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1. LIDAR, IMU és SLAM alapu robotlokalizacio specialis, fénytelen
kornyezetekben

Gyo6rok Andras Gyorgy
Obudai Egyetem Alba Regia Kar
gyorok.andras@uni-obuda.hu
Udvardy Péter
Obudai Egyetem Alba Regia Kar
udvardy.peter@amk.uni-obuda.hu

Absztrakt — Az autonom mobil robotok egyre szélesebb korben keriilnek alkalmazasra
olyan kornyezetekben, ahol a hagyomanyos optikai érzékelési modszerek korlatozottan
miikodnek. Ilyen kornyezetek példaul a banyak, fold alatti infrastruktira-rendszerek,
ipari létesitmények vagy katasztrofavédelmi miiveleti teriiletek. Jelen tanulmany egy
LiDAR-szenzorokra, inercialis méréegységekre (IMU) és SLAM-algoritmusokra épiilé
robotlokalizacios rendszer koncepciojat mutatja be. A LIDAR aktiv 1ézeres méréssel, a
kornyezet megvilagitasatol fiiggetleniil szolgaltat térbeli informaciot, mig az IMU a
gyorsulas és szogsebesség mérésével tamogatja a mozgas folytonos becslését. A
laboratoriumi mérési eredmények alapjan a LIDAR-IMU SLAM rendszer teljes
sotétségben is megbizhatd, centiméteres nagysagrendii lokalizacios pontossagot biztosit.

Kulcsszavak — LIDAR, IMU, SLAM, robotlokalizacio, szenzorfuzio, fénytelen kornyezet
I. BEVEZETES

Az autonom robotok navigacioja komplex érzékelési és adatfeldolgozasi feladat, amely a
igényli. A robotlokalizaci6 és térképezés problémaja a robotika egyik alapvetd kutatasi
teriilete.

Szamos navigacios rendszer kamerakra €piil, amelyek képfeldolgozasi algoritmusok
segitségével hatarozzak meg a robot mozgésat és a kornyezet szerkezetét. Ezek a rendszerek
azonban erdsen fiiggenek a megvilagitastol, ezért banyakban, alagutakban vagy katasztrofa
sujtotta teriileteken hasznalhatosaguk korlatozott.

Alternativ megoldast jelentenek az aktiv érzékeldk, példaul a LiDAR-szenzorok, amelyek
1ézerimpulzusok segitségével mérik a kornyezetben talalhatoé objektumok tdvolsagat. Az IMU
ezzel parhuzamosan a gyorsulast és a szogsebességet méri, ezért a LIDAR-IMU szenzorfizié
kiilonosen alkalmas fénytelen kornyezetekben térténd navigéaciora.

II. LIDAR SZENZOROK SZEREPE A ROBOTNAVIGACIOBAN

A LiDAR (Light Detection and Ranging) szenzorok 1ézerimpulzusok kibocsatasaval és a
visszaverddési id6 mérésével hatdrozzak meg a kdrnyezetben taldlhatd objektumok
tavolsagat. A tavolsag idealis esetben az alabbi 6sszefiiggéssel irhato le:

d=(c-t)/2
ahol d a tavolsag, c a fénysebesség, t pedig a 1ézerimpulzus oda-vissza terjedési ideje.

A LiDAR egyik legfontosabb elénye, hogy nem igényel kiilsé megvilagitast, mivel sajat
l1ézerforrassal rendelkezik. A modern eszk6z0k méasodpercenként tobb szazezer mérési pontot
is eléallithatnak, igy részletes haromdimenzids pontfelhd generalhato.
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1. abra LiDAR szenzor altal generalt pontfelho reprezentdacio.

III. INERCIALIS MEROEGYSEGEK

Az IMU szenzorok harom tengely mentén mérik a lineéris gyorsulést és a szogsebességet.
Egy tipikus egység harom gyorsulasmérot és harom giroszkopot tartalmaz, amelyek adatai
alapjan becsiilhetd a robot orientacidja, sebessége és rovid idejii pozicidvaltozasa.

Az IMU eldénye a magas mintavételi frekvencia, amely gyakran meghaladja a 100—1000 Hz
tartomanyt. Hatranya ugyanakkor a drift, ezért hosszabb idejii pontos lokalizaciohoz célszeru
LiDAR-mérésekkel kombinalni.

IV. LIDAR SZENZOROK OSSZEHASONLITASA
L tablazat Gyakori LiDAR szenzorok

Szenzor Hatotav Felbontas Latomezo Alkalmazas
Ygl"dyne VLP- 1100 m 0.2° 360° robotika
Ouster OS1 120 m 0,18° 360° autonom
jarmuvek
Hokuyo UST- o o L. .
101X 10 m 0,25 270 beltéri robotika
RPLIDAR A3 25m 0,4° 360° oktatas, robotika
Livox Mid-70 70 m 0,1° 70° SLAM

A nagy teljesitményli LIDAR-szenzorok részletes pontfelhdket generalnak, amelyek lehetové
teszik a pontos térképezést, ugyanakkor koltségiik és energiaigényiik a valasztott tipustol
fliggden jelentdsen eltérhet.

V. LIDAR-IMU SLAM ALGORITMUSOK
A SLAM (Simultaneous Localization and Mapping) algoritmusok lehetévé teszik, hogy a

crer



A LiDAR-IMU SLAM rendszerek a LIDAR pontfelhd adatait kombinaljak az IMU
mozgésadataival. Ismert algoritmusok koz¢ tartozik a LOAM, a LIO-SAM, a Cartographer ¢s
a FAST-LIO. Az IMU adatok segitik a gyors robotmozgasok becslését, mig a LIDAR
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2. abra LiDAR—IMU alapu lokalizacios architektura vazlata.

VI. KISERLETI KORNYEZET

A méréseket laboratoriumi kornyezetben végeztiik, amely sotét ipari kdrnyezetet szimulalt. A
mérési tér mérete 20 m % 15 m volt, és ipari polcrendszereket, fémszerkezeteket, valamint
mozg6 akadalyokat tartalmazott.

A robotplatform LiDAR ¢s IMU szenzorral volt felszerelve. A LiDAR hatotavolsaga 25 m,
frissitési frekvencidja 10-20 Hz, az IMU mintavételezése pedig 200 Hz volt.

Map of the Environment and Robot Trajectory
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3. abra SLAM algoritmus altal létrehozott térkeép és robotpalya.



VII. MERESI EREDMENYEK

1I. tablazat Lokalizdcios pontossag

Médszer Atlagos hiba
IMU odometria 20 cm
LiDAR SLAM 5cm

LiDAR + IMU SLAM 2-3 cm

Az eredmények azt mutatjak, hogy a LIDAR ¢és IMU szenzorok kombinacidja jelentdsen
javitja a robot lokalizacids pontossagat. A szenzorfuzi6 csokkenti az IMU drift hatasat,
mikdzben a LiDAR pontfelhd stabil térbeli referenciat biztosit.

m

O

0 200 400 600 800

4. abra A robot becstilt trajektoriaja SLAM algoritmus hasznalata soran.

VIIL. MEGVITATAS

A LiDAR-IMU alapt navigacié egyik legfontosabb elénye, hogy teljesen fliggetlen a
kornyezet megvilagitasatol. Ez lehet6vé teszi a robotok megbizhatd mitkodését sotét vagy
alacsony megvilagitasu kornyezetekben is.

A modszer korlatja, hogy erésen poros vagy kodos kdrnyezetben a LIDAR mérések zajosabba
valhatnak. Ilyen esetekben radaros, kameras vagy tovabbi inercialis szenzorokkal kiegészitett
fuzids megoldasok javithatjak a robusztussagot.

IX. JOVOBELI KUTATASI IRANYOK

A jovobeli kutatasok egyik fontos irdnya a szenzorfzio fejlesztése. Kiemelt lehetdség a
LiDAR + radar navigécid, a LIDAR + kamera szenzorfuzio, a tobb robotbdl 4ll6 SLAM
rendszerek és a mélytanulasi alapt térképezés vizsgalata.

X. KOVETKEZTETESEK

A tanulmany bemutatta a LIDAR, IMU ¢és SLAM technoldgidk kombinacidjan alapuld
robotlokalizacios rendszer koncepciojat. Az eredmények alapjan a LIDAR-IMU alaptt SLAM
rendszerek teljes sotétségben is képesek megbizhatd navigaciodt biztositani.

A modszer kiilondsen alkalmas banyaszati robotikai, mentési robotikai, ipari automatizalési és
fold alatti infrastruktira-feliigyeleti alkalmazasokban.
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2. UAV felmérés pontossagat befolyasolé tényezok

Jancs6 Tamas
Alba Regia Kar
Obudai Egyetem
jancso.tamas@amk.uni-obuda.hu

Absztrakt — A pilota nélkiili légijarmiivek (Unmanned Aerial Vehicle — UAV) alkalmazasa
az elmult évtizedben a fotogrammetriai adatgyijtés egyik legfontosabb technologiajava
valt. A dronalapu felmérések gyors, koltséghatékony és nagyfelbontasa adatgyiijtést
tesznek lehetévé, azonban a végtermékek pontossagat szamos tényezé egyiittesen
befolyasolja. A fotogrammetriai feldolgozas soran a végsé térbeli koordinatak
meghatarozasa a képi mérések, a repiilési geometria, a kamerakalibracio, a geodéziai
kontroll és a navigacios rendszerek pontossaganak ereddjeként alakul Kki.

A cikk attekinti a dronos fotogrammetria pontossagat befolyasolo legfontosabb
tényezoket, kiilonos tekintettel a képminéségre, a repiilési paraméterekre, a kamera
kalibraciojara, az illesztopontok szerepére, valamint a GNSS/INS alapu georeferenciara.
Bemutatasra keriilnek azok a gyakorlati szempontok és tapasztalati szabalyok is, amelyek
segitségével a felmérések pontossaga novelheto.

A tanulmany célja, hogy rendszerezett attekintést adjon a drémos fotogrammetria
pontossagat meghatiarozé fobb tényezokrdl, valamint iranymutatast nyudjtson a
felmérések tervezéséhez és végrehajtasahoz.

Kulcsszavak — UAV, fotogrammetria, pontossdag, GCP, kamerakalibrdcio

I. BEVEZETES

A pilota nélkiili 1égijarmiivek (Unmanned Aerial Vehicle — UAV) alkalmazasa az elmult
években a fotogrammetriai adatgytijtés egyik legdinamikusabban fejlédd technologiajava valt
[2]. A dronplatformok elterjedése lehetévé tette, hogy viszonylag kis koltséggel, gyorsan és
nagy felbontasban gylijtsiink térbeli adatokat. Ennek eredményeként az UAV-alapu felmérések
széles korben alkalmazhatok kiilonb6z0 mérndki és térinformatikai feladatokban, példaul
térképezésben, épitdipari  monitoringban, térfogat-szamitdsokban vagy kornyezeti
vizsgalatokban [5].

A dronos fotogrammetria egyik legfontosabb kérdése a végtermékek pontossaga. A
fotogrammetriai feldolgozas sordn eldallitott ortofotok, digitalis felszinmodellek vagy
haromdimenzids pontfelhdk mindségét szamos tényezd befolydsolja. A térbeli pontok
koordinatainak meghatarozasa képi mérésekbdl torténik, amelyeket geometriai modellek és
statisztikai kiegyenlitési eljarasok segitségével alakitanak at terepi koordinatakka. A pontossag
ezért nem egyetlen paramétertdl fiigg, hanem a teljes mérési ¢és feldolgozasi folyamat
ereddjeként alakul ki.

A dronos fotogrammetria pontossagat tobb egymassal 6sszefliggd tényezd hatdrozza meg.
Ide tartozik a felvételek mindsége és felbontdsa, a repiilési geometria €s a képek kozotti
atfedések mértéke, a kamera belsd tajekozdsi paramétereinek pontossadga, valamint a foldi
illesztépontok szerepe a fotogrammetriai blokk georeferdlasaban. Emellett egyre nagyobb
jelentéséget kapnak a navigacids rendszerek, kiilonosen az RTK GNSS és az inercidlis



mérérendszerek (INS), amelyek a kamera kiilsé tdjékozasanak meghatdrozasaban jatszanak
fontos szerepet.

A fotogrammetriai pontossag szempontjabol kiilonbséget kell tenni relativ és abszolut

abszolut pontossdg azt mutatja meg, hogy a modell mennyire illeszkedik a valos
koordinatarendszerhez. A gyakorlatban gyakran eléfordul, hogy a modell relativ pontossaga jo,
de a georeferencia hidnyossagai miatt az abszolut pontossag jelentdsen romlik (1. abra).

MAGAS

Abszolut pontossag
@

8.
-

ALACSONY Relativ pontossag MAGAS

1. abra: A relativ és abszolut pontossag dsszehasonlitasa

A jelen tanulmany célja, hogy attekintést adjon a drénos fotogrammetria pontossagat
befolyéasold legfontosabb tényezokrdl. A cikk rendszerezetten mutatja be a képmindség, a
repiilési geometria, a kamerakalibracio, az illesztOpontok elrendezése, valamint a GNSS/INS
alapu georeferencia szerepét a fotogrammetriai feldolgozasban. A bemutatott 6sszefiiggések ¢és
gyakorlati tapasztalatok segitséget nyujthatnak a dronos felmérések tervezésében és a kivant
pontossag elérésében.

II. ADRONOS FOTOGRAMMETRIA PONTOSSAGANAK ALAPMODELLJE

A dronos fotogrammetria sordn a térbeli pontok koordinatainak meghatarozasa képi
mérésekbdl torténik, amelyeket geometriai €s statisztikai modellek segitségével alakitanak at
terepi koordinatakka [9],[10]. A végsé pontossag ezért tobb egymadssal Gsszefliggd tényezd
ereddjeként alakul ki, és nem vezethetd vissza egyetlen paraméterre. A fotogrammetriai
feldolgozas soran a képek kozotti geometriai kapcesolatokat a perspektiv vetités torvényei irjak
le, mig a kiilonbdz6 mérési hibak hatasat kiegyenlitési eljarasok segitségével minimalizaljak.



A fotogrammetriai modell alapjat a képi koordinatak és a terepi koordindtdk kozotti
matematikai kapcsolat adja.
111 (X — Xo) + (Y = Yo) + 113(Z — Z)
r31(X — Xo) + 132(Y = Yo) +133(Z — Zo)
121 (X — Xo) + 122(Y = Yo) + 123(Z — Zy)
r31(X — Xo) + 132(Y = Yp) +133(Z — Zo)

X—xg=—f

Y—Yo=—

ahol
e x,y—képi koordinatak
e X, yo— fOpont koordinatai
e f—fokusztavolsag
e X,Y,Z—terepi koordinatak
o X, Yy, Zo— kamera pozicioja
e 71;;— orientacios matrix elemei

t

A perspektiv vetités egyenletei alapjan a képen mért pontokbol meghatarozhaté a térbeli
pontok helyzete, amennyiben ismert a kamera belsé €s kiilso tajékozasa [10].

A képfeldolgozas soran az azonos terepi pontokat tobb felvételen azonositjak, majd ezekbdl
a képsugarak metszésével hatarozzdk meg a térbeli koordinatakat. A folyamat stabilitasat és
pontossagat a fotogrammetriai haromszogelés, illetve a bundle adjustment kiegyenlitési eljaras
biztositja [3].

A pontossagot befolyasolo tényezdk a fotogrammetriai feldolgozas kiilonbozd 1épéseiben
jelennek meg. Az egyik legfontosabb tényezd a képi mérési pontossag, amely a képek
felbontasatol, élességétol és zajszintjétdl fiigg. A gyakorlatban a képi pontmérés pontossaga
altalaban a pixelméret toredéke, tipikusan 0,3-0,5 pixel nagysagrendi [4].

Ebbdl kovetkezik, hogy a terepen is megadhat6 a varhat6 helyezti pontossag:
myy = (0.3 —0.5)-GSD
ahol
e Myy— vizszintes pontossag
e (GSD—106ldi pixelméret
Maga a GSD egyszeriien kiszdmithato:
GSD = h_p
f

ahol



e h—repiilési magassag
e p—pixelméret a szenzoron
o f—{fokusztavolsag

Ez a képi pontossag a terepen a felvétel foldi felbontasaval (Ground Sampling Distance —
GSD) aranyosan jelenik meg, ezért a vizszintes iranyi pontossag kozelitéen a GSD néhany
tizedének felel meg.

A térbeli pontossag masik meghatarozd tényezdje a felvételek geometriai elrendezése. A
térbeli pontok meghatdrozdsa két vagy tobb képsugdr metszésén alapul, ezért a metszés
pontossagat befolyasolja a kameraéllasok kozotti tavolsag, azaz a felvételi bazis, valamint a
repililési magassdg. A magassagi koordinatak pontossdga kozelitden aranyos a repiilési
magassag ¢és a felvételi bazis aranyaval, ezért a kedvezd bazis—magassag arany kulcsfontossagu
a pontos térbeli meghatarozashoz.

A fotogrammetriai blokk abszolut pontossagat a geodéziai kontroll hatdrozza meg. A f6ldi
illesztépontok (Ground Control Points — GCP) a modellt a valés koordinatarendszerhez
kapcsoljak, és lehetové teszik a blokk torzuldsainak korrigalasat. A pontossag szempontjabol
fontos, hogy a GCP-k koordinatainak pontossaga jelentdsen jobb legyen, mint a képfelvételek
felbontasa, valamint hogy térbeli eloszlasuk megfelelden lefedje a teljes felmérési teriiletet.

Az utdbbi években a navigicidos rendszerek fejlddése 1) lehetdségeket nyitott a
fotogrammetriai georeferencia teriiletén. Az RTK vagy PPK GNSS rendszerekkel felszerelt
dronok képesek centiméteres pontossdggal meghatarozni a kamera vetitési centrumanak
helyzetét. Amennyiben a GNSS adatokat inercialis mérérendszerekkel (INS) kombinaljak,
georeferencia alapjat képezi. A navigacios adatok pontossdga azonban nagymértékben fligg az
IMU orientacids pontossagatol, a szenzorok kdzotti geometriai kapcsolatok (boresight és lever
arm) ismeretétol, valamint az idészinkronizacié pontossagatol.

A fentiek alapjan megallapithatd, hogy a drénos fotogrammetria pontossaga rendszerszintli
tulajdonsag. A végsd térbeli koordinatak pontossadgat egyarant befolyasolja a képmindség, a
repiilési geometria, a kamera kalibracidja, a geodéziai kontroll és a navigacios rendszer
pontossaga. A kovetkezd fejezetek részletesen bemutatjdk ezeket a tényezoket, valamint azok
hatésat a fotogrammetriai feldolgozas soran elérhetd pontossagra.

III. A KEPMINOSEG ES A FELBONTAS SZEREPE A FOTOGRAMMETRIAI
PONTOSSAGBAN

A drénos fotogrammetria soran a térbeli pontok koordinatdinak meghatdrozasa a
felvételeken végzett képi méréseken alapul. A fotogrammetriai feldolgozas elsé 1épése az
azonos terepi pontok azonositdsa tobb képen, majd ezekbdl a képsugarak metszésével
hatarozzak meg a pontok térbeli koordinatait. Ennek kovetkeztében a képfelvételek mindsége
kozvetleniil befolyasolja a végsd térbeli pontossagot, és a képi mérési pontossadg gyakran a
fotogrammetriai modell pontossaganak alsé korlatjat jelenti.

A képi mérési pontossag egyik legfontosabb tényezdje a felvételek felbontasa, amelyet a
foldi pixelméret, vagyis a Ground Sampling Distance (GSD) jellemez. A GSD azt fejezi ki,
hogy a terepen mekkora tdvolsagnak felel meg egy pixel a képen. A GSD értéke a kamera
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szenzoranak felbontasatol, a fokusztavolsagtol €s a repiilési magassagtol fiigg. Minél kisebb a
GSD értéke, annal részletesebb a felvétel, és annal pontosabban hatdrozhatok meg a képi
koordinatak.

A fotogrammetriai gyakorlatban a képi pontmérés pontossdga altaldban a pixelméret
toredéke [4]. JO mindségli felvételek esetén a képi mérési pontossag tipikusan 0,3-0,5 pixel
nagysagrendi. Ez azt jelenti, hogy a vizszintes iranyu terepi pontossag kozelitdleg a GSD
néhany tizedének felel meg. Példaul 5 cm-es GSD esetén a vizszintes koordinatdk pontossaga
altalaban néhany centiméter nagysagrendil lehet, feltéve, hogy a tobbi feltétel — példaul a
repiilési geometria €s a geodéziai kontroll — is megfeleld.

A képmindséget azonban nemcsak a felbontds hatarozza meg. A képi mérési pontossagot
jelentdsen befolydsolja a képélesség, a zajszint, valamint a felvételeken megjelend felszini
textura is. Elmosodott vagy zajos képek esetén a pontok azonositasa bizonytalanabba valik, ami
noveli a képi mérési hibat. A képélesség romlasat gyakran a drén mozgasa, a tal hosszu
expozicids idé vagy a platform vibracidja okozza. Ezért a felvételek készitésekor fontos a
megfeleld zarido és a stabil repiilési kortilmények biztositasa.

A felszin textaraja szintén fontos szerepet jatszik a képi pontmérésben. Olyan felszineken,
ahol kevés jellegzetes mintazat talalhatd — példaul vizfeliileten, hoval boritott teriileteken vagy
homogén mezdgazdasagi teriileteken — a kapcsolopontok automatikus felismerése nehezebb,
ami csOkkentheti a fotogrammetriai blokk stabilitasat. Ezzel szemben a jol texturalt felszinek —
példaul varosi kornyezet vagy heterogén természetes felszinek — kedvezdébb feltételeket
biztositanak a képi pontazonositashoz.

A képmindséget a kornyezeti feltételek is befolyasoljak. A megvilagitas, az arnyékok és a
légkori viszonyok hatdssal lehetnek a felvételek kontrasztjara és részletgazdagsdgara. Erds
arny¢kok vagy tul alacsony kontraszt esetén a képi pontmérés pontossaga romolhat. Ezért a
fotogrammetriai felvételeket célszerli egyenletes megvilagitasi viszonyok kozott, lehetség
szerint deriilt, de nem til kontrasztos fényviszonyok mellett késziteni.

Osszességében megallapithato, hogy a képmindség és a felbontas alapvetd szerepet jatszik
a dronos fotogrammetria pontossaganak meghatarozdsaban. A megfelelé GSD, az éles ¢és
zajmentes felvételek, valamint a jol texturalt felszinek mind hozzéjarulnak a képi mérési
pontossag javitasdhoz. Mivel a fotogrammetriai feldolgozas a képfelvételeken végzett
mérésekre épiil, a képmindség optimalizaldsa a pontos térbeli modell eldallitasanak egyik
legfontosabb feltétele.

IV. AREPULESI GEOMETRIA ES A BLOKKGEOMETRIA SZEREPE

A drénos fotogrammetria pontossagat a képmindség mellett jelentds mértékben befolyasolja
a felvételek geometriai elrendezése is. A térbeli pontok meghatarozasa tobb képsugar
metszésével torténik, ezért a kameraallasok térbeli elhelyezkedése alapvetéen meghatarozza a
metszés stabilitasat és pontossagat [10]. A repiilési geometria legfontosabb paraméterei kozé
tartozik a repiilési magassag, a felvételi bazis és annak aranya a repiilési magassaghoz képest,
valamint a felvételek kozotti atfedés mértéke. Ezek egyiittesen hatdrozzak meg a
fotogrammetriai blokk geometriajat.
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e Repiilési magassag

A replilési magassag kozvetlentil befolyasolja a felvételek foldi felbontasat (GSD), ezéltal a
fotogrammetriai modell részletességét €s pontossagat. Nagyobb repiilési magassag esetén egy
pixel nagyobb terepi teriiletet fed le, ezért a képi mérési hiba nagyobb terepi hibava alakul.
Ezzel szemben alacsonyabb repiilési magassag mellett kisebb GSD érhetd el, ami altalaban
pontosabb térbeli meghatarozast tesz lehetove.

A replilési magassag megvalasztasakor azonban figyelembe kell venni a lefedett teriilet
nagysagat ¢és a sziikséges képszamot is. Alacsony repiilési magassag esetén ugyan nagyobb
felbontas érhetd el, de a teljes teriilet lefedéséhez tobb felvételre €s repiilési savra van sziikség,
ami noveli az adatgytijtés ¢és a feldolgozas idoigényét.

e Bazisviszony

A térbeli pontok meghatarozasa két vagy tobb felvételen azonositott pontok képsugarainak
metszésével torténik. A metszés pontossagat jelentdsen befolyasolja a felvételi bazis, vagyis a
két exponalasi hely kozotti tavolsag. A repiilési magassag és a bazis aranyat bazis—magassag
aranynak nevezziik, amely fontos szerepet jatszik a térbeli koordinatdk pontossagaban.

A magassagi pontossag kozelitden aranyos a repiilési magassag és a felvételi bazis aranyaval
[9].
H

mz = mXYE

ahol
e Mz— magassagi pontossag
e H-repiilési magassag
e B—felvételi bazis

Ha a bazis tal kicsi a repiilési magassaghoz képest, akkor a képsugarak metszési szoge kicsi
lesz, ami bizonytalanabb magassagi meghatarozashoz vezet. Nagyobb bazis esetén a metszési
sz0g kedvezObb, ami javitja a magassagi koordinatak pontossagat (2. dbra).

2. ébra: Bazisviszony hatdsa a pontossagra
o Atfedések
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A fotogrammetriai feldolgozéas soran minden terepi pontot tobb felvételen kell azonositani,
ezért a felvételek kozotti atfedés kulcsfontossagu. A repiilési irdnyban mért atfedést
hosszatfedésnek, a szomszédos repiilési sdvok kozottit pedig oldalatfedésnek nevezziik.

A drénos fotogrammetriai felmérésekben altalaban 75-85% hosszatfedést és 60-80%
oldalatfedést alkalmaznak. A nagy atfedés noveli a redundanciat, tobb kapcsolopontot
eredményez, és stabilabb fotogrammetriai blokkot hoz Iétre. Ugyanakkor a tal nagy atfedés
csokkenti az egymast kovetd felvételek kozotti bazist, ami kedvezOtlen hatassal lehet a
magassagi pontossagra. Ezért az atfedések megvalasztasakor kompromisszumot kell talalni a
blokk stabilitasa és a kedvezd bazisviszony kozott.

e Terepkovetd repiilés

Dombos vagy hegyvidéki teriileteken a terep magassaga jelentésen valtozhat a felmérési
teriileten beliil. Ha a dron allando repiilési magassagon repiil a tengerszinthez vagy a felszallasi
ponthoz viszonyitva, akkor a kamera ¢€s a terep kozotti tdvolsag a kiilonbo6zd tertileteken eltérd
lesz. Ennek kovetkeztében a GSD ¢és a felvételek atfedése is valtozhat, ami a pontossag térbeli
egyenldtlenségéhez vezethet.

A terepkovetd repiilési mod alkalmazisaval a dron a terepfelszinhez viszonyitott kozel
allandé magassagot tart. Ez biztositja, hogy a GSD ¢és az atfedések a teljes teriileten kozel
azonosak maradjanak, ami kedvezébb ¢€s homogénebb pontossagot eredményez a
fotogrammetriai modellben.

Osszességében a repiilési és blokkgeometria megfeleld megtervezése alapvetd feltétele a
pontos fotogrammetriai feldolgozasnak. A repiilési magassag, a bazisviszony ¢és az atfedések
optimalis megvalasztasa, valamint domborzatos teriileten a terepkovetd repiilés alkalmazésa
jelentdsen hozzajarulhat a térbeli koordinatdk pontossagéanak javitasahoz.

V. KAMERA KALIBRACIO ES A BELSO TAJEKOZASI PARAMETEREK

A fotogrammetriai feldolgozas soran a térbeli pontok meghatarozasa a kamera geometriai
modelljén alapul. A kamera modelljét a belsé tdjékozasi paraméterek irjak le, amelyek
meghatarozzak a képi koordinatak és a vetitési sugarak irdnya kozotti kapcsolatot. A pontos
fotogrammetriai feldolgozas egyik alapfeltétele, hogy ezek a paraméterek megfeleld
pontossaggal ismertek legyenek. A kamerakalibracio célja ezért a kamera belsé geometriai
paramétereinek meghatarozasa és a lencserendszer torzitdsainak modellezése.

e Torzitasok

A valds kamerak optikai rendszere nem idealis, ezért a képkoordinatak torzulhatnak az
idedlis perspektiv vetitéshez képest [7]. A legjelentdsebb torzitas a radialis torzitds, amely a kép
kozéppontjatdl mért tavolsaggal ndvekszik. A radidlis torzitds hatasara a képpontok
sugariranyban elmozdulnak a fopont fel¢ vagy attol kifelé. Ezt altaldban tobbparaméteres
polinommal modellezik.

Ar = k713 + kor® + ka1
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ahol
e 7—tavolsag a féponttol
o k4, ky, k;—torzitasi paraméterek

A radidlis torzitds mellett tangencialis torzitas is felléphet, amely a lencserendszer
mechanikai pontatlansagaibol vagy az optikai elemek enyhe eltolodasabol szarmazik. Ez a
torzitds a képpontok aszimmetrikus elmozduladsat okozza a képsikon. A modern
fotogrammetriai feldolgoz6 szoftverek a radialis €s tangencidlis torzitasok egyiittes modelljét
alkalmazzak, amely lehetdvé teszi a kamera geometriai hibdinak hatékony korrigalasat.

e Tesztmez6

A kamera kalibracioja torténhet laboratoriumi koriilmények kozott kialakitott tesztmezd
segitségével, vagy a fotogrammetriai blokk kiegyenlitése soran végzett Onkalibracioval. A
tesztmez0 olyan ismert koordinataju pontokbol 4all6 referenciahdlozat, amely lehetévé teszi a
kamera belsé paramétereinek meghatarozasat [4].

A kalibracid stabilitdsa szempontjabol fontos, hogy a tesztmezd pontjai ne egy sikban
helyezkedjenek el, hanem megfelelé mélységi kiterjedéssel rendelkezzenek. Ha a pontok csak
egy sikban helyezkednek el, akkor bizonyos paraméterek — példaul a fokusztavolsag és a
radialis torzitas — er0sen korrelalhatnak egymassal, ami instabil paraméterbecsléshez vezethet.
A gyakorlatban ezért célszerii olyan haromdimenzios tesztmezdét alkalmazni, amelyben a
pontok kiilonb6z6 tavolsagokban helyezkednek el a kameratol.

e Paraméterkorrelacio

A kamerakalibracié soran a belsd tdjékozasi paramétereket altaldban a fotogrammetriai
blokk kiegyenlitésével, ugynevezett dnkalibracios eljarassal becsiilik. A paraméterek becslése
azonban nem minden esetben egyértelmii, mivel egyes paraméterek kozott erds statisztikai
korrelécio alakulhat ki.

Kiilondsen gyakori a korrelacio a fokusztavolsag és a radialis torzitds paraméterei kozott,
valamint a tangencidlis torzitas €s a kamera orientacios paraméterei kozott [8]. Ha a felvételek
geometriai elrendezése nem megfeleld, akkor ezek a korrelaciok instabil vagy torz
paraméterbecsléshez vezethetnek. A stabil kalibracid érdekében célszeri valtozatos felvételi
geometriat alkalmazni, példaul kiilonbozo irdnybol €s dolésszoggel készitett felvételekkel.

A megfelel kamerakalibracio alapvetd feltétele a pontos fotogrammetriai feldolgozasnak.
A torzitdsok helyes modellezése, a megfelelden kialakitott tesztmezd és a kedvezd felvételi
geometria mind hozzdjarulnak ahhoz, hogy a belsd tdjékozéasi paraméterek megbizhatéan
meghatarozhatok legyenek, és ezaltal a fotogrammetriai modell pontossaga javuljon.

VI. ILLESZTOPONTOK SZEREPE ES ELRENDEZESE

A fotogrammetriai blokk abszolut georeferencidjat a foldi illesztépontok (Ground Control
Points — GCP) biztositjak [10]. Ezek olyan terepi pontok, amelyek koordinatai geodéziai
modszerekkel nagy pontossaggal meghatarozottak, és amelyek a felvételeken egyértelmiien
azonosithatok. A GCP-k lehetévé teszik a fotogrammetriai modell illesztését a valos
koordinatarendszerhez, valamint hozzajarulnak a blokk geometriai stabilitisahoz ¢és a
torzuldsok csokkentéséhez.
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e GCP pontossag

A GCP-k koordinatadinak pontossaga alapvetd hatdssal van a fotogrammetriai modell
abszolut pontossagara. Ha a GCP-k koordinatai jelentds hibat tartalmaznak, akkor ezek a hibak
kozvetleniil beépiilhetnek a kiegyenlitésbe, és torzithatjdk a modell geometriajat. Ezért fontos,
hogy a GCP-k meghatarozasi pontossaga jelentdsen jobb legyen, mint a felvételek foldi
felbontasa [4].

A gyakorlatban gyakran alkalmazott tapasztalati szabaly, hogy a GCP koordinatdk
kozéphibaja legfeljebb a GSD tizede legyen, azaz:

GSD

Ogep < 10

Ez biztositja, hogy a geodéziai kontroll pontossaga ne korlatozza a fotogrammetriai
feldolgozas soran elérhetd pontossagot.

e GCP hal6 tervezése

A GCP-k elrendezése legalabb olyan fontos, mint azok pontossaga. A pontok térbeli
eloszlasanak biztositania kell a fotogrammetriai blokk megfelelé geometriai stabilitasat.
Minimum konfiguracioként gyakran alkalmazzék a teriilet sarkaiban és a blokk kdzéppontjaban
elhelyezett GCP-ket, ami 6sszesen 6t pontot jelent. Ez a konfiguracio biztositja a blokk alapvetd

crer

Nagyobb pontossagi igény esetén azonban tovabbi GCP-k telepitése sziikséges. Célszerli a
pontokat a teriilet szélein és a blokk belsejében egyenletesen elosztani. Gyakorlati tapasztalatok
szerint a GCP-k kozotti tdvolsag nem haladhatja meg a repiilési bazis tobbszordsét, altalaban
koriilbeliil 4-6 bazisnyi tavolsag tekinthetd megfelelének. Ez segit csokkenteni a blokk lokalis
torzulasait és javitja a modell geometriai stabilitasat (3. dbra).

3. abra: Illesztopontok egyenletes elosztasa a felmérendd teriileten
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Domborzatilag valtozatos teriileteken kiilondsen fontos a GCP-k megfeleld magassagi
eloszlésa. Ilyen esetekben célszerli a felmérési teriiletet kiilonbdzé magassagi zondkra osztani,
¢s biztositani, hogy minden zo6naban elegendd szamu illesztOpont alljon rendelkezésre. Ez segit
megel6zni a modell magassagi torzulésait, és javitja a térbeli koordinatak pontossagat.

e Ellen6rzd pontok

A fotogrammetriai modell pontossagdnak objektiv értékeléséhez ellendrzOpontokat
(checkpoint) is alkalmaznak. Ezek olyan terepi pontok, amelyek koordinatai szintén ismert
pontossagu geodéziai mérésekbdl szarmaznak, azonban a fotogrammetriai kiegyenlités soran
nem hasznaljak fel dket illesztopontként.

Az ellenérz6 pontok szerepe a modell pontossaganak filiggetlen ellendrzése. A
fotogrammetriai feldolgozés utan a checkpointok fotogrammetriai Gton szamitott koordinatait
Osszehasonlitjak a geodéziailag mért koordinatakkal, és a kiilonbségek alapjan meghatarozhatd
a modell tényleges pontossaga. A gyakorlatban altalaban néhany, a teljes teriileten egyenletesen
elosztott ellendrzépont elegendd a pontossag megbizhato becsléséhez.

A megfeleld pontossagu és jol elrendezett GCP-halozat, valamint az ellendrzOpontok
alkalmazasa alapvetd feltétele a dronos fotogrammetriai felmérések megbizhato
georeferenciajanak €s pontossagértékelésének.

VIL GNSS/INS ES A DIREKT GEOREFERENCIA

A dronos fotogrammetria hagyomanyosan foldi illesztépontokra (GCP) tdmaszkodik a
fotogrammetriai blokk georeferalasdhoz. Az utdbbi években azonban a navigacios rendszerek
fejléddése lehetdve tette, hogy a kamera kiilsd tajékozéasi paraméterei kozvetlentiil a repiilési
szenzorok adataibol is meghatarozhatok legyenek [2]. Ezt az eljarast direkt georeferencianak
nevezziik. A direkt georeferencia soran a kamera vetitési centrumanak helyzetét a GNSS

crer

szolgaltatja.

A modszer egyik legfontosabb eldnye, hogy jelentésen csokkentheti a terepen telepitendd
illesztépontok szamat, illetve bizonyos esetekben akar teljesen kivalthatja azok hasznalatat. A
direkt georeferencia pontossdga azonban nagymértékben fiigg a navigécids szenzorok
pontossagatol, valamint a szenzorok kozotti geometriai kapcsolatok pontos ismeretétol.

e RTK

A dréonplatformok egyre gyakrabban rendelkeznek RTK (Real Time Kinematic) GNSS
vevovel, amely lehetdvé teszi a kamera vetitési centrumanak centiméteres pontossagu
meghatarozasat [1], [6]. Az RTK technoldgia a miiholdas helymeghatarozas relativ mérési elvén
alapul, amely valos idében képes korrigalni a GNSS mérési hibakat egy referenciadllomas
adatai alapjan.

RTK alkalmazasdval a kamera pozicidja altalaban néhany centiméteres pontossaggal
meghatarozhat6. Ez jelentdsen javitja a fotogrammetriai blokk abszolut georeferencidjat, és

crer

onmagaban nem elegendd a teljes kiilsé tajékozas meghatdrozasahoz, mivel a kamera
orientacidja tovabbra is kritikus tényezd marad.
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e Orientacié pontossaga

crer

crer

A fotogrammetriai pontossag szempontjabdl az orientacid pontossaga kiilondsen fontos. Mar
nagyon kis szogeltérés is jelentds terepi pozicidhibat eredményezhet, kiilondsen nagyobb
repiilési magassag esetén.

e~ H-oay
ahol

e e—terepi pozicidhiba
e H-repiilési magassag
e 0p— orientacid hiba
Példa:
100 m magassag esetén
0.01° — kb. 1.7 cm hiba

A drénokban alkalmazott MEMS tipusu inercidlis szenzorok orientdcidés pontossaga
altalaban néhany szazad fok nagysagrendii, ami sok esetben elegendd a fotogrammetriai
feldolgozashoz, de a centiméteres pontossagii direkt georeferencia eléréséhez gyakran
korlatozo tényezo lehet.

e Boresight

A direkt georeferencia sordn fontos figyelembe venni a kiilonb6z0 szenzorok
koordinatarendszerei kozotti eltéréseket. A boresight a kamera és az inercialis mérérendszer
koordinatarendszere kozotti szogeltérést jelenti. Ez a hdrom kis szogbdl 4ll6 paraméterhalmaz
hatdrozza meg, hogy a kamera optikai tengelye milyen iranyban helyezkedik el az INS éaltal
meghatarozott tengelyrendszerhez képest.

A boresight paraméterek meghatarozasa altaldban rendszerkalibracioval torténik, amely
soran ismert geometridju fotogrammetriai blokkot dolgoznak fel. A boresight hibaja kdzvetlentil

crer

e Jeverarm

A lever arm a GNSS antenna ¢s a kamera vetitési centruma kozotti térbeli eltolést jelenti.

crer

crer

kozvetleniil hat a fotogrammetriai blokk georeferenciajara. Ezért a lever arm paramétereket
rendszerint pontos mechanikai méréssel vagy kalibréacios eljarassal hatarozzak meg.

Osszességében a GNSS/INS rendszerek alkalmazisa jelentdsen javithatja a dronos
fotogrammetriai felmérések hatékonysagat és csOkkentheti a terepi munkat. A direkt
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georeferencia pontossaga azonban a navigacios szenzorok pontossagatél, valamint a boresight
és lever arm paraméterek pontos meghatdrozasatol fiigg. A gyakorlatban ezért gyakran
alkalmaznak olyan megoldast, amely a direkt georeferenciat néhany foldi illesztéponttal
kombinalja a kivant pontossag biztositasa érdekében.

VIIL OSSZEFOGLALAS

A dronos fotogrammetria az elmult években a térbeli adatgyiijtés egyik legfontosabb
eszkozeéve valt, amely gyors €s nagy felbontasu felméréseket tesz lehetové. A technologia széles
korti alkalmazhatésaga mellett azonban kiemelten fontos a fotogrammetriai termékek
pontossaganak vizsgalata, mivel a kiilonb6z0 mérnoki és térinformatikai feladatok gyakran
centiméteres pontossagot igényelnek.

A tanulmany bemutatta azokat a fObb tényezOket, amelyek befolydsoljak a dronos
fotogrammetria pontossagat. A fotogrammetriai feldolgozas pontossdga alapvetden a
képfelvételeken végzett mérések pontossagara épiil, ezért a képmindség ¢és a felbontas
kulcsszerepet jatszik a térbeli koordinatdk meghatarozdsaban. A megfeleld foldi felbontas
(GSD), az ¢les ¢és zajmentes felvételek, valamint a megfeleld felszini textura mind
hozz4ajarulnak a képi mérési pontossag javitasahoz.

A repiilési és blokkgeometria szintén meghatarozd szerepet tolt be a fotogrammetriai
pontossag kialakuldsaban. A repiilési magassag, a felvételi bazis és a felvételek kozotti
atfedések kozvetleniil befolyasoljak a képsugarak metszési geometridjat, ezaltal a térbeli
koordinatdk pontossdgat. Domborzatilag véaltozatos teriileteken a terepkovetd repiilés
alkalmazésa hozzéajarulhat a homogénebb felbontas és pontossag biztositasahoz.

A kamera kalibracidja szintén alapvetd feltétele a pontos fotogrammetriai feldolgozasnak. A
kamera bels6 tajékozasi paramétereinek meghatarozasa €s az optikai torzitdsok modellezése
elengedhetetlen a képi koordindtdk ¢és a vetitési sugarak kozotti pontos kapcsolat
megteremtéséhez. A megfeleld kalibraciohoz fontos a megfelelé geometriai kialakitasu
tesztmezd €s a paraméterkorrelaciok minimalizalasa.

A fotogrammetriai blokk abszolut pontossagat a f61di illesztépontok biztositjak. A megfeleld
pontossagii és megfelelden elosztott GCP-halozat stabil georeferenciat tesz lehetdvé, és
csokkenti a blokk torzulasainak kialakuldsat. A modell pontossaganak objektiv értékeléséhez
ellendrzépontok alkalmazasa is sziikséges, amelyek lehetévé teszik a fotogrammetriai
eredmények fiiggetlen pontossagvizsgalatat.

A navigaciés rendszerek fejlodése 1) lehetdségeket teremtett a fotogrammetriai
georeferencia teriiletén. Az RTK GNSS ¢és az inercialis mérérendszerek kombindcidja lehetéve
teszi a kamera kiils6 tdjékozasi paramétereinek kozvetlen meghatidrozasat, amely a direkt
georeferencia alapjat képezi. A moddszer jelentdsen csokkentheti a terepi munkaigényt,
ugyanakkor pontossaga nagymértékben fiigg az orientdcid meghatarozasanak pontossagatol,
valamint a szenzorok kozotti geometriai kapcsolatok — példaul a boresight €s a lever arm —
pontos ismeretétol.

Mindezeket a szempontokat a 4. dbra foglalja dssze.
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w1 Kamera és képmindség
@), biztositsunk j6 képélességet
valasszunk megfelelé GSD

© lllesztépontok
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értéket Ajanlott pontossag:
. hasznaljunk megbizhato o _GCP <GSD / 10
kamerakalibraciot

# Aképi mérési pontossag
tipikusan: 0.3 - 0.5 pixel

# Végsé lizenet
.« Repiilési geometria A dronos fotogrammetria pontossaga akkor
. megfeleld repiilési magassag | optimalizalhatd, ha:
[ elegendé felvételi bazis @' a szenzor
s Optimalis atfedes @ a felvételi geometria
# a tul nagy atfedés @ a geodéziai kontroll
csokkentheti a magassagi a feldolgozas
pontossagot. egymassal osszhangban van megtervezve.

4. abra: UAV felmérés pontossagat befolyasold tényezok

Osszességében megallapithato, hogy a drénos fotogrammetria pontossaga rendszerszintii
tulajdonsag, amelyet a mérési és feldolgozasi folyamat tobb eleme egylittesen hatdroz meg. A
képmindség, a repiilési geometria, a kamerakalibracid, a geodéziai kontroll és a navigécios
rendszer pontossaganak Osszehangolt megtervezése alapvetd feltétele a megbizhatd és pontos
fotogrammetriai eredmények eldallitasanak.
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3. Az online szamonkérések kockazatainak feltérkepezese hallgatoi
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Absztrakt — Az online szamonkérések a felsdoktatasban egyre elterjedtebbé valtak,
ugyanakkor szamos technikai, integritasi és adatvédelmi kockazatot hordoznak. A
tanulmany célja az online szimonkérések soran megjelené kockazati tényezok feltarasa
és elemzése hallgatoi percepciok alapjan, Failure Mode and Effects Analysis (FMEA)
modszer alkalmazasaval. A kutatas az online szamonkéréseket biztonsagtudomanyi
megkozelitésben, komplex rendszerként vizsgalja. A vizsgalat kérdéives adatfelvételen
alapult, amely az online szaimonkérésekhez kapcsolodo technikai problémakat, csalasi
lehetoségeket, adatvédelmi aggalyokat és human tényezéket elemzi. Az FMEA modszer
segitségével a kockazatok sulyossaga, elofordulasi valosziniisége és észlelhetosége alapjan
kockazati prioritasi értékek keriiltek meghatarozasra. Az eredmények ramutatnak arra,
hogy a hallgatok a szamonkérés kérdéseinek vagy megoldasainak Kiszivargasat, Kiilso
forrasok vagy Al-eszkozok (pl. ChatGPT) hasznalatat érzékelik a legkritikusabb
kockazatokként. A Kkutatas hozzajarulhat olyan kockazatkezelési és
kontrollmechanizmusok kialakitasahoz, amelyek tamogatjak az online szamonkérések
biztonsagosabb és megbizhatobb miikodését.

Kulcsszavak — online szamonkérés, online vizsga, FMEA, kockdazatelemzés, akadémiai
integritds, proktordlas, digitalis értékelés

I. BEVEZETES
1. Az online szdmonkérések digitalis kornyezete

A felséoktatas digitalizacioja az elmult években jelentés mértékben felgyorsult, kiilondsen a
COVID-19 vilagjarvany kovetkeztében, amely vildgszerte az online oktatasi és értékelési
megoldasok gyors bevezetését eredményezte. Az online szamonkérések az elektronikus
tanulasi kornyezetek (Learning Management Systems — LMS) integralt részévé valtak, és ma
mar nem csupan rendkiviili helyzetekben alkalmazott megoldasként jelennek meg, hanem
szamos intézményben a hagyomanyos értékelési formak alternativdjaként is funkcionalnak [1].
Az online szamonkérések korébe tartoznak tobbek kozott az elektronikus tesztek, a tavoli
vizsgék, a videdkapcsolattal feliigyelt vizsgak, valamint az automatizalt vagy mesterséges
intelligenciat alkalmaz6 proktoralasi rendszerek. Az online szdmonkérési rendszerek olyan
komplex rendszereknek tekinthetok, amelyek mukodését egyszerre befolyasoljak technolégiai,
emberi és szervezeti tényezok. A rendszerek megbizhaté mikddésének biztositdsa nem
kizarolag informatikai kérdés, hanem a felhasznalok viselkedésével, a szabalyozasi
kornyezettel és az intézményi kontrollmechanizmusokkal is szoros Osszefliggésben all. A
szakirodalom ramutat arra, hogy az online értékelések egyik legfontosabb kihivdsa az
akadémiai integritds fenntartasa, mivel a digitalis kornyezet 0j lehetdségeket teremt a
szabalyszegd magatartasok szdmara [2], [3]. A digitalis vizsgarendszerek elényei kozott
gyakran emlitik a rugalmassagot, a gyors értékelési lehetdségeket, valamint az adminisztrativ
folyamatok egyszerlisodését, ugyanakkor az online kornyezetben jelentkezd technikai és
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biztonsagi problémak uj tipustt kockdzatokat is generalnak [4]. Ezek kozé tartoznak a
rendszermeghibasodasok, az internetkapcsolati problémdak, az adatvédelmi incidensek,
valamint a csalasi lehetdségek novekedése [1].

2. Az online szamonkérések kockazatai
2.1. Technikai kockazatok

Az online szamonkérések sordn a technikai infrastruktiira megbizhatdsaga kulcsfontossagu
tényezd. A rendszerleallasok, az internetkapcsolat megszakadésa, a szerverek tulterheltsége
vagy a kompatibilitdsi problémak jelentés mértékben veszélyeztethetik a szamonkérések
folyamatossagat ¢és hitelességét. A szakirodalom hangsulyozza, hogy az online vizsgak soran a
rendelkezésre allas (availability) €s a rendszer megbizhatosaga (reliability) alapvetd biztonsagi
kovetelménynek tekinthetd [1]. A technikai problémak nemcsak az értékelési folyamat
megszakadasahoz vezethetnek, hanem pszichologiai terhelést és stresszt is okozhatnak a
hallgatok szamara, ami negativan befolyasolhatja teljesitményiiket €és az online vizsgakkal
kapcsolatos attitidjeiket [5]. Az online vizsgarendszerek rezilienciaja ezért kiemelt jelentdség,
mivel a rendszereknek képesnek kell lennilik a varatlan eseményekhez val6 alkalmazkodasra
¢s a miikodés gyors helyreallitasara.

2.2. Integritasi és csalasi kockéazatok

Az online szdmonkérések egyik leggyakrabban vizsgalt problémaja az akadémiai integritas
fenntartasa. A digitalis kornyezet sajatossdgai miatt a hallgatok szamara konnyebben
hozzaférhetok kiilsé segitségnyujtasi lehetdéségek, példaul chatalkalmazdsok, mesterséges
intelligencian alapuld eszkdzok vagy mas személyek kozremiikodése. A szakirodalom szerint
az online szadmonkérések soran leggyakrabban el6forduld csaldsi formak kozé tartozik az
impersonacio, a kérdések megosztasa, a tiltott kommunikacio ¢és a kiilsé forrdsok hasznalata
[6]. A mesterséges intelligencia alapt eszk6zok, példaul a ChatGPT megjelenése tovabb novelte
az online szamonkérések integritasaval kapcsolatos aggalyokat. Az Al-eszk6zok képesek gyors
¢s komplex valaszok generalasara, amely 0j kihivasok elé allitja az oktatasi intézményeket.
Ezzel parhuzamosan az automatizalt csalasfelismerd rendszerek és a viselkedéselemzo
algoritmusok alkalmazasa is egyre gyakoribba valt [7]. A szakirodalom ugyanakkor ramutat
arra is, hogy az online csalas nem kizarolag technikai probléma, hanem jelentés human és
pszichologiai komponensekkel rendelkezik [8]. A hallgatok csalasi hajlandosagat
befolyasolhatja a teljesitménykényszer, az igazsagtalansadg érzése vagy az a percepcid, hogy
mas hallgatok is szabalytalan eszkzoket hasznalnak, illetve a szerintiik alacsonyabb lebukas
veszélye.

2.3. Adatvédelmi és etikai kockazatok

Az online proktoralasi rendszerek alkalmazasa jelentds adatvédelmi és etikai vitakat generalt
az elmult években. A kamerds megfigyelés, a képernyOrdgzités, az arcfelismerés vagy a
kornyezeti hangok monitorozasa szamos hallgaté szamara tilzott megfigyelésként jelenik meg,
amely sértheti a maganszférahoz val6 jogot [9]. A kutatdsok szerint a proktoralasi rendszerek
fokozhatjdk a hallgatok stressz-szintjét, valamint novelhetik az online vizsgak
igazsagtalansagaval kapcsolatos percepciokat. Egyes tanulméanyok arra is ramutatnak, hogy a
mesterséges intelligencia alapi megfigyelérendszerek mukodésében torzitasok jelenhetnek
meg, példaul bizonyos etnikai csoportok vagy specidlis sziikségletli hallgatok esetében [9]. Az
adatvédelmi kérdések kiilondsen fontosak az europai felsoktatdsi intézményekben, ahol a
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GDPR-szabalyozas szigoru kovetelményeket fogalmaz meg a személyes adatok kezelésére
vonatkozoan. Ennek kovetkeztében az intézményeknek egyensulyt kell teremteniiik a
vizsgabiztonsag ¢és a hallgatdi jogok védelme kozott [10].

2.4. Human és szervezeti kockazatok

Az online szamonkérések biztonsagat jelentds mértékben befolyasoljdk a human tényezék
¢s a szervezeti hattér. A digitalis kompetencia hidnya, a nem megfeleld technikai felkésziiltség
vagy az online rendszerek hasznalataval kapcsolatos bizonytalansag novelheti a hibak és
incidensek valdszintiségét [11]. Emellett az intézményi szabalyozds hidnyossagai, az
egyértelmll irdnymutatdsok hidnya vagy a nem megfelelé6 kommunikaci6 szintén biztonsagi
kockézatot jelenthetnek [12]. A szakirodalom hangsulyozza, hogy az online szamonkérések
biztonsdga nem biztosithatd kizarélag technikai kontrollok alkalmazasaval. Legalabb ilyen
fontos az oktatok €s hallgatok megfeleld tajékoztatasa, a digitalis kompetencidk fejlesztése és
az intézményi szabalyozasi kornyezet kialakitasa [6].

3. Kockézatelemzés és az FMEA alkalmazhatosaga

A biztonsagtudomanyi megkozelités szerint a kockazat olyan nemkivanatos eseményként
értelmezhetd, amely veszélyezteti egy rendszer miikodését, integritdsat vagy megbizhatdsagat.
Az online szamonkérési rendszerek esetében a kockazatok technikai, human és szervezeti
eredetli tényezok Osszetett kdlcsonhatasabol alakulnak ki. Az online vizsgdk biztonsdganak
vizsgalata ezért nem korlatozodhat kizarolag technoldgiai aspektusokra, hanem figyelembe kell
venni az emberi tényezdket, a szabdlyozasi kornyezetet ¢és az intézményi
kontrollmechanizmusokat 1s [3], [12]. A szakirodalomban a kockazatelemzés a
biztonsdgmenedzsment egyik alapvetd eszkozeként jelenik meg, amely lehetové teszi a
potencialis fenyegetések azonositasat, a sebezhetdségek feltarasat, valamint a megfeleld
kontrollintézkedések meghatarozasat [2]. A digitalis rendszerek esetében kiillonosen fontos a
rendszerintegritas, a rendelkezésre allas és a megbizhatosag biztositdsa, mivel ezek hianya
kozvetleniil veszélyeztetheti az értékelési folyamat hitelességét [13]. A Failure Mode and
Effects Analysis (FMEA) olyan strukturalt kockazatelemzési modszer, amelynek célja a
lehetséges hibamodok azonositasa, azok hatasainak értékelése és a kritikus kockéazatok
priorizalasa [1]. Az FMEA eredetileg az ipari és mérndki rendszerek megbizhatosaganak
novelésére szolgalt, azonban az elmult években egyre szélesebb korben alkalmazzak
informacios rendszerek, egészségligyi folyamatok és komplex rendszerek vizsgélatara is [14].

Az FMEA moédszer harom {6 dimenzié mentén értékeli a kockazatokat:

e a hiba bekovetkezésének valosziniisége (Occurrence),

e ahiba kdvetkezményeinek sulyossaga (Severity),

e valamint a hiba észlelhetdsége (Detection).

E harom tényezd szorzataként hatdrozhaté meg az un. Risk Priority Number (RPN), amely
lehetdvé teszi a kiilonbozd kockazatok Osszehasonlitdsat és rangsoroldsat [1]. Az online
szdmonkérések vizsgalata soran az FMEA kiilondsen alkalmas modszernek tekinthetd, mivel
egyarant képes kezelni:

e atechnikai hibakat (pl. rendszerleéllés, internetkapcsolati problémak),

e a human tényezokbdl eredd kockéazatokat (pl. csalas, digitalis kompetencia hianya),

e valamint a szervezeti ¢s adatvédelmi problémaékat [6].

A modszer elénye, hogy nemcsak az egyes kockazatok jelenlétét vizsgalja, hanem azok
relativ jelentdségét is képes meghatirozni. Ez kiilondsen fontos az online szamonkérések
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esetében, ahol az intézményeknek korlatozott eréforrasok mellett kell donteniiik arrdl, mely
biztonsagi problémak kezelését tekintik prioritdsnak [9]. A jelen kutatdsban az FMEA hallgat6i
percepciokon alapuld adaptacioja keriil alkalmazédsra. A modszer lehetdvé teszi annak
feltarasat, hogy a hallgatok mely kockdzatokat érzékelik a legkritikusabbnak az online
szamonkérések soran, valamint mely tényezdk veszélyeztetik leginkabb az értékelési folyamat
integritasat, megbizhatosagat és igazsdgossagat.

II. KUTATAS
1. Kutatasi célok és kérdések

A kutatds elsddleges célja az online szamonkérések biztonsdgtudomanyi aspektust
vizsgalata a hallgatoi percepcidk tiikkrében. A tanulmany az FMEA (Failure Mode and Effects
Analysis) modszertanat alkalmazza a kockazatok szamszerisitésére ¢és rangsorolasara,
meghatarozva azok prioritasi értékeit (RPN) a sulyossdg, az eléfordulasi gyakorisag €s az
¢szlelhetdség dimenzidoi mentén. A vizsgalat kiemelt figyelmet fordit a demografiai
Osszefliiggésekre, feltarva, hogy a nem, az ¢letkori generaciok ¢és a kiilonbozo
tudomanyteriiletek miként befolyasoljak az egyes veszélyforrasok megitélését. Végsd soron a
kutatds olyan gyakorlati kockazatkezelési kontrollmechanizmusokat hatdroz meg, amelyek
hatékonyan tamogatjak a digitalis szamonkérési rendszerek biztonsagosabb és megbizhatobb
mikodését. A kutatas kozponti kérdése, hogy a hallgatéi prioritasi szdmok (RPN) tiikrében
melyek tekintheték az online szamonkérések legkritikusabb kockazati tényezdinek (K1),
kiilonos tekintettel arra, hogy milyen észlelhetdségi kiillonbségek mutatkoznak a kdnnyebben
detektalhato technikai hibdk és a rejtettebb, akadémiai integritast sértd visszaélések kozott (K2).
Ezzel szoros Osszefiiggésben a kutatds arra is valaszt keres, hogy a kiilonb6z6 demografiai
jellemzdk — mint a nem, a generacids besorolds vagy a munkarend — miként befolyasoljak ezen
kockézatok stulyossaganak és gyakorisaganak egyéni megitélését (K3). A tanulmany kiemelten
kezeli a generativ mesterséges intelligencia, példaul a ChatGPT megjelenését, vizsgalva annak
hallgatok altal érzékelt hatasat az online vizsgék hitelességére és integritasara (K4). Végezetiil
a kutatasi kérdések sorat az zarja, hogy a hallgatoi visszajelzések alapjan mely konkrét
kontrollintézkedések ¢és moddszertani fejlesztések bizonyulhatnak a leghatékonyabbnak a
kockézatok érdemi csokkentése, valamint a szamonkérések igazsagossadganak €s biztonsaganak
novelése érdekében (K5).

2. Mobdszertan és minta

A kutatas soran kvantitativ adatgyiijtési modszerként online kérddives felmérést
alkalmaztunk. A kérddiv célja az online szamonkérésekhez kapcsolddo biztonsagi, technikai és
integritasi kockazatok hallgatoi percepcidinak feltarasa volt. Az adatfelvétel soran 6sszesen 150
értékelhetd hallgatoi valasz érkezett be, amelyek a sajat felsdoktatasi intézménytink hallgatoitol
szarmaznak, €és 2026 els6 félévében gyljtottiik a valaszokat. A mintavétel nem reprezentativ,
célzott elérésen és Onkéntes részvételen alapult, ezért az eredmények altalanosithatosdga
korlatozott. Ugyanakkor a vizsgalat alkalmas arra, hogy feltaro jelleggel azonositsa az online
szdmonkérések soran megjelend legfontosabb biztonsagi és mitkkddési kockazatokat, valamint
a hallgatok altal érzékelt kritikus problémateriileteket. A kérddiv Osszeallitdsa soran kiemelt
szempont volt az online szamonkérések biztonsagtudomanyi megkdzelitése, kiilonds tekintettel
az akadémiai integritasra, a technikai megbizhatosagra, az adatvédelmi kérdésekre ¢s a human
tényezOkre. Az adatfeldolgozds anonim moédon tortént, a valaszadok személyes adatainak
gyljtése nélkiil.
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A demografiai kérdések (1. abra) alapjan a valaszadok kétharmada férfi (99 £6), a ndék szama
50, mig 1 f6 nem kivant véalaszolni. A minta nagy rész¢ét a Z generdcid adja (123 £6), mellettiik
15-enaz Y és 12-en az X generacio tagjai. A hallgatok 74%-a (111 f6) nappali tagozatos, 26%-
uk (39 10) pedig levelez6 munkarendben tanul. Kimagasl6 az alapképzésben (BSc/BA) részt
vevok aranya (131 f6), a szakiranyu tovabbképzést pedig 17-en jeldlték meg, illetve 1
mesterképzésben, és 1 doktori képzésben részt vevo hallgato is valaszolt. A legtobben a miiszaki
(71 16) és a gazdasdgtudomanyi (46 f6) teriiletrdl érkeztek, az agrartudomany 21 fot, az
informatika pedig 12 6t szamlal.

3.
A

SZEMELYI ADATOK TANULMANYI HATTER
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1. abra Demografiai adatok osszefoglalo tablazata (N=150) (forras: sajat prompt alapjan Al generalt kép)

Vizsgalt kockazatok

kutatas sordn vizsgalt kockadzatok az online szamonkérések biztonsagtudomanyi

szempontbol relevans fobb kockéazati kategériai alapjan keriiltek rendszerezésre. A
kategorizalas sordn elkiilonitésre keriiltek az akadémiai integritassal kapcsolatos, a technikai és
infrastruktira-jellegli, az adatvédelmi ¢és etikai, a szervezeti-szabalyozasi, valamint a
pedagogiai €s pszichologiai kockéazatok (1. tablazat).

Kockdzati kategériak

Kérddivben szereplé kockazatok

Akadémiai integritasi kockazatok

Mas személy irja meg a szamonkérést a hallgato helyett (impersonacio).
Kérdések vagy megoldasok kiszivarognak (pl. képerny6fotd, megosztas).

A hallgatok kiils6 chatcsatornan kommunikalnak az online szamonkérés kozben.
Kiils6 forrasok vagy Al-eszk6zok (pl. ChatGPT) hasznalata szamonkérés kozben.
A proktoralds nem képes kisziirni a csalast.

Technikai és miikodési kockazatok

Internetkapcsolat megszakadasa zavarja a szamonkeérést.
Vizsgaplatform tulterhelt.

A hallgatok nem egyenld technikai eszkdzokkel rendelkeznek.
Oktatoi hibak fordulnak elé (pl. rosszul beallitott szamonkérés).

Adatvédelmi és etikai kockazatok

Adatvédelmi incidens torténik (pl. személyes adatok szivargasa).
Az online feliigyelet (proktoralas) tulzott beavatkozédsnak érzddik.

Szervezeti és szabalyozasi kockazatok | Nem megfeleléen kommunikaljak a szabalyokat.

Az intézménynél hidnyzik az online szdmonkérésekre vonatkozé szabalyozas.

Pedagodgiai és pszichologiai | A hallgatok stresszesnek vagy igazsagtalannak érzik az online szamonkérést.
kockdzatok

A vizsga, szamonkérés kérdései nem a valds tudast mérik.

1. tablazat Az online szamonkérések kockazatai

24



Az online szamonkérésekhez kapcsolodd kockazatok értékelése adaptalt FMEA (Failure
Mode and Effects Analysis) modszer alkalmazasaval tortént. A valaszadok minden kockazati
tényezOt harom dimenzié mentén értékeltek (2. dbra):

(1) eléfordulési gyakorisag (Occurrence),
(2) a kockazat sulyossaga (Severity),

(3) a kockazat észlelhetdsége (Detection).

@nm ayakorisag (Occurrence) > ~ Siilyossag (Severity)
o ;
Annak mérése, hogy egy adott h A hiba vagy kockdzat negativ
kockazati tényezé milyen gyakran Online ' hatasanak mértéke a szdmonkeérés
jelentkezik a vizsgdk sordn. szamonkérés hitelességére és kimenetelére.
| kockazatelemzése 2
y Eszlelhetéség (Detection) B
> Annak valészintisége, hogy a rendszer \
vagy az oktaté még a bekovetkezéskor 2
észleli a hibat. &
Az FMEA Mddszertan Alkalmazasa
M= Adaptalt Kockazatelemzés A——eo Adatvezérelt Priorizalas
A vélaszaddk tapasztalatai alapjén LTD\—0 A harom dimenzi6 értékei alapjan
minden kockazati tényez6t ezen a harom /_T\—0 hatarozhatok meg a legsiirgetébb
g skalan kell értékelni. LB peavatkozasi pontok.

2. dbra. Az online szamonkérések FMEA alapu kockazatelemzése (forras: sajat prompt alapjan Al generalt kép)

Az értekelés otfokozath Likert-skalan tortént. Az egyes dimenziok atlagértékei alapjan kertilt
kiszamitésra a Risk Priority Number (RPN), az alabbi képlet szerint:

RPN=SeverityxOccurrencexDetection

Az RPN értékek lehetdvé tették a kockazatok rangsorolasat €s a kritikus kockazati tényezok
azonositasat (2. tablazat)

Kockazat S (0} D RPN Kockazati
szint
Mas személy irja meg a szamonkérést a hallgato helyett 2,16 | 3,19 | 3,39 | 23,36
Kérdések vagy megoldasok kiszivarognak 2,98 1291 |33 28,62
A hallgatok kiils6 chatcsatornan kommunikalnak 2,86 | 294 | 3,51 | 29,51
Kiilsé forrasok vagy Al-eszkozok (pl. ChatGPT) hasznalata 3,19 | 3,22 | 3,11 | 31,95
A proktoralas nem képes kisziirni a csalast 2,68 | 2,88 | 3,16 | 24,39
Internetkapcsolat megszakadasa zavarja a szamonkérést 2,69 3,31 [ 29 25,82
Vizsgaplatform talterhelt 3,04 | 3,33 | 2,58 | 26,12
A hallgatok nem egyenld technikai eszk6zokkel rendelkeznek 2,87 | 2,7 3,19 | 24,72
Oktatéi hibak fordulnak elé 2,92 | 3,08 | 2,65 | 23,83
Adatvédelmi incidens torténik 1,6 293 | 2,98 | 13,97
Az online feliigyelet (proktoralas) tilzott beavatkozdsnak érzédik 2,74 | 2,78 | 2,97 | 22,62
Nem megfelelden kommunikaljak a szabalyokat 2,21 | 2,83 | 3,04 | 19,01
Hianyzik az online szdmonkérésekre vonatkozd szabalyozas 2,52 12,63 | 298 | 19,75
A hallgatok stresszesnek vagy igazsagtalannak érzik az online szdmonkérést | 2,5 2,52 | 3,05 | 19,22
A szamonkérés kérdései nem a valds tudast mérik 2,99 | 3,01 | 2,88 | 25,92

2. tablazat. RPN értékek meghatarozasa az egyes tényezdk atlageértékei alapjan
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Az RPN értékek értelmezése relativ kategorizalassal tortént, figyelembe véve a minta
eloszlasat és az oktatasi kornyezet sajatossagait. A kockazatok alacsony, kdzepes €s magas
kategoriaba sorolasa a kapott RPN értékek alapjan keriilt meghatarozasra (3. tablazat).

RPN Besorolas
<20 Alacsony

2027 Kozepes
Ty

3. tabldzat RPN értékek besoroldasa

4. Eredmények

Az eredmények alapjan az online szdmonkérések sordn leggyakrabban el6forduld
kockdzatok tobb dimenzioban jelennek meg. A vélaszadok szerint a legjelentdsebb
gyakorisdggal a vizsgaplatform talterheltsége fordul eld, ami egyértelmi technikai jellegt
problémara utal. Emellett kiemelkedden gyakori a kiilsé forrasok ¢és mesterséges intelligencia
alapt eszk6zok haszndlata, valamint a kérdések ¢és megoldasok kiszivargasa, amelyek az
akadémiai integritas sériilékenységét jelzik. A gyakori kockazatok kozott megjelennek tovabba
az oktatdi hibdk is, példaul a szdmonkérések nem megfeleld beallitdsa, ami a rendszer
szervezeti gyengeségeire mutat rd. Végiil a valaszadok szerint gyakran eléfordul, hogy a
vizsgakérdések nem a valos tuddst mérik, ami pedagogiai szempontbol kritikus problémat
jelent. Osszességében a leggyakoribb kockazatok azt mutatjik, hogy az online szamonkérés
kihivasai nem kizarolag technikai eredetiiek, hanem egyiittesen jelennek meg technologiai,
integritasi, szervezeti és pedagogiai dimenzidk mentén. Az eredmények alapjan a kiilonb6zo
kockéazatok észlelt gyakorisdga jelentds eltéréseket mutat. A technikai kockézatok inkabb
objektiven észlelhetdk, mig az akadémiai integritassal kapcsolatos kockazatok esetében magas
a bizonytalansag (‘nem tudom’ valaszok aranya), ami az alacsony észlelhetdségre és az
informacidhidnyra utal (K2).

A viélaszadok a legsulyosabb hatasu kockdzatok kozé elsésorban az akadémiai integritast
veszélyeztetd tényezdket soroltak, mint az impersonacid, a vizsgafeladatok kiszivargasa,
valamint a kiilsd forrdsok ¢és mesterséges intelligencia hasznalata. Emellett kiemelten
kritikusnak itélték a csalas detektaldsanak korlatait és az adatvédelmi incidensek lehetdségét,
amelyek az online szadmonkérések megbizhatosdgat €s jogszeri mukodését egyarant
veszélyeztetik.

Az észlelhetdségi adatok alapjan a technikai jellegli kockéazatok altalaban jol detektalhatok,
mig az akadémiai integritassal kapcsolatos problémak, példaul a csalés kiilonbozd formai és a
kiils6 eszk6zok hasznalata, jellemzden nehezen észlelhetok (K2). A valaszok azt mutatjak, hogy
a legkritikusabb kockazatok koz¢ tartozo jelenségek gyakran rejtve maradnak, ami a
kontrollmechanizmusok korlatozott hatékonysagara utal.

A 150 valaszadd valaszainak elemzése alapjan tobb Osszefiiggés is megfigyelhetd a
demografiai jellemzok és a kockazatértékelési pontszamok kozott (K3). A ndi valaszadok (50
f6) tendenciaszerlien magasabb pontszamokat adtak a kockazatok stlyossagara (Severity) és
észlelhetdségére (Detection), mint a férfiak. A ndk gyakrabban értékelték 4-es vagy 5-Os
(kritikus) szintiire az olyan kockézatok hatasat, mint az internetkapcsolat megszakaddsa vagy a
vizsgaplatform talterheltsége. A ndi kitoltdk korében magasabb az 5-0s értékek ardnya az
észlelhetdségi skalan, ami azt jelenti, hogy 6k nehezebben észlelhetdnek (rejtettebbnek) tartjak
a csalasokat (p¢ldaul az Al hasznalatat vagy a kiilsé chatcsatorndkon torténé kommunikaciot),
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mint a férfi hallgatok. Az idésebb generaciok (X és Y), akik jellemzden a levelezd tagozaton
(39 f6) vagy szakiranyu tovabbképzésben vesznek részt, sajatos mintdzatot mutatnak. Az X és
Y generacids valaszadok magasabb pontszamot adtak a technikai jellegli kockazatok (pl.
adatvédelmi incidens, rendszerhiba) stilyossagéra. Ez a csoport kiemelkedden magasra értékelte
a tamogat6 intézkedések, példaul a probavizsga és az eldzetes tajékoztatas hatékonysagat, mivel
szamukra a technikai biztonsagérzet kulcsfontossagl. A férfi Z generacids miiszaki hallgatok
(a minta legnagyobb csoportja) az atlagnal alacsonyabb pontszamot adtak a kockazatok
eléfordulasi gyakorisagara (Occurrence). Ok magabiztosabbnak tiinnek a technikai rendszer
stabilitasaban, ugyanakkor redlisabbnak (alacsonyabb pontszamunak) itélik a csaldsok
észlelhetdségét, feltételezve, hogy ismerik a technikai kiskapukat. Gazdasdgtudomanyi
hallgatok esetén (ahol magasabb a ndk aranya) az Al (ChatGPT) hasznélata és a hallgatok
kozotti kommunikacié miatti aggodalom magasabb pontszamokat kapott mind a gyakorisag,
mind a hatés tekintetében.

A 2. tabléazat alapjan a legmagasabb kockézati prioritasi értéket a ,,Kiils6 forrasok vagy Al-
eszkozok (pl. ChatGPT) hasznalata” kapta (RPN = 31,95) (K1). Ez arra utal, hogy a hallgatdk
ezt a jelenséget viszonylag gyakori, nehezen észlelhetd és az online szdmonkérések integritasat
jelentdsen veszélyeztetd problémanak tekintik. Az eredmény kiilondsen aktualis a generativ
mesterséges intelligencia oktatasi kornyezetben valo gyors terjedése miatt. Szintén magas RPN
értéket kapott a kiils6 chatcsatornak hasznalata (RPN = 29,51), valamint a kérdések és
megoldasok kiszivargadsa (RPN = 28,62) (K1). Ezek az eredmények azt mutatjak, hogy a
hallgaték az online szamonkérések egyik legjelentésebb biztonsadgi problémajanak az
ellendrizhetdség korlatozottsagat és a kollaborativ csaldsi lehetdségeket tekintik. A magas
¢észlelhetdségi értékek arra utalnak, hogy ezek a tevékenységek nehezen felismerhetdk a
jelenlegi online feliigyeleti rendszerek szédmara. A technikai és infrastruktira-jellegli
kockéazatok koziil a vizsgaplatform talterheltsége (RPN = 26,12), az internetkapcsolat
megszakadasa (RPN = 25,82), valamint az a probléma, hogy a szdmonkérések nem a valds
tudast mérik (RPN = 25,92), szintén jelentds kockazati szintet értek el. Ez arra utal, hogy a
hallgatok nemcsak technikai, hanem pedagogiai szempontbol is problémasnak érzékelik az
online szamonkérések egy részét. Erdekes eredmény, hogy az impersonacio (,Mas személy irja
meg a szamonkérést”) RPN értéke alacsonyabb lett (23,36), mint az Al-eszkozok vagy a kiilsé
kommunikécio esetében. Ez arra utalhat, hogy a hallgatok a klasszikus csalasi formakat kevésbé
érzik gyakorinak vagy relevansnak, mig a digitalis és Al-alapt tdmogatéssal torténd csalast
sokkal aktualisabb fenyegetésnek tartjak (K4). Az adatvédelmi incidensek kaptdk a
legalacsonyabb RPN értéket (13,97), ami arra utalhat, hogy a hallgatok ezeket ritkabban
tapasztaljak vagy kevésbé érzékelik kozvetlen veszélynek. Ez azonban nem feltétleniil jelenti
azt, hogy az adatvédelmi kockazatok objektiven kevésbé sulyosak, inkabb arra utal, hogy a
hallgatoi percepcidban kevésbé jelennek meg hangstlyosan. A szervezeti és szabalyozasi
problémak — példaul a szabdlyok nem megfeleld kommunikacidja (RPN = 19,01) vagy a
szabalyozas hianya (RPN = 19,75) — kozepes kockazati szintet mutatnak. Ez arra utal, hogy a
hallgatok ezeket inkabb tdmogato, hattérjellegli tényezoként érzékelik, amelyek kozvetetten
befolyasoljdk az online szamonkérések biztonsagat és igazsigossagit. Osszességében az
eredmények azt mutatjak, hogy a hallgatok az online szdmonkérések legkritikusabb
kockéazatainak az akadémiai integritdst veszélyeztetd, technologiailag tdmogatott csalasi
formakat tekintik (K1). A kutatds rdmutat arra, hogy az online szdmonkérések biztonsaganak
novelése nem kizardlag technikai kérdés, hanem komplex pedagodgiai, szervezeti és etikai
megkozelitést igényel.
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5. Kontroll intézkedések

A hallgatokat egy nyilt végli kérdés keretében arr6l is megkérdeztiik, hogy mely
intézkedéseket tartjdk hatékonynak az online szamonkérések soran felmeriild kockazatok
csokkentésében. A hallgatok szamos javaslatot fogalmaztak meg az online szamonkérések
kockazatainak csokkentésére (K5). Az észrevételeiket az aldbbi f0 kategoridkba
csoportosithatjuk (3. abra).
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3. abra Hallgatoi javaslatok az online szamonkérések kockdzatainak csokkentésére (forras: sajat prompt alapjan Al generdlt kép)
5.1. Technikai és infrastrukturalis javaslatok

A valaszadok jelentds része a technikai hatteret tartja a legkritikusabbnak a hibdk elkertilése
érdekében. Kiemelték a stabil internetkapcsolat és a megbizhatd szerverek sziikségességét,
amelyek nem omlanak Ossze a terhelés alatt. Felmertilt az igény kedvezményes internetre vagy
eszkozokre, sot, olyan javaslat is érkezett, hogy az egyetem biztositson laptopot a vizsgazashoz
a hibak minimalizaldsa érdekében. Szamos hallgatd tartja hatékonynak a biztonsagos
vizsgabongész0 hasznalatat, illetve olyan rendszereket, amelyek folyamatosan mentik a
valaszokat.

5.2. Feliigyeleti és ellen6rzési megoldasok

A visszaélések (csalasok) kisziirésére tobb szigoritd intézkedést is hatékonynak vélnek. A
webkamera hasznalatat €s a tevékenységek rogzitését tobb helyen is emlitik, mint a személyes
jelenlét potlékat. Javasoltak a digitalis ellen6rzo kulcsok (MFA) vagy banki szintli azonositasi
folyamatok bevezetését. Felmeriilt a képernyOdmegosztas, a mimika és a szemmozgas kovetése,
valamint az olyan szoftverek alkalmazasa, amelyek észlelik, ha a didk mas platformot hasznal.

5.3. Mddszertani és pedagogiai fejlesztések

Sokan a vizsgak felépitésének megvaltoztatasaban latjdk a megoldast. Olyan feladatok
kiadasa, amelyek sajat gondolkodast igényelnek vagy személyre szabott adatokkal dolgoznak,
igy a segédeszk6zok kevésbé hasznalhatok. Megoszlanak a vélemények, egyesek szerint a rovid
idokorlat hatékony a csalés ellen, masok szerint tobb idore lenne sziikség a technikai stressz és
a kapkodas csokkentésére. A kérdések véletlenszerii kiaddsa €s a vizsgazok csoportokra bontasa
(a szerver terhelésének csokkentésére) szintén felmertilt.
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5.4. Tamogatas ¢s kommunikacid

Ebbe a csoportba a hallgatok biztonsagérzetét noveld, ,,puha” intézkedések tartoznak. A
stressz ¢és a technikai bizonytalansag csokkentésére az egyik leghatékonyabb eszkdznek tartjak
a probavizsga lehetdségét. A vizsgafolyamat pontos leirasa, a pontszamok és feladattipusok
elozetes ismertetése is kulcsfontossdgu. Kritikus pont, hogy a vizsga alatt legyen elérhetd
technikai tamogatas vagy kozvetlen kapcsolat az oktatoval.

5.5. Radikalis és alternativ javaslatok

Vannak, akik szerint az online forma alapvetd kockézatokat hordoz. Tobben a személyes,
szobeli vizsgdt vagy a papir alapu, tantermi szamonkérést tartjdk a ,legtisztdbb” ¢és
legnyugodtabb megolddsnak. Néhany valaszadd szerint a kockazatokat egyaltalan nem lehet
teljesen kisziirni az online térben.

I11. Osszefoglalas

A kutatas eredményei alapjan az online szamonkérések olyan komplex rendszerek, amelyek
biztonsaga nem garantalhaté kizardlag technikai eszkozokkel. A legmagasabb kockazati
prioritast a mesterséges intelligencia alapt eszk6zok hasznélata kapta (RPN = 31,95), ami jelzi,
hogy a hallgatok ezt tartjak a legnehezebben kontrollalhato és legaktudlisabb fenyegetésnek az
akadémiai integritasra nézve. Mig a technikai hibak (pl. rendszerleallas) jol detektalhatok, az
integritasi kockéazatok , kiilondsen a kollaborativ csalasok, észlelhetésége alacsony. Ez azt
jelenti, hogy a jelenlegi feliigyeleti rendszerek (proktoralds) hatékonysaga korlatozott a rejtett
csalasi formakkal szemben. A n6i valaszadok és az iddsebb (X, Y) generaciok kritikusabbak a
kockézatok stlyossadgaval szemben, mig a Z generacidés miiszaki hallgatok magabiztosabbak a
technikai kornyezetben, de realisabban latjak a csaldsok észlelhetdségének nehézségeit. A
kockazatok csokkentése érdekében a technikai kontrollokat (pl. biztonsagos bongészo)
kombinalni kell mddszertani fejlesztésekkel (pl. egyedi, gondolkodtatd feladatok) és ,,puha”
intézkedésekkel, mint a prébavizsgdk biztositdsa és a transzparens kommunikacio. A
legmagasabb hatékonysagunak itélt (pl. probavizsga, vilagos szabalyok) (K5) intézkedések
nem a szigort, hanem a kiszdmithatosdgot és a technikai biztonsagot novelik, ami
kulcsfontossagu a hallgatéi stressz csokkentéséhez €s az igazsagos értékeléshez.

A kutatas korlatai kozé tartozik, hogy az alkalmazott FMEA-modszer ¢és a szamitott RPN-
értekek elsdsorban a hallgatdi percepcidra tdmaszkodnak, igy azok a vizsgalt jelenségek
szubjektiv megitélését tiikkrozik, ami eltérhet az objektiv technikai statisztikdktol. Modszertani
szempontbol szamolni kell az ugynevezett ,,RPN-csapda” jelenségével is: mivel a prioritasi
szam a sulyossag, az eléfordulas és az észlelhetdség szorzataként all eld, eléfordulhat, hogy
alapvetden eltérd kockazati profilok, példaul egy ritka, de kritikus hiba és egy gyakori, de
csekélyebb sulyu incidens, azonos értéket kapnak, ami elfedheti a tényezok kozotti 1ényegi
kiilonbségeket. Emiatt fontos hangstlyozni, hogy a kockazati szintek besoroldsa relativ médon,
a jelen minta sajatossagaihoz mérten tortént, igy az eredmények abszolut értékként valo
kezelése és mas intézményi kornyezetbe torténd kozvetlen atiiltetése kritikai szemléletet
igényel.

Béar a jelen tanulmany els6sorban a hallgatdi percepciokra és az altaluk érzékelt
kockazatokra fokuszalt, az online szamonkérések mint komplex rendszerek teljes kori
megértése tovabbi vizsgalatokat igényel. A kutatas folytatdsaként jovObeni terveink kozott
szerepel a vizsgalat kiterjesztése az oktatok, valamint a technikai tdmogaté munkatarsak
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nézOpontjaira is. Ez a tobbszempontid megkozelités lehetévé teszi, hogy a hallgatoi
véleményeket 0sszevessiik a vizsgdztatok tapasztalataival és a rendszeriizemeltetok technikai
ralatasaval, ezaltal egy holisztikus, minden érintett csoportot atfogd képet kapjunk az online
értékelési folyamat biztonsagi és integritasi kihivasairdl. A kiilonbozd perspektivak integraldsa
alapvetd fontossadgu olyan atfogd kontrollmechanizmusok kidolgozasahoz, amelyek egyszerre
kezelik a technologiai, pedagdgiai és szervezeti kockéazatokat.

IRODALOM

(1]

(2]

(3]

(4]

(3]

(6]
(7]
(8]

(9]

K. Butler-Henderson and J. Crawford, "A systematic review of online examinations: A pedagogical
innovation for scalable authentication and integrity," Comput. Educ., vol. 159, p. 104024, Dec. 2020.
[Online]. Available: https://doi.org/10.1016/j.compedu.2020.104024

G. Sindre and A. Vegendla, "E-exams versus paper exams: A comparative analysis of cheating-related
security threats and countermeasures,” Norwegian University of Science and Technology, Trondheim,
Norway, 2015.

K. A. A. Gamage, E. K. d. Silva, and N. Gunawardhana, "Online Delivery and Assessment during
COVID-19: Safeguarding Academic Integrity," Educ. Sci., vol. 10, no. 11, p. 301, Nov. 2020. [Online].
Available: https://doi.org/10.3390/educscil0110301

P. Hancock, J. Birt, P. De Lange, C. Fowler, M. Kavanagh, L. Mitrione, M. Rankin, "Students’ perceptions
of different assessment modes and student experience," J. Account. Educ., vol. 70, p. 100953, 2025.
[Online]. Available: https://doi.org/10.1016/j.jaccedu.2025.100953

N. Ruzgar and C. Chua-Chow, "Perception of Students on Online Exams and How Sequential Exams and
the Lockdown Browser Affect Student Anxiety and Performance," WSEAS Trans. Comput. Res., vol. 11,
pp- 92-110, 2023. DOI: 10.37394/232018.2023.11.9.

F. Sabrina, S. A. Azad, S. Sohail, and S. Thakur, "Ensuring academic integrity in online assessments: A
literature review and recommendations," Int. J. Inf. Educ. Technol., vol. 12, no. 1, pp. 60-70, 2022.
L.C.O.Tiong, H.J. Lee, and K. L. Lim, "Online assessment misconduct detection using internet protocol
and behavioural classification," 2022.

C.M. Kell, Y. Thandar, A K. Bhundoo, F. Haffejee, B. Mbhele, J. Ducray, "Academic integrity in the
information age: insights from health sciences students at a South African University," J. Appl. Res. High.
Educ., vol. 17, no. 7, pp. 16-28, 2025. DOI: 10.1108/JARHE-12-2023-0565.

M. Khalil, P. Prinsloo, and S. Slade, "In the nexus of integrity and surveillance: Proctoring reconsidered,"
J. Comput. Assist. Learn., vol. 38, no. 6, pp. 1589-1602, 2022.

[10]J. Wong, L. Racine, T. Henderson, and K. Ball, "Online Learning as a Commons: Supporting students’

data protection preferences through a collaborative digital environment," J. Intellect. Prop. Inf. Technol.
E-Commer. Law, vol. 14, no. 2, pp. 251-277, 2023.

[11]M. Hartnett, P. Butler, and P. Rawlins, "Online proctored exams and digital inequalities during the

pandemic," J. Comput. Assist. Learn., vol. 39, no. 4, pp. 1103-1115, 2023. DOI: 10.1111/jcal.12813.

[12]M. Henderson, R. Awdry, J. Chung, M. Bryant, S.V. Patel, A.S. Yu, M. Mundy, K. Ryan, C. Ashford,

"Online examinations: Factors that impact student experience and perceptions of academic performance,"
Australas. J. Educ. Technol., vol. 40, no. 4, pp. 73—-89, 2024. DOI: 10.14742/ajet.9412.

[13]D. Vose, Risk Analysis: A Quantitative Guide, 3. kiadas. Chichester, U.K.: Wiley, 2008.
[14]D. H. Stamatis, Failure Mode and Effect Analysis: FMEA from Theory to Execution, 2. kiadas.

Milwaukee, WI, USA: ASQ Quality Press, 2003.

30



Angol szekcid

31



4. Ethical Challenges and Practical Experiences with Generative
Artificial Intelligence in Technical Education in Hungary

Timea Bekk Imre Négyesi
Alba Regia Faculty Faculty of Military Science and Officer Training
Obuda University National University of Public Service
bekk.timea@uni-obuda.hu negyesi.imre@uni-nke.hu

Abstract - This study examines the ethical implications and practical challenges of
integrating generative artificial intelligence (GenAl) into education in Hungarian
technical vocational high schools and higher education institutions. The research is based
on a quantitative approach: we used a questionnaire survey to explore educators’ attitudes
and experiences regarding the technology. The aim of the study was to analyze the data
protection, security, and ethical challenges educators face, as well as how they interpret
their own responsibilities regarding plagiarism prevention and student education. The
empirical results show that the use of generative tools is widespread, yet educators
consider the development of clear and consistent institutional policies to be of paramount
importance. The results indicate that instructors’ expectations do not differ significantly
based on demographic characteristics or frequency of use, suggesting the presence of a
unified ethical framework. Based on the responses, the key to responsible technology
integration lies not only in methodological training but also in the development of the
technological environment. A particularly prominent need is the implementation of
system-level ethical control mechanisms and warnings integrated into GenAl systems.
The study concludes that the sustainable use of generative artificial intelligence in
education can only be ensured through the coordinated implementation of institutional
regulations, technological controls, and the active involvement of educators.

Keywords - generative artificial intelligence, quantitative research, educator
responsibility, regulatory framework, ethical considerations, technical education

I. INTRODUCTION

The explosive growth of GenAl in the education sector has brought about a fundamental
paradigm shift. This change is particularly pronounced in technical vocational training and
higher education, where algorithm-generated code, designs, and texts have a direct impact on
the assessment and credibility of professional competencies. Although the technology holds
significant potential for increasing efficiency, issues of data protection and cybersecurity remain
critical challenges in its practical application.

This study posits that the broader institutional integration of generative Al is influenced not
primarily by technological factors, but by difficulties and limitations stemming from ethical and
regulatory uncertainties. A prerequisite for successful adaptation is the development of a
complex framework that not only focuses on preventing plagiarism but also centers on
reinterpreting the responsibilities of educators. In this context, the practice of fact-checking
plays a particularly prominent role, as does the need for an ideal software environment that
supports the ethical and conscious use of generative systems through built-in control
mechanisms. While guidelines on the use of GenAl have already been published in the
international literature and in policy documents, quantitative data on the specific ethical
dilemmas in Hungarian technical vocational education and on instructors’ practical experiences
are currently limited. The aim of this research is to address this empirical gap: using a
questionnaire-based survey, it examines educators’ attitudes toward the technology, about data
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protection and security challenges, as well as their interpretation of individual educator
responsibility in the context of plagiarism prevention and student information.

II. LITERATURE REVIEW

The emergence of GenAl in education has become one of the most intensively researched
areas in recent years. The literature agrees that Al-based systems are significantly transforming
learning and teaching processes, while also raising complex ethical, pedagogical, and regulatory
challenges [1].

GenAl tools, for example, open new learning opportunities through large language models,
including personalized education, automatic feedback, and support for curriculum
development. At the same time, the use of this technology changes the nature of knowledge
acquisition and raises new questions regarding autonomous learning and critical thinking [1]

[2].

Empirical studies show that students widely use Al-based tools: according to a 2024
international survey, 86% of students use some form of generative Al in their studies. This
widespread adoption underscores the urgency of integrating the technology into education,
particularly in terms of establishing regulatory and ethical frameworks [3].

A central theme in the literature is the examination of ethical dimensions. In the context of
GenAl use, issues related to data protection, transparency, algorithmic biases, and
accountability are particularly prominent. In the educational setting, the handling of student
data and the “black box™ nature of Al systems’ operations are especially critical issues [2].

Analyses indicate that universities’ initial responses have focused primarily on issues of
transparency, human oversight, and accountability. According to the research, the credibility of
student performance assessment remains a key ethical principle that is potentially threatened
using Al [4].

One of the greatest challenges of generative Al is the reinterpretation of academic integrity.
The traditional concept of plagiarism is difficult to apply to Al-generated content that is
technically original but not of human authorship [5].

Research indicates that the use of Al tools increases the risk of academic misconduct, while
the lines between legitimate assistance and cheating become blurred. The term “Al-giarism”
has also emerged, referring to a new type of plagiarism committed using generative systems [6]

[7].

At the same time, research also emphasizes that ethical attitudes play a more significant role
in shaping student behavior than formal regulations. This underscores the importance of the
instructor’s role in fostering ethical awareness [5].

The literature clearly highlights the lack of and fragmentation in regulatory frameworks. At
the international level, it is observed that institutions employ varying strategies, ranging from
complete prohibition to controlled integration [8].

According to a comprehensive systematic review, effective integration requires a
multidimensional approach that includes curriculum development, teacher training, the
transformation of assessment methods, and the development of technological infrastructure. In
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addition, developing Al literacy and incorporating ethical guidelines into educational practice
are of paramount importance [9].

IIT. THE THEORETICAL BACKGROUND OF THE QUANTITATIVE RESEARCH
APPROACH

The aim of the study was to explore educators’ attitudes toward the educational use of
generative artificial intelligence, as well as the challenges related to data protection, security,
and ethics, in the context of technical vocational secondary schools and higher education in
Hungary. We employed a quantitative research method, which allowed for a broad, structured
mapping of the phenomenon.

The aim of quantitative research is the numerical examination and statistical analysis of
phenomena. This approach focuses on measurable variables; by exploring and analyzing the
relationships between them, it becomes possible to describe, explain, and predict the
phenomena under study [10]. A key feature of the method is the pursuit of objectivity,
measurability, and standardized data collection procedures (such as questionnaires and scales).

The aim of quantitative research is to identify relationships between variables, test
hypotheses, and generalize findings to a specific population using statistical tools. According
to Bryman’s approach [11], the fundamental characteristics of this paradigm include the
collection of numerical data, measurement, the examination of causal relationships, and
reproducibility [12]. The author emphasizes that structured data collection procedures
effectively ensure the objective examination and comparability of social phenomena [11]. This
approach follows strictly deductive logic: it examines phenomena within a predefined
theoretical framework and then evaluates their validity using statistical methods, which allows
for the formulation of generalizable conclusions [10]. In Bryman’s interpretation, other defining
characteristics of quantitative research include the central role of measurement, the examination
of causal relationships, and the pursuit of generalizability and reproducibility of results [11].
The author emphasizes that the quantitative approach employs structured data collection and
analysis procedures that enable the objective examination and comparability of social
phenomena. This method is particularly well-suited for examining attitudes, perceptions, and
behavioral patterns in large-scale data collection, such as through questionnaire-based research,
as these methods ensure that data are collected in a standardized and statistically analyzable
format [11].

Within the methodological framework of this study, we conducted primary quantitative data
collection using a structured questionnaire designed to explore educators’ attitudes toward the
educational use of generative artificial intelligence. The questionnaire enabled a quantitative
comparison of educators’ experiences, perceptions, and attitudes, which is consistent with the
standardized survey approach used in quantitative research [13].

The use of variables measured on a Likert scale facilitated the quantification of ethical and
regulatory dimensions and provided an opportunity for statistical analysis of the relationships
between individual factors. As a result, the research was not limited to formulating descriptive
findings but also allowed for the drawing of generalizable conclusions within the educational
context under study.
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Research Methodology and Data Collection

Data collection took place online, which ensured flexibility in responding and allowed for
broader reach among educators working at various institutions. Completing the questionnaire
was voluntary and anonymous, which reduced the risk of respondent bias and facilitated the
identification of genuine attitudes.

During the design of the measurement tool, several thematic blocks were developed, which
covered the main dimensions of the phenomenon under study in alignment with the research
questions. Most of the questions were operationalized on a five-point Likert scale, which
allowed for the quantification of educators’ opinions and the statistical analysis of differences
between individual factors. The extremes of the scale represented the categories “not at all
characteristic / not important” and “very characteristic / very important.”

The questionnaire covered the following main areas of investigation:

QI1: To what extent and in what ways do educators’ demographic characteristics and their
experiences with generative Al influence their expectations regarding institutional ethical
regulations and data protection?

Q2: Which regulatory and ethical uncertainties most hinder the integration of generative Al
into education, and what competencies and technological solutions do educators believe are
necessary to support responsible use?

The questionnaire also included demographic questions that allowed respondents to be
grouped by generation, gender, institution type, and subject taught. This ensured the
comparability of different groups of educators and enabled the identification of underlying
patterns in their attitudes. The database enabled the performance of descriptive statistical
analyses and the examination of correlations between individual variables, thereby providing a
foundation for the empirical results of the research. The data set structured in this way was
suitable for conducting statistical analyses aligned with the research questions, with particular
emphasis on identifying differences and correlations between groups.

Sample and Sampling

The target group for the study consisted of instructors working at technical vocational
secondary schools and higher education institutions in Hungary. Sampling was conducted using
a non-probability, convenience sampling method, which allowed for quick and efficient
outreach to the relevant target group. Respondents were recruited from various types of
institutions and professional fields, ensuring a diverse range of experiential backgrounds, with
a particular focus on technical and IT training areas.

A total of N=95 individuals participated in the study, representing various types of
institutions, including:

« higher education institutions (e.g., several faculties of Obuda University, BME, ELTE,
Széchenyi Istvan University),

+ vocational training institutions and technical colleges,

» as well as high schools.
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From a demographic perspective, the respondents constitute a heterogeneous sample:
« multiple generations were represented (Baby Boomers, Gen X, Gen Y, Gen Z),
* both genders were represented,

 the subjects taught cover a wide spectrum (computer science, technical subjects, natural
sciences, economics, humanities).

This diversity enables a multidimensional examination of the educational application of
generative Al

The main variables examined in the study can be classified into three main groups. The
independent variables included the respondents’ generation, gender, type of institution, and
subject taught. The frequency of generative artificial intelligence uses, and the level of
technological experience served as explanatory variables. Among the dependent variables, we
examined perceptions of the importance of ethical and regulatory considerations particularly in
the dimensions of plagiarism, data protection, and transparency as well as perceived risks, such
as data protection and security issues. In addition, we analyzed factors influencing the
integration of Al in education, such as the degree of regulatory uncertainty, perceptions
regarding necessary competencies about fact-checking skills and technological expectations,
including demands for ethical safeguards.

Data Processing and Analytical Methods

Data processing was performed using statistical methods. During the analysis, we used
descriptive statistical measures (mean, standard deviation, frequency) to characterize the
teachers’ responses in general. We then conducted correlation analyses between the individual
variables, with a particular focus on the relationship between the frequency of GenAl use and
the perception of ethical risks.

The aim of the data analysis was to uncover the patterns underlying attitudes toward the use
of generative Al and to identify the factors that influence educators’ adoption of the technology.

We analyzed the data using descriptive statistical methods. During the analysis, we examined
frequency distributions and mean values across each variable, with particular focus on:

» the frequency of Al use,
» the perceived importance of ethical dimensions,
+ and the strength of factors influencing integration.

Based on the responses, we conducted a comparative analysis across the different groups
(e.g., frequency of use vs. ethical sensitivity), which allowed us to identify the patterns
underlying the instructors’ attitudes.

Ethical considerations

Throughout the research, we paid particular attention to adhering to ethical standards. The
questionnaire was completed anonymously; respondents participated in the survey voluntarily
and were informed in advance of the study’s purpose. During data processing, we ensured the
protection of personal data and the confidential handling of responses.
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IV.PRESENTATION OF RESULTS

A total of N = 95 instructors participated in the questionnaire survey. The sample was
selected using convenience sampling; therefore, when interpreting the results, it is important to
note that they cannot be considered representative of the entire population of educators in
Hungary, particularly given the relatively small sample size. In exploring background variables,
we examined the respondents’ generation, gender, and teaching location. We then sought to
determine how frequently instructors use generative artificial intelligence in education,
including in delivering lessons, preparing for class, and generating assignments. In presenting
the results, we first analyze the frequency of generative Al use, then examine perceptions of
ethical and regulatory dimensions, and finally present the factors influencing integration and
the related development needs, followed by a discussion of more detailed findings regarding
ethical issues.

Based on the data, most respondents use GenAl tools at least once a week: 32 people use
them weekly, and 19 people use them daily. In contrast, 23 people rarely use the opportunities
offered by generative Al in their teaching practice, while 14 people do not use them at all;
monthly use was reported by a low proportion (7 people).

Never
R e Ly |
D ai Ly 1
e |
Monthly

0 5 10 15 20 25 30 35
1. Figure: How often do you use generative Al in education?

Ethical and regulatory considerations are viewed as highly important. According to most
respondents, preventing plagiarism, ensuring data protection, and transparency in the use of Al
fall into the “important” or “very important” categories, and defining the responsibilities of
instructors and informing students about Al received similarly high ratings (Figure 1).

Among the factors influencing the integration of generative Al into education, ethical and
regulatory uncertainty was identified by most respondents as a moderate or significant barrier.
A smaller group of respondents did not perceive this as a problem, while the majority cited the
lack of or uncertainty surrounding regulations as a barrier.

Regarding the necessary competencies, educators consider the development of fact-checking
skills and the expansion of data protection knowledge to be of paramount importance; most
responses are concentrated in the high-priority categories.

During the descriptive statistical analysis, we also examined the ratings for each ethical and
regulatory dimension based on frequency distributions. The results show that higher value
categories dominate in all dimensions. Based on the resulting grouped bar chart, the highest (5)
ratings dominate across all ethical and regulatory dimensions, while low (1 and 2) ratings
appear in negligible proportions (Figure 2).
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2. Figure: A Comparison of Ethical Dimensions

When assessing plagiarism prevention, most respondents selected the highest ratings: 55
respondents (57.89%) chose category 5, while 30 respondents (31.58%) chose category 4. The
occurrence of lower ratings was minimal (category 1: 1.05%; category 2: 2.11%). This suggests
that there is a strong consensus among instructors regarding the paramount importance of the
issue of plagiarism.

A similar distribution can be observed in the data protection dimension: 54 respondents
(56.84%) selected a value of 5, 26 respondents (27.37%) selected a value of 4, while the
proportion of lower categories remained low here as well (category 1: 1.05%; category 2:
4.21%). The results clearly demonstrate that the security of personal data and regulatory
compliance are critical priorities in everyday educational and research practice.

Perceptions of the importance of information also shifted toward the higher categories: 53
respondents (55.79%) chose a rating of 5, while 29 (30.53%) chose a rating of 4. Lower ratings
were less common here as well (categories 1 and 2: 2.11% each). This indicates that respondents
consider clear, unambiguous, and proactive communication to be essential, as it builds trust in
institutional processes.

In the case of transparency, the distribution is somewhat more balanced, but the higher
categories continue to dominate: 46 respondents (48.42%) selected a score of 5, while 32
respondents (33.68%) selected a score of 4. The proportion of the middle rating (category 3) is
slightly higher in this dimension (13.68%). The more moderate distribution and the rise in
moderate responses may suggest that, although the principle of transparency is supported in
theory, some respondents still see room for improvement in terms of practical feasibility or the
visibility of decision-making processes.

In the accountability dimension, rating 4 received the highest frequency (38 respondents;
40.00%), followed by rating 5 (45 respondents; 47.37%). The proportion of lower ratings
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remained low here as well (rating 1: 2.11%; category 2: 2.11%). This distribution clearly shows
that educators firmly recognize the necessity of accountability and commitment at both the
individual and institutional levels, and view taking responsibility as a natural part of daily
operations.

Regarding sensitivity, 46 respondents (48.42%) selected a score of 5, while 33 (34.74%)
chose a score of 4, which also indicates a predominance of high scores. The proportion of
moderate scores (13.68%) is like that for transparency. This result suggests that respondents
highly value sensitivity to ethical or social issues; however, the moderate ratings may indicate
that the practical, tangible application of the abstract concept of “sensitivity” can sometimes
lead to uncertainty in everyday life.

Due to the Likert-scale data and the lack of normality assumptions, we used non-parametric
statistical tests. Based on the non-parametric Mann—Whitney U tests performed on the sample,
the assessment of the examined ethical and operational dimensions including plagiarism, data
protection, information, transparency, responsibility, and sensitivity is homogeneous among
respondents. During the statistical analysis, no significant differences (p > 0.05) were detected
for any of the variables examined, neither by the respondents’ gender nor by the type of school
attended (institution/faculty).

The following results were observed during the analysis of each sub-area. In the dimension
of plagiarism and intellectual property, based on descriptive statistics, this issue received the
highest mean score (Mean =4.43; Median = 5.00; Standard Deviation = 0.81), while differences
between groups were negligible in terms of gender (U = 1033.00; Z = -0.804; p = 0.422) and
by school type, where identical rank averages indicate that the groups’ opinions are practically
identical (vocational high school: 47.94; university: 48.04; U = 1089.50; p = 0.983). In the case
of data protection and data security (Mean = 4.35; Median = 5.00; Standard Deviation = 0.91),
the greatest numerical difference appeared between the genders (U = 926.00; Z = -1.687; p =
0.092), where the rank mean for female respondents (52.30) was higher than that for males
(43.79); however, this difference was not statistically significant, and the comparison of school
types also showed no significant difference (U = 962.50; Z = -1.099; p = 0.272). In the
dimensions of information (Mean = 4.38; Median = 5.00; Standard Deviation = 0.84) and
transparency (Mean = 4.25; Median = 4.00; Standard Deviation = 0.89), the transparency of
how the technology operates (p = 0.481 by gender; by school type p = 0.379), as well as
institutional communication (by gender p = 0.761; by school type p = 0.152) showed similar
values, and no significant difference was detected in either case. The analysis of responsibility
(Mean =4.28; Median = 4.00; Standard Deviation = 0.87) and sensitivity (Mean =4.27; Median
= 4.00; Standard Deviation = 0.86) also indicated a homogeneous sample: there was no
significant difference in the assessment of responsibility based on either gender (p = 0.172) or
school type (p = 0.868), and similar results were obtained for the sensitivity variable (gender:
p = 0.519; school types: p = 0.206).

We then analyzed the respondents’ attitudes based on the frequency of their use of generative
artificial intelligence. The sample distribution was as follows: 14 people do not use the
technology (code 1), 23 people use it rarely (code 2), 7 people use it monthly (code 3), 32 people
use it weekly (code 4), and 19 people use it daily (code 5). Since the categorical variable
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contained five categories, we used the Kruskal-Wallis H test to examine the relationships
(Figure 3).

Based on the rank averages, certain patterns emerged across multiple dimensions. In terms
of perceptions of plagiarism, the highest rank averages were found among the “weekly” (55.47)
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3. Figure: Usage vs. Ethical Attitude

and “never” (52.79) groups, while the lowest value belonged to the “daily” users (38.00). In the
data protection dimension, the highest scores were also found among the weekly (52.16) and
never-users (50.96) groups, while the lowest was associated with monthly users (33.79). In the
case of transparency, the daily users (53.71) and the never-users (53.04) showed the highest
values, while the lowest value was reported by the monthly users (36.21). In the sensitivity
dimension, the highest rank average was shown by daily users (55.53), and the lowest by
infrequent users (40.02).

However, based on the Test Statistics outputs, there was no significant effect of usage
frequency on any of the dimensions examined (Data Protection: p = 0.445; Information: p =
0.935; Responsibility: p = 0.222; Transparency: p = 0.273; Sensitivity: p = 0.381). The results
of the Kruskal-Wallis test showed that frequency of use did not have a significant effect on
opinions for any of the dimensions examined (plagiarism: H (4) = 7.711; p = 0.103; data
protection: H (4) = 3.721; p = 0.445; responsibility: H (4) = 5.714; p = 0.222; transparency: H
(4) = 5.142; p = 0.273; sensitivity: H (4) = 4.189; p = 0.381). The smallest difference was
observed in the information dimension (H (4) = 0.822; p = 0.935), where the differences
between the groups were minimal.

V. CONCLUSIONS

The aim of the study was to explore the ethical and regulatory challenges posed using GenAl
in technical and higher education in Hungary, as well as to examine the extent to which
instructors’ demographic characteristics and experience influence their attitudes toward these
challenges.
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Based on the results of the first research question (Q1), it can be concluded that neither
demographic factors nor the frequency of technology use showed a significant correlation with
the assessment of ethical dimensions. This finding is consistent with the conclusions of the
international literature, which indicates that ethical concerns regarding generative artificial
intelligence are widespread in educational settings and, according to several studies, cannot be
clearly linked to specific user groups [1] [2]. This homogeneity suggests that the ethical
attitudes emerging among educator’s stem not from individual experiences, but rather from a
broader institutional and professional framework of norms. A particularly significant finding is
that the intensity of generative Al use is not associated with differing ethical judgments. This
finding partly contradicts assumptions that an increase in technological proficiency may be
accompanied by a downplaying of ethical risks. The results of this study instead reinforce the
view that, for educators, the use of technology does not diminish expectations regarding data
protection, transparency, or accountability. A similar phenomenon is described by Zaidy [3],
who argues that ethical concerns among students and educators persist even with the use of
generative Al, particularly regarding the issue of academic integrity.

About the second research question (Q2), the results clearly indicated that the greatest
barriers to the integration of generative artificial intelligence in education are not technological,
but rather regulatory and ethical in nature. Respondents identified regulatory uncertainty as a
key limiting factor, which is in close alignment with international research. Garcia-Lopez and
Trujillo-Linan [2], as well as Alfiras et al. [13], also emphasize that one of the most critical
issues regarding the educational application of GenAl is the lack of regulatory frameworks and
the uncertainty surrounding ethical guidelines. Our findings reinforce the interpretation that
institutional responses play a key role in the responsible integration of the technology. Dabis
and Csaki [4] point out that higher education institutions’ initial reactions to the emergence of
generative Al primarily manifest at the policy level; however, these are often fragmented and
do not provide consistent guidance. This is consistent with the finding of the present study that
educators express a strong need for a clear and consistent regulatory environment.

The analysis of competencies revealed the key role played by information literacy skills and
knowledge of data protection. This finding aligns with the concept of “critical Al use,” which
is gaining prominence in the literature and holds that the application of this technology requires
not only technical skills but also reflective and ethical thinking [6] [9]. Uncertainties regarding
the reliability of content generated by generative systems particularly justify the development
of these competencies. The descriptive statistical results particularly the dominance of high-
value categories across all ethical dimensions examined also support the view that educators
adopt a strongly norm-conforming attitude toward the use of generative Al. This is consistent
with research that identifies the issue of academic integrity as one of the most critical areas
regarding generative Al [5] [7] [8].

One of the study’s most important contributions, however, goes beyond the examination of
individual attitudes. Based on the results, a clear systemic need for the development of the
technological environment emerges. Respondents expect not only regulatory clarification but
also generative Al systems that incorporate built-in ethical control mechanisms and warnings
to facilitate responsible use. This expectation aligns with the areas for institutional intervention
identified by Jayasinghe et al. [9], among which the integration of technological and regulatory
solutions plays a prominent role.
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The findings of the study suggest that the challenges associated with the educational use of
generative artificial intelligence are primarily related not to the acceptance of the technology,
but to its regulated and ethical use. The focus is not on addressing individual differences, but
on developing a unified ethical framework that is supported at both the institutional and
technological levels.

VI. SUMMARY

The aim of this study was to explore the ethical considerations, regulatory challenges, and
competency requirements associated with the educational use of generative artificial
intelligence in Hungarian technical and higher education. Based on the empirical results, it
appears that the use of generative Al is widespread among educators, yet the conditions for its
application are significantly influenced by regulatory and ethical uncertainties. One of the most
important findings of the study is that ethical attitudes in the sample can be considered
homogeneous: neither demographic variables nor the frequency of technology use resulted in
significant differences in the assessment of data protection, transparency, accountability, or
plagiarism. This finding suggests that there is a unified, stable system of ethical norms among
educators. The research also highlighted that the most significant barriers to the integration of
generative Al are not technological, but rather institutional and regulatory in nature. Instructors
clearly express a need for the development of clear and consistent regulatory frameworks, as
well as for the development of competencies that support responsible use particularly
information verification and data protection skills. The study’s most significant contribution,
however, is the recognition that educators’ expectations go beyond ethical norms formulated at
the individual level. The results clearly indicate a need for system-level ethical control
mechanisms integrated into generative Al systems that can support transparent and responsible
use. The sustainable integration of generative artificial intelligence into education can only be
effectively achieved if institutional regulations, the technological environment, and teacher
professional development are coordinated.
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Absztrakt — Cadastral databases frequently suffer from systematic geometric

inconsistencies due to historical survey methods, heterogeneous data sources, and
imperfect digital transformations. This paper presents a theoretical framework for the
correction of cadastral errors using robust estimation techniques integrated with
automated, block-contour-based adjustment models. The approach interprets block
contours as geodetic constraints and combines them with robust statistical methods such
as M-estimators and Random Sample Consensus (RANSAC). The study demonstrates
that classical least squares adjustment is inadequate in error-contaminated environments
and proposes hybrid estimation strategies better suited for heterogeneous cadastral
datasets. The framework supports improved spatial consistency, enhanced data integrity,
and compatibility with future automated land administration systems.
Keywords — carastral database, correction, robust statistical methods

I. INTRODUCTION

Cadastral systems form the backbone of land administration, ensuring legal certainty in
property rights and spatial data consistency. However, many national cadastral systems -
particularly in Europe - are built on historical datasets accumulated over decades or even
centuries. These datasets often combine graphical survey methods, numerical adjustments, and
modern GNSS-based measurements, leading to structural heterogeneity within a single
database.

In Hungary, this issue is particularly pronounced due to the digital transformation of
analogue maps without complete geometric re-evaluation. The resulting digital cadastral map
(DAT) integrates data of varying accuracy levels, creating systematic distortions such as
translations, rotations, and scale discrepancies. These distortions are not purely random but
often affect entire blocks or settlement areas, generating internal network tensions. [1] [2]

Internationally, similar challenges have been widely documented in the context of cadastral
modernization and the ongoing digital transformation of land administration systems. Recent
studies emphasize that improving the geometric consistency and reliability of cadastral datasets
is essential for enabling interoperable spatial data infrastructures (SDIs), supporting evidence-
based governance, and facilitating automated processing workflows within digital
environments. [3]

The transition towards fully digital cadastre systems - often embedded within broader e-
governance frameworks - has further intensified these requirements. Contemporary research
highlights that modern land administration systems rely heavily on high-quality, consistent
geospatial data to ensure system integrity, transparency, and efficient service delivery,
particularly in automated and data-driven administrative processes. In this context, the
emergence of electronic land administration platforms - such as the Hungarian E-ING system -
illustrates the practical implications of this transformation, where the correctness and
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consistency of cadastral data become critical prerequisites for the reliable operation of fully
digital registration workflows. Traditional error correction practices have focused on localized,
parcel-level adjustments. While effective in specific cases, these interventions frequently
redistribute rather than eliminate errors, leading to increased system inconsistency.
Consequently, there is a growing need for system-level approaches that address distortions at
the block or network level. [4, 5]

At the same time, advances in computational methods have enabled the use of robust
statistical techniques capable of handling noisy and heterogeneous datasets. These methods
allow for more reliable parameter estimation in the presence of gross errors and systematic
distortions. The objective of this paper is to provide a theoretical overview of robust estimation
methods in cadastral error correction, with a specific focus on block-contour-based adjustment
models and algorithm selection strategies. [6]

II. AUTOMATED BLOCK-CONTOUR-BASED ADJUSTMENT MODELS

Block-contour-based adjustment models represent a hybrid approach between full
resurveying and traditional map correction. The core concept is to divide the cadastral map into
blocks bounded by stable, physically identifiable features such as streets, public spaces, or
permanent infrastructure elements. These block contours serve as geodetic constraints, meaning
their coordinates are determined through high-precision modern surveying techniques such as
GNSS or total station measurements. Once the contour is established, the internal parcel
geometry is adjusted using parametric transformations. The most common models include
Helmert transformation (handles translation, rotation, and scale) and Affine transformation
(allows additional shear distortions).

The transformation aligns the entire block with the accurately measured contour while
preserving its internal geometric structure. As a result, the method is capable of significantly
reducing systematic distortions at the block level, while maintaining the relative configuration
of parcels. From an operational perspective, it offers a considerable advantage over complete
resurveying, as it requires substantially less fieldwork. Furthermore, its compatibility with
modern data acquisition techniques - such as UAV-based surveying, LIDAR measurements, and
photogrammetric workflows - makes it particularly suitable for integration into contemporary
geospatial processing environments. An additional benefit lies in the preservation of the existing
cadastral structure, which is often a critical requirement in legally sensitive land administration
systems. [7]

Despite these advantages, the applicability of the method is subject to certain constraints. Its
effectiveness strongly depends on the availability of stable and clearly identifiable contour
features, which serve as the geometric reference framework for the adjustment. In areas where
distortions are highly heterogeneous or exhibit complex spatial patterns, the method may yield
suboptimal results unless the dataset is subdivided into smaller, more homogeneous units.
Moreover, in cases where the underlying cadastral data are severely degraded or lack internal
consistency, the approach may not provide sufficient correction, necessitating more
comprehensive reconstruction strategies.
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III. COMPARATIVE ANALYSIS OF ROBUST ESTIMATORS AND ALGORITHMS

The reliability of cadastral error correction methods fundamentally depends on the statistical
model used for parameter estimation. In classical geodetic adjustment, the least squares (LS)
method has long been considered the standard solution due to its optimality under ideal
assumptions. However, cadastral datasets rarely meet these assumptions, as they are typically
affected by historical inaccuracies, heterogeneous measurement techniques, and non-random
distortions. This section provides a detailed comparative discussion of classical and robust
estimation approaches, with particular emphasis on their applicability in cadastral adjustment.

The least squares method is based on the minimization of the sum of squared residuals, which
implicitly assumes that measurement errors follow a normal distribution with zero mean and
constant variance. Under these conditions, the LS estimator is unbiased and has minimum
variance among all linear estimators, as defined by the Gauss—Markov theorem. In well-
controlled geodetic networks, this assumption is often sufficiently satisfied. However, cadastral
datasets present a fundamentally different context. The integration of analogue maps, digitized
archives, and modern measurements introduces systematic deviations and gross errors that
violate the Gaussian error model. [8]

A critical weakness of the least squares approach in such environments is its sensitivity to
outliers. Since residuals are squared during optimization, large deviations disproportionately
influence the solution. In practice, this results in what is often termed “error smearing,” where
the effect of a few erroneous observations spreads across the entire network. Instead of clearly
identifying problematic points, the adjustment redistributes inconsistencies, producing a
geometrically smooth but physically inaccurate result. This phenomenon is closely related to
the masking effect, where multiple outliers conceal each other’s presence, making it difficult to
detect them using conventional statistical tests.

To overcome these limitations, robust statistical methods have been introduced. These
approaches modify the estimation process in a way that reduces the influence of observations
that deviate significantly from the assumed model. One of the most widely used classes of
robust estimators is the family of M-estimators. In contrast to the quadratic loss function of
least squares, M-estimators employ generalized loss functions that grow more slowly for large
residuals. As a result, observations with excessive deviations contribute less to the final
solution, effectively limiting their impact.

From a practical standpoint, M-estimators are typically implemented through the iteratively
reweighted least squares (IRLS) procedure. In each iteration, residuals are evaluated, and
weights are updated accordingly, gradually downweighting suspicious observations. The Huber
estimator provides a particularly important example of this approach, combining quadratic
behaviour for small residuals with linear growth beyond a threshold. This dual nature ensures
that the estimator retains efficiency under near-Gaussian noise conditions while maintaining
robustness in the presence of outliers. In cadastral applications, where error distributions often
consist of a central Gaussian component with occasional large deviations, this balance is
especially advantageous.

Despite their strengths, M-estimators assume that all observations belong to a single
statistical population. This assumption is often violated in cadastral datasets, where multiple
sources of data coexist, each with distinct accuracy characteristics. For example, historical
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graphical data and modern GNSS measurements may be merged within the same dataset. In
such cases, a single weighting scheme may not be sufficient to appropriately represent the
underlying structure of the data. [9]

This limitation has led to the development of more advanced approaches such as M-split
estimation. The key idea behind this method is to identify and separate different statistical
populations within the dataset, allowing each to be modelled independently. Instead of forcing
all observations into a single adjustment framework, M-split estimation partitions the data into
multiple groups, each associated with its own parameter set or weighting scheme. This is
particularly beneficial in cadastral contexts, where systematic shifts or distortions may differ
between data subsets. By isolating these effects, M-split estimation reduces -cross-
contamination between datasets and improves the overall stability of the solution.

Another important class of robust methods is based on alternative norms, such as the L1-
norm. Unlike least squares, which minimizes the sum of squared residuals, L1-based methods
minimize the sum of absolute residuals. This change has a profound effect on robustness, as
large residuals are no longer amplified quadratically. Consequently, the estimator becomes less
sensitive to extreme values. However, the increased robustness comes at the cost of reduced
statistical efficiency under ideal conditions and greater computational complexity. In addition,
the lack of smoothness in the objective function can complicate numerical optimization.

A conceptually different strategy for dealing with outliers is embodied in the RANSAC
(Random Sample Consensus) algorithm. Rather than modifying the weighting of observations,
RANSAC fundamentally redefines the estimation process by focusing on the identification of
a consistent subset of data points. The algorithm repeatedly selects minimal samples from the
dataset, computes a candidate model, and then evaluates how many observations are compatible
with that model within a predefined tolerance. The model with the largest consensus set is
selected as the best representation of the data.

This approach offers a significant advantage in situations where the proportion of outliers is
extremely high. While traditional robust estimators typically assume that the majority of
observations are valid, RANSAC can tolerate cases where correct data points are actually in the
minority. This property makes it particularly well suited for cadastral applications involving
heavily distorted or poorly digitized maps. In such cases, the primary challenge is not fine-
tuning a solution but identifying which observations are reliable in the first place.

However, the robustness of RANSAC comes with certain trade-offs. The method is
inherently non-deterministic, meaning that repeated runs may produce slightly different results.
Its performance also depends on the correct selection of parameters, such as the number of
iterations and the inlier threshold. If these parameters are not properly tuned, the algorithm may
either fail to identify a valid model or include too many erroneous observations in the consensus
set. Furthermore, the computational cost increases with the size of the dataset and the
complexity of the model.

In practical cadastral workflows, no single estimation method is universally optimal. Instead,
the selection of an appropriate algorithm must be based on the characteristics of the dataset and
the nature of the distortions present. When measurement errors are predominantly random and
normally distributed, the least squares method remains an efficient and appropriate choice. In
the presence of moderate contamination, M-estimators provide a balanced solution that
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preserves statistical efficiency while improving robustness. For highly contaminated datasets,
particularly those derived from historical digitization processes, RANSAC offers a powerful
means of isolating reliable data before further refinement.

1. Table: Evaluation and Decision Matrix Based on Network Distortions

Distortion / Recommended Cadastral
Strengths Weaknesses
Error Type Method relevance
No outliers, Least Squares | Parametrically Highly sensitive | Suitable for
pure Gaussian optimal, even to a single | well-
noise computationally | gross error maintained and
efficient, widely homogeneous
used standard datasets
method
Moderate M-estimators | Reduces the Iterative, Applicable in
number of (e.g. Huber) influence of parameter- cases with
outliers outliers through = dependent, may | minor
(statistical weighting, yields = converge to local | measurement or
noise) stable estimates | minima identification
uncertainties
High error RANSAC Robust against Computationally | Particularly
ratio (>50% large amounts of | intensive, non- useful for
outliers) gross errors, deterministic digitized data
suitable for results derived from
automated distorted
processing historical maps
Heterogeneous | M-split Capable of Mathematically | Suitable for
datasets (legacy | estimation separating complex, hybrid datasets
+ modern different requires high involving
measurements) statistical redundancy supplementary
populations ("re-survey")
within the measurements
dataset
Local Membrane Smooths local May introduce Applicable in
geometric models inconsistencies surface warping, | georeferencing
distortions (e.g. while preserving | does not and alignment
paper continuity eliminate of historical
shrinkage) individual gross | maps

€1Tors

Increasingly, hybrid approaches are being adopted in which multiple methods are combined
within a single workflow. A common strategy involves using RANSAC as a preprocessing step
to identify a subset of consistent observations, followed by robust least squares adjustment to
refine the parameter estimates. In more complex scenarios, M-split methods can be integrated
to account for structural differences between data groups, while block-contour-based
transformations provide the geometric framework for applying the correction at the system level
(1. table).
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From a theoretical perspective, the comparison of these methods highlights a fundamental
trade-off between efficiency and robustness. Classical estimators achieve optimal performance
under ideal conditions but degrade rapidly in the presence of outliers. Robust estimators
sacrifice some efficiency to gain stability, while consensus-based methods prioritize data
selection over parameter optimization. The challenge in cadastral error correction lies in
balancing these aspects in a way that ensures both geometric accuracy and practical
applicability.

Ultimately, the analysis demonstrates that robust estimation is not merely an optional
enhancement but a necessary component of modern cadastral adjustment. The complexity and
heterogeneity of cadastral datasets demand flexible and adaptive methods capable of dealing
with imperfect data. When combined with appropriate geometric models, such as block-
contour-based adjustment, these techniques provide a comprehensive framework for achieving
reliable and consistent cadastral corrections.

IV. CONCLUSION

Cadastral error correction requires a paradigm shift from localized interventions toward
integrated, system-level solutions. Block-contour-based adjustment models provide an efficient
framework for addressing large-scale distortions without requiring complete resurveying.

Robust statistical methods are essential for ensuring reliable parameter estimation in the
presence of heterogeneous and error-prone data. While classical least squares remain a
cornerstone of geodetic adjustment, its limitations necessitate the adoption of more resilient
approaches.

The combination of robust estimation techniques and block-level geometric modelling forms
a powerful methodology capable of improving both spatial accuracy and system consistency.
However, full automation remains limited by the complexity of cadastral datasets and the
necessity of expert interpretation.

Future developments should focus on integrating these methods into automated cadastral
workflows while preserving professional oversight and legal compliance.

V. SUMMARY

This paper presented a theoretical framework for the application of robust estimation
methods in cadastral error correction. The analysis demonstrated that the combination of block-
contour-based adjustment models and modern robust statistical techniques provides a viable
solution for handling complex, heterogeneous datasets.

The study highlighted the importance of method selection based on data characteristics and
emphasized the advantages of hybrid approaches combining RANSAC, M-estimators, and
transformation models.

Ultimately, the implementation of these methods contributes to improved data integrity,
enhanced reliability, and the successful transition toward automated land administration
systems.
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Abstract — Due to modern urbanization, increasing city development, and complex
architectural solutions, the currently valid 2D cadastre can no longer be maintained in the
long term. The lack of vertical articulation arises in several aspects: special spanning
systems and underground garage properties created at varying depths and shapes cannot
be mapped in the current registry. The idea of implementing the procedure detailed in
this article arose in connection with the currently ongoing digitization of the cadastral
system in Hungary, which requires significant financial investment. The goal is to create
a 3D spatial model based on international guidelines using free software currently
available on the market. The geometric construction was performed using QGIS
geographic information system software. The database structure was implemented based
on the international ISO standard (LADM) using the license-free MS SQL Express
database management software. The two software applications and their associated
plugins not only provide spatial visualization but also ensure interoperability and
immediate data exchange.

Keywords — QGIS, SQL, spatial visualization, relational database, 3D cadastre,
condominium

[. INTRODUCTION

Although the 2D cadastre served societal needs for nearly a century and a half, with the
emergence of joint ownership forms from the 1930s and the subsequent massive spread of
urbanization, it has proven to be insufficient [1]. The need to transform the 2D registry arose
due to today's complex architectural solutions, the increasingly difficult transparency of utility
network junctions, and the widespread use of subterranean space. The current system only maps
the planar cross-section of buildings above the ground surface. As a result, vertically articulated
properties cannot be separated: underground parts, bridges, and property segments extending
beyond the building foundation cannot be represented in the traditional real estate registration
system either.

Prior to the research, investigating the international literature background is essential. The
ISO 19152 (LADM - Land Administration Domain Model) standard provides international
guidance for countries [2]. It is not a ready-made system or software, but a unified conceptual
viewpoint that provides a framework for the development of 3D registries. The standard divides
the data into 4 main packages (4. Figure).

Administrative Spatial Unit Surveying and
525 Party Package o Package - Package - D:D@J Representation

4. Figure Basic logical model of LADM (ISO 19152)

When linking data, parties (persons) and spatial units are never directly connected to each
other. These data are linked by the administrative package. This contains the various ownership
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types, encumbrances, and rights. For the spatial unit, surveying and representation data always
provide the authoritative data as a spatial basis.

Idividual countries are currently at different stages of development due to their varying levels
of advancement. In the Netherlands, a 3D real estate registry has been in operation since 2016
[3]. In several regions of China, the full integration of GIS and BIM data has already been
achieved [4]. Singapore [5] defines land parcel boundaries not as lines, but as spatial prisms. In
Canada [6], specifying spatial volume and elevation data is mandatory under the law for multi-
story buildings. Croatia [7], and Slovenia [8] have started developing LADM-based 3D real
estate registries in the past few years.

In light of the problems and international efforts outlined above, the proposed methodology
detailed below aims to develop a cost-effective procedure for visualizing spatial data. The
developed methodology does not aim to rebuild the national database, but rather to create a
completely free 3D spatial model that is accessible and preparable for a wide user audience,
supported by currently applicable software.

II. APPLIED SOFTWARE AND TECHNOLOGIES

Currently, in Hungary, the complete digitization of the real estate registry is taking place in
several stages with state funding [9]. The establishment of the 3D real estate registry will be the
final, technologically more complex step of the entire process. Given that the development of
such a system requires a significant national budget, it was a conscious decision to develop a
free solution. The goal is to present a methodology that proves that license-free software tools
are also capable of serving the complex demands posed by the 3D cadastre. There are many
software products on the market capable of handling both data and spatial geometric shapes,
but they require licensing fees. When designing the procedure, it became clear that the
implementation could not be achieved with a single software application (5. Figure).

DXF QGIS MS SQL EXPRESS 3D MODELL
Bemeneti adat Feldolgozas Adatbazis Eredmény

®» Q ©® @

5. Figure The software ecosystem

The choice of software was also greatly influenced by the importance of establishing a
connection between the database management software and the geographic information system
software. When defining the target software, a key consideration was interoperability, meaning
that handling various types of file formats should also be supported. Therefore, a geographic
information system software had to be chosen that is capable of both processing *.dxf extension
data and providing a stable data transfer connection with the database management system.

The spatial geometry was created in the QGIS 3.44.3 Solothurn geographic information system
software [10]. The software is capable of executing various geometric algorithms. It has
numerous plugins and can be easily connected with other programs. It is open-source, and
therefore under continuous community development. The program handles various projection
systems at a professional level, which in our country is the EOV (Unified National Projection
System) (EPSG:23700).
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The software played a crucial role in the data normalization of the scanned data. With the help
of built-in algorithms, creating the topology and extruding the spatial solids made it possible to
create a 3D body from a 2D sketch. The program ensures the visual differentiation of the
formed, separable spatial units by adjusting the display options of the layer properties. The GIS
software itself is not capable of a form of 3D visual representation that treats separated building
parts and their associated data as distinct units. Therefore, the use of the Qgis2threejs 2.8 plugin
[11] is essential for the successful outcome of the procedure. This plugin not only provides
visual representation but also allows the display of user-preset data assigned to the separated
units. Through the simplified web interoperability provided by the plugin, certain data can also
be displayed to other users without installing the plugin or the GIS software. The data assigned
to the formed, separable units can be displayed interactively. This final result could be achieved
using unique identifiers (topographical numbers). By clicking on the building part, ownership
and proprietor data are automatically displayed. In the case of configured web data
transmission, the model with predetermined personal data or building information can be easily
shared (6. Figure).

K/ ~ Hrsz
2 ) gl » (Derived)
(2 (Actions)
& 2/8 (‘6 Hrsz
v © @ 202 o < 22 tipus.
r Emelet
Vazrajzsz
C @A Fijl C:/3Dmodel/3D... Ingatian_cm
~ Tulsjdoni lap adatai through
~ Tite
* (Actions)
Nev
Szil_nev
Saul_ido
Anyja_neve
Lakaim
Jogaim
Jogalles
tulajdoni_hanyad

~ Tite
» (Actions)
Nev

szil_nev
SzulJido
Anyja_neve
Lakam

Jogdm
Jogalas

1 v tulajdoni_hanyad
~ Title

Y » (Actions)
Nev.
Szil_nev
V| Preview (Webkit) SzulJido
: . - Anyja_neve
o Lakam

6. Figure 3D model visualization options

The management of the data structure and the execution of logical operations on the data were
performed with the Microsoft SQL Express database management software [12] The software
is freely accessible to anyone and provides real-time data interoperability for client applications,
which is essential for the dynamic data updating and interactive querying of the created model.
It ensures the execution of logical operations on data using SQL queries. The designed database
was based on the previously detailed LADM standard. The 1:N (one-to-many) type database
relation applied during the procedure allows multiple owners and their different ownership
shares to be assigned to a given property. With the help of queries, sorting, filtering, analyzing,
and modifying the stored data can be performed flexibly, thereby providing a stable foundation
and a wide range of functional possibilities for the user.

[II. GEOMETRIC IMPLEMENTATION OF THE 3D MODEL

The construction of the 3D model began with setting the correct projection system in the GIS
software, which is necessary for further work. In Hungary, the EOV (EPSG:23700) projection
system is in effect. This ensures that the resulting model can later be integrated with any national
database. Following the specification of the coordinate system, the transformation of
boundaries followed. The source of the model was provided by a currently valid sketch required
for condominium establishment in *.dxf format (7. Figure) [13].

53



7. Figure Data preparation - after importing the raw file

The file contains various information, but for the implementation of the model, it is advisable
to filter out the boundary lines of the residential units. The system cannot assign data and
elevation data to lines, so they must be converted into polygons [14]. By running the built-in
algorithms, 2D closed surface elements were created.

Recording the authentic elevation data read from the sketch is a fundamental condition for
creating the spatial model. Unique identifiers help in creating the database connection and in
differentiating the separate units. Consequently, these serve as the initial indispensable basic
data. The generation of vertical subdivision was implemented using the Qgis2threejs plugin.

For this, the internal height and the floor level height are crucial attribute data; with their help,
not just a spatial visual element, but a 3D unit is created due to the display capabilities of the
linked data. Therefore, it is necessary to store this in the GIS software's database (8. Figure).

Hrsz X padlo_mag bel_mag
1 |37663/A/8 5.80 2.75
2 |37663/A[7 5.80 2.75
3 37663/A/6 2.87 2.75
4 | 37663/A/S 2.87 2.75
5 |37663/A/4 2.87 2.75
6 |37663/A/3 0 2.75
7 |37663/A[2 0 275
8 |37663/A/11 5.80 2.75

8. Figure Attribute table in QGIS

The model can be colored arbitrarily based on unique data using a color scale, which facilitates
easier comprehension. With this, the separability of legal relationships and the overcoming of
their physical display limitations were achieved (9. Figure).
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9. Figure Spatial extrusion

IV. DATABASE INTEGRATION AND ATTRIBUTE MANAGEMENT

The goal was to build what is contained in the international standard. One of its main principles
is that it requires data normalization. The system stores all data once, referring to it multiple
times if necessary, thereby avoiding data redundancy and minimizing human errors and the
extent of maintenance. In practice, this means that in the event of a change in personal data, the
person's data only needs to be modified in the person table, but the data will be updated across
all properties assigned to them. Relational databases implement this with a one-to-many (1:N)
data relationship. If necessary, the relations can later be expanded with many-to-many (N:N)
type connections. To achieve this, the tables had to be linked using unique identifiers. Designing
the data relationship to be displayed is straightforward: multiple rights/encumbrances are
connected to each topographical number, which the owners possess over the given spatial
geometry. Therefore, the primary key is the topographical number. Three tables were defined
in the database management software [15]. Logical calculations between the attributes of the
tables are computed by a View. This also reduces the runtime and performance demand of the
GIS software (10. Figure).

1 Jogcim \
1 Jogallas 1
1 Tulajdonolt_hanyad 1
! Bej_iktatas !
! Torl_iktatas !
Bej_ikt_ideje
? Torl_ikt_ideje ’
Hrsz 7 Szemelyes_adatok_ID Nev
Irsz §? Ingatlan_adatok_ID Szul_nev

Varos Szul_ido
Hazszam 1 N N Anyja_neve
Emelet : Lakcim

Ajto
Fekves
Utca
Vazrajzsz

10. Figure Database structure

The attributes in the data table can be easily modified, deleted, and new records can be easily
registered. SQL can store not only text or number formats but also special data (dates), for
which the software performs error handling during entry and querying. The file paths of the
documents belonging to the data body can also be stored in text fields, which the QGIS program
can use to display them. If there is a live folder share on the given folder, it can even open them
from another computer. With this function, the configured documents become immediately
accessible. The relational data connection established between the SQL and QGIS programs
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provides unrestricted data interoperability after the appropriate configuration parametrization
(11. Figure).

vvvvvvvvvvv

11. Figure Setting up the data connection

Data modifications are updated in real-time. Interactive data queries within the GIS program
provide an immediate response.

V. RESULTS: INTERACTIVE QUERYING AND GRAPHIC DISPLAY

As the final result of the procedure, a complex, interactive spatial model was created. This
proved that a real-time, interactive model capable of handling multiple owners is achievable
even in a completely free environment. The elements of the model can be separated visually
and geometrically from each other. The data connected to the spatial geometry using primary
keys can be interactively queried.

To do this, it is necessary to use the "Identify Features" function found on QGIS's native toolbar
[16]. During data visualization, the personal and property data set by the user are displayed.
Thus achieving a completely independent, parent-child data relationship display that can be
broken down into residential units.

The display of data connected to the spatial model is not manual. The database manager
provides the data in real-time. In the event of a data change or a new record, the change is
applied immediately. The 3D spatial view is achieved by specifying the indispensable floor and
internal heights during extrusion.

The logical operation on the data is performed by the View. This helps the faster operation of
the GIS system. Beyond graphic visualization, the objective was the creation of a dynamic
document management and data display panel ("Map Tips"). Under layer properties, after
writing HTML code, it is possible to access the parameters stored in the SQL database. By
hovering the cursor over the map object, an information box pops up that provides not only the
topographical number but also one-click access to the endorsed sketches. The code recognizes
two types of file extensions: *.pdf and *.jpeg. In the case of a PDF format, a white text box
appears, with an interactive text box in the middle (12. Figure). By clicking on the box, the
stored endorsed sketch appears in the web browser. In the case of a JPEG format, the image
appears immediately next to the spatial model (13. Figure).

56



belterilet
Adatszolgaltatas iktatoszal

VALTOZASI VAZRAJZ

2@elyrajzi szamu feldrészleten 66 épillet térsashaz alapitd ¢

M=1:100

12. Figure Document display for *.pdf 18. Figure Document display for *.jpeg

Using the Qgis2threejs plugin, the web interface can be shared with anyone. It allows the model
and its associated, pre-defined restricted data to be accessible to anyone via any smart device.
For the display, neither the GIS software nor the database manager needs to be installed. For
this purpose, a QR code can also be generated, and the model can be shared through it; there is
no need for a URL address (14. Figure).

14. Figure QR code for accessing the model with reduced data content

With the entirety of these functions, it can be achieved that the model is not merely a visual
spectacle, but a full-fledged information system capable of accelerating administration and

querying.
VI. SUMMARY

In Hungary, the massive transformation of the 2D real estate registry (EING) is currently
underway, utilizing significant financial resources. Although the planned transformation
promises a significant change, it is still unable to spatially interpret and differentiate built-up,
vertically articulated properties.

The procedure described in the article demonstrates, in a completely free environment, how a
modern 3D cadastral model can be implemented using open-source software already available
on the market. The resulting model can be used not only for visual display. With its help, the
separate units and their attached data can be queried interactively and dynamically.

The model was created using real data, thereby proving its authenticity. The resulting final
product is professional and license-free. The implementation of the procedure required the use
of several open-source software applications. The construction of the spatial model was carried
out in the QGIS geographic information system software, which, in addition to built-in
algorithms, can be flexibly customized by installing various plugins. Its ability to handle
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multiple file formats was an advantage when choosing it, thereby ensuring long-term usability
and interoperability.

The structured storage of data was implemented with the MS SQL Express software.
Interoperability between the two systems and the 1:N (one-to-many) data relationship were
achieved by configuring primary keys. A real-time data connection was established between the
database and the software, which ensures the immediate display of data changes when querying
the model.

The procedure detailed in the article clearly proves that, even considering professional and
financial difficulties, there exists an already available free alternative that is acceptable as a
starting point. These software tools also hold their ground in a multi-user environment: they
can efficiently separate, manage, and interpret complex linked data systems.
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Abstract: The small-size caves disposed also with a specific and unique microclimate, which
differs from the climate of the surrounding environment. The microclimate parameters of
the small-size caves linked strongly from the changes of the outer climate. The relationship
between the cave and the environment can be understand through the volume of the cave
and the air flow between the cave and the environment. The knowing of these parameters is
very important for modelling in different dates the temperature and humidity of a cave, and
the ventilation between the cave and the environment. When there is unique cross-section
characterized parts of the caves, then based on the method of orthogonal surveying, the shape
of the cave-parts can be modelled with polynoms. Using the definite integral the area of the
cross-section can be calculated, and knowing the length of the unique cross-section
characterized parts of the caves the volume can be determinate. In my investigation 1
determinate the volume of two wool-sack caves, the quantity of the ventilation between the
caves and the environment in summer and winter season, too, and the duration of the
complete ventilation. Based on the investigations I modified the bio- and microclimatological
model of the wool-sack caves in the Fodor and Gressel cave climatological systems.

INTRODUCTION

Perhaps cave climatology is the only field of speleology in Hungary on which a comprehensive
textbook has been published, written by Istvan Fodor in 1981, yet it can be said that in terms
of its laws, it is one of the least known areas of expertise. This is especially true for caves in
non-karstic rock in Hungary, which have always attracted fewer enthusiasts and researchers
(ESZTERHAS, 1994a, 2001, 2002; TARSOLY, 2013). In our important, large caves occurring in
the karst rock mass of our low mountain ranges, regular observations have been carried out for
a long time to map the microclimate and determine the relationship between the cave and
surface climate. However, small caves and cave-like objects can also have their own specific
microclimate; no one has yet conducted in-depth research into this, particularly the
microclimate of small caves in non-karst rock. Of course, microclimates with the same
characteristics as those found in caves 50-100 meters deep cannot develop in small caves, but
there is no doubt that our small caves "breathe," are characterized by climate parameters that
differ from their surroundings, and their characteristics are related to changes in the external
environment. The relationship between the cave and its environment can only be understood if
we can determine the amount of air "stored" in the cave and the rate of air flow, because
knowledge of these parameters is key to modelling the temperature and humidity of caves and
air exchange with the external environment. Knowledge of these parameters is particularly
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important in the case of caves used for tourism or medical purposes. The methods known from
classical geodesy (e.g., formation of trapezoidal prisms) cannot be used with sufficient accuracy
to determine the volume of caves due to the irregular cross-section of cave passages. The
optimal solution is to use a laser scanner, because in this case the volume can be easily
determined from the resulting 3D point cloud. However, scanning is expensive and can only be
used in a limited number of caves due to the size and fragility of the scanners and their
sensitivity to cave environmental factors (e.g., mud, dripping water, etc.). In my research, |
investigated how the volume of caves can be determined using a definite integral based on
measurement results obtained from simple measurement methods that can be used in all caves.
Another objective was to refine the bio- and microclimatological model of wool sack caves
based on the results obtained.

THE CONCEPT AND APPLICATION OF DEFINITE INTEGRALS IN AREA
CALCULATION

Let y=f{x) be a function that is defined everywhere on the closed interval /a, b]. The definite
integral of the function y=f{x) from a to b is called the following number (BARCZY, 1971):

[} fGodx = lim YT, f (5%, (1)

n—-oo

where 4xi is the length of the i-th subinterval of the closed interval /a, b/, and f(&i) is the
function value corresponding to any point in the i-th interval. We must form the limit of the sum
in such a way that we increase the number of division points of the interval so that the length
of each subinterval tends to zero. If the limit exists, then the function y=f(x) is integrable on the
closed interval from a to b. The definite integral can be easily calculated using the Newton-
Leibniz formula:

2 f)dx = F(b) — F(a) = [F(0)13 @

where F(x) is any primitive function of f(x), and the substitution value of the function in square
brackets at point » must be subtracted from the substitution value at point a. The calculation of
the definite integral therefore consists of two tasks: finding a primitive function of the integrand,
then forming the difference between the substitution values of the upper and lower limits. It
follows from the geometric interpretation of the integral that if f is bounded and integrable on

the interval /a, b/, and if f(x)>0, then f: f (x)dx represents the measure of the area of the plane

figure bounded by the graph of f, the lines x = @ and x = b, and the x-axis, provided that f(x) <
0 (x c [a, b]), then —f(x) >0 and thus (CSABINA, 2010):
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f: —f(x)dx = —f:f(x)dx > 0,azaz f:f(x)dx <0 3)

The definite integral also provides a way to determine areas enclosed by curves, which is
important for determining the volume of caves. The area enclosed by y = f{x) and y = g(x), x =
a,x = b, if f(x) > g(x) > 0 (CSABINA, 2010):

b b b
T = [, f()dx— [, glx)dx = [ [f(x) — g(x)]dx (4)
This formula also applies if f{x) and g(x) take negative values on the interval.
TEST MATERIAL AND METHOD

I investigated the applicability of definite integrals in volume estimation through two caves, or
cave-like formations, in the Velence Hills. Both the Zsivany Cave (4510-2) and the Gomb-ko
Cave (4510-503) are located within the Pakozdi Ingokdvek Nature Reserve. Both cavities are
wool-sack caves formed in granite porphyry; they developed between large, rounded granite
blocks as a result of weathering and fragmentation (ESZTERHA'S, 1994b, 2006; TARSOLY,
2013). During the survey, I applied rectangular coordinate measurement. I divided the caves
into sections characterized by uniform cross-sections and determined their lengths, which
functioned as the height of the bodies in the volume calculations. I established a horizontal
baseline between the two cave walls along the centerline of the cross-sections—or in the most
practical position for measurement. This baseline was physically represented by a pocket
leveling rod with centimeter graduations. The measurement line essentially defined a local
rectangular coordinate system, where the origin was the left wall of the cave and the endpoint
was the right wall. Consequently, only positive values occurred when determining the abscissa
values. Using these abscissa and ordinate values, I recorded the significant points of the cave
ceiling and the floor level for the purpose of cross-sectional modelling; points on the ceiling
were assigned positive ordinates, while points on the floor were assigned negative ordinates. In
the case of complex cross-sections, I occasionally divided the section into several parts using
one or more fictitious horizontal lines, determining the points describing the top and bottom of
the sections separately for each part. In such instances, the aggregate area of these parts
provided the total area of the cross-section, and the volume could only be calculated after
merging the volumes of the individual segments. Whenever it was not possible to isolate a
section with a uniform cross-section—for example, due to the gradient of the floor or the
ceiling—I defined a separate cross-section at both the beginning and the end of the section with
a constant slope. I calculated the volume of the passage segment based on both the smaller and
the larger cross-sections, then determined the difference between the two. I adjusted the volume
calculated from the smaller cross-section by adding half of this difference, accepting this as the
final volume of the passage (averaging technique). Provided that the sloped sections are short,
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this represents an acceptable approximation for practical purposes, which I have proven based
on the formula for the volume of a frustum (LATKA, 1980):

_m (T+«3/ﬁ+t) ©6)

where m is the height of the frustum, 7'is the area of the base, and ¢ is the area of the top surface.
The volume of a cave passage can essentially be defined as a frustum, where 7 represents the
area of the larger cross-section and ¢ the area of the smaller one. My fundamental hypothesis
was that the difference between the actual volume and the volume calculated using the
averaging technique from the cross-sections must not exceed 1%. Based on the investigations,
it was found that the length of the passage (the height of the frustum) has no significant effect
on the volume discrepancy, provided that the 7. 7T ratio does not exceed /:1.6. Therefore, the sole
limiting factor is the ratio between the areas of the smaller and larger cross-sections. Since the
areas of the cross-sections cannot be calculated directly in the field, their ratio can only be
inferred. If the ratio of the measurement lines and ordinates in the smaller and larger cross-
sections remains below [:1.6, the averaging technique indeed provides a suitable
approximation.

%4

I fitted polynomials of various degrees to the series of points defined by the measured
rectangular coordinates (Fig. /) and then calculated the area between the polynomials
describing the ceiling and the floor using definite integrals within the MathCad Professional
software package. By multiplying the cross-sectional area by the passage length, the volume of
individual sections could be determined; the total volume of the cave was then calculated by
summing these sectional volumes.
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Fig. 1. The third cross-section of the Zsivany-cave (thick line), the fitted six-degree polynom
(broken line), the equation of the polynom and the determinate coefficient
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I used the following equations to calculate the air exchange between the cave and the surface
(LOSONCI, 2010):

T; =Ty
Q=K-A- |[2-g-Ah- JhaT; > T,
i
Q=K-A-\/2-g-Ah-T°T_Ti,haTO>Ti (5)
0

where

Q = air flow rate in m?/s,

A = surface area of the entrances in m?,

K = surface air pressure coefficient, typically 0.65,
g = gravitational acceleration, 9.81 m/s?,

Ah = vertical extent (or relief) in meters,

T; = average internal temperature in Kelvins,

T, = outside air temperature in Kelvins.

Between December 2010 and December 2012, I conducted microclimatological measurements
and synchronous measurements at a total of seven wool-sack caves (TARSOLY, 2013). Since
wool-sack caves are small-scale and maintain contact with the outdoors through two or more
openings, they are directly linked to atmospheric air pressure, temperature, and flow conditions.
Consequently, air exchange with the surface—specifically the presence of advective air
currents—is a determining factor throughout all seasons of the year.

To apply Formula 5, it is necessary to know the difference between the average internal and
external temperatures; based on our investigations, the calculated value over 12 months for
wool-sack caves is 0.7 °C (TARSOLY, 2013).

RESULTS

In the case of Gomb-ko Cave, it was necessary to record cross-sections at two locations, which
also serve as the cave entrances. I fitted a fifth-degree polynomial to the main entrance, resulting
in a coefficient of determination of 92%. For the side entrance, a sixth-degree polynomial was
fitted, yielding a coefficient of determination of 98%.

Regarding Zsivany Cave, I had to define eight cross-sections; with two exceptions modelled
using fifth-degree polynomials, the remainder were fitted with sixth-degree polynomials. In one
instance, the coefficient of determination was 59%, while in all other cases, it ranged between
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90% and 99%. The 59% fit was due to the irregularity of the entrance in question. A potential
solution would have been the segmentation of the cross-section and fitting third-degree (spline)
polynomials to each segment; however, since the perpendicular deviation between the
polynomial and the actual cross-section never exceeded 2.0 cm, I accepted this lower-reliability
polynomial.

Table 1 summarizes the calculated entrance areas, passage volumes, and air flow rates for the
caves during the winter and summer periods. For the calculations, I adopted the average winter
and summer temperatures measured at the surface and inside Gomb-ké Cave and Zsivany Cave
in February and June 2012 (TARSOLY, 2013). The average passage height was derived by
averaging the ordinate values measured within the cross-sections.

Tablel. Are, volume and ventilation data of the Zsivany-, and Gomb-k6-caves

Name Entrance | Volume | Air flow | Complete air Air Complete air
area [m’] [m?] [m3/s] | exchange [s] | floe[m®/s] | exchange [s]
Ti>To To>T;
(winter) (summer)
Gf)mb- 2.2615 2.507767 | 0.270308 9 0.259343 10
ko Cave
é‘:vvjny 3.9488 | 8.081553 | 0.350731 23 0.336503 24

Analysing the data in 7able 1, it can be concluded that the investigated wool-sack caves possess
a large entrance surface area relative to their short length and small passage volume;
consequently, the rate of air exchange with the external environment is intensive in both winter
and summer. There is no significant difference between the duration of total air exchange in
winter versus summer. In the case of Gomb-ké Cave, approximately six total air exchanges
occur per minute, while for Zsivany Cave, the rate is two.

The above data support the findings established between 2010 and 2012 regarding the
bioclimatological and microclimatological models of wool-sack caves. Primarily, wool-sack
caves are perceived as "cool-feeling" caves; however, when examining their annual cycle, there
are extended periods when they can be classified as "comfortable." For a shorter duration
(during any summer month), these caves fall into the category of "warm-feeling" caves, while
for a very brief period (during any winter month), they are characterized as "cold-feeling" caves.

The wool-sack caves can only be partially integrated into the climatic cave type models defined
by FODOR (1981). Within this system, wool-sack caves belong to the "cool-feeling" dynamic
cave types; however, I have modified the parameters established by FODOR for wool-sack
caves based on the investigations conducted between 2010-2012 and in the year 2016 (7able
2).
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Table 2. The climate model of the wool-sack caves

Climatic cave type — caves that create a feeling of coolness

Based on the

Bradtke Annual ) Water | Complete
) cave's | Relative
index average air o vapor air
- ; morphostructure , . humidity
S annua emperature ressure
8 and airflow p %] p exchange
O average [°C] [mbar]
S system [s]
S
7
S x=1.1-12.0
= st | dmam Gl R
~2. lynamic s
oa=1.5 80 | 410

Based on our research, wool-sack caves are classified as dynamic caves within the classification
system of GRESSEL (1958). Since wool-sack caves are connected to the outside world via two
or more openings, they are in direct contact with atmospheric air pressure, temperature, and
flow conditions; consequently, air exchange with the surface is a determining factor throughout
all seasons of the year.

In winter - with the exception of extreme warming events - wool-sack caves behave as purely
dynamic caves, where tsurface<tcave. In summer, however - disregarding days with extreme
weather — tsurface>tcave, Which leads to the observation of static elements in the caves' behavior
(where the cave ventilates predominantly through a single entrance).

SUMMARY

Small caves and cave-like objects can possess a distinct, unique microclimate. These small-
scale caves are characterized by climate parameters that differ from their surroundings, yet their
properties are strongly correlated with external environmental changes. The relationship
between a cave and its environment can only be understood if we can determine the volume of
air "stored" within the cave and the rate of air flow, as knowledge of these parameters is crucial
for modelling the cave’s temperature, humidity, and air exchange with the external
environment.

During my research, I established that if passage segments characterized by uniform cross-
sections can be isolated within a cave, the passages can be modelled using polynomials of
various degrees based on rectangular coordinate measurements. From these models, the area
can be derived using definite integrals, and the volume can be calculated by incorporating the
passage length. Based on the microclimatological parameters of wool-sack caves, I determined
the characteristic air flow rates and the duration required for total air exchange for both the
Gomb-k6 Cave and the Zsivany Cave during winter and summer periods. Based on
investigations conducted between 2010-2012 and in 2016, I modified the bioclimatological and
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microclimatological models defined for wool-sack caves, effectively integrating them into the
Fodor and Gressel cave-climatological classification systems.
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Abstract - The aim of this study is to provide an overview of the potential role of Al in urban
development. The study presents the findings of the most relevant literature on smart cities,
sustainable cities, and artificial intelligence, without the intention of providing an inclusive summary.
We consider it an important task to provide insight into the development of the topic under study
through the literature published between 2022 and 2026, as well as to highlight best practices. In this
brief study, we examine the concepts of prominent consulting firms, the potential trends they have
identified, and the general directions of EU and domestic strategies. The study also touches on the
next stage of smart city development (the wise city) and discusses the potential role of higher
education institutions in this context. We are formulating recommendations for the higher education
institution on how it can support the strengthening of AI’s role in urban development through its
third-mission activities.

Keywords: smart city, sustainable city, wise city, the role of AI, urban development, higher
education, third mission, literature review

I.  INTRODUCTION

45% of world’s population, which is approximately 3.7 billion people, live in cities based on the
World Urbanization Prospects 2025 report of United Nations DESA, furthermore it forecasts that 2/3 of
the world’s population growth will occur there by 2050. The number of megacities (over 10 million;
50% in Asia) is growing continuously, but the study highlights that more people live in small- and
medium sized cities than in large ones [1], therefore, to facilitate sustainable development they
recommend integrated planning in which the towns and cities and rural territories appear in
interconnected units. By strengthening the urban-rural connections in this way, recognizing the
interdependency and using appropriate planning processes they may strive for the reduction of territorial
inequalities and the development of the capability for resilience. The fact of continuous urbanization is
a megatrend that is known to all of us, and which is a long-term driving force for our common future.
Cities are continuously expanding simultaneously with their population growth; they develop their
services to provide proper responses to the emerging needs of the local community and the challenges
they face. They need to find the balance between putting the city on the sustainable and smart
development path, while they tackle their daily problems (e.g.: providing affordable housing, in
transport: excessive use of private cars, parking in public spaces, optimizing the public services
processes, social lagging etc.) and the local impacts of megatrends (e.g.: technological shifting, scarcity
of resources, climate change, demographic imbalances, increasing consumption etc.) [2]. Recognising
the fact that the cities are not only the victims of challenges but also creators of solutions, the EU has
established its new strategic framework (EU Agenda for Cities) in which they focus on collaboration
between the EC and local municipalities with facilitating the success of cities by direct dialogues,
simplifying grants and investing in city projects. In the city, they see collective strength, which, through
its diversity, possesses knowledge that can generate unique abilities and capacities within that specific
geographical location [3]. The process of cities becoming smart began a quarter of a century ago, in
parallel with technological advancements, and has since become a key concept in urban development.
In their 2012 research on the future of smart cities, Batty et al. drew attention to the fact that, since the
term “smart city” first appeared, it has taken on many forms in the vision of virtual cities, digital cities,
and information cities. They viewed the smart city as the integration of ICT with traditional
infrastructure, which can be coordinated and integrated through digital technologies [4]. The digital and
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green transitions are currently ongoing based on the European Green Deal, which is influencing the
further development of smart cities and shaping the vision for smart, sustainable cities. In addition, we
have entered the era of artificial intelligence, which has the potential to raise smart, sustainable cities to
a new level of evolution.

The aim of this study is to provide an overview of the possible future scenarios that may develop
for cities through the integration of Al into urban development, as well as to highlight the potential role
of higher education institutions in this process.

II. METHOD

Using Scopus database, we reviewed the literature published between 2022 and 2026 (keywords:
Al, smart city, sustainable city, urban development, urban planning) to provide insight into the
development of the topic under study and to identify best practices. In this brief study, we discussed
relevant EU initiatives as well as the key directions of European and domestic strategies; we compared
the concepts of prominent consulting firms; and we outlined potential trends. In the article, we also
discussed the next stage of smart city development (the wise city) and, in this context, touched on the
potential role of higher education institutions.

III.  ON RELATED INITIATIVES AND STRATEGIES

On the initiatives of EU for supporting Smart Cities. The European Commission supports the
development of smart cities and communities by creating tools and services, developing sustainable
projects, and providing opportunities for community-based governance, with the aim of improving the
well-being of residents, entrepreneurs, visitors, and organizations, and creating the conditions for a
better quality of life [5]. The initiative titled ,,Smart Cities and Communities” implemented in
collaboration with the EIP-SCC (European Innovation Partnership on Smart Cities and Communities).
The EU launched the initiative titled ,,Living-in.EU” to the local and regional leaders, urban experts and
providers of technological solutions. On this platform, in collaboration with organizations such as
EUROCITIES, Open and Agile Smart Cities (OASC); European Network of Living Labs (ENoLL),
European Regions Research and Innovation Network (ERRIN), Local and Regional Europe, they aim
to support cities and their communities in their digital transformation so that they can become smart and
sustainable. This form of cooperation for urban development contributes to the city’s transformation
through a citizen-centred approach, in which the city is a citizen-driven and open innovation ecosystem
where technology and data are used in an ethical and responsible manner [6]. In the four projects of
,CitiVERSE” (x-CITE, SENSE, CU, 3DxVERSE), the collaborating partners established a virtual
environment for urban planners and citizens, where urban development plans can be tested using virtual
and augmented reality [7]. These projects are used to test Al solutions, expand knowledge, and develop
the ecosystem in the cities. The knowledge, information, and practical insights gained from the projects
are shared through the ,,Smart Cities Marketplace” platform, among other channels, to support cities of
all sizes in developing sustainable projects. By creating ,,Green Cities Wiki” website, they have made
all the information that could be useful to urban experts, planners, and developers available in one place,
helping them to put their cities on a path toward sustainable, inclusive, and climate-neutral development
[8]. The ,,NetZeroCities” project serves as a service-oriented platform and is part of Horizon 2020
Research and Innovation Programme in which 112 cities (including the hungarian cities of Budapest,
Miskolc, Pécs) have committed to achieving climate neutrality by 2030 with the support of world-class
experts. This initiative could serve as a model for other cities and help Europe achieve its 2050 climate
neutrality goals [9]. The launch of the ,,SmartSpires” project, in which the Orange Luxemburg
(telecommunications company), SSKYE (a smart city and Al solutions company), Gcore (an edge and
cloud services company), and the Luxembourg Institute of Science and Technology have joined together
to create an Al-driven smart city pilot environment in Belval’s (Luxemburg) innovation and university
district [10].

On the Key Directions of the EU and National Al Strategies. In the digital vision of Europe, a
main aim is to become the “Al continent,” promoting the spread of artificial intelligence while upholding

EU values, with the aim of boosting competitiveness and productivity. The plan aims to develop
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innovation capabilities and achieve technological sovereignty, while ensuring that technology can be
used safely and democratically. The action plan identified five strategic areas (computing infrastructure,
data union strategy, skills - Al talents, apply Al strategy, simplify rules) have the potential to accelerate
the integration and use of artificial intelligence [11]. Building on the action plan and applying the Al
strategy, the potential of AI’s transformative impact will be leveraged by the members of the EU, within
a secure framework in strategic, flagship sectors (industry and the public sector), while taking the Al
First Policy into account [12]. With the legal framework of the European Union’s Al Act, the EU has
sought to be the first in the world to establish a safe legal environment for the use of artificial intelligence
[13]. In its statement entitled “A Statement About Strategy to encourage the use of artificial intelligence,”
the European Commission identified cities as being relevant to the areas of “Mobility, Transport, and
the Automotive Industry” and “Climate and Environment.” The cities will focus on creating
opportunities for self-driving vehicles (robotic vehicles) based on artificial intelligence and promoting
autonomous urban transportation. The EC will provide Al-based local digital twin models to local
authorities and stakeholders to help cities better prepare to manage the risks from climate change as part
of their urban and rural planning processes [14].

On the aspects of the Hungarian Al strategy. Hungary’s Artificial Intelligence Strategy (2025-2030)
was developed with the participation of government, academic, and business stakeholders, as well as
the Artificial Intelligence Coalition, and is scheduled for annual review considering the rapid
advancement of the technology. Among other things, the strategy addresses the development of
sustainable cities through measures in the transportation sector aimed at tackling environmental
challenges, using resources more efficiently, and optimizing traffic management, with the goal of
creating a more liveable environment. Areas of Al application identified to promote the development of
sustainable cities: ,,Jmplementation of fleet management systems powered by artificial intelligence;
Development of real-time vehicle tracking solutions for mobile applications; Installation of MI-based
image processing and traffic management technologies in major cities; Implementation of adaptive
traffic management systems; Building smart transportation infrastructure using in-vehicle data
transmission devices; Development of 5G-based communication systems; Creating and supporting
UrbanTech platforms to help local governments catch up digitally and share Al-based innovations in
public administration” [15]. The action plan included in the appendix to the strategy outlines the
development of test environments in Hungary and their integration into European test environment
systems, with a view to further developing autonomous vehicles and smart cities.

The previous government initiated the development of an Al-based urban management system, for
which a demonstration test environment was planned to be established in Miskolc, thereby creating the
,»Al Model City” program to foster a more sustainable and digitally literate community [16]. The new
government may also intend to play a key role to technology (and specifically to artificial intelligence)
in improving the country’s competitiveness, as clearly demonstrated by its plan to establish a Ministry
of Science and Technology.

According to data from Statista.com, the “smart city” market in Hungary is expected to grow
significantly and could reach an estimated 128.1 million dollar in revenue by 2026 [17]. According to
the statistical database, Hungary primarily uses smart city technologies to improve urban mobility and
increase energy efficiency. This market still offers significant growth potential for service providers and
developers.

IV.  LITERATURE REVIEW

The cities of the future must continue to develop in the areas of smart solutions and sustainability,
as they need to find solutions to the environmental pressures resulting from the growing energy demand
caused by accelerated urbanization and the constant increase in population, as well as to the impacts of
climate change. Paes et al. have identified these challenges and opportunities related to sustainable smart
cities, which can simplify urban planning processes and decision-making [18].

Deloitte consulting firm and its partners conducted a comprehensive survey titled ,,Al-Empowered
Cities of the Future” in 2025, involving 250 cities, in which they developed a model for assessing Al
adoption maturity specifically for cities. Based on the survey, 20% of cities were classified as ,,Jeaders”,
60% as ,,advancers”, and another 20% as ,,adopters” based on their attitudes toward the use of traditional
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and generative artificial intelligence; which urban areas use artificial intelligence; what regulatory
measures have been adopted regarding the responsible use of artificial intelligence; and what resources
they have in place to prepare for the future. Based on responses from cities, the study identified the top
10 most effective Al use cases, which are as follows: Traffic management, Public Safety, Energy
management, Customer Safety, Predictive maintenance, Waste management, Data Analysis, Urban
planning, Cybersecurity, Fraud detection. Based on the survey results, we highlight cities that are
regularly used as a comparison basis for Hungarian cities. The authors of the study pointed out that the
city of Bratislava uses Al both to implement dynamic pricing for public services, thereby increasing
efficiency and revenue, and to improve security, defense, and resilience. In the case of Ljubljana, issues
of safety, security, and resilience also come into the picture. In Vienna, Al-based carbon emissions and
air quality monitoring are used to reduce pollution levels and improve public health. In Sofia, Al is used
to detect financial fraud. The authors highlight that the use of traditional artificial intelligence will
become common in the next three years: “83% of cities will use artificial intelligence selectively or on
a large scale in the next three years” [19].

City Case Studies on the Use of Al In their region-specific study (in Poland), Skubis et al. examine
the potential benefits of applying Al in an urban environment. They highlight the importance of a people-
centred approach to smart city development, with a focus on inclusivity, transparency, and ethical
principles. The role of Al was examined in the Silesian in traditional industries such as manufacturing
and energy, while in the Lesser Poland Voivodeship, it was examined in the life sciences, ICT, and the
transition to sustainable energy production, as well as in the following areas: ,,in traffic management
(accessible and user-friendly, so that daily commuting is a pleasant and safe experience), in healthcare
(by using diagnostic tools and personalized treatment plans to address patients’ needs and build trust),
in the field of energy efficiency (balancing energy demand and supply through smart grids and
forecasting systems), in the field of waste management (through selective waste collection and
recycling, ensuring safe disposal, and promoting the circular economy), to reduce traffic congestion and
pollution by improving traffic management in urban mobility, and to promote sustainable modes of
transportation” [20]. Lifelo et al. concluded that the Al-supported metaverse could play a role in
developing the sustainability, adaptability, and liveability of smart cities. In their study, they presented
real-world use cases from the following virtual cities, where the effectiveness of Al in the smart city
metaverse has already been demonstrated. In Singapore, a digital twin of the city-state (Virtual
Singapore) has been created by combining advanced 3D mapping and geographic information systems
(GIS) technologies; data was collected using LiDAR technology, and mobile mapping, creating a risk-
free testing environment for the government, business, and academic sectors to conduct research and
test their ideas. In China, the cities of Beijing, Shanghai, and Guangzhou are testing the integration of
autonomous vehicles into smart cities in collaboration with robotaxi providers to reduce traffic
congestion and improve road safety. The world’s first municipal metaverse platform (Metaverse Seoul)
has been launched in South Korea. Through this platform, users can access a wide range of public
services, such as obtaining official documents and paying local taxes, via personalized avatars. The
SmartWorldPro platform (New Mexico) integrates various data and software to optimise energy grids,
healthcare, transportation, public utilities, and urban planning with minimal disruption. In Lisbon,
Portugal, a dynamic 3D model of the city’s infrastructure was created using data from drones, by
integrating real-time spatial data extracted from satellite imagery and IoT sensors [21]. In Sydney,
Australia Varzeshi et al. examined the role of technology (IoT, Al, big data) in advancing urban
sustainability, inclusivity, and adaptive urban systems. Through these initiatives (NSW Spatial Digital
Twin, a Land iQ és a SIMPaCT), the city is supporting predictive urban management, the well-being of
the community, and the development of resilience to climate change [22]. Rad et al. highlighted that in
Amsterdam, Al technology is used in urban planning for flood forecasting and green infrastructure
design, and to adapt urban initiatives to the city’s natural waterways [23]. Fiinfgeld et al. demonstrated
in Freiburg, how Al-based decision-support tools (modelling and forecasting methods) can assist with
complex urban land-use and climate adaptation planning. They drew the attention of local governments
to the fact that urban density targets must be considered when expanding green infrastructure for urban
cooling. The authors also highlighted the role of Al in assessing existing green infrastructure, which
could be important for urban cooling [24].
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Other solutions in the Fields of Smart City Technologies and Energy Management. Arora et
al. reviewed the role of multi-agent systems (MAS) in smart cities. They highlighted that, in smart
homes, agents can coordinate temperature, lighting, security, and energy management. In the field of
smart governance, it can facilitate communication with stakeholders and promote public engagement in
the shaping of government policy. In a smart environment (networks, energy management systems), it
can optimize energy production, distribution, and consumption. In intelligent mobility systems, MAS
role may cover the complex real-time management of pedestrians, public transportation, traffic control,
and autonomous vehicles [25]. Singar et al. propose a ,,green AI”” approach to ensure that the principles
of sustainability and fairness are also reflected in urban development, alongside the focus on increasing
efficiency. The authors examined the symbiotic relationship between artificial intelligence and
renewable energy sources. They concluded that Al facilitates the smooth integration of renewable
energy sources, paving the way for an urban energy transition and contributing, among other things, to
improving quality of life, reducing carbon emissions, and promoting community-centred approaches
[26]. Zhang et al. pointed out that Al technology can improve the accuracy of solid waste sorting, thereby
increase efficiency and reduce costs. They also mention the future role of Al-powered robots in waste
sorting, which could reduce people’s exposure to dangerous waste [27].

Urban Planning. Malekzadeh draws attention to the fact that urban planning is undergoing a

transformation due to Al technology but encourages urban planners to make use of it. The author
emphasizes that Al can assist in developing scenarios by recognizing new patterns and offering
innovative approaches and can support collaborative creation by identifying blind spots in current
practices, an approach that requires curiosity and critical thinking [28]. Rad et al. examined how to
leverage the potential of Al in the field of sustainable urban development. They concluded that
integrating Al into urban planning and supply chain management, including supplier selection, the
optimization of control processes, and the complex processes involved in order allocation, can improve
efficiency, resilience, and sustainability [23]. Androniceanu examined the potential applications of Al
in the Romanian public administration. The author gave the example that technology can improve the
efficiency of public services; some administrative processes can be automated, thereby reducing
bureaucracy; decision-making based on real-time data analysis can be enhanced; and progress can be
made toward providing personalized services. He pointed out that the use of Al must be regulated and
that standards need to be developed [29]. Chen et al. examined interpersonal meetings in urban public
spaces in terms of frequency, spatial distribution, and duration, using computer vision technologies to
identify and record social interactions (in four categories: temporary, permanent, long-term, and
gatherings). Using this people-centred, Al-based video analysis approach, they wanted to find out how
effectively these spaces facilitate human interaction. Their study highlights that urban planners can use
this methodology to identify the city’s active and inactive areas to improve the functionality of public
spaces (seating, greenery, etc.) [30]. Fiinfgeld et al. pointed out that Al can support the early stages of
the design process by conducting virtual experiments when new green infrastructure solutions need to
be considered.
The authors highlight that, using scenario-based Al modelling, it is possible to quickly generate high-
resolution spatial representations of future buildings, green and blue infrastructure (e.g., the locations of
trees and fountains), and their potential urban heat effects [24]. In connection with the planning of the
“15-minute cities” concept, the potential for applying Al and geospatial tools in Poland (Gda nsk) was
examined by Sepe et al. The authors have proposed a framework that offers a robust diagnostic tool and,
through its automated methodology, provides a new approach compared to traditional on-site surveys
of public spaces [31]. Filho et al. examined how Al technology can contribute to achieving the UN
Sustainable Development Goal 11 (Sustainable Cities and Communities) in the context of urban
development. They highlighted general urban planning, urban transportation planning, traffic
management, and smart energy systems as potential areas for intervention, as well as environmental
benefits (e.g., water demand forecasting, water supply management, air quality monitoring, etc.). The
authors clearly see the potential of Al in macro-level planning processes aimed at creating a more
sustainable urban environment [32].
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Smart, Sustainable, or Autonomous Cities? Has the Age of “Wise Cities” Arrived? The smart city
concept has been around for quite some time, and numerous case studies have analysed the experiences
gained from various solutions and highlighted best practices. European Union initiatives are also aimed
at ensuring that cities continue to develop as part of their natural evolutionary process, leveraging the
benefits of technology while keeping sustainability in mind, thereby ensuring a prosperous life for their
citizens. Szpilko et al. examined the factors that determine whether a city in Europe can become
sustainable and smart. The authors concluded that external funding, digital infrastructure that integrates
data, and cybersecurity all play a role in the path to success. They highlighted that when implementing
a project, local governments must aim to strengthen the connections between systems and departments;
otherwise, the result will be fragmentation and wasted data. They also drew attention to the fact that the
involvement of national authorities, the scientific and research sectors, and the commitment of their own
institution create the supporting environment needed to become a sustainable and smart city [33]. Mecca
et al. examined an emerging new model of urban development and governance, in which the evolution
is moving from the smart city model toward the so-called autonomous city, and its effects in terms of
the weak versus strong sustainability paradigms. Based on their comparative analysis, the authors
highlight that neither model points toward strong sustainability; furthermore, from an environmental
perspective, the costs and consequences of Al are exponentially higher than those of smart solutions. In
smart cities, operations are carried out according to plans devised by programmers, urban planners, and
city leaders, yet human capital continues to be an asset. In contrast, the authors emphasize that in
autonomous cities, Al can manage the city without human intervention, analysing an infinite number of
future scenarios to achieve the most optimal outcome. They point out that technology no longer plays a
mediating role here, but rather a dominant one, which may give rise to the idea that sustainability is
achievable through technological optimization. At the same time, they point out that there is a risk that,
as human and natural capital are sidelined, the future development of cities may be characterized by a
path toward ,,super weak sustainability” [34]. In 2017, Ravetz developed pathways based on the
synergies necessary for the evolution from smart cities to wise cities, which lead to the achievement of
collective urban intelligence. He explained that when dealing with complex urban challenges that affect
multiple systems, we must aim to understand synergies and work with them to foster shared learning,
co-creation, and innovation. He highlighted that this would lead to a form of urban “collective
intelligence,” which would take us from the smart city to the wise city. With this holistic approach and
through the involvement and cooperation of stakeholders, we can foster a sense of “urban social
consciousness” that can address the most complex challenges facing cities [35]. In his study of smart
cities, Hambleton highlighted the need for wise judgement. The author urged that, when processing the
vast amounts of data, which are becoming almost impossible to comprehend, generated by daily human
and technical interactions in cities, critical attention must be paid to how that data is used and its utility,
so that it can truly contribute to improving quality of life. The author highlighted the example of the
,Bristol One City Approach”, in which stakeholders and political and public service actors agreed on a
set of core values that could contribute to the development of their city and region. Through this practice
of inclusive urban governance, the author also encourages moving beyond the concept of ,,smart cities”
and shifting toward ,,wise cities” [36]. The study of Skubis et al. also presents a people-centred vision
of the future of smart cities, in which the focus is on the well-being of citizens through the integration
of technology, urban planning, and community participation [20]. Bittencout et al. also believe that a
shift has begun in the field of urban development, with a move away from the “smart city” concept
toward a “cognitive city” model that places people at the centre. The authors highlighted that with the
integration of GenAl, static urban systems can evolve into dynamic ecosystems that support sustainable
and people-centred urban innovations. The authors suggest that, in the future, the driving forces behind
the use of GenAl should focus on human needs and social equity rather than profit [37].

A Comparison of Prominent Consulting Firms’ Visions for AI-Driven Cities. After
reviewing the literature to identify potential development trends for smart cities, we conducted a
comparative analysis of the Al-driven urban visions proposed by major consulting firms. We compared
the information available in the consulting firms’ publications and on their websites based on the
following criteria:

e  What is the essence of the Al-driven urban concept?
e  What are the key elements/characteristics/enablers of the concept?
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o How is the cityscape depicted in the concept?

o How does the concept view the city’s residents (in what role)?

e How is the relationship with stakeholders presented?
The table below summarizes the results of our analysis, which covered McKinsey’s ,,Al-native city”
concept [38], BCG’s ,,Al-First City” concept [39], PwC’s ,,Cognitive City” concept [40], and the
findings of Deloitte’s “Al-powered cities” study [19].

McKinsey's ,,Al-native city” concept  BCG's ,Al-First City” concept (Bitar PwC'’s ,Cognitive City” concept (PwC  the findings of Deloitte’s “Al
Consulting Firms (Pandaet al., 2026) etal., 2026) Middle East, 2023) cities” study (Deloitte Global, 2025)

Al-based cities make every aspect of the

urban environment intelligent, create

smarter infrastructure (which functions *...the Al-First City model itself, where

more like software), monitor the situation cities repeatedly Sense, Analyze, and “Coghnitive cities can become proactive, Al is transforming most municipalservices,

inrealtime, and are capable of Orchestrate across theirsystemsto  intelligent and adaptive ecosystems making them widely available tobusinesses
Whatis the essence of the Al- autonomous operation based on defined  operate more proactively, thatenhance the quality of life for their  and residents in cities as essentialservices,
drivenurban concept? rules. intelligently, and efficiently.” dwellers.” justlike electricity.

*1. Governance & Institutional
Alignment: Clarifying Ownership and
Decision Rights; 2 Policy, Regulatory,
& Responsible Al Frameworks: Setting

the Rules forSafe and Trusted Al; 3. "1 Make a top-down commitment (vision,
"1 Cities operate more like distributed Data Govemance & Interoperability: plan, budget); 2. Build a moderndataand IT
computing systems; 2. High-resolution Establishing a Trusted, Integrated "1. Human-centric design and foundation; 3. Develop needed Al skills,
sensing becomes the city’s ‘nervous Data Foundation; 4. Workforce & engagement; 2. Sensing and data talent and processes; 4. Cultivate anAl
system’; 3. Real-time datafabric replaces Organizational Capability: Equipping acquisition; 3. Cognitive enginefor innovation ecosystem; 5. Transform urban
dashboards and batch analytics; 4. Digital City Teamsto Operate with AL 5. cross-sectoral intelligence; 4. Service  domains throughAland GenAl; 6. Unlock
Whatare the key twins become operationalcontroltools; 5. Partnerships & lnnovation enablement and orchestration; 5. value by combining Alwith other
istics/enabler Al movesfrom recommendationto Ecosystems: Accelerating Adoption  Governance, security and technologies; 7. Keep data security and
softhe concept? execution.” Through Collaboration.” interoperability.” privacy top of mind.”

“In an Al-powered city, vastamounts of data
The city'scentraldriving force is the  Thecity is evolvinginto a future-proof,  are collected and analyzed togenerate

The city and its infrastructureform an MI, aroundwhich its operational adaptive ecosystem, one that is predictions, which can help improve the
How is the i in  aut technology-driven "operating models, capabilities, andinstitutions reflective, learning, and builton social  quality of life for city residents, promote
the concept? system" focused on optimization. are organized. acceptance. sustainability, and increase efficiency.”

"Al complements human judgment.”
“Routine matters inpublic administration People remain at the heart of the

can be completed without human coordination. A“human-in-the-loop”

intervention, allowing humanoversightto  approach is taken. Cities can deliver People and theirneeds are at the center
How does the concept view the focus on exceptions.” "Human-led more human-centered, accessible,  of our focus. Thecity istheembodiment The “keeping humans in the loop™ approach
city’s residents (in what role)? management is the result of planning.* and equitable experiences of human creativity. is being adopted.

The success of the concept depends on
the cooperation of all stakeholders
(govemment provides avision andsets

Strategic partnerships with regulations, businesses drive innovation

technology providers, academia, and investment, and civil society
How is the relationship with *...parts of thecity are beginning to behave industry, andstartups. Ecosystem-  contributes community knowledge and Automated processes and [T platforms
stakeholders presented? like computing platforms..."” based thinking. flexibility). provide access to data subjects.

TABLE 1: An overview table comparing the visions of prominent consulting firms regarding Al-driven cities
Source: edited by the author based on information found on the websites of major consulting firms or in their
studies

Based on this comparison and in view of the literature reviews, it is conceivable that Al-supported urban
development concepts in Europe (and specifically in Hungary) will be people-centred and will
fundamentally require human oversight. Systems in which humans are given the opportunity to intervene
are much better suited to European data protection regulations. The concepts described in the table are
not alternatives or competitors to one another, but rather ideas that follow different developmental
trajectories.

V.  DISCUSSION AND CONCLUSIONS

In our study, we reviewed the EU’s initiatives supporting Smart Cities, the guidelines of the EU and
Hungarian Al strategies, and briefly touched upon the relevant aspects of the Hungarian Al strategy as
well as the current state of the domestic smart city market. Through an analysis of the literature, we
identified urban case studies to illustrate potential areas for the use of Al in urban development, from
urban planning to energy management.

We also provided insight into the development trajectory of smart cities through the literature on city
models based on wisdom or cognitive intelligence. At the end of our study, we compared the visions of
major consulting firms regarding Al-driven cities, exploring the potential development path for data-
driven smart cities. Based on our analysis of the literature, we have concluded (in agreement with
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Ravetz) that a ,,wise city” development model could be the best solution for cities, in which collaboration
based on synergies, with the involvement of stakeholders, can generate the knowledge needed to address
even the most complex urban challenges.

We consider this concept realistic at the level of mid-sized cities, where the population size still allows
for the social connections that weave through the city like an invisible fabric. Through the social capital
thus created, it supports the city’s collective problem-solving capacity, the development of its
competitiveness, and its transition to a sustainable path.

Our study may be useful to city leaders and urban development experts, as it provides an overview of
current urban development concepts that combine Al with existing approaches. We wanted to encourage
city leaders to remain open-minded and curious about the solutions offered by Al. If possible, have a
simulation test environment designed as soon as possible where urban development experts can test new
solutions repeatedly. Reach out to local higher education institutions, which can support the
implementation of urban twin projects through their third-mission activities. Higher education
institutions offering engineering and computer science programs can assist in planning the development
of a virtual city model and the necessary infrastructure in their city. By establishing living labs, they can
incorporate these needs into the planning phases of urban development. Through its activities, LLL
provides an opportunity to develop the digital literacy of people of all ages in the city, ensuring that
digital transformation is not limited to data management but is aimed at raising the community’s level
of knowledge.

In conclusion, we recommend that city leaders and urban planners think critically and responsibly as
they begin to integrate Al-powered solutions into urban systems.
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