHcnopTy, 2019, Ne 5 (83)

HOOPMALIIMHO-KOMYHIKALIMHI TEXHOJIOI'Ti TA MATEMATUYHE MOJIEJTFOBAHHS

Table 3
Test and control samples for the NN1
Test sample Control sample
Packet ; Package time in Packet Traffic Package time in the
length, | ; Traffic Number of | 6 vouters on the | length, | intensity, | NUMPEr O\ 15 er on the route,
b Intensity, | transitions transitions
ytes packet/sec route, s bytes packet/sec us
500 300 1 40 500 500 1 41
1000 300 1 82 1000 500 1 83
1500 300 1 124 1500 500 1 128
500 300 2 81 500 500 2 82
1000 300 2 163 1000 500 2 167
1500 300 2 373 1500 500 2 255
500 300 3 121 500 500 3 122
1000 300 3 245 1000 500 3 250
1500 300 3 373 1500 500 3 383
500 300 4 162 500 500 4 163
1000 300 4 328 1000 500 4 333
1500 300 4 498 1500 500 4 511
500 700 1 41
1000 700 1 85
1500 700 1 131
500 700 2 82
1000 700 2 169
1500 700 2 393
500 700 3 123
1000 700 3 254
1500 700 3 393
500 700 4 165
1000 700 4 339
1500 700 4 524

Training and testing the NN1. The Neural
Networks Toolbox, which is a part of MatLAB,
has more than 160 different functions that make it
possible to create, train, and research neural net-
works. In addition, the ANFIS for MatLAB sup-
ports almost complete automation of the NN crea-

tion process, which allows to construct the NN
configuration 3-12-60-60-1, using the Sugeno
algorithm. 100 cycles (Epochs) are set for NN1
training; the error of the NN1 training according to

the hybrid method is 8.4873-107"° sec.
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On the network simulation model, constructed
in the ORNET, with a packet length of 550 bytes,
traffic intensity of 10 packets/sec and three transi-
tions, the packet residence time on the routers in
the ITS railway transport network is 0.000132 sec.
To test the constructed NN1, let us run it with in-

put data that are not in any of the samples. The
simulation is displayed in a graphical window
(Fig. 5), where the path of the logical inference by
each rule, the resultant fuzzy set are presented, and
the deffuzzification procedure is performed.

4| Rule Viewer: Untitled2 = | B S
File Edit View Options
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Fig. 5. System of fuzzy output NN1

Each rule of the knowledge base is represented
as a sequence of horizontally arranged curves. The
resulting fuzzy set is shown in the lower rectangle
of the last column of the graphical window. In the
same rectangle, the red vertical line corresponds to
the clear value of the logical inference obtained
from the deffuzzification. According to the input
data [550; 10; 3] the NN1 displays the packet resi-
dence time on the routers according to the path of
its transmission, equal to 0.000132 s (Fig. 6). That
is, NN1 is properly constructed and trained.

Route definition based on the use of a neural
fuzzy network (NN2). The following variables are
used as input parameters: x, — is the packet resi-
dence time on the routers according to the packet
transmission route (Tmin, Tavg, Tmax); X, — is the
total queue delay on the routers on the route A
(ZAmin, ZAma, ZAavg, ZAam, ZAmax); X; — IS
the total queue delay on the routers on the route B
(ZBmin, ZBma, ZBavg, ZBam, ZBmax) ; y — is the
optimal route: 1 (path A), 2 (path B). All values are
summarized in Table 4.
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Linguistic evaluation of input and output variables for NN2

Table 4

Input variables Output variable
Packet residence time in the Total queue delay on the routers Total queue delay on the routers Route
routers on the route, pus on the path 4, ps on the path B, us
Tmin: 5.6 185 z4 lejmlrz];ogAlg; 28 zB Zlimlrz]:?oz;s; 28 4:1
. gk ma: 14 — 27; ZAavg: 28 — ma: 14 — 27; ZBavg: 28 — :
Tavg: 186 — 365; 41; Z4am: 42 —55; 41; ZBam: 42 — 55; B:2
Tmax: 366 —545 ZAmax: 56 — 70 ZBmax: 56 — 70
The number o_f fuzzy product rules depends layerl  layerz layer3 layord  layers
on the number of input variables and the number .
of terms, this value is 3-5-5=75 rules. The rule Trin o e . O b
base fragment is given below: " Qﬁg\ : @
if X,=Tmin1X, =ZAmin I X;=ZBmin, then y=5; @\ s A\
if X, =Tmin I X, =Z4min I X,=ZBma, then y=B; . A\
if X, =Tmin I X, =ZAmin I X;=ZBavg, then y=B; Zrin @ 0\
. . . z " —0
if X,=Tmin1X, =Z4min I X;=ZBam, then y=B; z;i}j. / ~ 2N
if X,=Tmin IX, =ZAmin I X;=ZBmax, then y=B; 2 @ ~ ;_4:? ?. s X
if X, =Tmin I X, =Z4ma I X, =ZBmin, then y=A; ZWA:. |
if X,=TminIX,=Z4mal X;=2Bma, then y=B; / @
if X, =Tmin I X, =Z4ma I X,=ZBavg, then y=B; . ’., /]
if X,=TminIX,=Z4ma I X;=ZBam, then y=B. e >4 >:__
The structure of the corresponding NN2 is xs .zs'g. _._-:,-
shown in Fig. 6. ' & “w-§ ! o
Formation of the samples NN2. The fol- T o 9 @

lowing samples were formed: a training sample
of 75 examples, a test sample of 20 examples
and a control of 10 examples (Table 5).

Fig. 6. NFN2 structure

Table 5
Samples fragments for NN2
Training sample Test sample Control sample
. Total queue Packet resi- Total queue Packet resi- Total queue
Packet resi- delay, ps dence time delay, ps dence time delay, ps
dence time on Route Route Route
the routers us path path on the rout- path path on the rout- path path
’ A B ers, us A B ers, s A B
5.6 0 14 A 7 4 20 A 10 11 69 A
5.6 14 0 B 80 20 4 B 68 69 11 B
185 15 29 A 150 20 38 A 126 15 50 A
185 29 15 B 190 38 20 B 184 50 15 B
365 29 44 A 260 30 50 A 190 35 55 A
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Continuation of Table 5

Training sample Test sample Control sample
. Total queue Packet resi- Total queue Packet resi- Total queue
Packet resi- delay, ps dence time delay, ps dence time delay, ps
dence time on Route h Route h Route
the routers, us | Path | path ontherout- | path | path ontherout- | path | path
’ A B ers, Us A B ers, Us A B
365 44 29 B 360 50 30 B 225 55 35 B
455 7 63 A 370 45 60 A 275 50 65 A
455 63 7 B 385 60 45 B 300 65 45 B
545 45 65 A 470 56 70 A 375 57 68 A
545 65 45 B 540 70 56 B 460 68 57 B
distribution; sigmoid curve; quadratic and cubic
Findings curves. The values of the learning errors of NN1

Study of the average learning error of the
NN1. MatLAB's Fuzzy Logic Toolbox includes 11
built-in membership functions that use the follow-
ing basic functions: piecewise linear one; Gaussian

for different membership functions are presented in
Table 6. It can be seen from the table that the
Gaussian membership function gives the smallest
value of the NNL1 error.

Table 6
Average error of NN1 according to different membership functions
Membership function Designation | Average NFN error, 101 sec
triangular trimf 8.75
trapezoidal trapmf 10.23
bell-shaped gbellmf 9.16
symmetric Gaussian gaussmf 8.49
two-sided Gaussian gauss2mf 10.03
the product of two sigmoid membership functions pimf 13.86
Curvilinear trapezoid membership function psigmf 10.32
the difference between two sigmoid membership functions dsigmf 10.63

The following methods of training optimization
are implemented in ANFIS: backpropagation
(method based on the ideas of the quickest descent
method); hybrid (hybrid method that combines the
backpropagation method with the least-squares
method). When using the backpropagation method,

the NN1 learning error is 9.6501-10'° sec and the

hybrid method — 8.4873-10%° sec. That is, the
error of learning the NN1 in the case of using the

hybrid method is about 13 % less than in the case
of the backpropagation method.

Evaluation of the work of the NN1. The NN1
simulation was performed with the following pa-
rameters: packet length — 3 850 bytes; traffic inten-
sity — 10 packet/sec; number of transitions — 3. The
packet time on the route (from Fedorivka junction
to Dnipro junction) received in the ORNET Mod-
eler system on the Fast Ethernet simulation model
in the ITS of Prydniprovska Railway under the
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OSPFE protocol is 0.0010285 sec. (Fig. 7), and
based on NN1 — 0.000924 sec. (Fig. 8). That is, the
use of NN1 allows approximately 10 % faster de-
termination of the route in the ITS network of

Prydniprovska Railway (for the fragment under
consideration) as compared to the OSPF protocol
on the simulation model.

- . i i
Ba Top Objects: Ethernet.Delay (sec) - ‘ n I
All objects in "Enterprise Metwark”
Object Name Minimum | ~. Awerage Mazdmum Std Dev J
0.0010254 0.0010285 0.0010422 0.000003615
Find top |1 statistics whose
|;'—'wemge ﬂ | > ﬂ |E'.D
I [v lgnore views
Find Object

Fig. 7. Packet time on the route (from Fedorivka to Dnipro) obtained on the simulation model

[\ MATLAB R2015b
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Ifb a "gui_ Callikack', Li1y-
licenses a — if margin && ischar (varargim{ill)

mer N

noteb... | R L

polysp... Command Window

Fig. 8. Packet time on the route (from Fedorivka to Dnipro) obtained on the NN 1

Originality and practical value

The simulation model of Fast Ethernet network
based on the OSPF scenario and the neural fuzzy
networks (NN1, NN2) can be the basis for the in-
tegrated routing system in the ITS network of
Prydnprovska Railway, the general structure of
which is shown in Fig. 9 (Lpac — is the packet
length; A — is the traffic intensity; K — is the num-
ber of intermediate routers that make up the path of

the packet; Tpac — the packet residence time in the
routers according to its path in the network; Z_A —
total queue delay in the routers on the path 4; Z_
B — total queue delay in the routers on the path B).
The operation of the integrated routing system
is demonstrated for those fragments of the Fast
Ethernet network in the ITS of Prydniprovska
Railway, where it is possible to choose the route
with the same number of intermediate routers on
different paths (Table 7: path A — to the right).
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Fig. 9. General structure of the integrated routing system in the ITS network of railway transport:

______ — preparatory stage;

Nyzhnodniprovsk—\Vuzol — Dnipro fragment.
A packet of 500 bytes, with a traffic intensity of 10
packets/sec and 2 transitions is transmitted from
the node V1 (lhren) to the node V6 (Dnipro). The
packet residence time on the routers is predicted by
NN1 and is 80 ps. For example, depending on the
values of the time received, the total queue delay in
the routers on the path 4 (4 us) and the total queue
delays in the routers on the path B (13 ps) the op-
timal route is chosen based on NN2: path A. The
graph showing the fragment «Nyzhnodniprovsk-
Vuzol — Dnipro» shows this route in red:
V1-V2—-V4—-V6.

Horiainove fragment. A packet of 1000 bytes,
with an intensity of 10 packets/sec and 4 transi-
tions, is transmitted from the node V1 (Kami-
anske—Pas) to the node V10 (Dnipro). The packet
residence time in the routers is predicted by NN1,
it is 320 ps. Depending on the values of the time

— real time work

received, the total queue delay in the routers on the
path 4 (29 ps) and the total queue delay in the
routers on the path route B (20 us) the optimal
route is chosen based on NN2: path B. The graph
showing the fragment «Horiainove» shows this
route in red: V1-V2—-V7—-V8—V9—-V10.

Kryvyi Rih fragment. A packet of 1500 byte,
with an intensity of 10 packets/sec and 2 transi-
tions, is transmitted from the node V1 (Vechirnii
Kut) to the node V6 (Dnipro). The packet residence
time in the routers is predicted by NNL1, it is 240
us. For example, depending on the values of the
time received, the total queue delay in the routers
on the path 4 (30 ps) and the total queue delay in
the routers on the path B (50 ps) the optimal route
is chosen based on NN2: path A. The graph show-
ing the fragment «Nyzhnodniprovsk-Vuzol
Dnipro» ~ shows  this route in  red:
V1-V2—-V3—-V6.
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Table 7
Consideration of the ITS fragments of Prydniprovska Railway
‘ NN1 ‘ NN2 Fragment structure Designations
Nyzhnodniprovsk-Vuzol — Dnipro fragment
Input pa- 500 80 us (vs) V1 — Ihren;
rameters bytes BS = V2 — llarionove;

10 4 us /__v//’ = _ V3 — Nyzhnodniprovsk-
pack- (vs) (V1) Vuzol;
et/sec i V4 — Synelnykove -2;

V5 — Nyzhnodniprovsk;
2 13 us N .
E6 =) V6 — Dnipro
Result 80 us 1
(path 4) E2
'lr/ \'GR( v )
~— E3 N
Horiainove fragment
Input pa- | 1000 | 320 ps — e V10 V1 — Kamianske—Pas;
rameters | bytes (Vo = . T V2 — Bahlii:

10 29 s Es (ve) V3 — Verkhnod-
pack- < l s niprovsk;
et/sec 23 | (v V4 — Sukhachivka;

4 20 us . h l o V5 — Diivka;

Result 320 5 =7 1 (o) V6 — Horiainove;
u ~ x. wa i
H (path 5) W) o V7 — Verkhivtseve;
P I E3 V8 — Vilnohirsk;
E2 —_— P _pi i
(o ) V9 Platykhatky,
7 o T V10 — Dnipro
Kryvyi Rih fragment
Input pa- 1500 240 ps (vs ). V1 — Vechirnii Kut;
rameters | bytes T TN V2 — Saksahan:

10 30 ps 7 U V3 — Piatykhatky:
pack- va ) ' V4 — Mudrona;
et/sec V5 — Kryvyi Rih;

2 50 ps V6 — Dnipro

Result 240 ps 1
(path A)
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Conclusions

1. According to the structure of the ITS net-
work of Prydniprovska Railway, a corresponding
Fast Ethernet simulation model (according to the
RIP and OSPF scenarios) was created in the
ORNET Modeler system, which defines the fol-
lowing characteristics: average server load; the
average time of packet processing by router; aver-
age waiting time for packets in the queue; the av-
erage number of lost packets. It is determined that
the worst results are obtained by the simulation
model according to the RIP scenario: server load
increases rapidly (on average, about by 3 times per
minute); packet processing time by router takes
much longer (approximately by 0.5 times per mi-
nute); the waiting time for packets in the queue is
always greater (about by 1.6 times per minute);
packet losses increase rapidly (on average by
3.5 times per minute); the network convergence
time is almost twice as large.

2. To determine the packet residence time in
the routers on the route by its transmission in the
ITS network of the Prydniprovska Railway NN1
was created, to the input of which the following
parameters are supplied: packet length (3 term
sets); traffic intensity (5 term sets); the number of
intermediate routers in the route (4 term sets). The
following samples were formed on the simulation
model of the ITS network of Prydniprovska Rail-
way: training (60 examples), test (24 examples)
and control (12 examples). It has been estimated
that for the considered fragment of the railway ITS
network, in particular Prydniprovska Railway, the

packet time on the route based on NN1 decreased
by about 10% compared to the OSPF protocol on
the simulation model.

3. On the created NN1 the study of the aver-
age error of its training for different membership
functions was performed: triangular; trapezoidal;
bell-shaped; symmetric and two-sided Gaussian
and by different methods of training optimization
(hybrid and backpropagation). It is determined that

the lowest value of the average error 8.4873-107%°
sec NN1 gives in the case of using the symmetric
Gaussian membership function according to the
hybrid optimization method.

4. To determine the packet path in the ITS
network of Prydniprovska Railway (provided the
same number of routers that make up the path), the
NN2 was created, to the input of which the follow-
ing parameters are supplied: the packet time in the
routers on the path of its transition, the total queue
delay in the routers on the path 4; the total queue
delay in the routers on the path B. Using the simu-
lation model of the ITS network of railway
transport the following samples were formed:
training (75 examples), test (20 examples) and con-
trol (10 examples).

5. Based on the created Fast Ethernet simula-
tion model and neural fuzzy networks (NN1 and
NNZ2), an integrated routing system was proposed
in the ITS of Prydniprovska Railway was pro-
posed. Using this system, for example, the optimal
route for the fragment «Nyzhnodniprovsk-Vuzol —
Dnipro» is determined: path A (lhren, llarionove,
Synelnykove—2, Dnipro)».
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BU3HAYEHHS OITUMAJIBHOI'O MAPIIPYTY B IHOOPMAIIVHINA
MEPEXKI 3AJIBHUYHOI'O TPAHCIIOPTY 3 BUKOPUCTAHHSIM
HEUPOHEYITKUX MOJIEJIEN

Meta. CyvacHi aaroputMu BHOOpPY HAHKOPOTLIOTO MapUIpyTy, HampuKiaa, airoputMmu bemnmana—®opna
i JleiikeTpy, sIKi B JaHWI Yac IIMPOKO BUKOPHCTOBYIOTH y mpotokonax Mapupyrusanii (RIP, OSPF), ne 3aBxnu
NPU3BOIATE 10 €(pEeKTUBHOTO pe3ynbrary. ToMy BUHHUKAE HEOOXITHICTD JOCIIHKEHHSI MOKIMBOCTI opraHizamii ma-
pupytusanii B Mepexi iHpopmariiHo-TenekomyHikamiitnoi cucremu (ITC) 3ami3HUYHOrO TPaHCHOPTY 3a JOMOMO-
TOI0 METOMIB MITY4HOTO iHTeNnekTy. Meroauka. Ha ocHOBI cTBOpeHoi B MonemoBanbHid cuctemi OPNET imita-
miftHoi Mozeni po3risHyTo dparmeHT Mepexi ITC 3ami3HHIHOTO TpaHCTOPTY W chOPMOBAHO HACTYIHI BHOIpKH:
HaBYAJIBHY; TECTYBaJbHY; KOHTpONbHY. [l MonmenroBanHs B cucteMi MatLAB netiporneuiTkoi mepexi (TiOpum-
HOI CHCTEMHM) Ha BXiJ MOJAI0TH HACTYIHI MapaMeTpH: JOBKHHA MakeTa (3 TepM-MHOKHHH); iIHTCHCHBHICTE Tpadika
(5 TepM-MHOXUMH); KiJbKICTh MPOMDKHUX MapUIPYTH3aTOPIB, IO CKIaqar0Th Mapmpyt (4 TepM-MHOXKHHH). 3a pe-
3yIBTYIOUY XapaKTEPUCTUKY B3SITO 9ac NepeOyBaHHS MaKeTa B MapHIPYTH3aTOPAX 32 MapIIPyTOM HOTO MPOXOMKCH-
us B Mepexi ITC (4 tepm-mHOXuHHM). Ha OCHOBI BH3HA4YEHOTO Yacy Iepe0yBaHHs MaKeTa B MaplIPyTH3aTOPax
1 3aTPUMOK y 4ep3i Ha MapLIpyTH3aTOpax, IO CKIAAAI0Th Pi3HI HUIAXH (3 OJHAKOBOIO KiIBKICTIO MapIIPyTH3aTO-
piB) BU3HaYeHO onTuMaibHuil MapuipyT. PesyabraTn. [ns posriasayroro ¢pparmenta ITC 3ami3HUYHOTO TpaHCIIO-
PTY 3AiiiCHEHO POrHO3 Yacy nepeOyBaHHs ITakeTa B MapLIPyTU3aTOpax 3a MapUIPYTOM HOTo MPOXOJKEHHs Ha OC-
HOBI HEMPOHEUITKOT Mepexi, 110 cTBopeHa B cucteMi MatLAB. IIpoBeieHO nociiKeHHs cepeJHbOT IIOXUOKH HaB-
YaHHs HEHPOHEUITKOT Mepexi 3a pi3HMX (YHKLIH HaIeKHOCTI W 3a PI3HUMHM METOJaMH ONTHMIi3alii HaBYaHHS.
BusBiieHo, mo HaliMeHIE 3HAYEHHS CEpeAHbOI MOXWOKM HAaBYAHHSA HaJae HEHpPOHEUiTKa Mepexa KoH(Iiryparii
3-12-60-60-1 B pa3i BUKOpHCTaHHA CUMETPUIHOI ["ayciBcbKOi (DYHKIIT HaJIG)KHOCTI 32 TIOPUIHAM METOIOM OIITH-
Mizanii. HaykoBa HoBmu3na. 3a cuenapismu RIP ta OSPF Ha cTBOpeHiii B MopemoBanbHil cucteMi OPNET imira-
LilfHIF MO/eTi OTpUMaHi HACTYITHI XapaKTEPHUCTHKH: CepelHE HaBaHTAXKEHHS cepBepa; cepenHiil uac o0poOku maxe-
TiB MapIIpyTH3aTOPOM; CEPEIHIN Yac OYiKyBaHHS MAaKETIB y Uep3i; cepeqHs KUTbKICTh BTpPAUYCHHX IAaKETiB; Yac KOH-
BepreHmii Mepexi. BuzHaueHo, Mo Halkpaili pe3yibTaTH HaJae iMiTamiifiHa MOJens Mepexi 3a cueHapiem OSPF.
3anpornoHoBaHa iHTerpoBaHa cucreMa MapiipyTtusanii B Mepexi ITC 3a1i3HUYHOTO TPaHCHOPTY, B OCHOBY SIKOT
MOKJIQJIGHO CTBOPEHI HEWPOHEUiTKI Mepexi, BHU3HAYa€ ONTHMAIbHHHA MapUIpyT y Mepexi LIBHAIIE HOPiBHSHO
3 HagBHUM mpoTokonoMm MapupyTtuszanii OSPF. IIpakTuyHa 3HaYuMicTh. [HTerpoBaHa cucTeMa MappyTu3amii
B ITC 3ayi3HUYHOTO TPAHCHOPTY IO3BOJIUTH Y PEaJbHOMY 4aci BU3HAUYUTH ONTUMAJIBHUI MapLIpyT y Mepexi 3a
OJIHAKOBOIO KUIBKICTIO MapIlIpyTHU3aTOPIB, 0 CKJIAJAI0Th IUISIX NPOXO/KEHHS ITaKeTa.

Knouosi crosa: mapmpyrusais; npotokosn OSPF; iMitariitna Moaens; riOpumHa cucrema; TepM; (QpyHKIiS Ha-
JISKHOCTI; BUOIpKA; IIOXHOKA
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OIIPEJEJEHWE OIITUMAJIBHOT O MAPIIIPYTA

B HHOOPMAIIMOHHOM CETH KEJE3HOJOPOKHOI'O
TPAHCIHIOPTA C HCIIOJIb30BAHUEM HEHPOHEYETKHNX
MOJIEJIEA

Heab. CoBpeMeHHbBIE aITOPUTMEI BEIOOpA KpaT4aIero MapumpyTa, HampuMep, anroputMel bennvana—®opaa
u JIeWKCTphI, KOTOPBIE B HACTOSIIEE BpeMs ITUPOKO HCIIONIB3YIOT B poTokonax mapmpyrtusanuu (RIP, OSPF), ne
BCerjia NpUBOIAT K 2 HEKTUBHOMY pe3yipTaTy. [103ToMy BO3HHKaeT HEOOXOMMOCTh HCCIIEIOBAHNS BO3MOKHOCTH
OpTraHM3aIMH MAPIIPYTH3AIHUN B CETH HHOOPMAIIMOHHO-TeJIeKOMMYyHUKanoHHo! cucteMsl (UTC) sxene3Honopox-
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HOTO TPaHCIIOpPTa C MOMOILBI0 METOAOB MCKYCCTBEHHOro MHTemIekTa. Meroauka. Ha ocHOBe co3naHHOM B Mose-
mupytomeit cucteme OPNET wumuranuonnoid monenu paccmorpeH ¢parment cetn UTC jxene3HONOpPOXKHOTO
TpaHCTIOpPTa U chOpPMHUPOBAHBI CIEAYIOIINE BEIOOPKH: 00ydaromIas; TECTUPYIOIas; KOHTposIbHas. st Monenuposa-
Hus B cucteme MatLAB HeipoHedeTkoil cetn (rHOpuAHOI CHCTEMBI) Ha BXOA MOAAIOT CICAYIOIINE MapaMeTpHI:
JUHA TakeTa (3 TepM-MHOXKECTBa); HHTEHCUBHOCTH Tpaduka (5 TepM-MHOXKECTB); KOIHYECTBO MIPOMEKYTOTHBIX
MapIIpyTH3aTOPOB, COCTABILIIONINX MapIpyT (4 TepM-MHOXeCTBa). B kauecTBe pe3ynbTupPYOLMIEH XapaKTepUCTUKI
MIPUHATO BpeMs NpeOBIBaHUS ITaKeTa B MapIIpyTH3aTOpax 1Mo MapmpyTy ero ciemoBanus B cetd UTC (4 tepm-
MHOXecTBa). Ha 0cHOBe mosy4eHHOTo BpeMeHH NpeObIBaHMs ITaKeTa B MapIIpyTH3aTopax 1 3aepKeK B ouepeu Ha
MapIIpyTU3aTOpax, COCTABIJIAIONUIMX PA3IUUHbIE TyTH (C OJUHAKOBBIM KOJHMUECTBOM MapUIpyTHU3aTOPOB) ONpeneneH
ontuManbHbIN MapipyT. Pesyabrarsl. s paccmatpuBaemoro ¢pparmenta UTC jxene3HoI0poKHOTO TpaHCIOpTa
OCYIIECTBIICH IIPOTHO3 BPEMEHH MPeObIBAHMUS MTAKeTa B MAapLIPYTH3aTOPax 10 MapIIpyTy €ro cie0BaHUs HA OCHOBE
HeWpoHe4YeTKO! ceTu, co3nanHoi B cuctemMe MatLAB. IIpoBesieHo rccnenoBanue CpeaHei MOrpeHOCTH 00y YeHHs
HEHPOHEYETKOW CETH NPH Pa3NUYHBIX (YHKIMAX MPHUHAIJICKHOCTH W PAa3HBIX METOJOB ONTUMM3AIMK OOy4YEeHUSI.
OOHapyXeHO, YTO HaNMEHbIIee 3HAUCHHE CPEAHEH MOrpeIIHOCTH OO0YYEHUs MPEIOoCTaBIsET HEHpPOHEUeTKas CeTh
koHpurypamun 3-12-60-60—1 mpum HCHIONB30BaHHM CHMMETPUYHON ['ayccoBCKOW (PYHKIMHM TpPHUHAIICKHOCTH
¢ THOpuIHEIM MeTostoM onTuMm3anui. Hayunas HoBmu3Ha. [lo cuenapusm RIP m OSPF na cozmannoi# B Momemnu-
pytomieli cucreMe OPNET uMuTauMoOHHOW MOJENN MOJIYYEHBI CIEAYIOIINE XapaKTEPUCTUKU: CPENHss Harpyska
cepBepa; cpenHee BpeMsi 0OpabOTKH MAKETOB MapIIPyTH3aTOPOM; CpelHEe BpeMs OKHIAHHWS ITAaKETOB B OUYEpeIy;
cpeqHee KOIMYECTBO MOTEPSIHHBIX MAKETOB; BpEMs KOHBEpPreHIMU ceTH. ONpeeNneHo, YTO HalTyYIlline pe3ynbTaThl
JlaeT UMHUTALMOHHAs Mozenb cetu 1o creHaputo OSPF. IlpennoskeHHas MHTErpupoBaHHAs CHCTEMa MapIIpyTH3a-
un B cet UTC xene3Ho0poKHOTO TPAHCIOPTa, B OCHOBY KOTOPOI MOJIOXKEHBI CO3JaHHbBIE HEMPOHEUETKHUE MO-
JIeNTH, ONpeNeNIsieT ONTUMAIbHBIH MapluIpyT B CETH OBICTpee M0 CPAaBHEHHUIO C CYIICCTBYIOIIUM IIPOTOKOJIOM Maplil-
pytuzanuu OSPF. IlpakTuyeckas 3HauMMoCTh. IHTerpupoBanHas cucrema Mapipyrusanuu B UTC xenesHono-
PO’KHOTO TPAHCIOPTA MO3BOJIUT B PEAJIbHOM BPEMEHHU ONPEAETIUTh ONTUMAIBHBIN MapuIpyT B CETH C OJMHAKOBBIM
KOJINYECTBOM MapUIpyTH3aTOPOB, COCTABIAIOIINX ITyTh IPOXOXKACHUS IIaKeTa.

Kniouegvie cnosa: mapmpyruzanus; npotokon OSPF; mMutanuoHHas Mozenb, THOpPHIHAsS CHCTEMaA; TEpM,
(GYHKIMSA TPUHAAIECKHOCTH, BHIOOPKA; MOTPEITHOCTD
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