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Abstract: In the event that there is a requirement to pmvidhintenance with a service intervention somewtmetiee
area, it is necessary to select a service teanhvidigptimal for the given task for all the assdsagpects. In this article,
tests and methods based on TSP principles havede&toped that are able to optimize route seledietween key
points. Due to the complexity of algorithm desitym approaches have been validated. The "BrutesFonethod, which
can provide information on the choice of the optimmute according to the specified parameters, thed'Nearest
Neighbour" method, which is able to quickly caltala large group of intermediate points, but ombyjgles sufficient
results. The aim was to create a methodology, gaejaand direction in evaluating route selectionatTis why two
basically opposed methods of TSP solution have lwwsen, modified by the authors into a form sidétdbr
implementation on virtually any platform. Althougie design and program implementation was basddeoMATLAB
platform, no proprietary functions and librariee ased and the entire software design is implerdenitout the need
for their use.

1 Introduction 2 Logistics in providing maintenance and
Distribution logistics is an important part of letics service

chain, as it enables the final distribution of prog to a The issue of distribution logistics must also be

large number of end customers and the provisioelated addressed in the area of maintenance and serdicegses.

services. In particular, the following factors affect the argzational

The term distribution |OgiStiCS refers to the Clmory forms of maintenance and repair activities [1]

processes provided by the e_nterprise. DIStrIbLJOgI'BtICS ¢ the number of independent manufacturing Companies
is responsible for the location and determinatiérthe and firms and their size,

type, equipment and number of warehouses, type of territorial distributed units,
assortment, quantity of supplies, packaging of pctgl . the number of installed production facilities aheir

organization of transportation, etc. Last but reatst, the structure,

determination of the |OgiStiCS unit. The |OgiStll.ﬂE.t isthe . the technical Compiexity of the equipment and the

largest amount of transportable goods that carutiber resulting complexity of technological, technicaldan

subdivided. It plays an important role in internafl and economic preparation of maintenance and repair

domestic transport. Its unification achieves savimgd operations,

accelerates the movement of goods. « the complexity and sophistication of operational
The goal of distribution |0gistiCS is to ensuretthee control of maintenance and repairs_

product is properly placed on the market in thet bes

possible way, with optimal costs. Therefore, dsttion Although practice very often seeks to define and

logistics should only address a certain segment of sybsequently apply some type of organizationaltiemiu
particular circulatory process, as one of the camepts of sych a general and universal solution does not axis
marketing logistics. The so-called distribution ippl would such an organizational scheme be useful. éTtser
serves her. We can define it as a set, the prasfeali no general system that could be used by small,umedi
decisions that must be made in relation to a pnoduc |arge enterprisesi as well as by enterprises vatkamced
performance path from the manufacturer to the finghanagement or with completely underdeveloped
consumer or processor. Thus, the role of distrdoupiolicy  management, or enterprises with already built teethn
is to decide on how to create optimal relationshgtsveen  repair facilities, or enterprises with incomparatyver
production and consumption, as well as optimalquipment, because everyone it has its specifitts foam
distribution links. a technical and technological point of view, ancatfirse

it has an influence on the system for maintenamzt a

repair activities [2].
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In order to effectively control multiple serviceogips use of service time. In the case of corrective teaiance,
on a large area, it is always necessary to chodsehw when multiple failures are reported in a singlectiperiod,
group will intervene. This decision depends on msve the service team must decide on the sequencetofirgs

conditions that need to be considered. the failures to service. One of the partial factofghis
The most important decision factors are: optimization task is the magnitude of the logidtidelay

» Distance of service team from service area. caused by transport to the place of intervention. T

» Time of arrival to the place of service. optimize routes, it is possible to take advantafy¢he

» Distance of service team from parent service reenttraveling salesman problem. This method is a key
after arrival to service area. parameter in minimizing the logistic delay, which

» Priority of service intervention. significantly affects the total length of time thigiects will

be restored after a failure. This is positivelyeeted in the
If there are more service groups in the terraiifithere  economy of the company [7].
are several service centres in the area (Figurtbd pctual
distance of the service team from the service vetgion [ L
decides on the exit. A - ’
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Figure 1 Evaluation of the distance of the intervention site from
the current service team position 3 Traveling Salesman Problem

Of course, this value is important, but it sayshinag The issue of finding the optimal route is not jast
about the real distance that a service team vighaf. The domain of logistics. Traveling Salesman ProblemR)IS
parameters, that defines arrive time, must alse fato  Very similar to the issue addressed by routingquals in
account the route, that service team travel distafibis data networks. For low number of intermediate [iittis
step has proved to be a very complex problem wiiigtaly possible to apply simple algor|thms_[8-10], whiale aot
developed scientific background. In short, thedsstithe Very effective, but are fast, computational and-toemory
so-called "sales representative" and the methods @fd will fulfil their task. If you need to find othe optimal
solution is a large quantity [3]. route, for example, using the "brute force” methyal)

It is also necessary to take into account thahé t Will have to take into account the very high memory
closest team is chosen as a suitable team, itezai rsuch reéquirements, as well as the high CPU load. Thatébr
a distance from its service centre that the tostadce force” method passes through every possible opfuh
travelled is no longer profitable [4,5]. selects from it the best parameters [11]. .

This is also related to the priority of the intemtien The TSP problem is, to say the least, the assignmen
(Figure 2), which will be crucial in evaluating teelection that defines that business travellers must promprateucts
of a service team. Priority may be the urgencyhs t in N cities (including the city where they live).ftér
service action, the quantified loss on equipmehg t Visiting each city (each city can be V|S|ted.or|1|gce) ItWI||
quantified loss counting the entire logistics chaie. [6].  'eturn to the default city of departure (optiometiurn with

During maintenance management it is necessary t8turn to starting position). Suppose there is wag to
minimize the logistic delay of individual downtinend ~connect each two cities. So what's the best wath ai
therefore it is also necessary to pay attentiologistics Minimum journey time? It has been shown that TSP is
issues in the field of maintenance. For preventi@enerally a complex problem, i.e. findng a time
maintenance, maintenance personnel must pay attemti _ponnomlaI_aIgorlthm to a_chleve an thlmal squt@rSIP
various sites located in different parts of theegmise. IS €asy to interpret, but it is very difficult tolge. This

This requires planning the optimal path to ensifieient Problem has been arousing the interest of manytsie
for a long time, although it was presented in 1932,
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However, so far no effective solution has been dun| S | means the number of elements contained IS thet

Although TSP is only the shortest circuit probléhgre are
many real TSP related problems in real life [12-F4r a
better understanding of the issue, possible examplebe
explained in the following.

Example 1. - Mail route. Mail delivery is very clig
related to the TSP issue. Suppose a mail car heedfect
mail in n locations. Under these circumstances, gauol
view the route using a drawing containing n + lesodne
node means the post office, from where this postal
leaves and returns. The remaining n nodes are rthdes
need to collect shipments. The aim is to find thertest
route while neglecting to optimize the route, takinto
account the time lag, fuel consumption, or the rtegehy
tolls [15,16].

(D).

The objective function (1) defines the total minimu
distance, z (2) shows that a business traveller ordy
leave the city once, (3) defines that a businesslier can
enter the city only once. It can be seen from (2 ) that
business travellers visit each city once, but doexalude
the possibility of any loop. Definition (4) spee that a
vendor should not create any loop in any subseitiafs
[20].

4  Evolutionary algorithm for TSP solution
As mentioned above, traditional algorithms used to
solve TSPs have some significant limitations. Wile

Example 2. - Mechanical Arm. When the mechanica{dvent of evolutionary algorithms, many new nunaric

arm is used to secure the nuts and bolts on thesmdbg

line, this mechanical arm will move from its inlt@osition

(position where it is necessary to fasten the fig) to

each nut in the correct order and then returnststarting
position. The path that moves the mechanical arthas
path that contains the nodes - individual asserkbls.

The most economical route will allow the mechanarah

to complete its work in the shortest possible time.

Example 3. - Analog circuit of an integrated citcui
Often, thousands of separate electronic compomerad
to be inserted during integrated circuit manufaotr
When switching from one electronic element to aanth
some energy is consumed. So how is it possiblersmge
a production order for minimum energy consumptiohi
is also a solution for TSP.

In addition to the examples above, the issues ededc
with finding the shortest route are linked to issgach as
the layout of the transport network, the choica efalking
path, the laying of the pipeline needed for citgrpling,
and engineering structures, etc. Because findsgjuion
for TSP plays an important role in real life, mattention
is being paid to this issue [17-19].

The mathematical description of problems TSP

joixjp=1 i=12,n (2)
=X =1 j=12,n 3)

ZUESXUS|S|—1 2S|5|Sn—Z,SC{1,Z,n} (4)

x; €{01} ij=12-n i#]j )

optimization algorithms appear [21]. These algonighare
to some extent random search algorithms. ACA armd PS
are typical parallel algorithms, although they aatnn
guarantee that they will obtain an optimal solution
limited time, they can provide a satisfactory soluvithin
an acceptable time frame. In order to determineesffext
of the solution for the TSP obtained by the optatian
algorithm, it is necessary to consider the seaapalilities
of the search algorithm. For example, a strongwipétion
algorithm will have a better effect, while an algfum that
easily gets stuck in a local extreme often helpsbtain an
optimal solution for a TSP of a local nature. Araeple
of an evolutionary algorithm for solving TSPs i® tAnt
Antony Algorithm.

Ant Colony Algorithm (ACA) is a relatively new
evolutionary algorithm presented by the Italianestst
Dorigo. He called it the "ant system" and achiewed
relatively good experimental result with it. As faCA, n
represents the number of cities for TSP, M repitssire
number of ants in the colong; (i, j = 1,2,..., n) represents
the distance between the city and thejgity(t) represents
the pheromone concentration on the route betweaiss ci
andj in timet. The initial condition at timé = O is the
concentration of pheromone on each route equal,
respectivelyz; (0) = C, where C is a constant. During
movement in the colony, the aktf 1.2,...,m) determines
which direction to follow, according to the pherameo
concentration on each routd®} (t) represents the
probability of movement (choice) of ant from citio city
j at timet (6).

Ol )
Pi’;(t) = Zseallowk'fgg(t)ﬂii(t)
0

J & prohib, (6)

where ¢ is the distance between the city i and the city whereprohibc (k = 1.2,...m) means that the ant has
j, the decision variablejx= 1 is the route made by thepassed through the given city, with only one fastthe

business traveller (including the route from thig ciand

beginning (default city). During the algorithm, themgth

the city j), % = 0 is the route not made by the passengepf theprohibk variable increases gradually. The term allow

k=1{1,2,...,n} - prohib defines another city, the direction
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that an ants are allowed to. The quantityrepresents
visibility and is derived from the length of a giveoute
between two citiesandj. The variables andp affect the
pheromone concentratiarand visibilityz.

static load, toll etc. is multiplied by the appriape weight
and the sum of all parameters determines route.ptic
should be borne in mind that, for example, a fastate
will show a lower price because the lowest coshefroute

Over time, pheromones on each route lose thés the criterion of optimality. Only the length thfe route

intensity. The ACA algorithm uses the principleoitive
feedback, which accelerates the evolutionary psoeesi
also allows the native use of parallelization cktons.

is taken into account within the algorithm, otheattires
and weights have been omitted for reasons of debggg
and clarity. The route length was calculated in -two

The ongoing process of information exchange andimensional space according to formula (8).

communication between individuals helps to fincettdr,
more effective solution. It is easy to focus on tbeal

extreme when there is only one individual. Colony

1970 = YdX + dY

2
— _ 2. — —
collaboration, however, allows several subsets tof t dX = (ay = by)*; dY = (ay by) (8)
solution space to be obtained that provide a better ci(“'b'---'")=27;li
environment to implement another solution. The

movement of individual individuals in the colony is

where [#7P corresponds to the length of the route

random. In fact, the measures taken to exclude th@tween pointsa and b, dX anddY are the distances

possibility of local extreme occurrence slow dowre t
speed of convergence. When the size of an antiidhyg
grows, it will take longer to find the best rout€he
principle of an ant colony is very popular todayl anany
scientific papers are devoted to it. Many improvetaend
optimizations are available. However, it cannoséie that
this algorithm was in the final stage of optimipati On the
contrary, it seems that it is very suitable for soéution of
TSP and is only at the very beginning of its joyrf2].

5 Design of optimization method based on
TSP principles
Brute Force Method
In principle, it is a method that can check alliations
of routes and calculate their suitability indexspeprice,
the English term "Cost". Each selected route faswn
specific price. This is an analogy of data netwprlidsere
a route with the lowest cost is selected - costt.cbhis
criterion was chosen as appropriate and therefaredst
of each route will be calculated. Both presentethods

51

between points in th¥ andY axesay, by, andy, would be
the coordinates of the given axis for that poirtieil the
total length of the route ci between poiat® nis the sum
of the partial lengthb.

The generated algorithm generates key points in the
desktop automatically and randomly for testing psgs.
Fixed points can generate overly optimistic resaitsl the
algorithm could gravitate to optimize for a givenirg
array in the face. Thus, the random distributionkey
points helps to test the developed algorithm. Tivater
of parameters of each route is defined and thesizean
which the optimal route is sought is determinedeskh
values correspond to the size of the businessatba
where the service teams are located.

Furthermore, the number of route points is defined,
which significantly influences the solution timedathe
optimum route.

Subsequently, the coordinates of the individuaduigh
points of the route, which are in the raR@edimX) and

allow for a variable number of specific properties{O; dimY). The result is a three-dimensional matrix with

parameters for each route, so there is no limiaticheir
number. However, the essential condition is inddpane
from the direction of the selected route. The rqurtee is

the depth of parameter + 1 and the rank of dimX,
respectively dimy.
The following is the"%% Sart and End Point

therefore the same in both directions. This lingjtin Definition” section, which aims to determine the starting

condition is introduced for purely objective reasoim a
significant simplification of the algorithm. Diréohal
constraint is very specific and not very utilizédultiple
algorithms can be created to calculate the pattepiihe
current time, the dynamic path utilization, etcn giay a
role. The cost of the trip in this case can beuwated, for
example, by the relation (7).

a-b —

n .
¢ Dik=1 Wi " O

()
whereg is the price of the route between two poiats
andb, w, the weight of the specific route parametand
ok determines the value of the specific route paramniet
The specific property, parameter such as routécuiff,

and ending points of the route. No extra pointisayated,
both are selected from existing points.

In real-time deployment, the starting position vebbé
the current location of the service team and thepoint
instead of service intervention. In this case, adom
generator of both points is created.

A very important step is to create a matrix ofpalints
(cities) on the map.

In fact, the map_1 variable represents the entaa at
a given resolution, and only in places where thame
through points is the cell value set to 1. Indiebpoints,
including coordinates, are stored in trace_1. Tloegulure
that passes all points in the matrix map_1 ancestthrem
in the new variable trace_1 is nam&®% Saving all
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waypoints to trace 1 without optimization". Individual Weights ,swap”
points are stored in the matrix in the order inahhthe 4 2 1 P
procedure algorithm encounters them. The ordeoiitp
is not optimized. (1) 8 8 ? a)

The algorithm for finding the optimal route itsédfin
the section called'%% Finding the Shortet Way - %2 0/1]0 b) [0[1]0
BruteForce Method". The aim of the method is to find the =3 0/1]1 ;:
optimal route by analysing each individual route £4(1/0|0 —~
combination. The condition is that the individual s5(1]0[1 c) 0[1][1]
waypoints are not duplicated and the route passesthe 6110 o
starting point to the end point. The computing ctaxipy 7111111 ™

n-2
is 2 > operations, where n is the total number of through Binary value d) [1[0[0]
_points. By simple calculation it is possi_ble .todin_ut th_at Figure 3 Display of decimal numbersin bi';r-;;)rmand route
in case of 4 points of the route 2 combinationgadfts in point migration method
the route will result. Two points are always fixdldat is,
the starting and ending points. An example of the algorithm is shown in Figurehk t

There is a lot of material describing the issue ofyordinates of the through points are shown in @akind

combinatory such as here [23,24]. However, thg, example of the combination matrix of healues of the
combination creation algorithm is not directly éigt The  through points in Table 2.

most complicated part of the "Brute Force" methed wo
create a complete combination matrix where each lir,
would represent one unique route from the stagimigt to
the end point. To this end, a binary math baseauation
matrix method has been developed. The method is n?50f
optimized, it can create duplicate routes, butogsinot ) & START
change the result. The principle is based on thari 20| 5

notation of the sequence of numbers presented ith@n
left.

It is apparent from the binary notation that thesand
zeros create a pure combination structure. Thus, tl
method of the combination matrix method was thathé 100
individual positions in binary expression were aggld by
individual through points, it would be possible to ;|

150

effectively create their combination matrix. If wdroduce  EINISH
binary expressions of numbers in the rak@en as a ‘ ‘ ‘ ‘ ‘ |
matrix (eg matrix A), individual cells at the HEvof 00 50 100 150 200 250 300
weights represent through points [25]. If a valdields  Figure 4 An example of the placement of 4 through points with
entered in matrix A at weight level 1, the throymgdint is the starting and ending points
shifted one position to the left to be exchangetth s
neighbour. Basically, the "swap" function is penfiad on Table 1 Coordinate of through points
the adjacent two cells of matrix A. In this way,eth Point order | Y-coordinate]  X-coordinate
individual through points are "bubbled" to the tighaces. 1 10 5

If the cell value of matrix A at the highest weidével
is equal to 1, the outer cells are exchanged (raght 2. 5 9
Figure 3). 3. 8 2

4. 2 10

Table 2 Combination of x-coordinate of through points

A combination of X-coordinate points
10 5 8 2
10 8 5 2
10 5 8 2
10 5 8 2
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The creation of the combinatorial matrix is deaithw The following is the shortest route ("%% Finding th
in the program section called "%% Finding the Sksirt shortest path") by a simple algorithm by browsihg t
Way - BruteForce Method". individual path length records. The output of thgpethm

The output of this part of the program is the Malda is mnm andmxm. Examples of output routes when using
var_mapx and var_mapy, where all combinationsafid the "Brute Force" method are see in the Figure 5.
y coordinates of through points are stored. Computational testing also took place as part & th

The following is the calculation of the length dfet verification. See Figure 6 for details. This methisd
individual routes in the section marked with thedliag suitable for a low number of through points. Witiet
"%% Calculate the length of individual routes". Thenumber of points, computational complexity increased
lengths of each route are calculated accordingnmdla from a certain threshold, the method on conventiona
(8). Path lengths are stored in the trace 2 variabiachines is unusable. Its main advantage is fintlireg
unchanged. optimal route, according to the given criteria.

Bruteforce method
300 —

START
250 —
200—

150 [—

100 [—

@
g

rPoints count = 8

Length = 796.9772

. ! ! ! ! ! !
o 50 100 150 200 250 300

Figure 5 Example of output routes when using the "Brute Force"

Computational severity for method "Brute Force"

Computational time [s]

Route length [points]

Figure 6 The computational complexity of the method "Brute Force'
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5.2 Nearest Neighbour Method the algorithm is the partition namet?% Nearest
Due to the limitations of the "Brute Force" methiid, Neighbour method". In the cycle"% Calculate the length
was also necessary to verify one of the methodghyh between the waypoints’, the distance from the starting

although not leading to an optimal result, willdgplicable point to all the other points according to form(® is
within certain compromises. One of these methodkas calculated. Only a simple distance between poists i
method called "Nearest Neighbour", respectivelyresta considered. Additional parameters are neglectethel$e
neighbour. This method has been elaborated andfigwdi parameters are available, the calculation according
for use by the author of this thesis to find th&ropl path  formula (7) and (8) is used. The nearest point'®éund
for the service team. shortest route”) to the starting point is marked as the
Again, as with the previous method, two endpointsstarting point after the cycle is completed andptaeess
default and endpoint, are selected. The methodsedon is repeated. The output of this part of the alpaniiis the
the assumption that the ideal route choice wilthseugh newly arranged trace_3 matrix, where the routdresaey
the nearest next point. optimized. The following is the calculation of thetal
The initial setting is the same as the previoushat length of the route in the section called '% corepotal
A map of the area with through points is creatdte @rea route length' [26]. On Figure 7 are examples ofpott
size is defined by the dimX and dimY variablesthiére routes when using the "Nearest Neighbour" method.
are not many through points (<6), they will be pgthon Computational tests were performed as part of the
the MATLAB application window. Following is the verification. See Figure 8 for details. This methisd
definition of the start and end points, the startl din  suitable for both low and high throughput pointhieT
variables, then a simple matrix of all through pein number of points increases the computational coxitgle
(trace_2) is created as they are stored, withoof the method linearly. Its main disadvantage idy on
optimization. Up to now, only the input data hagrbe approximate optimization of the route, accordingtte
edited into an appropriate format for analysis. Thee of specified criteria.

Nearest Neighbour method

100 -

90

60
50

40 -

Points count = 16 FINISH

10 rLength = 275.9849

0 Il 1 Il Il Il
0 20 40 60 80 100
Figure 7 Example of output routes when using the "Nearest Ne ghbour™
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Computational severity for method "Nearest Neighbour"

Computational time [s]
\

1000 1250 1500 1750 2000

Route length [points]

Figure 8 The computational complexity of the method Nearest Neighbour

6 Conclusion optimization. The developed methodology can beajeul

In the paper, two approaches to the 0pt|ma| rogm_j in industrial and non'i.ndUStrial processes. It d%l
TSP were presented. Two solutions were chosen, tAgsumed that good maintenance management with good
"Brute Force” method and the "Nearest Neighboutvork management can significantly reduce the iHadd
method. The "Brute Force" method provides bettsults  Of production equipment failures and prevent add
from the optimal route selection, but is only sbligafor ~ COStS.
low through points. The algorithm created in MATLAB  The data processing algorithms created are inHgrent
was able to optimize the route with a maximum of 2#nique, even though they are based on the preyiousl
through points in reasonable time and with enoughescribed theories. Both presented optimizatiorhout
memory. The output of the algorithm is the optimmite, are adapted for the needs in the field of servemmt
determined according to the parameters of indilidug'anagement (or in other areas where intervention is
routes between neighbouring points. needed at given time with given priority). The nueth are

Although the "Nearest Neighbour" method does ndtptimized (from the program code point of view) fwit
provide the optimum route from the starting poimtthe ~regard to current needs and computational complexit
end point compared to the "Brute Force" method, idhich is the main scientific contribution.
computational complexity is of the order of magdéwand
is also capable of handling thousands of waypoints.  Acknowledgement
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