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Abstract — In this paper, we examine altitude and attitude
stabilization of an unmanned aerial vehicle (UAV) using
Fuzzy Logic. There are numerous types of UAVs, but the
model analyzed in this paper is designed for a quadrotor
micro aerial vehicles with mass no greater than 0,1 kg. A
fuzzy logic controller with two inputs (errors and derivative
errors) and a fuzzy output is designed in order to stabilize the
roll, pitch and yaw angles and the altitude of a drone with
four rotors. Since MATLAB is a well developed and
commonly used platform by mathematicians and engineers,
it was used for building the Fuzzy model. After the creation
of appropriate membership functions and a 3x3 table of if-
then rules, centroid method was used for the outputs
defuzzification and the Mamdani model was tested in
Simulink. In addition, a slight perturbation was applied to
observe the robustness of this controller during hovering.
The model showed a good and stabilized flight control scheme
for a quadrotor, even if it is affected by perturbation.

Keywords: UAV, Quadrotor, Fuzzy Logic Controller, MAV

1 INTRODUCTION

Quadrotor is a drone with four rotors that are directed
upwards and placed in a square formation with equal
distance from its center. Many quadrotor drones have been
developed in the recent years and they differ in size and
purposes, such as: Mini drones, Hobby drones, Selfie
drones, racing drones and proportional drones. Mini drone
or Micro Air Vehicle (MAV) got attention due to its small
size with mass less than 0,1 kg, but also due to its durability
and autonomous ability. Quadrotor is a typical design for
small unmanned aerial vehicles because of its simple
structure. It is controlled by adjusting the angular velocities
of the rotors which are spun by electric motors. Since the
quadrotor has six degrees of freedom (three translational
and three rotational) but only four control inputs (the speeds
of the four motors), it is an underactuated aerodynamic
vehicle whose controlling can be a difficult task. [4] As a
result, the robust autonomous flight capability is required
for a quadrotor to accomplish the desired tasks. In general,
quadrotors are inherently unstable systems, therefore,
stabilization control is required. The purpose is to maintain
its stability during maneuver, therefore a suitable control
strategy is needed. Various control methods have been
proposed to control the quadrotor: sliding mode control,
PID & LQR control, Feedback Linearization, Backstepping
control. However, this paper focuses on Fuzzy Logic
controller for stabilization of a micro aerodynamic vehicle.
Since the fuzzy logic controller (FLC) is one of the most
popular strategies for addressing nonlinear dynamic

uncertainties and a quadrotor is defined by a set of
nonlinear equations, fuzzy logic is a good method for
stabilizing a mini drone.

2 UNMANNED AERIAL VEHICLE

Unmanned Aerial Vehicle (UAV) is defined as an
aircraft without the onboard presence of a human pilot.
UAVs can be remotely controlled by a human operator or
they can fly autonomously. [1]

The application of UAVs is diverse, such as in military,
crop monitoring, coast watch, mineral exploration,
telecommunications or ground traffic control. One of the
biggest reasons for the widespread use of drones is their
ability to traverse and maneuver through areas that would
be dangerous for humans to be in. Apart from taking on
dangerous tasks, drones can also monitor areas that do not
necessarily pose a risk to human workers. Still, the reliance
on human workers can add a considerable margin of error
and accuracy.

UAVs come in various sizes. Large UAVs may be used
alone in missions while small ones may be used in
formations or swarms. The latter ones are proving to be
quite useful in civilian applications. Drone automation
shows a potential for reducing this risk of error. But even
though UAVs have become increasingly complex and
efficient by using the latest advancements in technology,
there is still a chance for enhancement.

2.1 History

The earliest recorded use of an unmanned aerial vehicle
for warfighting occurred in July 1849. using a balloon
carrier. [2] In 1915, Nikola Tesla wrote about unmanned
aerial combat vehicles. The first attempt at a self-propelled
drone as an aerial target was completed in 1916 by A.M.
Low. It wasn’t until World War I that the first pilotless
torpedo was invented by the Dayton-Wright Airplane
Company. During World War II both Allied and German
forces used drones as an aid in missions and trainings. After
the end of World War II, drone developers began using jet
engines in technologies like the Australian GAF Jindivik
and the Model 10001, built for the U.S. Navy by
Beechcraft. Even though drones were used 150 years for
military research, the first use of non-military purposes was
in 2006 when the Federal Aviation Administration issued
its first commercial drone permit. After 2013, drones were
also available to citizens, who most oftenly use them for
commercial purposes and for recording panoramic views.

©The author(s). Open access is under the terms of the Creative Commons Attribution Non-Commercial No Derivatives
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3 Fuzzy LOGIC

Fuzzy logic is similar to a human being’s feeling and
inference process. Unlike classical control strategy, which
is a point-to-point control, fuzzy control is a range-to-
range control. The inputs and outputs of the controller are
the same as the classical techniques, so the input is the
error in the controlled variable, and the output is the
control magnitude. However, the output of a fuzzy control
is derived from fuzzification of both inputs and outputs
using the associated membership functions. A crisp input,
based on its current value, will be converted into different
members of the associated membership functions. From
this point of view, the output is based on its membership
in different membership functions, which can be
considered as a range of inputs.

Implementation of a fuzzy logic technique to real life
problems requires four main steps:

1. Fuzzification — refers to the process of transforming
crisp values into grades of membership using
linguistic terms of fuzzy sets. The membership of each
function is determined by a predefined fuzzy rule,
which represents the fuzzy logic.

2. Fuzzy rule base — a component based on if-then rules.
Fuzzy rule base will consider how to react with an
input.

3. Inference — applies fuzzy rule base to the fuzzy
outputs. After consideration of fuzzy rule base, an
inference engine will provide an output and pass this
output to defuzzification.

4. Defuzzification — a method to obtain mathematical
data from the output of fuzzy rule base. In other
words, it provides the final output of the fuzzy
controller. [3]

A fuzzy control system primarily refers to the
control of processes through fuzzy linguistic descriptions.
More precisely, it is a mathematical system that analyzes
analog input values in terms of logical variables. The
advantages that the fuzzy logic has over neural networks
and genetic algorithms are that the solution to a particular
problem can be realized in terms that human operators can
understand and their experience can be used to design the
controller’s if-then rules. The main benefit of fuzzy control
is introducing clarity to the development, evaluation and
maintenance of a control system.

A special class of control problems is control of
highly nonlinear processes that are exposed to strong
influences of external disturbances. Such systems are
controlled by operators using their years-long experience
and knowledge about static and dynamic characteristics of
the system. The achieved quality of control is usually
proportional to the operator’s knowledge. The operator’s
experience is connected to monitoring relevant process
variables, and depending on their states and deviations
from reference values, operators decide where, how, and

how much they need to act on the process to achieve a
given control goal using the if-then rules.

3.1 History

Since the release of MATLAB and its graphical
interface Simulink by Mathworks, inc. as a commercial
product in 1984, the model design and simulation
capabilities of MATLAB have been widely used and
developed across several engineering and science
disciplines. MATLAB and Simulink are currently used for
various engineering implementations, education, research
and development. In this paper, MATLAB and Simulink
are used to build a fuzzy control system which will bring
the drone to a still state without large oscillations.

3.2 MAV modeling

Quadrotor UAV is described by certain dynamic
equations. The quadrotor vehicle operates on the concept
of variable torques and thrusts. The quadrotor motors are
arranged symmetrically in pairs along the horizontal and
vertical axes with the forward pair rotating clockwise and
the horizontal pair rotating counter-clockwise. This design
results in the reaction torques from the pairs of motors
being exactly opposed by each other if they are all spinning
at the same speed. The elimination of the rotating moment
(anti-torque) allows the vehicle to maintain a constant
heading while hovering. Yaw is controlled by varying the
speeds of the pairs of motors to create a non-zero net
counter torque. Altitude is controlled by varying the thrust
from each motor by equal amounts to provide a net thrust
vector and without a rotational moment. To move in the
lateral directions, the relative speeds of each motor in the
lateral pair are varied to create a desired lateral thrust
offset. The simple design results in small platforms which
are battery operated, able to perform a stable hover, and
safe to use in indoor environments. [4] Figure land 2
shows a form of a quadrotor.

Thrust 1 Thrust 3

YF\/

) Front

Figure 1: Quadrotor



Stijepovic, A. & Sredovi¢, U. (2024): Fuzzy Logic in Drone Control Bdnki Kozlemények 6(1), 1-5.

Pitch (0)

Figure 2: Quadrotor

Translational dynamics consists of three following
equations that represent the acceleration of x, y and z.
MAV altitude is defined by the equation of coordinare z.

X = %(Szp&p + CYSHCP) (1)
= 2(=CySp + SYSOCH) (2)
=g +2(COCH) (3

The attitude, i.e. the angular position of the quadrotor,
is defined in the inertial frame with three Euler angles.
Pitch angle 8 determines the rotation of the quadrotor
around the y-axis. Roll angle ¢ determines the rotation
around the x-axis and yaw angle y around the z-axis.
Following are the rotational equations, or angular rate of
roll, pitch and yaw.

b= i((lw — L )0 — (;94)0 + 1U;) )

b == (U, — L) — U000 + LUs) 5)
yy

Y= i ((Ixx - Iyy)éq.5 + U4) (6)

In the equations (4), (5) and (6), m is the mass, g is the
gravitational coefficient, / is the lateral arm length, and U,
is the total thrust force generated by four rotors. 7 is the
moment of inertia for the quadrotor, the diagonal matrix 3-
by-3 is defined as I = diagonal [IxxlnyZZ]T, J- is the rotor
inertia, and (1 is the total rotor speed generated from the

two pairs of rotors. Total torque is represented by U,, U
and U,. [5]

3.3 Control design

Fuzzy logic is designed to control MAV during
hovering and attitude stabilization. The variables z, roll
(), pitch (0) and yaw () are used as a feedback response
and four dedicated Fuzzy logic controllers are designed to
control each state. The errors (e) and its derivatives (de)
are used as fuzzy controller inputs in order to generate
required outputs for the stabilization of the MAV. In
addition, an integral feed forward is applied to improve

steady state of the response signal. The controller
architecture used in this paper is illustrated in Figure 3.

8 PID{s)
s .o

Fuzzy Logic controlier ‘

4@—. PO

Quadrotor dynamics

Figure 3: Simulink model

In this Mamdani fuzzy model, three membership
functions are created for the error and derivative of the
error. The error and derivative error are set to normalize at
range [—2, 2]. The first input (error) has three membership
functions: two Gaussian functions and one triangular
function. The second input (derivative error) has three
Gaussian membership functions. The linguistic variables
used for error and derivative error are negative, zero and
positive.

Five membership functions are created for the output
to cover more areas during centroid methods of
defuzzification. Three of output membership functions are
triangular, and two of them are Sigmoid type functions.
The range for the output is normalized at [—10,10]. The
linguistic variables used for the output are slow down, fast
down, hover, slow up and fast up. Figures 4, 5 and 6 show
the membership functions developed for the error,
derivative error, and output, respectively. Figure 7 shows
the output of the Mamdani model.
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Figure 5: De input membership functions
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Figure 6: Output membership functions
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Figure 7: 3D output of the Mamdani model

A 3x3 table of if/then rules is created. For instance, if
error is zero and derivative error is zero, then the drone
should hover. The number in the bracket is a weightage set
for the fuzzy engine to determine probability of which rule
needs to be active in case there are two set of rules
developed.

Table 1: Table of rules

ee NEGATIVE | zpro | POSITIVE
Fast down Hover (0.5)
(0.5) Slower Fast down
NEGATIVE
Slower down | down (1) 0.5)
(0.5)
Slower down Hover Slower up
ZERO
(1) (1 (1
Hover (0.5) Slower Fast up (1)
POSITIVE
Fast up (0.5) up (1)

4 SIMULATION RESULTS

To verify the reliability and robustness of the Fuzzy
controller, the quadrotor model is simulated in MATLAB
Simulink. A few tests were conducted in order to evaluate
the performance of the designed fuzzy controller. Integral
absolute error (IAE) is chosen as the index performance.

Initially, the quadrotor is set at [0, 0,1, 0,1, 0,1] and
[-2, 0,0, 0] for z, ¢, 0, and v, respectively. The gains were
manually tuned to obtain satisfactory results and settling
times. The simulation results presented in Figures 8 and 9
demonstrate the satisfactory performance of the proposed

Fuzzy Logic Control system. In the simulation, for the
altitude control, the settling time to reach 2 m is about 4 s.
In the attitude control, the settling time is about 1 ms,
2 ms, and 0,64 ms for roll, pitch, and yaw, respectively.
The integral absolute error (IAE) for the case without
perturbation for the altitude z is 4,6 and about 0,07 for the
attitude. Meanwhile, for the case with perturbation as
shown in Figures, the IAE increases to 5,4 with a small
error for the altitude but it remains the same for the
attitude. These results demonstrate a good performance of
the Fuzzy Logic controller for a small-scale quadrotor.

Altitude Z
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Figure 8: Altitude and attitude control using the Fuzzy controller
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Figure 9: Altitude with slight perturbation using the Fuzzy controller

5 CONCLUSION

Fuzzy Logic has many useful applications in
transportation, electronics, business and finance, defense,
medicine, etc. In this paper, we examined the use of Fuzzy
Logic in drone control. A Fuzzy Logic controller with 3x3
membership functions was proposed for the stabilization of
a quadrotor micro aerial vehicle during hovering and
movement. The simulation of the proposed Fuzzy Logic
Control system was conducted in a MATLAB Simulink
environment, where the results demonstrated an acceptable
performance without or with perturbation applied on the
altitude (z) and attitude (roll, pitch and yaw angles) of the
quadrotor. Fuzzy Logic proved to be a good method for
drone stabilization, however, better results can be achieved
by developing different types of Fuzzy models or using
other membership functions in the proposed model. Even
though today’s aerial vehicles are well developed and
stabilized, there are still ways to improve using new
technologies.
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Osszefoglalis — A munka célja egy utvonaltervezési
probléma megoldasa heurisztikus moédszerrel. A problémat
lehet az utazé iigynok problémahoz hasonitani, ugyanis
utvonaltervezésrol, illetve titvonal optimalizaciérél van szoé.
A munka alapjat a Formula-l-es versenynaptar
nagydijhelyszineinek foldrajzi koordinatai képezik, azonban
barmilyen mas, nyilvanosan elérheté adathalmazon is
futtatni lehet a programokat. A munkaban a Microsoft
Excel egyik bdvitménye, az Excel Solver lett hasznalva,
illetve egy MATLAB-ban irédott program, ami a
hangyakolénia algoritmust alkalmazza. A hangyakol6nia
algoritmus azon a természetbeni megfigyelésen alapul, hogy
minden hangya nyomot hagy maga utdn, egy bizonyos
feromon nevii vegyi anyagot, és minél tobb hangya koveti
ugyanazt az utat, annal tobb a lesz a feromon, és ez minden
kovetkez6 hangyanak '"pozitiv informacié" az adott ut
helyességérol. A munkaban az Excelben és a MATLAB-ban
kapott eredmények Keriilnek  0Osszehasonlitisra és
osszegzésre.

Kulcsszavak: ttvonaltervezés, Excel Solver, hangyakolonia
algoritmus, Formula-1

Abstract — The aim of this paper is to solve a route planning
problem using a heuristic method. The problem can be
compared to the traveling salesman problem, because it is
about route planning and route optimization. The basis of
the work is the geographical coordinates of the grand prix
locations of the Formula 1 race calendar, but the programs
can also be run on any other publicly available data set. An
extension of Microsoft Excel, Excel Solver, was used in the
paper, as well as a program written in MATLAB, which
uses the ant colony algorithm. The ant colony algorithm is
based on the natural observation that each ant leaves a trail,
a certain chemical substance called a pheromone, and the
more ants follow the same path, the more pheromone will
be, and this is "positive information' for each subsequent
ant. about the correctness of a given road. In this work, the
results obtained in Excel and MATLAB are compared and
summarized.

Keywords: route planning, Excel Solver, ant colony algorithm,
Formula 1

1 BEVEZETES

A munka alapelvei az utazd ligyndk probléma elvein
alapulnak, mivel utvonaltervezésrél, illetve annak
optimalizacidjarol van szo. Az utazd iigyndk probléma
esetén az ligyndknek n szamu varost kell bejarnia, hogy az
utazasi koltségek minimalisak legyenek. Ennek a
problémanak két valtozata van. Az els valtozatban az
iigyndknek vissza kell térnie a kiindulasi helyzetbe, igy a
probléma megoldasa a Hamilton-kér. A masodik
valtozatban az utazd ligynok kezdd és zard varosa eltéro,
igy ebben az esetben a megoldas Hamilton-ut [1].

A kozelmult vilagméreti problémai, mint a
koronavirus-jarvany ~ és  Kelet-Europa  bonyolult
geopolitikai helyzete, illetve a jelenlegi energiavalsag,
jelentds hatassal voltak és vannak az emberek mindennapi
¢életének minden szegmensére, igy a sportra, pontosabban
az autd- €és motorsportra is. Az autd- €s motorsport
sorozatok  csucskategoriai  folyamatosan  szigorubb
energiafogyasztasi korlatozasokat vezetnek be, hogy
0sztondzzEk a nagy hatékonysagu hajtaslanc-technologia
fejlesztését. A Formula-1-ben a verseny soran korlatozott
az lizemanyag fogyasztas, valamint korlatozott a hibrid
rendszer villamosenergia felhasznalasa [2].

Az lizemanyag fogyasztas és az liveghaz hatasu gazok
kibocsatasanak csokkentése érdekében rendkiviil fontos
lenne a Forma-1-es versenynaptar optimalizalasa. Ebben
az esetben a versenyautok, a felszerelések, az alkatrészek
és a csapattagok éves szinten sokkal kevesebbet
utazndnak, ez a megtakaritas pedig tobb ezer kilométerben
mérhet6. Az iliveghdz hatasti gazok kibocsatasa és az
iizemanyag fogyasztas csokkenése mellett jelents anyagi
¢és idémegtakaritas is elérhetd.

2 IRODALMI ATTEKINTES

Az utaz6 ligyndk probléma (TSP) az egyik legszélesebb
korben tanulmanyozott kombinatorikus optimalizalasi
probléma. Allitdisa megtévesztden egyszerli, mégis
tovabbra is az operaciokutatas egyik legnagyobb kihivast
jelentd problémaja. A TSP leggyakoribb gyakorlati
értelmezése az, hogy egy utazo ligynok a legrovidebb utat
keresi n ligyfélen vagy varoson keresztiil. Ez az alapvet
probléma szamos jarmiiranyitasi alkalmazas alapjat
képezi [3].

©The author(s). Open access is under the terms of the Creative Commons Attribution Non-Commercial No
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Amikor a gyakorlatban optimalizalni kell egy utazé
iigyndk problémat, gyorsan szamos nehézségbe eldtérbe
keriilhet. El6fordulhat, hogy nincs kéznél algoritmus egy
példa optimalis megoldasara, és hogy az id6 vagy a tudas
nem teszi lehetévé egy ilyen algoritmus fejlesztését és
megvalositasat. A problémak egyszeriien tul nagyok
lehetnek, és ezért meghaladjdk még a legjobb
algoritmusok képességeit is az optimalis megoldasok
megtalalasdhoz. Masrészt az is el6fordulhat, hogy a
szamitashoz sziikséges id6 nem elegend6 ahhoz, hogy egy
algoritmus elérje az optimalis megoldast. Mindezekben az
esetekben hatdrozottan sziikség van olyan kozelitd
(heurisztikus) algoritmusokra, amelyek jo mindségl
megoldasokat hataroznak meg, és az adott korlatok mellett
a legjobb elérhetd eredményeket adjak [4].

Szamos heurisztikus technikat alkalmaztak a probléma
hatékony megoldasanak megtaldlasara, mint példaul a
hangya kolonia algoritmusok, szimulalt hiités, részecske-
raj alapii optimalas és genetikai algoritmusok [5]. De
ahogy a varosok szama novekszik, a megoldas
megtalalasahoz sziikséges szamitasok nehézkessé valnak.
A szamitasi nehézségek ellenére olyan modszereket lehet
hasznalni, mint a genetikus algoritmusok ¢és a tabu
keresés, amelyek kozel optimalis megoldast nytjthatnak
tobb ezer varosra is [6].

A hangya kolonia algoritmus az utaz6 igyndk probléma
megoldasanak egyik metaheurisztikus modszere. A
hangya kolonia algoritmus hasonlit a valdédi hangyak
viselkedésére. Miutan élelmet talaltak, visszatérnek a
koléniaba, mikdzben feromonnyomokat hagynak maguk
utan. Ha mas hangyak talalnak ilyen utat, valdsziniileg
nem véletlenszeriien valasztanak mas utat, hanem inkabb
kovetik a nyomot. Nagyobb a valdsziniisége annak, hogy
a hangydk a  magasabb
nyomvonalat valasztjak. A feromonnyom lehetévé teszi a
hangyak szamara, hogy visszatalaljanak az
¢lelmiszerforrashoz, és forditva. A nyomvonalat mas
hangyak is haszndljak a felfedezett taplalékforras
megtalalasara. Ahogy egyre tobb hangya valasztja ki a
kovetendd utat, az 6svényen 1évé feromon felhalmozodik,
vonzobba téve azt mas hangyak szamara is [6].

3 ELMELETI MEGALAPOZAS

Ebben a fejezetben a munka alapelemei, az
utvonaltervezési modszerek ¢és kritériumok keriilnek
bemutatasra. A munkaban a Microsoft Excel egyik
bévitménye, az Excel Solver lett alkalmazva, illetve a
MATLAB-ban egy hangyakolonia algoritmust alkalmazo
program.

3.1 Grafok

A grafok az alapvet6 elemek ebben a munkaban, mivel
a helyek matematikai absztrakcidjat reprezentaljak, a
koztik 1évé élek pedig a helyek kozotti utvonalakat.
Szamos probléma megoldasara szolgalnak, amelyek valos
vagy absztrakt objektumok formajdban ¢és valds vagy
absztrakt kapcsolatok formajaban jelenithet6k meg ezek
kozott az objektumok kozott, példaul: forgalom,
tavkozlési halozat stb. A G graf két véges halmazbol all:
a csomopontok dsszességébol (N) és a kozottiik 1évo élek
0sszességébol (C) ugy, hogy minden g € C kapcsolat két i
€s j csomopontot kot dssze (1. abra).

1. abra: G, graf, példa [7]

Egy egyszeri G graf az, amelyben nincsenek
parhuzamos élek (két azonos csomoépontot Osszekotd
kapcsolatok) és ciklikus élek (egy csomopontot
onmagaval 6sszekotd kapcesolatok). Egy egyszer(i grafban
az élek legnagyobb szama egyenlé az NC(NC-1) /2-vel,
ahol NC az N halmaz csomoépontjainak szama. A teljes
graf egy olyan egyszerti graf, amely az élek maximalis
szamat tartalmazza. Ha két csomopont kozott sszekotd €l
van, akkor azok szomszédos csomoépontok. A G graf
részgrafja bizonyos csomopontok és a hozzajuk tartozo
¢élek részhalmaza. (2. abra).
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2. &bra: G graf és | részgraf [7]

Ha a graf csomdpontjai konkrét objektumok, amelyek
meghatarozott pozicioval rendelkeznek a térben, akkor
ezek euklideszi grafok. Az utvonal az N-bdl szarmazo
csomépontok sorozata, ahol minden két szomszédos
csomoépontot egy C-bol szarmazé él kot 6ssze. Ha az ut
ugyanabban a csomopontban kezdddik és végzddik, akkor
ez egy gyurii (ciklus vagy ciklikus 1t). Az egyszeri
utvonal olyan sorozat, amelyben a csomdpontok nem
ismétlédnek. Az Euler-titvonal (ciklus) olyan utvonal
(ciklus), amely az Osszes élet tartalmazza, és amelyben
minden ¢l csak egyszer jelenik meg [8].

Egy graf akkor kapcsolodik 6ssze, ha van legalabb egy
¢l, amely barmely két csomoépontot Osszekdti. Az
iranyitott graf olyan graf, amelyen egy Osszefiiggés
rendezett pontparként jelenik meg, és (i, j) # (, 1). A

sy

megengedettek (3. abra).
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3. abra: Digraf, példa [7]

Grafelméleti algoritmusok:
o Szélességi keresés (Breadth First Search — BES)

e A legrovidebb 1t
optimalitasi elve
o Mélységi keresés (Depth First Search - DFS)

megtalaldsa — Bellman

3.2 Utvonaltervezési modszerek

Ebben a részben a munkaban hasznalt modszerek, azaz
az Excel Solver és a hangyakolonia algoritmus keriilnek
bemutatasra.

3.2.1  Excel Solver
A Solver programok olyan matematikai optimalizald
alkalmazasok, = amelyek = matematikai  problémak

megoldasara hasznalhatok. A cél egy olyan altalanos
modell megalkotasa, amelynek segitségével sok hasonld
probléma megoldhat6. Az Excel Solver miikddési elve,
hogy a korlatok figyelembevételével megvizsgalja a
lehetséges megoldasokat, majd kivalasztja kozilik a
legjobbat. Az Excel Solver segitségével megkereshetd egy
képlet optimalis értéke (minimalis, maximalis vagy
specifikus célérték) egy ugynevezett célcellaban. Az Excel
Solver ablaka a 4. abran lathato.

Solver Parameters X

Set Objective: SAS1

I

To: (® Max O Min

By Changing Variable Cells:

Oyalue of:

I

Subject to the Constraints:

Add

Change

Delete

Reset All

Loady5ave

Make Unconstrained Variables Non-Negative

T — - Options

Select a Solving
Method:

Solving Method
Select the GRG Nonlinear engine for Solver Problems that are smooth nonlinear, Select the LP

Simplex engine for linear Solver Problems, and select the Evolutionary engine for Salver
problems that are non-smooth.

4. abra: Az Excel Solver ablakanak kinézete

Az ut létrehozasa a (1) képlettel torténik, ahol a
valdszinlisége, hogy a k. hangya az i. pontbdl a j. pontba

crer

K _ _ [mij©1% ()P
Y ZleN{ﬁ[Til(t)]“*[mz]B’

haj€ NK (1)

Ahol n;; = i, két csomopont kozotti tavolsag reciprok
értéke, T;;(t) pedig az (i, j) €l feromontartalma.
A feromon frissitésére a (2) képlet keriil alkalmazasra:

7 (E+1) = (1 — p) *75(8) + Xy ATLl(j ® @

Ahol

1 N
Ar{‘j ) = m, ha az (i,j) élen atment a k. hangya

0, kilonben

3

3.3 Utvonaltervezési kritériumok

Az utvonaltervezés kritériumai gyakran a tavolsidgon
vagy az utazasi idon alapulnak [11]. A versenynaptar
optimalizalasakor tobb szempontot is figyelembe kell
venni, hiszen a versenyek sorrendjének meghatarozasa és
a kozottik 1évé utvonal tervezése Osszetett probléma. A
versenynaptar utvonalat a kovetkezdé kritériumok szerint
lehet tervezni:

e Legrovidebb utvonal
e Leggyorsabb utvonal
o Id6jaras és éghajlat
e Pénz
e Politikai és vallasi aktualitasok
e  Egyéb hatasok
3.3.1

Ebben a munkaban az utvonal tervezése csak ez a
kritérium alapjan tortént. Ha ez alapjan tervezziik a
versenynaptart, az azt jelenti, hogy az autdknak,
felszereléseknek, alkatrészeknek és a csapattagoknak tobb
ezer kilométerrel kevesebbet kell megtenniiik, ezzel
csokkenne az lizemanyag fogyasztds és a karos gazok
kibocsatasa is, illetve jelentés pénziigyi és iddbeli
megtakaritas is lenne.

3.3.2

Gyakran nem a legrovidebb ut a leggyorsabb is, ennek
oka lehet a sebességkorlatozas, a terep jellege vagy a
forgalmi torlodas.

3.3.3  Idojaras és éghajlat

Egy adott év Formula-1-es szezonja altalaban
marciusban kezdddik. Mivel ilyenkor Eurdpaban altalaban
még elég hiivos van, igy az id6jards nem megfeleld a
versenyzésre. Az elmult j6 par évben a szezonkezdet vagy
valamelyik kozel-keleti versenyhelyszinen volt, vagy
Ausztralidban. Az els6 2-3 megrendezett futam utén,
mikor FEurépaban is emelkedni kezd a napi
atlaghomeérséklet, akkor kovetkeznek az eurdpai
versenyek ¢és kisebb-nagyobb kivételekkel a szaguldo
cirkusz 6szig leginkabb az 6reg kontinensen is marad.
Osszel az iddjarasi koriilmények miatt kovetkeznek a

Legrovidebb utvonal

Leggyorsabb utvonal
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tavol-keleti helyszinek, majd Dél-Amerika €s végiil ismét
a Kozel-Kelet.

3.34

A versenynaptar nagydijainak sorrendjében az id6jaras
mellett a pénz¢ a legfontosabb szerep. A naptarban az elsé
és az utols6 nagydij lebonyolitasaért plusz dijat kell
fizetni, amit a legtobb orszag nem tud kifizetni, igy hosszl
évek ota az év utols6 nagydija az Abu Dzabi Nagydij. A
palya is a legdragabb a Forma-1 eddigi torténelmében,
mivel a teljes komplexum megépitése tobb mint 1 milliard
dollarba keriilt [12]. A nagydijak szervezdi atlagosan
koriilbeliill 40 millié dollart fizetnek a Liberty Media
Corporationnek, a Formula-1 tobbségi tulajdonosanak egy
nagydij megszervezésének lehetdségéért [13].

3.3.5

Az Orosz Nagydijat 2022-ben a Kelet-Eurdpaban jelen
levé bonyolult geopolitikai helyzet miatt azonnal t6rolték
a versenynaptarbol, igy a naptar 22 nagydijhelyszint
tartalmazott. A 2024-es versenynaptar szempontjabol
pedig fontos a ramadan kezdeti datuma, ugyanis marcius
elejére esik, abban az id@szakban pedig akkor nem
rendezhetnek nagydijat a kozel-keleti, féleg iszlam
vallasuak lakta orszdgokban, a ramadan végeztével, ami
aprilis elejére esik, pedig mar til magas a homérséklet egy
nagydijhétvége megszervezéséhez abban a térségben.
3.3.6

A korabbi években kiilondsen nehéz volt a Formula-1-
es versenynaptar megszervezése. 2020 legelején az
Ausztral Nagydijat torolték az ausztral erdStiizek miatt. A
kovetkezd futamnak és a szezon hivatalos rajtjanak
Bahreinben kellett volna lennie, ahova minden csapat meg
is érkezett, azonban pénteken, egy oraval az elsé
szabadedzés kezdete el6tt, a teljes versenyhétvégét
torolték a koronavirus-jarvany miatt. Kdzvetlentiil ezutan a
tobbi futamot is torolték, igy a 2020-as szezon hivatalos
rajtja julius elején volt Ausztridban. 2020-ban 14
helyszinen rendeztek, 6sszesen 17 nagydijat. 2021-ben a
jarvany miatt szintén torténtek valtozasok, de végiil
megtartottak a nagydijakat; 21 helyszinen és Gsszesen 22
nagydijat. A 2022-es évre visszatértek azok a nagydijak,
amelyeket a jarvany miatt az eléz6 két évben nem
rendeztek meg, azaz az Ausztral, a Kanadai, a Japan és
Szingapuri Nagydij. A Kinai Nagydij a jarvany miatt talan
majd csak 2024-ben keriil vissza a versenynaptarba. A
Katari Nagydij 2021-ben debiitalt, de 2022-ben a
labdarago-vildgbajnoksag miatt nem kertilt
megrendezésre.

Pénz

Politikai és valldsi aktualitasok

Egyéb hatasok

4 GYAKORLATI MEGVALOSITAS — UTVONALTERVEZES

Az tutvonaltervezés tobbféle modon tortént. El6szor
Microsoft Excelben, az Excel Solver nevii bévitményével,
majd a MATLAB-ban irt hangyakolonia algoritmust
hasznalé programban.

4.1 Excel Solver

A 2020-as versenynaptar végiil 14 nagydijhelyszinbdl
és 17 megrendezett nagydijhétvégébol allt. Harom
alkalommal dupla hétvége volt, ami azt jelenti, hogy két
egymast kovetd hétvégén ugyanazon a helyszinen két,
kiilonb6z6 nevli nagydij keriilt megrendezésre (1.
tablazat).

1. tablazat: A versenypalyak elnevezései és a foldrajzi koordinataik

(2020)
Versenypalya F6,1 draj ,Zi F('Sldre}jzri
szélesség hosszlisag
1 Red Bull Ring 47,219722 14,764722
2 Hungaroring 47,582222 19,25111
3 Silverstone Circuit 52,078611 -1,016944
4 Circuit de Barcelona-Catalunya 41,57 2,261111
5 Circuit de Spa-Francorchamps 50,437222 5,971389
6 Autodromo Nazionale Monza 45,620556 9,289444
7 ﬁlggglrlgmo Internazionale del 43.9975 11371944
8 Sochi Autodrom 43,410278 39,968271
9 Niirburgring 50,335556 6,9475
10 ﬁ?gtg;l\fgmo Internacional do 37232 8,632
11 | putocromo Intemazionale Enzoe | yq 341111 | 11713333
12 | Intercity Istanbul Park 40,951667 29,405
13 | Bahrain International Circuit 26,0325 50,510556
14 | Yas Marina Circuit 24,467222 54,603056

A nagydijhelyszinek kozotti tavolsagot a (4) képlet

alapjan  szamoljuk, ami az euklideszi tavolsag
kiszamitasanak képlete.
d®,q) = /(a1 — P)? + (a2 — p2)? @

A 2. tablazatban a bal oldalon az optimalizalds eldtti
euklideszi modszerrel kiszamitott tavolsagok, a sorrend és
a tavolsagok Osszege lathatd, ez az a sorrend, ami a
valdsagban is volt, tehat a versenynaptar sorrendje. A jobb
oldalon az optimalizalas utani eredmények lathatok, az
optimalizalt Gt korilbeliil 1/3-dal rovidiilt. Az eredeti
Osszeg 252,741 (26 035 km), mig optimalizalds utan
154,036 (15 867 km) lett az eredmény.

2. tablazat: Az utvonal hossza optimalizalas eldtt és utan (2020)

Sorszam Tavolsag Sorszam | Tavolsag
1 4,50101 1 8,41531
2 20,7608 9 0,98139
3 11,008 5 7,17851
4 9,61217 3 16,6857
5 5,84891 10 11,7251
6 2,64029 4 8,112
7 28,6024 6 2,64029
8 33,7392 7 0,48437
9 20,3574 11 18,0134
10 21,5516 12 25,8462
11 18,0134 13 4,38163
12 25,8462 14 23,9378
13 4,38163 8 21,1331
14 45,8778 2 4,50101
1 1
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IC')sszesen‘ 252,741 ‘ Osszesen I 154,036 ‘

A 2020-as versenynaptar utan ugyanez a modszer lett
alkalmazva a  2021-es, 2022-es ¢és  2023-as
versenynaptarra, valamint az eddigi Osszes, azaz 77
nagydijhelyszinre.

4.2 MATLAB — hangyakolonia algoritmus

A hangyakolonia algoritmust alkalmazé program
tetsz6leges szamu hangyara és iteraciora futtathat6. A
2020-as versenynaptar 14 nagydijhelyszine esetén 10
hangyara és 200 iteraciora lett lefuttatva a program. Az 5.
abran lathat6 a 200. iterdcidban a 10 hangya altal bejart
utvonalak. A program lefutasa utan a legrovidebb utvonal
hosszasaga 155,181 (15 985 km). A 6. abran koordinata-
rendszerben abrazolva lathatdé a kapott legrovidebb
utvonal. A 2020-as versenynaptar utan ugyanez a modszer
alkalmazva lett a 2021-es, 2022-es és 2023-as
versenynaptarra, valamint az eddigi Osszes, azaz 77
nagydijhelyszinre.

Iteration #200
55 T T

a5}

40

351

25

20 A A 4
-20 0 20 40 60

5. ébra: A 200. iteracioban a 10 hangya altal bejart itvonalak

Best tour (the queen)
55 T T T

50

45}

40}

35

30

25

20

6. abra: A kapott legrovidebb ttvonal koordinata-rendszerben
abrazolva

5 EREDMENYEK, OSSZEGZES

A 3. tablazatban Osszegezve lathatéak a kapott
legfontosabb eredmények. A tablazat az dsszes modszert
(Solver és hangyakoldonia algoritmus) tartalmazza, illetve
az Osszes esetet amire alkalmazva lettek (2020-as, 2021-
es, 2022-es, 2023-as versenynaptar és 77 nagydijhelyszin).
A 2020-as versenynaptar esetén az eredeti utvonal kozel
40%-kal csokkent, a Solverrel és a hangyakolonia
algoritmussal kapott eredmények kozott kicsit tobb mint
100 km a kiilonbség. A 2021-es versenynaptar esetén
szintén kozel 40 %-os javulas lathatd, ebben az esetben
kozel 1000 km-re rovidebb ttvonal lett meghatarozva a
hangyakolonia algoritmus segitségével, mint Excel
Solverben. A 2022-es versenynaptar esetében az Utvonal
az eredetihez képest kozel 55%-kal csokkent, kdzel 2000
km kiilonbség van a Solver és az hangyakolonia
algoritmus kozott. A 2023-as versenynaptar esetében az
utvonal kevesebb mint felére csdkkent az eredetihez
képest, az Excel Solver jobban teljesitett, mint a
hangyakolonia algoritmus, ugyanis tobb mint 3000 km-rel
rovidebb lett a kapott utvonal. Az 6sszes eddigi, azaz 77
nagydijhelyszin esetében lényegesen nagyobb a két
modszer kozott kiilonbség, mint az el6z6 esetekben. A
hangyakolonia algoritmus segitségével kapott utvonal
kozel 45 000 km-rel rovidebb, mint az Excel Solverben
kapott. Nagyobb mennyiségii bemeneti adattal az Excel
Solver nehezebben dolgozik, mig a kis mennyiségii
adatokkal nincs probléméja. A hangyakolonia algoritmus
pedig kivaldéan boldogul nagyobb mennyiségli bemeneti
adattal is, csak a program futdsanak ideje lesz hosszabb.

10
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3. tablazat: Osszefoglald tablézat a kapott eredményekré]

Eredeti Excel Solver gzg%i}t]i{fslénia

2020 26 035 km 15 867 km 15985 km
2021 64 947 km 40 823 km 39 684 km
2022 139 875 km 66 304 km 68 259 km
2023 149 087 km 69 484 km 72 746 km
77 helyszin | 562 456 km 136 599 km 91 782 km

A jovobeni tervek kozott szerepel még tdbb
metaheurisztikus modszer alkalmazasa, illetve az

utvonaltervezés végrehajtasa a munkaban emlitett tobbi
kritérium szerint is.

(1]
(2]

(3]
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Abstract —Cancer is one of the deadliest diseases, therefore
it is necessary to develop tools that will be useful in the
decision-making process. One of those are mathematical
models that are used to predict the growth of tumors and
the changes that occur as a result of radiation. The
determination of the most suitable model is based on the
type of tumor. The models presented in this paper are based
on ordinary differential equations. Gompertz model is
presented as a model that originated from the generalized
two-parameter model. Although the Gompertz model is
used for determining tumor volume, in this paper it is
shown how it can be used to determine the maximum
volume of a tumor. The second model presented in this
paper is the Kinetic model. Kinetic model is used for
showing changes in cancer volume before, during and after
the active radiation effect. In addition, it can be used for
comparing the affect of different radiation doses. The
Gompertz model is applied to a benign tumor
(meningioma), while the Kkinetic model is applied to a
malignant tumor (hepatocellular carcinoma). As observing
the volume at a certain time span implies solving a system of
ordinary differential equations, proposed models are
written in the form of codes in MATLAB.

Keywords: mathematical models, Gompertz model, kinetic
model, tumor growth, radiation

1 INTRODUCTION

Cancer is one of the most common causes of death in
the world, which makes it one of the deadliest diseases.
Statistics from the World Cancer Research Fund from
2020 show that 18.1 million people have cancer [9].
Which method of treatment is the most effective and how
mathematical modeling can be helpful, it is necessary to
understand what tumors are and how they develop.

A neoplasm is any abnormal growth of cells. The term
tumor is usually used as a synonym for neoplasm. Tumors
can be benign or malignant, which is one of the key
factors that determine the way to fight the disease.

A stems tumor from a single cell that begins to
abnormally expand (proliferation process). What
characterizes a benign tumor is that it remains confined to
its original location. It is usually enclosed in a fibrous
capsule and does not spread to other tissues and organs in
the body. As benign tumors remain localized at the place
of origin, they can usually be removed by surgery and are
not life-threatening. The fact that tumors originate from a
single cell does not mean that they will remain benign.
Normal cells mutate into cancerous cells through a series
of changes that lead to abnormal cell growth, culminating

in malignancy. Only malignant tumors are considered
cancers and their ability to invade normal tissues and
spread throughout the body (metastasize) is what makes
them so dangerous [4].

When making a decision on how to treat cancer, it is
necessary to consider the type and stage of the cancer,
location, volume and the rate of cell proliferation. While
most benign tumors are usually removed by surgery, the
removal of malignant tumors usually involves a
combination of chemotherapy and radiotherapy. Radiation
works by making small breaks in the DNA inside the cell.
These interruptions prevent cancer cells from growing and
dividing further [1]. Cancer cells then either lose the
ability to proliferate or die. Although radiation is an
effective method of cancer treatment, in addition to
affecting cancer cells, it significantly endangers healthy
cells and the immune system. Weakening of the immune
system reduces the body's ability to defend itself. Also, the
immune system has a role to identify and remove dead
cells by breaking them down and eliminating them from
the body. It is extremely important to see the impact of
cancer on the surrounding tissues, the speed of growth as
early as possible and accordingly make a decision on the
method of treatment that kills the cancer the fastest and
with the least severe consequences to the body. This
problem can be solved by mathematical modeling.

Mathematical tumor modeling refers to the use of
mathematical equations (most often differential and
logarithmic), probability theory and computer simulations
to understand tumor growth and spread. Due to its
complexity and the individuality of each case, there are
different models that monitor tumor growth. Thus, in the
case of benign tumors, the rate of tumor growth and its
dependence in relation to the developed new blood vessels
(tumor vasculature) are most often monitored, while in the
case of malignant tumors, the ratio of the volume of the
tumor in relation to the amount of radiation, the number of
proliferating, dead, removed cells, etc. is additionally
monitored.

In the Section 2, Gompertz and kinetic models are
presented. Kinetic model observes the tumor volume in
relation to one dose of Gy (Gray) radiation.

In Section 3, the implementation of the proposed
models in MATLAB will be presented, as well as their
application to a benign tumor (meningioma) and a
malignant tumor (hepatocellular carcinoma).

2  MATHEMATICAL MODELS

Mathematical models can be divided into two groups:
two-parameter and multi-parameter. Two-parameter

©The author(s). Open access is under the terms of the Creative Commons Attribution Non-Commercial No

Derivatives 4.0 International Licence.
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models are usually applied on benign tumors, while multi-
parameter models are usually applied on malignant
tumors. In the following, the models derived from the
generalized two-parameter model will be presented [6].

2.1 Gompertz model

One of the simplest model for modeling tumor growth
is the logistic model. Tumor growth can be represented by
a sigmoid curve, i.e. growing curve with one inflection
point that converges asymptotically towards the maximum
volume of the tumor K. What makes this model suitable
for representing tumor growth is its characteristic that the
growth coefficient (as the function approaches an
asymptote) decreases, which is consistent with the general
growth patterns of organs and organisms. Tumors whose
volume is less than 1mm3 can grow without developing
vascular structures. All tumors larger than 1mm3 develop
new blood vessels so that nutrients can reach the tumor,
allowing it to continue growing.

The tumor is usually not detected in the stages when its
volume is less than 1mm? (if we exclude controlled and
experimental conditions), therefore V, = 1 can be taken
for the volume at the initial moment t = 0.

Generalized
two-parameter model
V' =ab® - b
a=f f=1e=1)
Generalized Bertalanffy-
saiatalis Logistic model
Gompert model ae-b a<t
V' = Q" - by V'={al =il =1
- >t
t=1 t=1
=] a:é
Gompertz model Logistic model Bertalanffy ?[nndel
V' =al = bV V' =ab - by* V'=aV3-by

Figure 1: Mathematical models originated from the generalized two-
parameter model

As stated in [3], the logistic model describes tumor

volume as

av

—=aV(1—%) (1

dt
V(t=0)=V,

where a is the coefficient that depends on cell
proliferation and V; is the initial volume. It is noticed that

the expression 1 —% describes the probability that a cell
will divide at a specific time ( V depends on t ).

Model (1) can be expanded to generalized logistic
model where a is a coefficient that depends on cell

proliferation.
av v\V
E:av<1—(;) ) )

In order to solve problem (2), Cauchy's problem needs
to be solved. Cauchy's problem has an explicit solution

VoK

V() = 3)

1
(V& +(KV+vy)e—avt)y

It can be noticed that the solution of equation (2) is
gotten when v = 1 is inserted in equation (3).

By transforming the generalized logical model, the
Gompertz model is obtained.

W = qe Pty 4)
dt
V(t=0)=1,

where a represents the initial cell proliferation and f is the
decreased proliferation cell rate [7].

An essential characteristic of the Gompertz model is
that it shows an exponential decline in the relative growth
rate. The solution to the previous problem (4) is

V(t) = Voe%(l'e_ﬁt)

indicating that maximum volume of the tumor is

a
K = Voe‘B
2.2 Kinetic model

The kinetic model of tumor volume is applied to
malignant tumors. This model shows what effect radiation
has on malignant cells and how it affects the total volume
of the cancer. Since a large dose of radiation cannot be
given at once, it must be divided into lumps of smaller
doses. This is why radiation treatments can last from a few
days to 7 weeks, depending on the type and stage of the
cancer. As stated in [8], this model observes the behavior
of tumors after a single treatment with a lower dose of
radiation. Cancer consists of dividing and non-dividing
cells.

13
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A®)p(D)

Proliferating
cells

Non-dividing
cells

Radiation

Figure 2: The effect of radiation on dividing cells

Figure 2 illustrates the effect of radiation on dividing
cells. When dividing cells are exposed to radiation D, a
certain number of cells continue to divide at a tumor
growth rate A(t) per time t with a cell proliferation
probability p(D), while others stop dividing with
probabilityg (D).

Cells that do not divide are later removed from the
organism at the cell removal rate 7. Cancer consists of
dividing and non-dividing cells, therefore the total volume
of cancer is obtained as the sum of the volume of the part
of the dividing tumor cells V(t) and the volume of the
part of the non- dividing tumor cells Vyp (t).

V =Vr(t) + Vyp(t)

This model belongs to the group of models based on
ordinary differential equations (ODE). Then the volume of
proliferating cells, as well as the tumor growth rate at time
t can be obtained as

avr _
= AMOVr

ar _
2 = —02(0)2

where 0 is the retardation factor of the vascular structure,
and M0) is the initial tumor growth rate.

Tumor behavior can be observed during and after the
active effect of radiation. Let t; be the initial moment of
radiation and t,,; be the time period of active radiation
effect.

Let tR <t< tR + trad N then

T — A)p(D)Vy — g(D)Vyr

dc

represents the volume of proliferating cells,

av
% = g(D)Vr —naVap

represents the volume of non-dividing cells,

dA
= =—02(0)2

tumor growth rate.
Lett > tR + trad’ then

avy _

represents the volume of proliferating cells,

dVnp

= -n,4V
at NetVp

represents the volume of non-dividing cells,

di
= = —0A(0)

tumor growth rate.

There is constant x(D) that depends on the radiation
dose D with parameters a, [ chosen so that the function
best fits the data obtained

- Db
X(D) = aD(1+ )
or
x(D) = aD + BD?

When radiation affects tumor cells, the cells either die
or survive. The rate of surviving cells is defined as

S(D) = e~X(P) = ~(@>+pD?

Then the tumor volume of dividing cells and non-
dividing cells can be observed in the time before radiation
t_ and in the time after radiation ¢,

Vr(ty) = S(D)YVr(t)
Vup(ty) = (1 = S(D)Vr(t2)

Each individual cell will continue to divide with
probability p or will not divide with probability
q = 1 — p. Then the number of dividing cells N, and the
number of non-dividing cells Ny, at time T* is obtained
as

dNp _ 2p—q

o = M &)

dNnp _ i

“a Tl ©)
where initial condition values are Np(0)=N, and
Nyq(0)=0.

The solutions of equations (5,6) is found as
2 -
ND(t) = Noexp (% t)
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2p—

Also, connection can be made between the number of
dividing cells at time T;,, before radiation and time T* after
radiation as

2p— 2 _
exp ( I;*q Tm) exp (_FT’”) =S§(D) = e X® (7)
The solutions of equations (7) is found as

p(D) = 1 - 35— x(D) ®)

p(C))
9y =5~ ©

As the period of cancer death cells lasts t,,; time, the
number of proliferating cells that will die in t,,4 time can
be approximated to the survival fraction by S(D)

[0 g (DN, (£)de ~ (1 — S(D)Np(t_)

t_

3 DESCRIPTION OF THE MODEL IN THE MATLAB
ENVIRONMENT

The following mathematical models will be presented
in MATLAB.

3.1 Gompertz model

The Gompertz model of tumor growth begins by
defining the initial parameters: V; which represents the
initial volume of the tumor in mm?2, a which represents
the initial cell proliferation rate in mm3/day and b which
represents the decrease proliferation cell rate in mm3/day.

% Gompertz model

% Parameters are defined

V@ = 2162; % Initial tumor wolume

a = 8.8805; % Initial cell proliferation rate
b = 8.801; % Decrease proliferation cell rate

% Time span is defined
tspan = [©,3658];

% ODE function is defined
dvdt = @(t,Vv) a * v * exp(-b * t);

% The system of ODEs is solved
[t,V] = oded5{dVvdt, tspan, V@);

% Tumor volume is ploted

plot(t,V);

¥1label("Time (day}');

ylabel( ' Tumor volume (mm™3)');
title( ' 'Gompertz model of tumor growth')

Figure 3: Code for the Gompretz model in MATLAB

Then, the time period for which the growth of the tumor
is monitored is defined, as well as the ODE (equation (4)).
By solving equation (4), the volume of the tumor is
determined. As the tumor volume is observed in a certain
time interval, it is necessary to solve the system of ODE
equations. It is best to use the ode45 function, since it is a
first-order ODE system. Finally, the obtained results are
presented in a coordinate system in which the x-axis
represents the time moments in which the tumor volume
is observed and the y-axis represents the volume of the
tumor.

3.2 Implementation on the benign tumor

The growth of a benign tumor (type of meningioma)
located in the middle cranial fossa will be shown in the
following section.

The MRI image shows that the initial volume
is Vy = 2162, a = 0.0005 is the initial rate of tumor
proliferation and b = 0.001 is decrease proliferation cell
ratel.

In the Figure 5 tumor growth for t = [0,3650] is
shown. The model shows that the volume has logarithmic

growth and that volume of the tumor after 10 years will
be V = 3518.51 mm?3.

Figure 4: MRI image of a benign tumor

Gompertz model of tumor growth

3600

X 3650
3400 ¥ 3518.61

3200
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S
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(=3 @
=3 =]
=3 =3

2400

2200

2000
0 500 1000 1500 2000 2500 3000 3500 4000

Time (day)

Figure 5: Graphic representation of tumor growth for t = 3650

! The parameters a and b were not obtained from the
MRI scaning. Based on the history of the disease and
research on meningioma type tumors, it is assumed that
the parameters and a and b have the given values.
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Gompertz model of tumor growth
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Figure 6: Graphic representation of tumor growth when t — oo

The tumor grows to its maximum size K which is
determined by the growth rate, the location of the tumor
and the tumor vasculature.

As the capacity K is on the asymptote of the function,
from the graph in the Figure 6 it can be seen that
V = 3564 mm?3, which if compared with the value
obtained using the formula

a 0.0005
K =V,eP = 2162 * 0001 = 3564.54 mm?>

is a good approximation of the proposed tumor growth
over time.

In observing the growth of a tumor, we have to pay
attention to the time it takes for the tumor to reach its
double volume compared to the initial observation. This
information can be important when making a decision
about the method of treatment. The time it takes for a
tumor to double its volume can indicate how fast the
tumor is growing. As the observed tumor is located in the
middle cranial fossa, due to its location and the
insufficient amount of nutrients available to the tumor,
regardless of the passage of time, the tumor will not
reach its double volume, which can be concluded from the
graph presented in the Figure 6.

3.3 Kinetic model

Kinetic model for monitoring tumor growth begins by
setting the initial parameters: D which represents the
radiation dose, theta which represents the vascular
growth retardation factor, lambda0 which represents the
cancer growth rate at the initial moment, TR which
represents radiation start time, trad representing the
radiation time, Tstar representing the time instant after
radiation, Tm represents the time instant before radiation.

The proposed mathematical models can make
predictions whether the predictions are made on a smaller
or larger sample of data. A large sample would imply that
the parameters at moments tiptiy iy o sy, are known
where 0 <i; < i, < -+ < < oo. Due to the uniqueness
of each individual sample, what can happen is that the
predictions of the proposed model do not match the input
data. In order to reduce the approximation error, the
parameters alpha and beta are introduced. The

parameters alpha and beta represent the parameters
taken to fit the model to the data obtained from the MRI
scans.

% Parameters are defined

D = 6; % Radiation dose

theta = 0.2; % Vascular growth retardation factor
lambda_@ = 8.1; % Initial tumor growth rate

TR = 2; % Time of radiation

trad = 1; % Active radiation-effect timq

Tstar = 5; % Time instant after trad

Tm = 1; % Time instant before TR

alpha = 0.01; % Parameter alpha

beta = 8.01; % Parameter beta

% Functions for p(D) and g(D) are defined
chi = alpha*D + beta®D*2;

p=@D) 1- (Tstar/(3*Tm))*chi;

g = @(D) chi/(3*Tm);

% ODEs are defined
ode_fun = @(t, y) tumor_volume ode(t, v, D, ...
lambda @, theta, p, g, TR, trad);

% Initial conditions are set

VTO = 67759.26; % Initial volume of proliferating
% tumor

VND@ = @; % Initial volume of non-dividing cells

lambda® = lambda_@;

% ODEs are solved

tspan = [@ TR+trad+5]; % Time interval
v@ = [VT0; VND@; lambda®]; % Initial conditions
[t, y] = oded5(ode_fun, tspan, yd);

% The results are ploted

figure;

subplot(2,2,1);

plot(t, y(:,1));

xlabel('Time (days)');
ylabel("VT(1)");
title('Proliferating tumor volume');

subplot(2,2,2);

plot(t, y(:,2));

xlabel('Time (days)');
ylabel('VND(t)');
title('Non-dividing tumor volume');

subplot(2,2,3);

plot(t, y(:,3));
xlabel('Time (days)');
ylabel('lambda(t)"');
title('Tumor growth rate');

subplot(2,2,4);

plot(t, p(D)*y(:,1));

hold on;

plot(t, g(0)*v(:,1));

xlabel('Time (days)');

ylabel('Cell transition rate');

legend('Dividing cells', 'Non-dividing cells');
Figure 7: The first part of the kinetic model code in MATLAB
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function dydt = tumor volume ode(t, v, D, ...
lambda@, theta, p, g, TR, trad)
VT = y(1); % Proliferating tumor volume
VND = y(2); % Non-dividing tumor volume
lambda = y(3); % tumor growth rate

if t »>= TR && t <« TR + trad

dp = p(D);

dg = g(D);
else

dp = @;

dg = @;
end

dVTdt = lambda*p(D)*VT - g(D)*VT;
dVNDdt = g(D)*VT - theta*VND;
dlambda_dt = -theta*lambda@*lambda;

dydt = [dvTdt; dviDdt; dlambda dt];
end

Figure 8: The second part of the kinetic model code in MATLAB

Then, the functions p(D) and g(D) (equations (8) and
(9)) are defined and the initial conditions are set.

VTO represents the total initial volume of dividing cells,
and VNDO represents the total initial volume of non-
dividing cells. After setting the time interval on which the
cancer behavior is observed, the ODE system is solved
using the ode45 function.

As shown in Section 2.2, two cases are considered:
when tp <t <ty + tyqq and when t > tg + t,.44. It can
be noticed that when t >tz +t,,q probability is
p(D) =0 and g(D) = 0. Therefore, it is necessary to
create a function that takes one value of the functions for
p(D) and g(D) when t > tg + t,,4 and the other in other
cases .

Making a decision on what amount of radiation is the
most suitable for a patient is extremely important. In order
to make the best possible decision, it is necessary to create
a model that compares the effects of different amounts of
radiation on cancer. Having this information available
allows doctors to make a decision at what time and for
what amount to irradiate patient. These models are the
most suitable when working with a large database, but
they can also be used on a smaller database. In order for
the model to make better predictions, what needs to be
done is to monitor changes in tumor volume and enter
new data. This would reduce the error made by the model.

The code presented in Figure 7 and 8 calculates the
influence of one dose of irradiation on tumor volume,
while the following code compares different doses of
radiation on tumor volume.

As these codes are built on the same mathematical
model, values of parameters theta,lambda,TR,trad,
Tstar,Tm, alpha, beta, VT0, VNDO,lambda0 as well
as the definition of functions p(D), g(D),VT,VND the
only difference is that for the value of D is taken a list of
values.

The code starts by setting the initial conditions. As
the tumor volume must be calculated for each radiation
dose D at each time instant t, a function must be created
that will solve those systems of equations. A for loop is
used so that the function can take each value from list D.
Then the functions p(D) and g(D) are defined and solved
so that the function takes one value when

tp St <tg+ty and another when t >ty + t,q4.
Then the obtained data are presented on the same graph.
Time t is represented on the x-axis and tumor volume is
represented on the y-axis.

% Parameters are defined

Tm = 1; % Time instant before TR

TR = 2; % Time of radiation

trad = 1; % Active radiation-effect time

Tstar = 5; % Time instant after trad

theta = 08.2; % Vascular growth retardation factor
alpha = ©.01; % Parameter alpha

beta = 6.01; % Parameter beta

eta cl = 0.1; % Cell removal rate

VT@ = 67759.26; % Initial volume of non-dividing cells
D values = [5, 5.5, 6, 6.5]; % Radiation doses

% Time interval and initial conditions are set
tspan = [@ ,20];

VT_init = VTO;

VND_init = @;

lambda_init = 0.1;

% ODEs are solved for each radiation dose
for i = 1:1length(D_values)
D = D_values(i);

% Functions for p(D) and g(D) are defined
chi = @(D) alpha®*D + beta*D*2;

p = @D) 1 - (Tstar/(3*Tm))*chi(D);

g = @(D) chi(D)/(3*Tm);

% ODEs for TR <=t < TR + trad are defined

odel = @(t, y) [y(1)*lambda_init*p(D) -
g(D)*y(1); g(D)*y(1) - eta_cl*y(2);
-theta*lambda_init*y(3)];

% ODEs for TR <= t < TR + trad are solved
[t1, y1] = ode4d5(odel, [TR, TR+trad], ...
[VT_init, VND_init, lambda_init]);

% ODEs for t > TR + trad are defined
ode2 = @(t, y) [v(1)*v(3); -eta_cl*y(2);
-theta*lambda_init*y(3)1;

% ODEs for t > TR + trad are solved
[t2, y2] = oded5{ode2, [TR+trad, tspan(2)], ...
[v1l(end,1), yl(end,2), lambda_init]);

% Solutions from both time intervals are
% concatenated

t = [t1; t2];

y = [yl; y21;

% The results are ploted
plot(t, vy(:,1));
hold on;

end

legend('D = 5, 'D = 5.5",

xlabel( 'Time (days)');

ylabel('Tumor wvolume (mm"~3)');

title(['Tumor volume in dependence of different
'radiation doses']);

'D=6", 'D=6.5);

v

Figure 9: Kinetic model code for observing changes in cancer volume
in relation to the amount of radiation in MATLAB
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3.4 Implementation on the malignant tumor

Im: 11/25
Cor:A05

2021 Aug 26
Acq Tm: 15:18:21.597500

Mag: 2.4x

Figure 10: MRI image of a malignant tumor

The growth of a malignant tumor (type of
hepatocellular carcinoma) located in the left lobe of the
liver will be shown in the following section.

The MRI scan shows that the cancer volume is
Vr = 67759.26 mm3, as this value is taken in initial
moment t = 0, it is concluded that Vy,=0. The parameters
are defined as : D = 6Gy? radiation dose, 8 = 0.2 the
retardation factor of the vascular structure , A(0) = 0.01
rate of cancer growth, tp =2 radiation start time,
trqa =1 radiation time , T* =5 time instant after
radiation, T, time instant before radiation, « = 0.01, § =
0.01,n,4 = 0.13.

At the moment t = 0 and V; = 67759.26 mm? as the
cancer was not affected by radiation or chemotherapy.
Due to the effect of radiation, cells that divide change into
cells that do not divide, and then they die and get removed
from the body. Therefore, from the Figure 11 it can be se-

wJFobliferating tumor volume

0 2 4 G 8
Time (days)

Figure 11: Graphic representation of the total volume of the
proliferating cells

2 Gray (Gy) is the SI unit of the absorbed dose of
ionizing radiation by the body (the amount of energy
absorbed by the body under the influence of radiation) [5].

3 Note: The parameters are not obtained from the MRI
scan. Based on the medical history and research on
hepatocellular carcinoma, it is assumed that the
parameters have given values [2].

en how the total volume of proliferating cells decreases
during the period of active radiation time effect, where as
seen on the Figure 12 the total volume of non-dividing
cells increases.

As radiation affects the blood vessels that bring
nutrients to the cancer, disrupting those connections slows
tumor growth. As can be seen from the graph (Figure 13),
the tumor growth rate is decreasing.

On the graph shown in Figure 14 it can be seen how the
cell transition rate is obtained. The function that describes
dividing cells as well as the function that describes non-
dividing cells are convex.. The number of dividing cells is
decreasing, because the radiation has affected the cells.
Although the number of non-dividing cells should be
increasing, because dividing cells are transitioning into
non-dividing cells, the number of cells that died is greater
than the number of non-dividing cells , therefore our
function decreases. If it’s kept up with the radiations and
the graph is plotted as t — oo, the number of non-dividing
cells and the number of dividing cells would approach the
X-axis.

; NMeh-dividing tumor volume
2 ﬁ

1.5

VNDIt)

0.5

0 2 4 6 8
Time (days)

Figure 12: Graphic representation of the total volume of the non-
dividing cells

Tumor growth rate
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£
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Figure 13: Graphic representation of the growth rate

18



Medojevic, S. (2024): Mathematical models of tumor growth Banki Kozlemények 6(1), 12-20.

x10*  Cell transition rate
2
Dividing cells
Q — Non-dividing cells
© 15
c
9
e Tk
i s
3 B
S 05 —
0
0 2 4 6 8
Time (days)

Figure 14: Graphical representation of cell transition rates from
dividing to non-dividing cells

The dose of radiation to which a patient is exposed to
depends on the type, stage and location of the cancer, the
patient's age, previous medical history, etc.

There are two approaches: exposure to lower doses of
radiation more times or exposure to higher doses of
radiation fewer times.

On the graphic shown in Figure 15 it can be seen that
the dose of 6.5 Gy has the greatest impact. For all 4
values, it can be seen that they have the greatest decrease
during the active radiation effect, after which the volume
is on the rise again. This happens because the cancer was
treated with only 1 dose of radiation. For the graph to
continue decreasing, multiple exposure to radiation would
be necessary as well as chemotherapy.

Of course, higher dose of radiation does not mean a better
outcome for the patient. Since radiation affects healthy
cells in addition to malignant cells, it must be taken into
account not to damage too many healthy structures. If the
immune system is damaged, regardless of how much of
the tumor is killed, body will not be able to fight the
disease.

] sxJumor volume in dependence of different radiation doses

——D=5

10r ——Di=55]|]
D=6

9t D=65| 4

Tumor volume (mm?)

2 4 6 8 10 12 14 16 18 20
Time (days)

Figure 15: Graphical representation of the tumor volume in
dependence of different radiation doses

4 CONCLUSION

This paper presents mathematical models that help to
monitor the growth of benign and malignant tumors. It is
shown that the proposed mathematical models can be used
to monitor tumor growth, as well as how much influence
the initial parameters have on the final outcome. The
model can be adapted to follow avascular and vascular
growth. Mathematical models of tumor growth are most
often used during experimental studies of tumor growth
(on animals) and the effect of radiation on them. A larger
database improves the accuracy of the obtained data. This
paper showed that the proposed models can be used to
monitor tumor growth in humans as well. As the models
were applied to a smaller sample, the reliability of the
obtained results is debatable. In order to ensure the highest
possible reliability of the obtained results, it is necessary
to increase the sample size and observe tumor growth at
shorter time intervals. Also, it would be desirable to
introduce a confidence interval estimation that would
describe the reliability of each obtained data.

5 SUMMARY

As cancer is one of the deadliest diseases, models have
been developed that are used to predict tumor growth.
Those are mathematical models which connect
mathematical equations, probability and computer science.
In this paper Gomperz and kinetic models are presented.
Although these models are usually used in animal
experiments and with larger database, in the paper it is
shown that it can be used on humans and with smaller
database. The Gomperz model was implemented on a
benign tumor. It is shown how it will grow throughout
time and its maximum volume. Two codes were written
for a kinetic model that were implemented on a malignant
tumor. It was shown what affect one dose of irradiation
has on the tumor as well as how different doses of
radiation affect the tumor. In order to improve the
reliability of the data, it is necessary to work on a larger
data base, shorter observation intervals and it would be
desirable to introduce a confidence interval estimation that
would describe the reliability of each obtained data.
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Abstract. Fuzzy logic is a mathematical
approach used to model uncertainty in
decision-making processes. Fuzzy logic has
been widely applied in fields where
uncertainties are encountered, such as
automatic control, artificial intelligence,
shape recognition system, robotics and
other fields. Autonomous vehicles are
vehicles that are able to move and function
without the direct control of the driver.
This paper shows how fuzzy logic makes
decisions, what are the advantages and
disadvantages of such a driving system in
urban areas, the results of fuzzy logic
"inference" and how fuzzy logic makes
decisions instead of humans on the basis of
forwarded information from the
environment, and specifically the focus is
on making decisions about speed and
registering obstacles. These results are
quite good, but it turns out that they still
cannot completely replace humans,
especially when it comes to some ethical
issues.

Keywords: Autonomous Vehicle, Fuzzy Logic,
Obstacle detection

1. INTRODUCTION

In recent decades, the development of autonomous
vehicles has become one of the greatest achievements in
the field of transportation. This innovative technology

opens up new perspectives for the future of
transportation, especially in urban environments.
Driving autonomous vehicles in urban environments is
a complex challenge due to the presence of numerous
variable factors such as traffic congestion, pedestrians,
weather conditions, traffic signs and signaling. Fuzzy
logic provides a suitable framework for driving
autonomous vehicles in such complex environments.
Basically, fuzzy logic relies on linguistic variables and
inference rules to make decisions based on imprecise
data [1]. This flexible and adaptive logic allows
autonomous vehicles to behave according to changing
conditions in urban environments. Using this logic, the
aim is to make the autonomous vehicle as independent
as possible from the driver and his need to react. The
paper focuses on understanding the challenges of
autonomous vehicles in urban environments and
exploring ways in which fuzzy logic can solve these
challenges. In the first part of the paper, the concept of
fuzzy logic and its importance in the context of
autonomous vehicles is explained. Also, the basics of
fuzzy logic and how it can be applied in the management
of autonomous vehicles are presented, with special
reference to the urban environment. Safety and
reliability of autonomous vehicles are also key aspects
in this paper. The paper presents concrete examples of
the application of fuzzy logic in driving autonomous
vehicles in urban areas and how, with the help of this
logic and other parts of the system, the vehicle makes a
decision to change the speed or to notice the obstacles it
encounters. The central place in the paper is occupied by
fuzzy logic for the detection of obstacles and speed
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control in the urban environment, the description and
application of fuzzy logic in this process, examples and
results, and examples of the implementation made in the
Python programming language.Through all these
analyzes and examples, the goal is to understand how
fuzzy logic can be useful in driving autonomous
vehicles in urban environments. The utilization of fuzzy
logic technology holds the potential to enhance driving
safety, efficiency, and comfort in urban areas by
enabling intelligent decision-making based on imprecise
data. This technology paves the way for intelligent,
autonomous transportation that can adapt driving to
different situations and contribute to the sustainability
and efficiency of urban transportation systems. The
International Federations of Robotics concluded that
there have been 19% increase in the use of robots in the
vehicle industry with a statistics of 86 200 to 106 300
units in just a space of three years 2004 — 2007 [2], and
today these percentages have increased significantly.

2. FUZZY LOGIC

Fuzzy logic is based on clear and precisely determined
rules, and rests on set theory. It allows modeling
complex systems with uncertain or unclear inputs and
making reasonable decisions based on those inputs [3].
An element may or may not belong to a set. Sets have
clearly defined boundaries. In fuzzy logic, the belonging
of one element to a certain set is not precisely defined,
but the belonging is measured in, say, percentages [4].
These membership measures, scaled, can take values
from 0 to 1. We use very imprecise sentences every day
and they are not useful in fuzzy logic, for this reason we
have to give up the binary decision in which something
is true or false or black or white and turn it all into fog
and "gray color". This logic is very close to the human
perception of many things in life. It finds its application
in many areas, such as autonomous vehicles systems.
Many similar situations that are not clearly separated,
which are a mixture of several things, are present around
us every day, and fuzzy logic measures the truth of each
statement in percentages. Fuzzy sets are the basic
elements with which we describe imprecision. A
discrete set contains elements with the same properties,
while a fuzzy set contains elements with similar
properties. The essence is to form a program code that
implements the knowledge of an expert about some
processes [5]. This system can be seen as a black box
in which certain outputs are formed based on the inputs
based on the dependence of the input units and the
relationships between them.

3. HOW DOES AN AUTONOMOUS
VEHICLE WORK?

Driverless vehicles are getting closer to reality. Every
major vehicle manufacturer has its own project related
to autonomous driving. Some components are already in
use today, such as self-parking, automatic braking or
cruise control. Autonomous driving technology is not
simple. They rely on sensors that collect information
from the environment. They use various technologies,
such as sensors, cameras, radars, GPS and artificial
intelligence, to make real-time driving and navigation
decisions. That information is then sent to a very
powerful computer unit that processes it [6]. Extremely
accurate maps and an internal GPS system are inserted
into the computer memory. The sensors use ultraviolet
and infrared rays. In addition to sensors, cameras and
lidar (Light Detecting and Ranging) are also used to
collect information. Lidar is an optical measuring
instrument that uses 32 or 64 lasers to measure the
distance between objects. This information is needed to
create a virtual 3D map [7]. Sensors, cameras and lidar
can "see" stationary and moving objects, such as people,
animals, obstacles on the road, other vehicles, read
traffic signs. The processor processes the data generated
in this way, creates a visual image and combines it with
preloaded maps.

3.1 Challenges for autonomous vehicles

There are many challenges of operating autonomous
vehicles in urban environments and obstacles that these
vehicles need to overcome without consequence. Traffic
congestion is one of them because urban environments
are often characterized by heavy traffic and congestion
that can affect the speed of vehicle movement.
Autonomous vehicles must be able to adapt to these
conditions, making decisions about changing speed,
avoiding obstacles and optimizing the path [8]. Then
caution towards pedestrians and their unpredictable
movements. It is necessary to identify pedestrians,
predict their movement and adjust driving in order to
ensure the safety of all road users. In this context, fuzzy
logic can be useful in analyzing sensor data to identify
pedestrians. Just as cars that require a driver and must
obey traffic signs, traffic signs and signaling represent a
special type of challenge for autonomous vehicles.
Correctly interpreting and reacting to traffic signs and
signaling is key to safe driving in urban environments.
Fuzzy logic can be applied to model and interpret
various traffic sign and signaling situations, allowing
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autonomous vehicles to recognize and properly respond
to changes in those situations. Weather conditions, such
as rain, snow or fog, can significantly affect driving
conditions and require autonomous vehicle driving to be
adjusted. Fuzzy logic can be applied to model the effect
of weather conditions on vehicle performance and make
decisions about optimal speed, braking or steering
according to those conditions. Then the traffic flow in
urban environments is often variable and unpredictable.
Autonomous vehicles must be able to adapt to changes
in traffic speed and density to maintain safety and
efficiency. All these are challenges that an autonomous
vehicle must successfully overcome.

3.2 Advantages and disadvantages of autonomous
vehicles

It is almost difficult to talk about the balance between
the advantages and disadvantages of such vehicles. One
of the reasons is the raising of many ethical questions,
so there are differences of opinion in the analysis of
those questions. Perhaps the biggest advantage of
autonomous vehicles is that you don't need any driving
knowledge or a driver's license to own and operate one.
Also, autonomous vehicles are programmed to follow
traffic regulations and rules that will prevent human
error. These vehicles are equipped with sensors that
enable quick reactions in critical situations, which a
person would not be able to do. Autonomous vehicles
can use advanced algorithms for routing and path
planning, optimizing traffic flow and reducing
congestion. They can communicate with each other and
synchronize their movements, thereby reducing road
congestion and increasing the overall efficiency of the
transportation system. On the other hand, sensor
precision, software reliability and solving unpredictable
traffic situations have not yet reached high accuracy.
Vehicle automation may now be at a transitional level
between partial and full automation, but in the coming
years, cars will certainly be able to drive independently.
Another disadvantage of these vehicles is setting the
level of privacy, which is otherwise a huge problem
nowadays. Autonomous vehicles generate large
amounts of data about users' journeys, locations and
habits. This raises issues of privacy and data security, as
well as the need for adequate protection of user data.
Autonomous vehicles require a high investment in the
development, research and implementation of
technologies. Currently, the costs of autonomous
vehicles are high, making them inaccessible to a wide
range of consumers. Also, maintenance and repairs of
autonomous systems can also be expensive and
demanding. As technology today leads to the loss of

many jobs, driving autonomous vehicles can have a
negative impact on jobs that are related to driving, such
as taxi, truck or bus drivers.

4. FUZZY LOGIC FOR OBSTACLE
DETECTION AND SPEED CONTROL IN
AN URBAN ENVIRONMENT

In the previous part of the paper, it was shown how fuzzy
logic is present in almost the complete system that was
created for the functioning of an autonomous vehicle. In
the rest of the paper, the emphasis is on the example of
the programmer's implementation of fuzzy logic for the
management of autonomous vehicles in urban areas. It
is described how to build a system for detecting
obstacles and making decisions about avoiding
collisions, as well as about vehicle speed control.

The vehicle is equipped with sensors that collect data
about the environment, including the distance to other
vehicles, pedestrians, obstacles and traffic signs (Figure
1). Fuzzy logic is used to process that data and make
decisions based on a set of rules. For the implementation
that was done, a work-generated dataset was used, with
the parameters registered by the mentioned sensors. For
this analysis, it is not important that the data are correct,
but the emphasis is on fuzzy decision-making based on
the transmitted information from sensors located on
autonomous cars. Inputs are described using fuzzy sets.
Fuzzy set A has a membership function (u,) where for
each value x from the domain of the phase variable X, a
membership to phase set A is assigned, which is a
number in the range from 0 to 1 (7).

ta(x) - X = [0,1] )

Figure 1: Display of data collection using sensors

[9]

The distance to the obstacle can have vague sets of

"close", "moderately close" and "far". Then the rules are
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defined that connect these inputs with the outputs of the
system. If the distance to the obstacle is "close" and the
vehicle speed is "high", then a decision can be made to
brake the vehicle to avoid a collision. After defining
inputs, outputs and rules, a fuzzy logic inference process
is used to make decisions. This process uses rules and
input data to make inferences about how the vehicle
should be operated in a given situation. Decisions can be
made based on a combination of multiple inputs and
rules using fuzzy logic methods, such as maximum or
minimum. The principle of maximum is used to
combine inputs when the highest value of the input is to
be emphasized, while for minimum it is the opposite, the
minimum value of the input is emphasized. After the
decisions have been made, the outputs are translated
back into concrete actions taken by the vehicle. In case
the decision is to brake the vehicle, appropriate action is
taken to stop the vehicle or reduce speed. All the
decisions made are further sent through the system,
where the vehicle is enabled to react quickly by
executing the order that is the result of fuzzy reasoning.

Below (Figure 2) is shown the output of the Python code
that enables the input of the parameters registered by the
sensors. In order to demonstrate how fuzzy logic makes
conclusions in the given example, only two variables
were observed, speed and distance, and of course in
practice for making a decision with a vehicle it is
necessary to observe more factors that influence the
decision making, which were mentioned earlier in the
paper. From the graph (Figure 2), it is possible to
estimate how far the input value for distance belongs to
the set "close" or "far" by looking at the values on the
Y-axis at the point where the X-axis is on that value.
Similarly, how far the output value belongs to the
"decrease" or "obstacle" set by looking at the values on
the Y-axis. The colored/shaded part on the graph
represents the intensity area of belonging to a certain set
or the resulting set. This is one of the ways of forming
fuzzy sets, where in further actions the belonging to the
set of all the variables is observed. This part of the graph
indicates how high or low a given membership value is
for a given set. The colored part is useful because it
allows to visually identify the area in which there is a
certain value or range of values for the intensity of
affiliation. In this way, it can be estimated to which
category a certain value belongs based on the intensity
of belonging in that area. Drawing a conclusion from the
results discussed in this way is precisely the task of
fuzzy logic.

1.0 4
—— decrease
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0.6
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s
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Figure 2: Vehicle speed control graph

The basic logic behind fuzzy-logic systems is the
application of the operator's expert experience in
designing a decision algorithm, whose input-output
connections are represented by a collection of IF-THEN
fuzzy rules that include fuzzy logic variables. In order to
reach the final decision in the aforementioned analysis,
this rule was used in the implementation as: IF the speed
is low THEN set a high acceleration; which leads to the
final decision on speed regulation. It is closely
connected with fuzzy inference process which is
formulated from fuzzy logic operators and fuzzy If-Then
rules. To define consistency of given rules enables
decision makers to select more important criteria.
Researches on consistency for fuzzy control systems are
still scarce [10]. By applying phase linguistic variables,
the control rules phase and the approximate reasoning
phase, it is possible to incorporate the operator's expert
experience into the design of the control algorithm.

4.1 Connection between fuzzy logic and deep
learning

Connecting fuzzy logic and deep learning in the context
of autonomous vehicles can bring numerous advantages
and open up new opportunities. Fuzzy logic is used for
high-level decision making, while deep learning is used
for low-level object recognition. Fuzzy logic can be used
to make decisions about how an autonomous vehicle
should react in a given situation based on a higher level
of abstraction, while deep learning can recognize objects
in the environment such as vehicles, pedestrians or
obstacles (Figure 3). Deep learning enables the creation
of different models that will provide information and
results that fuzzy logic can use later to make its
decisions. These results are then used as inputs to fuzzy
logic for decision making.
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Figure 3: Example of a learning model

[11]

By combining fuzzy logic and deep learning, one can
harness the strengths and versatility of both
methodologies. In this context, deep learning can be
used to improve object detection, recognize traffic signs
and signals, and predict the movement of vehicles and
pedestrians (Figure 4). Fuzzy logic provides the ability
to make decisions based on human knowledge and rules,
while deep learning enables automatic learning of
complex patterns and representations from large data
sets. This combination can lead to improved
performance and reliability of autonomous vehicles in
urban environments. Also, this combination is excellent
because it combines improvised human reactions and
automatic reactions that deep learning models learn. The
difference between static and dynamic environments in
car object detection is another crucial aspect to consider.
In car object detection, the term "static environment"
refers to scenarios where the surrounding environment
remains relatively unchanged over time. For instance, a
parked car on a street or a car in a parking lot can be
considered examples of objects in a static environment.
In these cases, the primary challenge is accurately
detecting and localizing the cars within the scene.On the
other hand, a "dynamic environment" refers to scenarios
where the surrounding environment is in constant flux.

_—
NN
==
——

-

Figure 4: Example of a learning model

[12]

This can include situations such as cars moving on a
busy road, where the positions and orientations of cars

change rapidly. Detecting objects accurately in dynamic
environments poses additional challenges due to motion
blur, occlusions, and the need to track objects over time.
In order to handle dynamic environments, advanced
object detection algorithms incorporate motion
modeling and tracking techniques. These techniques aim
to predict the future location of objects based on their
previous positions and motion patterns. By combining
object detection with object tracking, autonomous
navigation systems can handle dynamic environments
more effectively. Furthermore, dynamic environments
require real-time processing and decision-making
capabilities to ensure the safe and efficient operation of
autonomous vehicles. Processing speed becomes a
critical factor in these scenarios, as the system needs to
detect and respond to rapidly changing situations in a
timely manner.

5. CONCLUSION

In this paper, the application of fuzzy logic in the context
of the management of autonomous vehicles in urban
environments was studied. The aim of the work is to
show how fuzzy logic can be used in this area, then to
point out the advantages and disadvantages of this type
of transport. Fuzzy logic offers an effective approach for
decision-making in the intricate situations that
autonomous vehicles face in urban environments. Its
connection with deep learning and artificial intelligence
makes it a powerful tool for achieving safe and reliable
control of autonomous vehicles. Deep learning can be
combined with fuzzy logic to draw conclusions based on
large amounts of data. This combination allows the
autonomous vehicle to learn from experience and adapt
to changing conditions in urban environments. It is
important to note that the application of mathematics is
key in fuzzy logic. Mathematical models and
membership functions are used to describe and quantify
uncertainty in data and decision making. Mathematical
operations such as maximum and minimum are used to
combine inputs and apply rules to produce output
results. Fuzzy logic provides safety and reliability in the
driving of autonomous vehicles, which is crucial for
realizing more advanced and efficient transportation
systems in urban areas. No one can yet predict when
exactly automatic vehicles will take over. Software is
powerless to answer driving dilemmas that are easy for
humans and these are precisely the obstacles for which
it is almost impossible to find a solution because this is
the main difference between humans and robots. In the
event that the vehicle cannot avoid a collision, is it better
to hit a pedestrian or a tree on the side of the road? This
significantly complicates the road to full automation of
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vehicles. Despite the advancements in automation
levels, reaching level three, which involves conditional
driving automation, remains a partial achievement. The
ongoing progress, driven by a combination of fuzzy
logic and artificial intelligence, has significantly
contributed to this advancement. Whether autonomous
vehicles with all their advantages and disadvantages will
become part of everyday life is still an open question.
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Abstract — This paper presents the possibility of using fuzzy
logic and machine learning in web development with PHP
programming language. Fuzzy logic and machine learning
found their applications in various fields of web development.
The Python programming language is one of the most
popular for developing applications that utilize fuzzy logic
and machine learning. When it comes to integrated web
systems using some form of Al it's common to see the Al
module implemented using the Python programming
language, while the rest of the system is written using other
programming languages and technologies. API endpoints are
created for data exchange among different languages within
such systems. PHP, as a server-side programming language,
is used on over 75% of websites, according to the W3Techs
report. The work briefly describes the most popular libraries
in the PHP programming language that are used for applying
fuzzy logic and machine learning. Implementation
requirements and basic features are listed.

Keywords: fuzzy logic, machine learning, web development, php

1 INTRODUCTION

Fuzzy logic is a mathematical framework designed to
address uncertainty and imprecision in decision-making
and reasoning. It enables the representation of levels of
truth, as opposed to rigid true or false values. Fuzzy logic
employs fuzzy sets, fuzzy rules, and fuzzy inference to
manage imprecise or ambiguous information and arrive at
approximate decisions.

It is applied in diverse fields such as control systems,
decision support systems, expert systems, natural language
processing, and machine learning. Fuzzy logic empowers
systems to process uncertain and subjective information,
offering greater flexibility and nuanced reasoning abilities.

Fuzzy logic can be employed to enable adaptability in
web interface design. In [1], authors presented development
of web portal to support online shopping, with such
characteristic. The web portal stored past shopping records
and maintained the actual shopping list. Portal used
collected data and a fuzzy approach to create adapted
functionality in web interface. According to the results, it
can be said that usage of fuzzy methodology for adaptation
into Web interfaces can feasibly be implemented.

In various loyalty programs, employers create mobile
applications and/or websites that utilize some form of
machine learning and fuzzy logic. Based on information
obtained from consumer habits (what they buy, when they
buy, where they buy, how much they buy, etc.), algorithms
are triggered to predict a personalized offer for the
consumer. Based on reactions to the generated offer, the
algorithm learns and continues to improve.

Accurate effort estimation is crucial in software
development, as it directly influences project timelines and
success. The study [2] introduces a model for estimating
effort in web-based mobile app development using an
object-oriented approach. The proposed model combines
functional size measurement with object-oriented web app
metrics and mobile characteristics. Estimations are
performed using the Mamdani fuzzy logic method.

Artificial intelligence (Al) pertains to the development
and deployment of intelligent systems capable of executing
tasks that usually necessitate human intelligence. It
encompasses the emulation of human-like intelligence in
machines to equip them with the capacity to perceive,
reason, learn, and make decisions.

Machine learning is a component of artificial
intelligence that concentrates on creating algorithms and
models enabling computers to learn from data and make
predictions or decisions without explicit programming.
This entails scrutinizing extensive datasets to discern
patterns, extract meaningful insights, and construct
predictive models.

The popularity of the Python programming language
arises from its utilization in developing applications
incorporating fuzzy logic and machine learning. This
popularity is attributed to its rapid execution speed,
relatively uncomplicated programming syntax, and a
multitude of pre-existing libraries equipped to execute
various tasks linked to artificial intelligence.

In scenarios that involve integrated web systems using
some form of artificial intelligence, it is common to utilize
an Al module that is created using the Python programming
language. The rest of the system is typically implemented
using other programming languages and technologies.

Within such systems, API endpoints are generated to
facilitate data exchange across diverse languages. Data
exchange is conducted in one of the accepted standard
formats, but the JSON format is the most popular due to its
processing speed and the fact that all programming
languages have good functions and libraries for working
with this data format.

In these systems, sometimes ML modules are created as
standalone components with the option to import and
export data into a text file without direct communication
with the rest of the system.

As per the W3Techs report [3], PHP, functioning as a
server-side programming language, is used on more than
75% of websites. The paper briefly outlines the most
prominent libraries within the PHP programming language,
utilized for the application of fuzzy logic and machine
learning.

©The author(s). Open access is under the terms of the Creative Commons Attribution Non-Commercial No Derivatives

4.0 International Licence.

27



Covié, Z. (2024): Usage of Fuzzy Logic and Machine Learning in Web Development Banki Kozlemények 6(1), 27-32.

1.1 Application of Fuzzy logic in web development

In the realm of web development, various applications of
fuzzy logic can be observed:

Enhanced Search Functionality: Fuzzy logic contributes
to refining search capabilities on websites by yielding more
precise and pertinent outcomes. This involves
accommodating approximate matches and managing
partial correspondences, empowering users to locate
desired information even in the absence of exact search
terms.

Efficient User Input Handling: Fuzzy logic proves
valuable in adeptly managing user input within web forms.
Its capacity to decipher and comprehend ambiguous or
vaguely articulated inputs mitigates errors and elevates the
overall user experience.

Facilitating Decision-making: Fuzzy logic plays a
pivotal role in aiding decision-making processes within
websites. Its ability to embody uncertainty and imprecision
within decision models is particularly beneficial for
recommendation systems, personalized content delivery,
and adaptive user interfaces.

1.2 Application of machine learning in web development

Personalization and Recommendation  Systems:
Machine learning analyzes user data for personalized
website recommendations, often seen in e-commerce,
streaming, and social media platforms. Decision Trees and
Random Forests algorithms are versatile and can be used
for both classification and regression tasks.

Natural Language Processing (NLP): ML, especially
NLP, creates chatbots, virtual assistants, and voice
interfaces for websites, enhancing user interaction.

Fraud Detection and Security: ML detects website fraud
patterns (e.g., payment fraud, fake accounts) to enhance
web app security.

Predictive Analytics: ML algorithms analyze website
data for predictions and insights, aiding in user behavior
forecasts, campaign optimization, and data-driven
decisions. Linear Regression is an algorithm that can be
suitable for these types of tasks.

Text classification tasks: Naive Bayes algorithm could
be used for tasks like sentiment analysis in social media or
customer support interactions.

Image classification (recognizing objects in images):
Support Vector Machines (SVMs) excel in classification
tasks, particularly in situations where there exists a distinct
and well-defined separation between classes.

1.3 Application of Al in web development

Artificial intelligence (Al) is seamlessly integrated into
the web development industry, handling increasingly
intricate tasks. Most popular 7 ways Al is used in a web
development are:

e Coding Assistants

e  Artificial Design Intelligence (ADI)

e Smart Chatbots for a Personalized End-User
Experience

e Voice-Based Interactions for a Convenient
Search Experience

e Search Engine Optimization (SEO) Made
Easier

e Dynamic Content Personalization

e Website and Vulnerability Testing [4]

1.3.1  Coding Assistants

Tools such as Codex and Github's Copilot aid
programmers by proposing the subsequent lines of code
they're actively engaged with, or even compiling small code
segments for integration. Nevertheless, these tools are
limited to managing concise and uncomplicated programs,
and their precision rates are modest [4].

1.3.2  Artificial Design Intelligence (ADI)

Artificial Design Intelligence (ADI) can produce
complete e-commerce websites tailored to users, covering
a range of elements including visual design, layout, and
content. Through a series of straightforward inquiries and
drawing upon its extensive training data, ADI can create
websites that match any objective and accommodate a
variety of tastes. One of the examples is Wix ADI,
technology that has the capability to create individual
websites [4].

1.3.3  Smart Chatbots for a Personalized End-User

Experience

An Al chatbot enables users to quickly access
information through natural language queries, leveraging
website content and customizable responses. Intercom
offers Al-driven chatbots that seamlessly integrate into
websites, apps, and other software solutions for companies

[4].

1.3.4  Voice-Based Interactions for a Convenient Search

Experience

Voice search offers a more efficient way to access
information compared to manually browsing through
written content. Users can verbally pose their question, and
an Al system optimized for voice recognition retrieves and
delivers the relevant information audibly. Apple's virtual
assistant, Siri, can retrieve information and perform various
tasks through voice commands [4].

1.3.5  Search Engine Optimization (SEO) Made Easier

An Al-driven SEO tool can manage these tasks on your
behalf. It can generate effective headlines and topic
suggestions for your writing, along with supplying the
essential keywords to enhance your content's ranking.

SEOQ.ai is software for swift and effective search engine
optimization content creation [4].

1.3.6

Al-powered dynamic content personalization enables
custom experiences for large customer bases, leveraging
diverse data sources to understand behaviors and craft
tailored marketing strategies. Braze is a customer
engagement platform that helps brands maintain audience
engagement through customer-centric interactions [4].

Dynamic Content Personalization

1.3.7  Website and Vulnerability Testing
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Conventional website code testing requires hands-on
effort, with programmers closely overseeing outcomes,
refining tests, and monitoring changes. Al can automate
simpler tests, allowing programmers to focus on complex
issues, streamlining testing and improving efficiency.
Diffblue Cover uses Al to automate Java unit test
generation, aiding programmers in Java application
creation, updating, and maintenance [4].

2 WEB SYSTEM WITH ML MODULE

Integrated web systems often incorporate a Python-based
ML/AI module, while other languages and technologies
handle the rest of the system. API endpoints facilitate data
exchange across languages, commonly using JSON due to
its speed and universal support. In some cases, ML modules
function independently, allowing data import and export
via text files without direct system communication. The
figure (1. figure) shows the most common architecture of
integrated web system with ML module. In many systems,
the AI/ML module is physically located on a separate
server.

PYTHON ML MODUL

S

J 1

A o

PHP
USER SERVER

1. figure: Example of architecture of integrated web system with ML
module

PHP is the most popular server-side programming
language, and it is used on over 75% of websites. For using
PHP instead of Python in ML modules, it is necessary to be
familiar with existing classes and libraries.

3 PHP CLASSES AND LIBRARIES

PHP has several classes and libraries that are used for
performing fuzzy logic and machine learning operations.
One of the more popular built-in PHP functions is
levenshein(), which calculates Levenshtein distance
between two strings.

3.1 Levenshtein

The Levenshtein Distance (LD) is a fuzzy matching
technique used to measure the difference between two
strings. The resulting number indicates the degree of
dissimilarity between the two strings. A higher Levenshtein
edit distance signifies a greater disparity between the two
terms.

levenshtein (
string $stringl,
string $string2,
int $insertion cost = 1,

int $replacement cost = 1,
int $deletion cost =1
): int

The Levenshtein distance is defined as the minimal
number of characters you must replace, insert or delete to
transform string1 into string2 [8].

If insertion_cost, replacement_cost and/or deletion_cost
are unequal to 1, the algorithm adapts to choose the
cheapest transforms. E.g. if S$insertion_cost +
$deletion_cost < $replacement_cost, no replacements will
be done, but rather inserts and deletions instead [8].

As an illustration, when measuring the distance between
"Cristian" and "Christian," the distance is 1, as they differ
by only one letter, "h." This term is commonly used
interchangeably with "edit distance”.

3.2 FuzzyDM library

Fuzzy logic decision making library is one of the PHP’s
libraries created for the Fuzzy logic. Library can be
installed with composer via Packagist web site
(https://packagist.org/packages/ketili/fuzzydm). It requires
5.3.0 or above version of PHP.

FuzzyDM is a small PHP library to make multi criteria
decisions. It relies on fuzzy-logic fundamentals and
employs simple membership and aggregate functions. With
this library, decisions can be made based on some
predefined numeric features.

3.3 PHP Al libraries

Integrating Al into PHP programming is achievable
through various libraries and frameworks. Notable ones
within the PHP ecosystem, like PHP-ML and Rubix ML,
enable this incorporation. They provide a wide range of Al
algorithms, including neural networks, decision trees, and

clustering, allowing for the creation of intelligent
applications.
Additionally, PHP frameworks like Laravel and

Symfony come with specialized tools and extensions that
facilitate the use of Al libraries and seamless integration of
Al capabilities into web applications.

3.4 PHP-ML

PHP-ML is a PHP library dedicated to machine learning.
It offers a diverse array of algorithms and tools for tasks
like classification, regression, clustering, dimensionality
reduction, and beyond. The design prioritizes user-
friendliness and seamless integration with existing PHP
applications. PHP-ML is released under the MIT Licence.
It requires PHP version 7.1 or above. Complete
documentation of usage of this library and sample
examples for every feature can be found at https:/php-
ml.readthedocs.io/en/latest/.

Here are some advantages of PHP-ML [5]:

e Seamless Integration: PHP-ML effortlessly
integrates with various PHP frameworks and
libraries.

e  User-Friendly Interface: The library boasts a user-
friendly interface, facilitating an easy entry point
for developers venturing into machine learning.
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e  Thriving Community: PHP-ML benefits from a

robust  developer  community, actively
contributing to its advancement and offering
support.

e Diverse  Algorithmic  Support: =~ PHP-ML

accommodates an extensive array of machine
learning algorithms, encompassing classification,
regression, clustering, and more.

e Swift Execution: PHP-ML is engineered for
efficiency, ensuring rapid execution of machine
learning algorithms.

e  Open-Source: PHP-ML is open source, affording
developers the freedom to utilize and customize it
according to their specific requirements.

PHP-ML offers a lot of features. Here are some of them
[5]:

e Modular Approach: PHP-ML presents a
collection of distinct components that stand alone
effectively or meld seamlessly to construct a
comprehensive machine-learning system.

e FEasy Usage: PHP-ML boasts a user-friendly

interface, ensuring accessibility for both
newcomers and seasoned machine learning
experts.

e Extensive Algorithmic Diversity: PHP-ML
encompasses a vast spectrum of machine learning
algorithms, including classification, regression,
dimensionality reduction and clustering.

e  Open-Source Advantage: PHP-ML operates as an
open-source solution, granting the freedom to
utilize and adapt as per individual requirements.

e Streamlined Data Preprocessing: PHP-ML
streamlines data preprocessing capabilities,
encompassing functions like normalization,

standardization, and feature scaling.

e Robust Cross-Validation: PHP-ML facilitates
robust cross-validation capabilities, a pivotal tool
for appraising the efficacy of machine learning
models [5].

e Integrated Visualization: PHP-ML seamlessly
integrates built-in visualization features catering
to data and machine learning models.

e Versatility Across Formats: PHP-ML offers
support for a multitude of data formats,
encompassing CSV, TXT, and JSON, simplifying
compatibility with diverse data sources.

Several general procedures need to be involved in
utilizing PHP-ML. First it is necessary to install the library
using Composer, which will add the library to your project
dependencies.

As it works with data, it needs to be loaded into an array
or a dataset object. The data can be read from a database, a
file, or any other source.

After loading, preprocess data as needed for machine
learning, including normalization, outlier removal, and
converting categorical variables to numerical. Data division
is necessary in training and testing sets. The training set
instructs the model, and the testing set assesses the
effectiveness of the model.

The next step is to choose a machine learning algorithm
that is proper for a given problem. Model can be trained by

providing the training data and the selected algorithm to the
relevant class in PHP-ML.

The testing data can be passed to the trained model for
the assessment of its performance. Once your model has
been trained and tested, it can be employed for predictions
on new data. The trained model can be saved to a file for
future reuse. Deployment to a web application or any other
software system where it can be utilized for predictions is
also possible. Below a simple example of classification is
shown [5].

require once _ DIR

' /vendor/autoload.php';

use Phpml\Classification\KNearestNeighbors;

$samples = [[1, 31, [1, 41, [2, 41, [3, 11,
(4, 11, (4, 211;
$labels = ['a', 'a', 'a', 'b', 'b', 'b'];

Sclassifier = new KNearestNeighbors() ;
Sclassifier->train($samples, $labels);

Sclassifier->predict ([3, 2]);
// return 'b'

Example scripts are available in a separate GitHub
repository  https://github.com/php-ai/php-ml-examples.
One of the scripts is Code Review Estimator, which is a
simple showcase of machine learning for code review cost
estimation.

Many of the examples have been used in articles written
by the author of this library, for example: Prediction of air
pollution with k-Nearest Neighbors. The k-Nearest
Neighbors algorithm is a straightforward method for
classification (supervised learning). Its operational
principle involves identifying the k closest neighbors to the
target value, usually determined using a distance metric [5].

3.5 Rubix ML

Rubix ML is a free open-source machine learning library
that allows you to build programs that learn from your data
using the PHP language. It is the most popular ML library
for PHP. It provides tools for the entire machine learning
life cycle from ETL to training, cross-validation, and
production with over 40 supervised and unsupervised
learning algorithms. Rubix ML strives to enhance the
accessibility of machine learning for PHP developers,
offering a user-friendly platform to construct, train, and
assess machine learning models [6].

It can be installed using Composer. Library requires PHP
version 7.4 or above. Tensor extension for fast
Matrix/Vector computing is recommended. It is a library
and extension that provides objects for scientific computing
in PHP. All Rubix ML projects are constructed to run from
the PHP command line interface (CLI). The reason almost
always boils down to performance and memory
consumption [6].

Optional extensions for working with the Rubix ML
library can also be installed: GD extension for image
support, Mbstring extension for fast multibyte string
manipulation, SVM extension for Support Vector Machine
engine (libsvm), PDO extension for relational database
support and GraphViz for graph visualization [6].
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A flexible modular architecture characterized by several
fundamental abstractions and their corresponding types and
interfaces is employed by Rubix ML [6]. The figure (2.
figure) shows the Rubix ML system architecture.

« Labeled
- Unlabeled

- Stateful
« Elastic
- Embedder

« Learner

« Online

» Probabilistic

« Scoring

« Ranks Features
« Parallel

« Persistable

« Verbose

« Wrapper

Meta-estimator

Estimator

Supervised | Unsupervised

[ [ ] |
[ . ] [ ] ] [ Anomaly ]
cl gressor Clusterer Detector

2. figure: Rubix ML system architecture

Some benefits of using Rubix ML include [5]:

e  User-Friendly Design: Rubix ML is crafted for
ease of use, ensuring a straightforward learning
curve. Its intuitive and uniform interface
empowers developers to effortlessly build
machine-learning models.

e Versatility: Rubix ML accommodates an
extensive array of machine learning algorithms,
granting developers the freedom to select the
one that aligns most closely with their
requirements. Additionally, it permits users to
tailor their models and algorithms to suit
specific preferences.

e Efficiency: Rubix ML is engineered for high
performance and scalability, enabling it to
process sizable datasets and intricate models
with optimal effectiveness.

e Data and Model Visualization: Rubix ML
offers resources for visually representing data
and models. This aids developers in gaining a
deeper comprehension of their data and
enhancing their models.

e Open source: Rubix ML is freely available for
use, and developers can actively contribute to
its ongoing development.

In addition to the mentioned advantages, Rubix ML has
features that make it a good choice for use in various
projects. Some of them are:

e Accommodates a diverse array of machine
learning algorithms.
Furnishes a user-friendly and uniform interface.
Enables training on various devices (e.g., CPU,
GPU).

e Includes tools for feature selection and data
preprocessing.

e Facilitates model persistence and serialization.

e Allows for hyperparameter tuning and model
selection.

e Provides support for ensemble learning and
pipelines.

e Comes with extensive documentation and a
substantial collection of examples.
Permits the development of custom models.
Applicable in both research and production
settings [5][6].

Example projects can be found in Tutorial page [7].
Many of them come with usage instructions and a pre-
cleaned dataset. The most numerous examples are related
to prediction, recognition, and analysis.

For example projects to be more easily understood, it is
recommended to master the basic steps in creating project
structure and applying this library. Additionally, you
should have a fundamental understanding of various types
of machine learning such as classification and regression
[7].

Below, the steps in the basic example will be presented.

3.5.1

Projects of machine learning usually begins with a
question. Define the questions and collect the answers for
them. For examples, data should be structured and
represented in a 2-d array (or matrix), and if labels are used,
they should be presented as a 1-d array.

Obtaining data

Ssamples = [
[3, 4, 40.27,
[2, 2, 17.51,
[2, 3, 14.71,
[3, 4, 52.01,
1
$labels = ['graduated', 'ungraduated',

'graduated', 'ungraduated'];

3.5.2  Construction of Labeled or Unlabeled dataset

In Rubix ML, datasets are conveyed using specialized
containers known as Dataset objects. Dataset objects
manage the  selection, subsampling,  splitting,
randomization, and sorting of both samples and labels they
encompass. There are two categories of datasets: Labeled
and Unlabeled.

use Rubix\ML\Datasets\Labeled;
Sdataset = new Labeled($samples, $labels);

3.5.3

The core of the Rubix ML library is composed of
estimators. They furnish the predict() API and are tasked
with generating predictions for unfamiliar samples.
Estimators that can be trained with data are referred to as
Learners and necessitate training prior to making
predictions. Example shows the usage of K Nearest
Neighbors classifier.

Estimator selection

use Rubix\ML\Classifiers\KNearestNeighbors;
Sestimator = new KNearestNeighbors (3);
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3.5.4  Training

The process of feeding the learning algorithm data so that
it can build an internal representation (or model) of the task
it is trying to learn is known as training. This representation
is comprised of all the parameters (except hyper-
parameters) that are needed to make a prediction.

To initiate training, provide the training dataset as an
argument to the train() method on the learner instance.

Sestimator->train ($dataset) ;

3.5.5

The predict() method can be used with unlabeled dataset on
newly trained estimator The process of generating
predictions is referred to as inference, as the estimator
utilizes the model created during training to deduce the
label of unknown samples.

Making Predictions

use Rubix\ML\Datasets\Unlabeled;

Ssamples = [
[3, 4, 40.2],
[2, 2, 17.5],
[2, 3, 14.7]1,
[3, 4, 52.01,

’

1

Sdataset = new Unlabeled($samples) ;
Spredictions = S$estimator->predict ($dataset);

The estimator produces the predicted class labels for the
unknown samples.

3.5.6  Model Evaluation

By setting some data aside, the model can be tested on
data it has never encountered before. This technique,
known as cross validation, aims to evaluate an estimator's
capacity to generalize from its training.

use Rubix\ML\CrossValidation\HoldOut;
Svalidator = new HoldOut (0.2);

The HoldOut validator allocates a portion of the dataset for
testing and reserves the remainder for training. The user
needs to specify the ratio of testing to training samples as a
constructor parameter for the Hold Out validator. For
example, factor of 0.2 (20%) of the dataset for testing is
chosen.

use Rubix\ML\CrossValidation\HoldOut;
Svalidator = new HoldOut (0.2);

For the fest() method on the validator, it is necessary to
select a compatible validation Metric to serve as the scoring
function. In this example, Accuracy metric is used.

use Rubix\ML\Datasets\Labeled;
use Rubix\ML\CrossValidation\Metrics\Accuracy;

Sdataset = new Labeled($samples, $labels);

Sscore = $validator->test (Sestimator, S$dataset,
new Accuracy());
4 CONCLUSIONS
Fuzzy logic and machine learning are potent

technologies applicable across diverse fields, including
web development.

The web development industry is already fully integrated
with artificial intelligence, which is now handling
increasingly complex tasks.

Python is highly favored for developing applications
with fuzzy logic and machine learning. In integrated web
systems employing Al, the Al module is typically written
in Python, while the rest of the system uses different
languages and technologies. API endpoints facilitate data
exchange between languages in these systems. In the web
environment, PHP can be a valuable alternative to the
Python programming language, boasting strong support for
Al through popular libraries.

The paper presented PHP classes and libraries for
executing fuzzy logic and machine learning operations.
Description of features and short examples of usage are
explained.
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Abstract — The use of soft computing methods is very
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intelligence, but it can also be used in much simpler ways. My
aim was to show the so-called everyday side of this knowledge
in engineering, so I will demonstrate the application of neural
networks through a verification example.
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Osszefoglalis — Lagy szamitasi modszerek felhasznalasa
nagyon sokoldali. A mesterséges intelligencidban nagyon
jelentds szerepet tolt be, de ennél sokkal egyszeriibben is fel
lehet hasznalni. Célom volt, hogy a miiszaki életben igymond
mindennapi oldalat is bemutassam ennek az ismeretnek, igy
egy ellendrzési példan keresztiil mutatom be az alkalmazasat
a neuralis halézatoknak.

Kulcsszavak: Lagy szamitas, neuralis halozat, ellenérzés

1 BEVEZETES

A miiszaki élet kistestvére szerintem az ellenérzés. Mint
oly sok teriileten, a miiszaki életben is nagyon fontos a
minéség megdrzése. A mindség szabvany szerinti
definicidja: ,,egy tevékenység, folyamat, termék, rendszer
vagy személy, vagy ezek barmilyen kombinacidja, azon
jellemzdinek dsszessége, amely befolyasolja a képességét,
hogy meghatarozott és elvart igényeket teljesitsen.”[1]
Ennél szerintem sokkal kézzelfoghatobb ez a kifejezés. A
mindség az elére meghatarozott kovetelményekkel
szembeni megfelelés, a felhasznaloi igény kielégitésével.
Azonban nem szabad elfelejteni azt sem, hogy a mindség
nagyon szubjektiv kifejezés, nem lehet konkrétan
meghatarozni, hogy egy termék mikor ,,minéségi”, hiszen
fiigg a felhasznalok igényeitdl, amely mind mas és mas. [2]
A nagy iizemek kevesebb idot és koltséget szeretnek erre
forditani, azonban a vasarlok megtartdsa érdekében
elengedhetetlen  egyfajta  kompromisszumot  kotni.
Mindenki hallhatott mér az ar-érték aradnyrdl, azonban a
mindségnek semmi kdze nincsen az arhoz, mégis én azt
gondolom, hogy egy ilyen vizsgalat sordn nem szabad
megfeledkezni arr6l sem. Ezért érdemes bevezetni a
megfeleléség fogalmat, hiszen ez objektiven mérheté. Egy
termék vagy megfeleld, vagy nem, nincsen koztes rések. A
legkisebbtél kezdve a legnagyobbig sorolhatnam a
vallalkozasokat, de egy biztos, mind a profit miatt {izemel.
Ennek az eljarasnak, amelyet a kdvetkezékben felvazolok,

egy finomitott, tovabbdolgozott formaja alkalmas lenne
megkeresni azokat a kritikus pontokat az lizemekben,
gyarakban, vallalkozasokban, ahol a mindség romlik. A
példamunkamban egy 4 allomasos lizemben, 210 napot,
koriilbeliil fél évet fogok vizsgalni. A feladat végén ki lehet
értékelni, hogy melyik allomason mekkora a hatékonysag,
milyen gyakran kovetnek el hibat. Célom, hogy egy
¢életszerli, de nem tul bonyolult feladaton keresztiil
bemutassam a neurdlis haloézat mikodeését. Sajnos ez a
rendszer még nem teljesen automatizalt, hiszen maguk az
ellendrzési feladatok még human eréforrast igényelnek,
azonban tavolabbi céljaim kozott tartom szamon, hogy
magat az ellendrzési feladatokat is automatizalni lehessen.

2 LAGY SZAMITASI MODSZEREK

A mesterséges intelligencia kutatasaban jelentds teriilet
a lagyszamitasi modell. Alapgondolata a biologiai
ismeretek felhasznalasan alapuld adatfeldolgozas. A
hagyomanyos szamitastechnikaval ellentétben kozelitd
modellekkel dolgozik, tolerdlja a pontatlansagot,
bizonytalansagot és a részleges igazsagot. Elmélete az
1980-as évekre tehetd, de mara mar szamos helyen
sikeresen alkalmazzak. [3][4] A szamitastechnika fejlodése
is segiti a gyors elémenetelét, hiszen az egyre nagyobb
teljesitményli processzorok kedvezd aron megszerezhetok,
nagyon apré mikrochipek is egyre nagyobb szamban
megtalalhatok a piacon. Az egyre Osszetettebbé valo
rendszereket nagyon nehéz hagyomanyos
vezérlorendszerekkel iranyitani. A 1agy szamitasi modszer
kombindlja a Fuzzy logikat, neurdlis haldzatot és a
genetikus algoritmust, igy ezek nem versenyeznek, hanem
kiegészitik egymast. Kijelenthetd, hogy a komplex
problémak megoldasara célszerti alkalmazni ezen
megoldasi lehetdséget. [5]

2.1 Neuralis halozat

A fuzzy logikat mar tobb évtizede alkalmazzak komplex
szabalyzasi feladatokra. Ehhez képest a neuralis halok még
gyerekcipdben jarnak. Ezt a biologiai idegrendszer, az agy
inspiralta. A halézat elemei a neuronok, amelyek Ossze
vannak kotve egymassal. Célja, hogy a gépi
»gondolkodast” kozelitse az emberihez. A neurdlis
halézatot gy kell betanitani, hogy a bemenetek ismert
halmaza a kivant kimenetet eredményezze. A rendszernek
elére meghatarozott tanulasi szabalyt kell ,,megtanitani”,
ami alapjan el tudja végezni a sulyozast is. Elonye, hogy
képes kezelni hianyos adathalmazokat is,
visszacsatolasoknak koszonhetden minimalisra
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csokkenthetd a kimeneti jel hib4ja. Az eredmény attél fiigg,
mennyire pontosak a rendelkezésre allé6 adatok. Hatranya,
hogy esetenként tilzott mértékti képzésre lehet sziikség. A
neuralis halozatok tobb rétegbdl épiilnek fel: bemeneti,
rejtett €s kimeneti. [5]

v

v

1. abra: Neuralis halozatok [6]

2.2 Rekurrens neuralis halozatok

A rekurrens neuralis halézatok memoriaja emlékszik, az
el6z6 1épésekben kapott eredményekre. Az 6ssze bemenet
ugyanazt a feladatot hajtja végre. A fliggetlen rétegeket
azonban atalakitja fligg6 rétegekké. Ekkor az 0sszes rétegre
ugyanazt a sulyt adjuk meg, ezzel csokkentve a visszatérd
paraméterek és rétegek szamat. Ezaltal a neuralis halozat
konnyebben memorizalja, tanulja meg az el6z6 kimenetet,
hogy a kimenet a kdvetkez0 bemenet lesz. Az Osszes rejtett
réteg Osszekapcsolhatd egyetlen ismétlédo rétegbe, hogy a
sulyok az Gsszes rétegnél azonosak legyenek. [7]

A rekurrens neuralis halozatoknal fontos a sorrend,
annak megfelelden kovetkeznek a {ij bemenetek. Miutan
lezajlott a belsé folyamat a kimeneti jel lesz az (1j bemeneti
jel. A bels6 folyamatokban jatszodnak le az eldre betaplalt
szabalyok, igy vagy a soron kdvetkezd lesz az uj bemenet,
vagy ugyanaz, ami volt.

3 FELADAT RESZLETEZESE

A gépészet teriiletén nagyon gyakran szembe talalom
magam azzal, hogy nagyon sok plusz koltség keletkezik
egy-egy tervezési hibabol, a rosszul megirt ajanlatbdl, a
gyartaskor, szereléskor pontatlanul, hanyagul elvégzett
feladatokbdl. Sokszor az el6ttiink rosszul elvégzett
munkabol adodoéan hibdzunk, azonban mégis a mi
munkank lesz rosszul elvégezve, ezzel plusz munkat
kényszeriiliink megesinalni. Lavinaként miikddve, egymas
hibaibol kovetkeznek be a hibak. Egy hibas felmérés
magaval vonzza a hibas tervezést, ami miatt a gyartasban is
bekdvetkezhetnek hibak, amelyek majd csak a szereléskor
fognak szembe tlinni, példdul amikor a hiddaru beleiit az
acélszerkezetbe. A preciz munka nagyon fontos a miiszaki
teriileten is, ezért sokszor érdemes lenne tobb ellenOrzést
végrehajtani a munkaallomasok kozott. Egy jo
visszaigazolas lehetne arra is, hogy milyen aranyokban
0sszak szét a bonuszt, ami akar motivald erével hathatna,
hogy jobban miikddjon a vallalkozas.

Az altalam vett példdban 4 munkadllomast fogok
megvizsgalni, minden nap mas allomast. A folyamatot az
ajanlatkészités, felmérés fazissal kezdem el, majd a soron
kovetketd a tervezés lesz, utana a gyartas €s végezetiil a
szerelést fogom goresod ala venni. Ha megfeleld a mindség,

a jol miikodik az a sor, akkor azt egy matrixban egyessel
jelolom, azonban, ha hibat taldlok és nem megfelelonek
mindsitem, akkor nulla értéket kap. Ezek segitségével
létrehozok egy 210 elemb6l alld matrixot, amely
egyesekbdl és nullakbol all. Ez barhogyan alakithato,
azonban ez fog segiteni abban, hogy el tudjuk donteni, hogy
melyik 1épés lesz a kovetkezé. Mivel a feladatot rekurrens
neuralis halé segitségével fogom megoldani, ezért fontos,
hogy legyen egy sorrendi matrix is, amely segitségével
fogjuk tudni, hogy melyik munkaallomas a soros. Itt fontos,
hogy a masodik elemmel kell kezdeni a sort, akkor fogjuk
kapni az els6 1épésben a helyes eredményt, tehat ha
megfeleld volt, akkor a tervesést, ha nem volt megfeleld,
akkor ujra az ajanlat, felmérés allomast.

Természetesen ezt manualisan, kézzel is meg lehet
oldani, azonban a lagy szamitdsi modszerek legfobb
teriilete a mesterséges intelligencia fejlesztése, igy én csak
az elsé par 1épést készitettem el kézi megoldassal, hogy
szemléletesen be tudjam mutatni, hogy milyen elemekbdl
milyen algoritmus alapjan szamol a program. A kézi
szamolas emellett nagyon id6igényes, sok hibazasi
lehet6séget rejt, hiszen egy monoton feladatrol
beszélhetink. A MATLAB programot véalasztottam ki,
hogy megoldjam a feladatot, hiszem ez a platform remek
lehet6ségeket nytjt a matrixmiiveletek megoldasara.

3.1 Matrixok meghatarozadsa

Mint mar fentebb emlitettem a kiillonbozé elemeket
matrixokba  rendeztem. Eddig a  megfeleloség
meghatarozasara szolgdlé naptarrdl és a sorrendiséget
szemléltetd matrixrol volt sz0. A naptar maga a vizsgalati
idészak. A sorrendiségért felelé matrix (1) els6 oszlopa a
tervezés, masodik a szerelés, harmadik a gyartas, a
negyedik pedig az ajanlat, felmérés.

ey

o O RO
(=N e ]
= o OO
oS O O

Ezek mellett szerepel a Kezdeti matrix, amiben a
kiilonb6z6é munkaallomasoknak a ,,kddjat” tanitottam meg
a programnak. Mivel 4 kiilonb6zé allomast kell
felprogramozni, igy ezek a matrixok 1 soros és 4
oszloposak. Itt is csak egyeseket és nullakat hasznaltam, az
egyesek mindig egy oszloppal el vannak cstsztatva. (2, 3,
4,5)

A=[1000] )
T=1[0100] 3)
G=1[0010] )
S=[0001] (5)

F6 matrixok soraiba tartoznak a hibamatrixok, amik
felelosek azért, hogy a kimeneten melyik értéknek kell
majd szerepelnie. Ezeknek mar csak két elemiik van, ami
azért kovetkezik be, mert itt két dolgot szeretnénk
megfigyelni, megfeleld: nincs hiba (7) vagy nem
megfeleld: hibas (6) az adott allomés munkéja.
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H=[10] ()
N =1[01] 7

Ezeken kiviil, még tigynevezett segédmatrixok fogjak
eldre juttatni a program mitkodését. Az egyik egy egyszerti
egységmatrix (8), valamint altalam elnevezett igaz (9) és
hamis (10) matrix.

1 0 00
01 00
E‘oo 10 ®)
0 0 0 1
1 0
1 0
1_10 )
1 0
0 1
0 1
F_O1 (10)
0 1

A matrixok méretébdl is lehet kdvetkeztetni, hogy mely
matrix melyik masikkal fog az elsé korben
Hegyittmikodni”, hiszen vannak 4 oszlopu és 2 oszlopu
matrixaink. A kiindulaskor a bemendé matrixok a kezdeti
allapot, ebben az esetben az ajanlat készités valamint a
hibamatrix annak megfelel6en, hogy volt hiba, vagy sem.
A Dbelsé rész két részre oszthatd Eldszor is a bemeneti
allapot, egységmatrix és a sorrendi matrixbdl keletkezik
egy Uj matrix, aminek az eredménye egy 1 oszlopu,8 sorti
matrix, ahol az els6 4 elem az aktualis allapot, a kovetkezd
négy pedig a kovetkez6 allapot. (11)

S O O

Y

O O R QOJ©Oo O R
O R OCQI©C O RO
= O O OQor OO
© O O KRRk O oo
O ORrOloo o

Masik része pedig a mindséget, hibat fogja feldolgozni.
Mivel a késébbiekben a belso rész dsszegezve lesz, ezaltal
annak is hasonl6 matrixnak kell lennie. Itt a nem megfeleld
allapothoz tartozo hiba matrixot és az igaz/hamis matrixot
fogjuk felhasznalni. (12)

1
0
1 0 1
1 0 1
1 0 1
1.0 1
0 1 0 (12)
0 1 0
0 1 0
0 1 0

Ezutan 6sszegezve a belsd rész elemeit, megkapjuk a
megoldast. Itt még el kell végezni egy egyszeri
linearizalas, hiszen egy helyen az egyt6l és nullatol
kiilonbozo értéket kapunk. Tehat a maximum érték helyére
egyet kell irni, minden mas érték benne nulla lesz.
Végezetiil az egyszeriiség jegyében az els6 négy értékét
Ossze kell adni a matrix masodik négy értékével. Itt mar
Osszetéveszthetetleniil megkapjuk, hogy mely allomas
kovetkezik. Az érthetdség jegyében a kovetkezd két abran
(13):

1 1 2 1
o 1 1 0
0,1_1_,0

0T =0202.%t.= 13
070070 0 0% (3)
1 0 1 o0

o o o o 0 00

o 0 o0 o0

3.2 Manualisan elvégzett RNN

Manualisan elvégezve is ezt a gondolatmenetet
kovettem. Ezaltal az elsé két 1épést elvégeztem a
MATLAB-ban elkésztett program nélkiil.

(o
Aktualis allapot | ~—/

--> Ajanlat ( D_r ( ) H-H
> @
O, ol
1

Nem N T
megfeleld e ; H
S

5666

;f_l

Linearizalas Kovetkezd allapot

-> U] aktudlis Allapot
—>Ajanlat

2. abra: A masodik alloméas megallapitasa neuralis halozattal

Mar a 2. abran is jol megfigyelhetdé a neurdlis
halozatoknak a felépitése. Latszik, hogy a kimenet lesz az
uj bemenet, azzal kell elvégezni a kdvetkezd napi rutin
ellendrzést. Mivel a masodik bemenet az mondja, hogy
nem megfeleld, ezért a kovetkezd bemenetet meg kell
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ismételni. Ebbdl kdvetkezik, hogy szintén az ajanlatadas
ellendrzése keriil sorra.

Aktualis allapot

O, )
> Ajanlat __..—.._ A
OO
O—O
Megfeleld 0 il @ G}i
egielelo
g o HiEve) ;
— —

Linearizalds Kovetkezd allapot

—> Uj aktualis allapot
—>Tervezés

3. 4bra: A harmadik allomas megallapitasa neuralis halozattal

A 2. abratol eltérden a 3. abran a bemend jelek az
ajanlat, hiszen ezt a 1épést meg kellett ismételni, és a

megfelel6 hibamatrix. Az el6zéekhez hasonléan
megismételtem a 1épéseket. Mivel a hiba jelet
megvaltoztattam, hogy megfelelt a munkaallmas

miikodése, ezért a kimenet ,,ugrott”, a tervezés lett, igy a
harmadik 1épésben mar a bemeneti jel a tervezés. A
MATLAB programom 210 napra kiszamitotta, hogy mely
napokon milyen ellenérzések voltak. A programozasi
feliileten szintén ezeket a miiveleteket végeztem el. Egy for
ciklusba szdmolva masodpercek alatt elvégzi a
miveleteket. Ehhez csak a kezdeti értékeket, matrixokat
kell betaplalni, valamint azt, hogy az aktualis napon
megfeleld vagy nem megfeleldé a miikddés. A megirt
programal mar csak a naptar értékeket kell valtoztatni, és
mar milkodik, a tobbi adat allando.

3.3 MATLAB program haszndlata

A feladathoz kiilonb6z6 kiegészitd funkciokat nem
hasznaltam, csak a matrix miveleteket végeztettem el,
amelyre tokéletesen alkalmas. Mindenképpen a program
hasznalatanak elénye, hogy hatalmas adathalmaz esetén is
nagyon gyors valaszt kapunk, kevesebb a hibazasi
lehetdség, egyszer jol megirt program mar magatol végzi a
feladatot, hiszen a sziikséges ,,tananyagot” megtanitottuk
neki. Nem mellesleg a mestersége intelligencia
ugrodeszkaja, ezért is fontos, hogy bar nagyon szép abrak
késziilhetnek kézi elkészitési modszerrel, sziikséges a gépi
megoldas. Egyéb elonyei koz¢é sorolhatd, hogy nem csak
magat a halozatot lehet leprogramozni, de ezeket az
adatokat fel lehet konnyedén hasznalni, példaul diagramok
elkésztésére, gyakorisagot szamitani, vagy Osszegezni,
hogy mennyi olyan alkalom volt, amikor ténylegesen
tortént hiba. Az adatokat ki lehet exportalni excel
formatumba is, igy szélesebb korben fel lehet.

A program els6 felét lefuttatva csupan megkapjuk azt
az adatsort, amely megmutatja, hogy mikor melyik
munkaallomas volt ellendrizve. Tehat a neuralis halézatot
lehet lefuttatni. Ezzel az adatsorral tovabb lehet dolgozni,
egy¢éb fontos adatokat is ki lehet szlirni bel6le.

4 KIERTEKELES

Az lehet tudni, hogyha 210 napon keresztiil zajlanak az
ellenérzések, akkor idedlis esetben ajanlat, felmérés és
tervezés allomasokra 53 alkalommal esik az ellendrzés,
mig a gyartasra és szerelésre csupan 52 alkalommal. Az
ellenérzéseket egymas utan, 3 alkalommal végeztem el,
hogy azt is ki lehessen értékelni, hogy mekkora hatassal
voltak az ellendrzések a munkaallomasok miikddésére.

Gyakorisag fiiggvény

70

Darab [db]

Munkaallomas

4. dbra: Gyakorisag fiiggvény

A 4.4bran a gyakorisag fiiggvény lathatd. Ebbdl lathato,
hogy a bizonyos allomasokon mennyiszer zajlottak
ellenérzések. Mar itt is megfigyelhet6, hogy biztosan
voltak hibak. Az ajanlat allomason 53, tervezéskor 45,
gyartasnal 48, mig a szerelésnél 64 alkalommal fordultak
meg az ellendrzd szerv tagjai. Azonban sajnos ez még nem
elégséges informacio, hiszen alacsony szamok alapja lehet
az is, hogy hogy valamelyik allomason kimagasléan sok
hiba volt, ritkdin feleltek meg az elvarasoknak.
Természetesen szirhetiink le beldle adatot, de az csak
sejtésként kezelhetjik. Ami ténylegesen megadja az
informaciot, az az, hogy a neuralis halézatban mennyi
olyan alkalom volt, amikor a bemenet megegyezett a
kimenettel. Ezt le kellett sziikiteni arra, hogy ez kiilon
kiértékelhet6 legyen az allomasokra is, ezzel megfigyelve,
mennyire milkodnek hatdsosan. Ezt hibafiiggvénynek
neveztem el és az 5. abrdn szemléltetem a kapott
eredményeket.

Hiba fliggvén
70 : g9 R

Hibak szama [db]

Munkaallomas

5. ébra: Hiba fliggvény
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A sejtés bebizonyosodni latszik, hiszen a legtobb hiba,
38, a szerelési soron tortént Masodik helyen a nem
megfeleldségi listan az ajanlatkészités all, 26-szor kellett
megismételni az ellenérzést, a tervezést egy hajszallal
elézte meg a gyartas, a ketté kozott osszesen 3 ellendrzés
volt. Gyartas 22, a tervezés 19 Gjra ellendrzéssel végzett
ebben a vizsgalati idészakban.

Levonhat6 ebbdl az a kovetkeztetés, hogy 0sszesen 105-
szor kellett megismételni valamelyik munkaterepen a
folyamatot, tehat 105 alkalommal egyezett meg a bemeneti
a kimeneti jellel. A vallalkozas ez altal 50%-os
megelégedettséggel lizemel. Ha szeretnénk novelni a
megelégedettséget, akkor legfoképpen az ajanlat készitést,
felmérést és a szerelést kell javitani. A hibaknak a 36%-a
szerelésbdl, kozel 25%-a pedig az ajanlatokbol szarmazik.

Szeretném megvizsgalni, hogy a kdvetkez6 idészakban,
harminc napban sikeriilt-e fejlodést elémi és javitani a
megelégedettséget.

Gyakorisag fliggvény

Darab [db]

Munkaallomas

6. abra: Gyakorisag fliggvény

Hiba figgviny
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Munkasliomas

ha

Hibisk &zdrm [db)

7. ébra: Hiba fiiggvény

Az id6 hianyaban a kiilonbség az el6z6 ellenérzéshez
képest, hogy csak 30 napot vizsgaltam, valamint a mérésnél
is ugyan az volt a vizsgalati tartomany. A 6. abran
megfigyelhetd, hogy voltak hibak, hiszen az elsé két
munkaallomason 8, mig a maradék allomasokon 7
ellenérzésnek kellett volna hibatlan mtikddés esetén végbe
mennie. A 7. abra tobbet mond, hiszen megfigyelhetd, hogy
a harom olyan allomas van, ahol haromszor zajlott le
ismételt ellendrzés, tervezési fazisban pedig csak kétszer.
Ez azt jelenti, hogy Osszesen 11 ,hibas nap” volt, igy

kijelenthetd, hogy ezekben a napokban javult az iizem
megfelelésége, 36%-os a hibarata.

Gyakorisag fiiggvény
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9. abra: Hiba fliggvény

E vizsgalati id6pontban is sokat javult a vallalkozas,
egyre nagyobb a megfelelség. Itt mar koriilbeliil 15%-os a
hibarata, ami mar kifejezetten jonak mondhato.

Ez a csokkenés betudhato a jutalmak novekedésének, de
akar a rovidebb ellendrzési iddszaknak is betudato. Sajnos
az id6 sziike miatt csokkentenem kellett a vizsgalati idot,
azonban szerintem igy is latvanyos, a téma szempontjabol
fontos, neuralis halozatok gyakorlati alkalmazisa az
ellendrzés teriiletén.

5 OSSZEGZES

Célom az volt, hogy az iizemhez tartozé mindségbeli
gondok javuljanak, ezzel novelve a megelégedettséget is. A
mindség romlasa vezethet a profit csdkkenéséhez, igy az
izemekben nagyon fontos a mindséget ellendrizni.
Kiilonbozo eljarasokkal meghatarozhatok a gyenge pontok,
amiket célszerli vizsgalni. A program fejleszthetd lenne
még a feladat kiilonb6z6 stlyzo értékekkel, példaul mennyi
plusz koltség van egy-egy rossz ajanlat elkészitésekor,
vagy mekkora plusz koltséggel jar egy nem megfeleld, sok
selejtet termeld gyartas. Ezzel a fejlesztett eljarassal
pontosabb értéket kaphatunk, ezzel parhuzamban ndvelve
a profitot is. Nagy elony lenne, ha az ellenérzési
feladatokban is nagyobb szerepet kapjon az automatizalas.
Az automatizalhato részeit elkésztettem, azonban szeretnék
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a tovabbiakban még foglalkozni ezzel a témaval, hiszen
nagyon sok rejtett potencidl van még benne. Véleményem
szerint a neurdlis halozatok alkalmazasénak teriiletét
tovabb lehet boviteni az ellenérzési feladatok vizsgalataval.

Végezetiil szeretném megjegyezni, hogy a neurdlis
halézatoknak a felhasznaldsi modja nagyon véltozatos.
Nem véletlen ez a mesterséges intelligencia alapja, hiszen
az emberi gondolkodashoz olya hasonléoan mikodik.
Naprol napra tobb lehetdség van, amelyre felhasznalhato,
akar olyan hétk6znapi dolgokra, amelyet ebben a cikkben
levezettem.
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