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1. Bevezetés 1
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1. Bevezetés
Az elmúlt évtizedekben az orvostudomány jelentős átalakulás-
nak és paradigmaváltásnak volt kitéve. Az új képalkotó tech-
nikák és a korszerűbb orvosi berendezések megjelenésével a
különböző területek a napi szinten keletkező adatmennyiség
ugrásszerű növekedését tapasztalták. A mélytanuló algoritmu-
sok megjelenése lehetővé tette ezen adatok feldolgozását vala-
mint megb́ızható megoldások kidolgozását. A disszertációban
több újszerű módszer kerül bemutatásra a mélytanuló model-
lek pontosságának és megb́ızhatóságának további növelésére,
és használjuk őket különböző problémák megoldására a klini-
kai területen.

A disszertációban szereplő megoldások két csoportra oszt-
hatók. Az első csoportba tartozó eljárások célja a neurális
hálók pontosságának és használhatóságának jav́ıtása a hagyo-
mányos módszerek és a mélytanuló technikák kombinálásával.
Megmutatjuk, hogy elő tudunk álĺıtani olyan modelleket, ame-
lyek mindkét megközeĺıtés előnyeit magukban hordozzák. Az
ilyen módon létrehozott modellek ugyanis nem csak kisebb
adathalmazokon képesek működni, de robusztusabbak illetve
rugalmasabbak is, mint a hagyományos módszerek. A disszer-
tációban bemutatott módszerek második csoportja olyan haté-
kony együttes modellek (ensemble) kifejlesztésére összpontośıt,
amelyek a hagyományos ensemble megközeĺıtéseknél pontosab-
bak és hatékonyabbak.

Először az elméleti modellek és neurális hálók hatékony
fúziójára összpontośıtottunk. Megmutattuk, hogy mindkét
megközeĺıtésnek megvannak a maga előnyei és hiányosságai.
Ebből a célból egy új, kétlépcsős architektúrát fejlesztettünk
ki, amely egyeśıti a két megközeĺıtés előnyeit, és olyan be-
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tegségek terjedésének előrejelzésére használtuk, mint az inf-
luenza és a COVID-19. Megmutattuk, hogy az architektúra
először egy neurális hálót tańıt be egy Kermack-McKendrick-
modell [1] közeĺıtésére, amely egy SIR-modell [2], majd a hálót
valós adatokon tańıtjuk tovább. E lépéseket követve a háló
először megtanulhatja az elméleti modell közeĺıtését, majd a
második lépésben a modell valós adatokon történő tańıtása
következik. Az első lépés során a hálózatnak lehetősége van
arra, hogy a szabályozottabb elméleti modell seǵıtségével meg-
tanulja a probléma legfontosabb aspektusait. Ezt követően, a
második lépés során a súlyok finomhangolása történik a pon-
tosság maximalizálása érdekében.

A disszertáció következő részében részletesen bemutattuk a
hagyományos képfeldolgozással kinyert jellemzők fontosságát,
amelyeket a neurális hálók és a mélytanulás térnyerésével na-
gyon kevés kutatás használt fel az elmúlt években. Kitértünk
arra, hogy ezek kinyerése szakmai személyzetet igényel, vala-
mint általában nehézkes és időigényes. Megjegyeztük azonban,
hogy olyan releváns jellemzőket is megragadhatnak, amelyek
felismerésével a mélytanuló technikáknak gondjaik lehetnek.
Ezen okból kifolyólag ezeknek a hagyományos módszerekkel ki-
nyert jellemzőknek a konvolúciós neurális hálók (CNN-ek) által
kinyert jellemzőkkel történő hatékony kombinációjára összpon-
tośıtottunk. Megmutattuk, hogy ez a kombináció korántsem
triviális, ezért három különböző változatot mutattunk be: egy
sekély (egyrétegű), egy mélyebb (többrétegű) megközeĺıtést,
valamint egy olyan architektúrát, amely két osztályozót tańıt
be, mindkettőt az adott jellemzőkre. Ez utóbbi architektúra
izoláltan tańıtja be a két osztályozót, majd egyszerű átlagolás-
sal aggregálja kimeneteiket, mint egyfajta ”mini-ensemble”.
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Ezután bemutattunk egy adathalmazt és egy új együttes
keretrendszert a sejtek hatékony szegmentálására digitalizált
Pap kenet képeken. Bemutattuk, hogy a keretrendszerünk, el-
lentétben a hagyományos módszerekkel, saját súlyozással ren-
delkezik. A keretrendszer egy FCN-32 [3] architektúrát hasz-
nál gerinceként, és az eredeti bemeneti képpel együtt néhány
előzetesen betańıtott FCN-32, FCN-16 és FCN-8 hálózat ki-
meneteit is megkapja. Ezen keretrendszer több változatát is
kiértékeltük, ahol mindegyik változat a három FCN-modell
különböző részhalmazát használta bemenetként. Megmutat-
tuk, hogy teljeśıtmény tekintetében mind az eredeti modelle-
ket, mind más módszereket is felül tudtunk múlni.

A disszertáció utolsó részében a diverz együttes model-
lek éṕıtésére összpontośıtottunk. Megemĺıtettük, hogy a di-
verzitás a legújabb tanulmányok szerint [4, 5] az ensemble
általános teljeśıtménye szempontjából fontos metrika. Ezt kö-
vetően részleteztük, hogy ezzel ellentétben a diverzitást általá-
ban a legtöbb kutatás nem veszi figyelembe az együttesek
éṕıtése során. Ezután több olyan újszerű keretrendszert mu-
tattunk be, amelyek az összes megfelelő tagmodellt egyszer-
re tańıtják be. A keretrendszerek a költségfüggvénybe egy
további regularizációs kifejezést éṕıtenek be, amely a tagmo-
dellek diverzitásának méréséért felelős. Megmutattuk, hogy
a modellek hasonlóságának mérésének egyik lehetséges módja
az egyes modellek által kinyert jellemzővektorok felhasználása.
Ennek oka, hogy két azonos vagy nagyon hasonló jellemzőkkel
működő modell redundánsnak tekinthető, mı́g a nagyon eltérő
jellemzőket használó modellek nagy valósźınűséggel eltérő mó-
don működnek, ami értékesebbé teszi őket az együttes éṕıtése
során. Ezután két fő keretrendszert mutattunk be, amelyek a

3



koszinusz hasonlóságra és a hisztogramveszteségre [6] támasz-
kodtak a különböző tagmodellek által kinyert vektorok ha-
sonlóságának mérésére. Ezenfelül ugyancsak bemutattuk a ke-
retrendszerek két kiterjesztését, amelyek lehetővé teszik azok
alkalmazását súlyozott költségfüggvény vagy olyan tagmodel-
lek használata esetében is, amelyek különböző hosszúságú jel-
lemzővektorokat álĺıtanak elő.
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2. Kétlépcsős architektúra tervezése a be-
tegségek pontos előrejelzésére

Az elméleti modelleket gyakran használják a kutatásban, mivel
viszonylag egyszerű, de hatékony és kifejező módját nyújtják
a különböző jelenségek modellezésének. Az elméleti modellek
ráadásul akkor is használhatók, ha a rendelkezésre álló adat-
halmaz kevés elemből áll, amennyiben a probléma lényege is-
mert, mint például egy adott betegség természetes terjedését
léıró képlet. A fő probléma azonban az, hogy összetettebb
modellek használatakor a matematikai léırás is bonyolultabbá
válik. Emiatt az elméleti modellek általában kerülik a nagy-
fokú komplexitást, és a lehető legegyszerűbb defińıcióra töre-
kednek. Ez matematikailag kezelhetőbb modellt eredményez,
ugyanakkor általában nem optimális teljeśıtményhez is vezet.
Az ilyen t́ıpusú modellek másik hátránya, hogy az elméleti
modellek általában túl merevek, ami még nehézkesebbé teszi
alkalmazásukat az adott problémára.

Másrészt a mélytanulás alapú megoldások a rugalmassá-
gukról valamint arról ismertek, hogy a nagyobb számú pa-
raméterek miatt hatékonyabban illeszkednek a tańıtó adathal-
mazhoz. Például kimutatták [7, 8], hogy a neurális hálókkal
olyan modelleket hozhatunk létre, amelyek képesek matema-
tikai függvények közeĺıtésére. Ez azt jelenti, hogy a neurális
hálók a betańıtás után képesek úgy viselkedni, mint az elméleti
modellek, miközben megtartják legnagyobb előnyüket, azaz a
rugalmasságukat, mely összességében jobb teljeśıtményt ered-
ményez a bonyolultabb problémák esetében.

Kutatásunk célja egy olyan keretrendszer megalkotása volt,
amely lehetővé teszi, hogy olyan mélytanuló modelleket éṕıt-
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sünk, amelyek hatékonyan ötvözik mind az elméleti modellek,
mind a hagyományos neurális hálók főbb előnyeit. Nevezete-
sen olyan modellek létrehozására törekedtünk, amelyek kisebb
adathalmazok használata esetén is alkalmazhatók, matemati-
kailag robusztusabb alapokkal rendelkeznek, ugyanakkor ru-
galmasabbak, mint az egyszerű elméleti modellek, és végső so-
ron jobb teljeśıtményt érnek el. Ehhez egy újszerű, kétlépcsős
megközeĺıtést mutattunk be, amely először a neurális háló
alapú modellt az eredeti elméleti modell közeĺıtésére tańıtja
be. Ezt követően, a második lépésben a valós adathalmazon
finomhangoltuk a súlyait.

1.1. Tézis Kétlépcsős architektúrát dolgoztam ki az elmé-
leti modellek és a mélytanuló módszerek hatékony kombinálásá-
ra. Az architektúra először egy neurális hálót tańıt az elméleti
modell által generált szintetikus adatokon. A következő lépés-
ben a modell tovább tanul a valós adatokon, mely során az
némileg eltérhet az eredeti elméleti modelltől annak érdekében,
hogy maximalizálja teljeśıtményét az eredeti adathalmazon.

A kétlépcsős architektúra alkalmazhatóságának és haté-
konyságának validálása érdekében két betegség, az influen-
za és a COVID-19 terjedésének előrejelzésével mértük a tel-
jeśıtményét. Elméleti modellként egy egyszerű SIR-modellt
[2], az úgynevezett Kermack-McKendrick-modellt [1], mély-
tanuló modellként pedig egy egyszerű, három rejtett réteggel
rendelkező neurális hálót használtunk. Azért választottuk ezt
a konkrét elméleti modellt, mert bár a modell viszonylag egy-
szerű, mégis matematikailag megalapozott, hiszen differen-
ciálegyenleteken alapul. A neurális háló alapú modell esetében
is főként egyszerűbb architektúrákra összpontośıtottunk a kifi-
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nomultabbak, például a rekurrens hálók (RNN) vagy a hosszú-
rövid távú memória (LSTM) használata helyett. Ezt azért
tettük, hogy megmutassuk, hogy az általunk javasolt archi-
tektúra nem specializált, és számos problémára és területen al-
kalmazható. Kı́sérleteztünk az időablak növelésével is a modell
bemenetei és kimenetei esetében, hogy még tovább növeljük a
modell teljeśıtményét.

1.2. Tézis A javasolt kétlépcsős architektúra több változa-
tát dolgoztam ki különböző méretű bemeneti és kimeneti ab-
lakok használatával, és értékeltem őket ki az influenza és a
COVID-19 esetek terjedésének előrejelzésére.

A ḱısérleti eredmények alapján a modell felülmúlta mind
az eredeti elméleti modellt, mind a kizárólag az eredeti adat-
halmazon betańıtott neurális hálókat. Kı́sérleteink után azt
is megállaṕıtottuk, hogy eredményeink és megfigyeléseink sze-
rint a kétlépcsős megközeĺıtésünk szerinti tańıtás után ka-
pott modell rugalmasabb volt, mint az eredeti elméleti mo-
dell, és pontosabb, mint a kizárólag az eredeti adathalma-
zon tańıtott neurális hálók. Megmutattuk ugyanis, hogy a
modellt csak a COVID-19 első hullámán tańıtva a kivont jel-
lemzők ténylegesen seǵıthettek a modellnek a második hullám
előrejelzésében, jelentősen felülmúlva az eredeti elméleti mo-
dellt, amely csak egyetlen hullámot tudott megjósolni.

Végül arra is kitértünk, hogy ez a módszer a transzfer ta-
nulás (transfer learning) egy másik t́ıpusának tekinthető. Ne-
vezetesen ahelyett, hogy nagy, előre betańıtott neurális hálókat
használnánk, egy elméleti modellt választhatunk, amely nagy-
jából hasonĺıt a valós adatokra, és a neurális hálót ezen a
függvényen tańıthatjuk be. Azt is megjegyeztük, hogy a java-
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solt keretrendszer általános jellegéből adódóan nincsenek kor-
látozások az elméleti modellel kapcsolatban, mivel az bármi-
lyen modell lehet, amennyiben a kimenetei összehasonĺıthatók
egy neurális háló kimeneteivel. Ez azt jelenti, hogy az archi-
tektúra potenciálisan számos tudományágban használható kü-
lönböző problémák megoldására. Végül azt is kiemeltük, hogy
az elméleti modellnek nem kell tökéletesen illeszkednie a valós
adatokhoz. Ehelyett elegendő, ha a valós adatok legfontosabb
jellemzői (terjedés, jelleg stb.) kódolva vannak az elméleti mo-
dellben. A részletes ḱısérleti eredmények és megállaṕıtásaink
folyóiratcikk formájában kerültek publikálásra [9].
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3. A hagyományos képfeldolgozó módsze-
rekkel és a CNN-ek által kinyert jel-
lemzők kombinálása

Az olyan szembetegségek, mint a diabéteszes retinopátia (DR)
és a diabéteszes makulaödéma (DME) komoly veszélyt jelente-
nek napjainkban. A világ népességének jelentős részét érintik.
Ezért rendḱıvül fontos olyan megb́ızható megoldások kifejlesz-
tése, amelyek pontosan felismerik ezeket a betegségeket. 2019-
ben a becslések szerint 1,5 millió halálesetet okozott közvet-
lenül a cukorbetegség, és az Egészségügyi Világszervezet je-
lentése szerint világszerte 422 millió ember szenved a beteg-
ségben [10]. Így az olyan megb́ızható rendszerek kifejlesztése,
amelyek ezeket a betegségeket korai stádiumukban képesek
felismerni, a látáskárosodás előrehaladásának lelasśıtásával az
életminőség javulásához vezethet.

A jelenlegi módszerek némelyike a szakértők által, hagyo-
mányos képfeldolgozó módszerekkel kinyert jellemzőket hasz-
nálja a rendellenességek felismerésére. Ezeknek a megoldások-
nak a kifejlesztése azonban gyakran időigényes, és általában
nem elég pontosak. Emiatt számos olyan megoldást java-
soltak az utóbbi időkben, amelyek mélytanulás alapú tech-
nikákat használnak, ahol nincs szükség szakértőkre e jellemzők
kinyeréséhez, ı́gy a modellek fejlesztése egyszerűbbé és gyor-
sabbá válik. Másrészt ezeknek a módszereknek is vannak hát-
rányai. Nevezetesen, általában figyelmen ḱıvül hagyják a rend-
ḱıvül értékes, hagyományos módszerekkel kinyert jellemzőket,
amelyek potenciálisan hozzájárulhatnának a pontosabb előre-
jelzésekhez.

[11] egy olyan megoldást javasolt, amely a konvolúciós neu-
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rális háló (CNN) által kinyert jellemzőket kombinálja a ha-
gyományos módszerekkel kinyert jellemzőkkel, hogy jav́ıtsa az
osztályozási teljeśıtményt. Az ötlet [12]-ből származik, ahol
a szerzők azt álĺıtották, hogy egy CNN képes automatiku-
san számos fontos lokális jellemzőt kinyerni a képekből egy
konvolúciós szűrővel. A helyi jellemzők mellett azonban a
globális jellemzők, például a kontúrjellemzők és a strukturális
jellemzők is fontosak, és számos képfeldolgozási feladatban
meghatározó szerepet játszanak. Ráadásul a DR és a DME be-
tegségekre utaló jelek közül sok jól léırható a kontúrjellemzők-
kel, ami azt jelenti, hogy e jellemzők figyelembevételével jav́ıt-
hatjuk a CNN-alapú szűrőrendszer végső pontosságát.

Ebben a disszertációban több újszerű megoldást mutat-
tunk be a [11]-ben közölt módszer kiterjesztésével és néhány
korszerű neurális háló alapú architektúra alkalmazhatóságá-
nak vizsgálatával. Szisztematikusan megvizsgáltuk a javasolt
módszertan előnyeit és hátrányait. Megmutattuk, hogy az ere-
deti keretrendszer rendelkezett néhány figyelemre méltó korlát-
tal, és bemutattunk több olyan módośıtást, amelyek megoldást
nyújtottak ezekre a problémákra. A [11]-ben javasolt archi-
tektúra a hagyományos módszerekkel kinyert jellemzőket és az
AlexNet modell által kinyert jellemzőket úgy kapcsolta össze,
hogy csak egyetlen súlykészletet használt, hogy az összekap-
csolt vektort közvetlenül a modell előrejelzéseivé alaḱıtsa át.
Megjegyeztük, hogy a jellemzőknek ez az azonnali redukciója
előrejelzésekké nem ideális, mivel a keretrendszernek nincs le-
hetősége összetettebb minták megtanulására.

Ennek megfelelően ḱısérleteinket a jellemzők mélyebb kom-
binációjával kezdtük. Megállaṕıtottuk, hogy ennek egyik le-
hetséges módja az, hogy nagyobb számı́tási kapacitást biz-
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tośıtunk a keretrendszer azon részének, amely a hagyományos
képfeldolgozó módszerekkel kinyert jellemzőkkel dolgozik, ami
úgy valóśıtható meg, hogy ezen jellemzőket több rétegen ke-
resztül áramoltatjuk át. Ily módon a keretrendszer a megnöve-
kedett számı́tási kapacitás-nak köszönhetően több, a hagyomá-
nyos módszerekkel kinyert jellemzőkben jelen lévő jellemzőt és
mintát lehet képes megragadni.

2.1. Tézis Kifejlesztettem a [11]-ben közölt módszer egy
továbbfejlesztett változatát. Ugyanazon bemeneti képet hasz-
nálva a hagyományos módszerekkel kinyert jellemzők kiszámı́-
tásra kerülnek és sűrű rétegek egy sorozatán haladnak keresztül
mı́g a modell egy másik ága az eredeti konvolúciós neurális háló
alapú architektúrát használja a kép feldolgozására. Mindegyik
ág előál ĺıtja a saját kimenetét, amelyeket aztán átlagolva kap-
juk meg a végső predikciót.

Az új keretrendszer bevezetése után megvitattuk, hogy bár
megoldja a jellemzővektorok sekély kombinációjának problé-
máját, a jellemzők most külön-külön kerülnek feldolgozásra.
Megjegyeztük, hogy ez nem feltétlenül jelent problémát, mivel
a továbbfejlesztett keretrendszer most egyfajta ”mini-együt-
tesként” működik, ahol minden modell külön-külön működik,
és a kimeneteket egyszerűen átlagoljuk. Ugyanakkor azt is ki-
emeltük, hogy ı́gy a keretrendszernek nincs esélye olyan minták
felismerésére, amelyekhez egyszerre van szükség néhány ha-
gyományos módszerekkel kinyert és néhány CNN-jellemző je-
lenlétére. Ennek megoldására a keretrendszer egy másik válto-
zata került megvalóśıtásra.

2.2. Tézis Kifejlesztettem a [11]-ben közölt módszer egy
olyan továbbfejlesztett változatát, amely az utolsó konvolúciós
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réteg által és a hagyományos módszerekkel kinyert jellemzőket
egyaránt felhasználja. Mindkettőt együttesen, egyszerre ára-
moltatja át a következő rétegeken, lehetőséget adva a neurális
hálónak összetettebb minták felismerésére, ahol a hagyományos
módszerekkel és a CNN által kinyert jellemzők egyidejű je-
lenlétére van szükség.

Végezetül több egyéb eljárást is implementáltunk, ame-
lyekkel összehasonĺıtottuk megoldásaink teljeśıtményét. Kiér-
tékeltük a neurális hálók teljeśıtményét a hagyományos mód-
szerekkel kinyert jellemzők nélkül, különféle gépi tanulási mo-
dellekét, amelyek csak a hagyományos módszerekkel kinyert
jellemzőket használják, valamint más korszerű megoldásokat
is megvizsgáltunk. Az átfogó összehasonĺıtás érdekében több
különböző metrikát is használtunk. A javasolt architektúrák
kiértékelése a diabéteszes makulaödéma és a diabéteszes reti-
nopátia felismerésére több forrásból származó adathalmazok
felhasználásával történt. A javasolt architektúrák mindegyi-
ke felülmúlta a hagyományos módszerekkel kinyert jellemzőket
nem használó neurális hálókat, a csak hagyományos módsze-
rekkel kinyert jellemzőkre támaszkodó megoldásokat és egyéb
korszerű megközeĺıtéseket is.

A bemutatott módszereket, valamint a részletes ḱısérleti
eredményeket folyóiratcikkben publikáltuk [13].
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4. Teljesen konvolúciós együttes modell a-
utomatikus sejtszegmentációhoz

Az automatizált szűrőrendszerek létfontosságú szerepet ját-
szanak a betegellátás sźınvonalának és az orvosi munkafolya-
matok minőségének növelésében. A legszélesebb körben hasz-
nált automatikus megoldások közé tartozik a Hologic Thin-
Prep Imaging System [14] és a Focal Point Slide Profiler [15],
amelyeket az Egyesült Államok Élelmiszer- és Gyógyszerügyi
Hivatala (FDA) is jóváhagyott. Mindkét megoldásnak azon-
ban van néhány jelentős hátránya. A Hologic ThinPrep képal-
kotó rendszer ugyanis csak a ThinPrep Pap-teszt keneteket
tudja elemezni, melyeknek jóval magasabbak a költségei, mint
a leggyakrabban alkalmazott Papanicolaou kenetvizsgálatnak
[16], mı́g a Focal Point Slide Profiler csak a legalacsonyabb
kockázatú kenetek 25%-át képes kizárni. Kutatásunk végső
célja egy olyan teljesen automatikus szűrőrendszer kifejlesztése
volt, amely képes felismerni a rákos sejteket a digitalizált Pap
kenet képeken. A rendszer kifejlesztése folyamán arra töre-
kedtünk, hogy leküzdjük e két megoldás korlátait. Azaz egy
olyan rendszer kifejlesztése volt a célunk, amely a leggyak-
rabban alkalmazott Pap kenet képeket használja, és ponto-
sabban rangsorolja azokat a kockázati szint szerint. Auto-
matikus szűrőrendszerünk célja az egyes sejtek megtalálása
és szegmentálása a nagy felbontású bemeneti képen. Ebben
a disszertációban bemutattuk ennek a rendszernek egy olyan
komponensét, amely a bemeneti képeken lévő sejtek pontos és
megb́ızható szegmentálásáért felelős, valamint egy saját adat-
halmazt.

Az adathalmaz a Debreceni Egyetem Klinikai Központ Pa-
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tológiai Osztályával folytatott együttműködés keretében ké-
szült. A disszertációban ugyancsak kifejtettük, hogy a rendel-
kezésre álló adathalmazok kis méretűek, és részleteztük, hogy
nincs tudomásunk más hasonló, nyilvánosan elérhető adathal-
mazról a sejtek szegmentálásának feladatára. A manuális an-
notáció hosszadalmas és időigényes volta miatt megjegyeztük,
hogy minden ḱısérlet csak az adathalmaz jelenleg elérhető ré-
széhez férhetett hozzá. Adathalmazunk végleges, átfogóbb
változatát, amely összesen 3 565 darab 2 000 × 2 000 pixeles
képet és a hozzájuk tartozó szegmentációs maszkokat tartal-
mazta [17]-ben tettük közzé.

Ez a disszertáció egy egyedülálló módszert is bemutatott
a pontos és megb́ızható együttes modellek létrehozására, ame-
lyek egy automatikus szűrőrendszer részeként használhatók a
sejtek szegmentálására. A kapcsolódó elméleti háttér bemu-
tatását a hagyományos ensemble megközeĺıtések legnagyobb
problémáinak bemutatásával kezdtük. Nevezetesen kiemel-
tünk néhány példát, ahol az egyes módszerek különböző sejte-
ket ismertek fel. Taglaltuk, hogy ezekben az esetekben a ha-
gyományos megközeĺıtések nem lennének képesek hatékonyan
kombinálni ezeket a kimeneteket, mivel nincs átfedés a generált
szegmentációs maszkok között. Ezután bemutattuk a saját
módszerünket, amely egy teljesen konvolúciós neurális háló
(FCN) [3] architektúrát használ gerincként. Megmutattuk,
hogy ennek a megközeĺıtésnek a fő előnye, hogy a hagyományos
együttes modellekkel ellentétben nem csak a tagmodellek ki-
meneteit képes aggregálni, hanem azok előrejelzéseit figyelmen
ḱıvül hagyva akár saját szegmentációs maszkot is képes ge-
nerálni.
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3.1. Tézis Kidolgoztam egy egyedülálló együttes modellt,
amely egy módośıtott FCN-32 architektúrát használ a gerin-
ceként. A keretrendszer néhány előre betańıtott FCN-architek-
túra kimeneteit kapja meg az adott bemeneti képpel együtt, hogy
predikciókat végezzen. A keretrendszer több változatát is meg-
valóśıtottam, amelyek különböző számú FCN-modellt használ-
nak bemenetként.

Megmutattuk, hogy az architektúra FCN-32 gerincének és
saját súlykészletének köszönhetően a keretrendszer képes a jel-
lemzők és minták felismerésére mind a bemeneti képet, mind
pedig a tagmodellek előrejelzéseit használva. Ezen minták
seǵıtségével automatikusan el tudja dönteni, hogy milyen súlyt
rendeljen az egyes tagokhoz, vagy akár azt is felismerheti, ha
egy adott tagmodell alulteljeśıt a bemeneti kép egy adott jel-
lemzőjének jelenlétében. A javasolt architektúrák különböző
változatainak a saját adatállományunkon történő kiértékelése
után megjegyeztük, hogy a javasolt keretrendszer jelentősen
felülmúlta mind az egyes tagmodelleket, mind a többi korszerű
megoldást is. Az előálĺıtott szegmentálási maszkok minősége
megközeĺıtette, sőt egyes esetekben meg is haladta az emberi
teljeśıtményt.

Az ismertetett, átfogó adatállományhoz tartozó folyóirat-
cikket közlésre benyújtottuk [17]. Az előre betańıtott FCN-
hálózatok és a bemeneti kép kombinált kimeneteit használó en-
semble keretrendszer konferenciacikk formájában került pub-
likálásra [18].
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5. Diverz együttes modellek éṕıtése a tag-
modellek közötti hasonlóság büntetésé-
vel

Bár az elmúlt évtizedben számos mélytanulás alapú technikát
javasoltak különböző orvosi feladatok megoldására, mint pél-
dául emlőrák [19, 20] és agydaganat [21, 22] felismerésére vagy
bőrrák [23] azonośıtására, az egyes modellek és architektúrák
teljeśıtménye alkalmazásonként nagyon eltérő. Gyakori példá-
ul, hogy egy adott modell jól teljeśıt egy feladat esetében, mı́g
egy másik alkalmazás során visszaesik a teljeśıtménye. Ez a
jelenség népszerűśıtette az együttes modellek használatát [24,
25, 26], amelyek több különböző modellt egyeśıtenek.

Ezen algoritmusok fő előnye, hogy a különbözőképpen mű-
ködő modellek integrálásával az ensemble potenciálisan jobban
teljeśıthet, mint az egyes modellek. Ennek oka, hogy azok-
ban az esetekben, amikor egy modell rosszul teljeśıt, a többi
modell, amennyiben azok kellően pontosak és többségben van-
nak, a megfelelő irányba billentheti az együttes modell kime-
neteit. Az ilyen technikák alkalmazásával olyan modelleket
fejleszthetünk ki, amelyek ellenállóbbak a kiugró értékekkel
vagy a bemenetekben fellelhető szabálytalanságokkal szem-
ben, és jobb általánośıtási képességekkel rendelkeznek. A ha-
gyományos technikák azonban általában nem veszik figyelembe
a diverzitást, vagyis azt, hogy az ensemble modelljei mennyire
különbözőek. Ez komoly hiányosság, hiszen többször kimu-
tatták [4, 5], hogy a diverzitás jótékony hatással van a pontos
és jól teljeśıtő ensemble modellek összeálĺıtására.

Ebben a disszertációban egy új, ensemble alapú módszert
mutattunk be az agydaganatok megb́ızható és pontos osztályo-
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zására T1-súlyozott, kontraszt jav́ıtott, mágneses rezonancia
képalkotó (MRI) eszközzel késźıtett felvételek alapján. Több
olyan technikát is bemutattunk, amelyek a hagyományos en-
semble megközeĺıtésekkel ellentétben közvetlenül mérik és op-
timalizálják a tagmodellek diverzitását a tańıtás során. Az
ensemble modellek feléṕıtéséhez az együttesek tagjaként a leg-
gyakrabban használt korszerű CNN architektúrákat vettük fi-
gyelembe, mint például az AlexNet [27, 28], MobileNetv2 [29,
30, 31], EfficientNet [32, 33], és ShuffleNet v2 [31, 34].

A bemutatott módszer két részre E és D osztja a CNN ar-
chitektúrákat, ahol E a konvolúciós rétegeket, D pedig a mo-
dell teljesen kapcsolt rétegeit jelöli. Bevezettük azt az elképze-
lésünket, hogy bármely CNN-modell esetében az E kimeneteit
(más szóval a jellemzővektorokat) egy magas dimenziójú látens
vektortér néhány látens vektoraként kezelhetjük. Azt is részle-
teztük, hogy amennyiben ezek a jellemzővektorok különbözőek
(azaz a különböző tagok különböző jellemzőhalmazokon ope-
rálnak), úgy az együttes diverzitása várhatóan megnő. Ezután
bemutattuk a keretrendszerünket, amely a tagmodellek által
kinyert jellemzővektorok (E kimenetei) közötti különbségek
maximalizálására törekszik.

4.1. Tézis Kifejlesztettem egy újszerű együttes keretrend-
szert, amely minden tagját egyszerre tańıtja és a költségfügg-
vényben egy egyedi regularizációs kifejezést használ, hogy maxi-
malizálja a tagmodellek által kinyert jellemzővektorok közötti
különbséget. A tagmodellek esetében több különböző neurális
hálóval ḱısérleteztem és a koszinusz hasonlóságot használtam
a jellemzővektorok közötti hasonlóság mérésére.

A disszertációban felvázoltunk néhány problémát is a ko-
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szinusz hasonlóság használatával kapcsolatban a jellemzővek-
torok összehasonĺıtására a keretrendszerünkben. Megmutat-
tuk ugyanis, hogy nem kezeli jól a sorrendhez kapcsolódó ha-
sonlóságokat, például amikor két jellemzővektor pontosan u-
gyanazokat az értékeket tartalmazza, csupán kissé permutált
módon. Ilyen esetekben a koszinusz hasonlóság nem érzékeli
a jellemzők közötti teljes hasonlóságot, ami nem optimális
eredményekhez vezethet. Azt is megmutattuk, hogy a prob-
léma egyik lehetséges megoldása a hisztogram alapú megköze-
ĺıtés használata, amely nem támaszkodik a jellemzővektorok
elemeinek sorrendjére.

4.2. Tézis Kidolgoztam a keretrendszer továbbfejlesz-
tett változatát, amely a koszinusz hasonlóság helyett a hisz-
togramveszteséget használja a kivont jellemzővektorok közötti
hasonlóság mérésére. A keretrendszer ezen változata minima-
lizálja annak a valósźınűségét, hogy két különböző modellből
származó jellemzővektorok jobban hasonĺıtanak egymásra, mint
az azonos modell által előál ĺıtott vektorok.

Azt is kiemeltük, hogy a keretrendszerek egyik fő hátránya
az volt, hogy csak olyan tagmodellekkel tudtak működni, ame-
lyek azonos dimenziójú jellemzővektorokat hoztak létre. Rész-
leteztük, hogy ez a hasonlósági függvények korlátja volt, mi-
vel defińıció szerint a belső szorzat, amely mindkét hasonlóság
kiszámı́tásában fontos lépés, két különböző méretű vektor ese-
tén nem definiált.

4.3. Tézis Kifejlesztettem egy olyan kiterjesztést, amely
lehetővé teszi mindkét keretrendszert számára, hogy azok kü-
lönböző hosszúságú jellemzővektorokkal rendelkező tagmodelle-
ket használjanak azáltal, hogy a vektorokat egy közös dimen-
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zióra hoztam, mielőtt megmértem a köztük lévő hasonlóságot.
A megközeĺıtés érvényességéről az adathalmazon végzett gon-
dos kiértékeléssel győződtem meg és megállaṕıtottam, hogy a
kiterjesztés semmilyen negat́ıv hatást nem gyakorolt a keret-
rendszerre.

A disszertációban azt is emĺıtettük, hogy az orvosi adathal-
mazok jellegéből adódóan rendḱıvül fontos, hogy egy techni-
ka kiegyensúlyozatlan adathalmazok esetében is alkalmazható
legyen. Ilyenkor egy súlyozott költségfüggvényt használunk,
mely során minden egyes mintára kiszámı́tunk egy-egy együtt-
hatót a hozzájuk tartozó osztályćımkék ritkaságától függően.
Ezután megmutattuk, hogy a súlyozott költségfüggvény hasz-
nálata nincs negat́ıv hatással a javasolt keretrendszerekre, mi-
vel a bevezetett regularizációs kifejezés egyenlő hangsúlyt fek-
tet az egyes tagmodellekre és az azok által előálĺıtott jellemző-
vektorokra, figyelmen ḱıvül hagyva az osztályćımkét. Mindkét
keretrendszert és azok kiterjesztéseit egy agydaganatok MRI-
felvételeit tartalmazó adathalmazon értékeltük ki. Megállaṕı-
tottuk, hogy ḱısérleteink során a keretrendszerek felülmúlták
az összes többi korszerű megközeĺıtést, a tagmodelleket és a
hagyományos ensemble módszereket is.

Az eredeti keretrendszert, amely a koszinusz hasonlóságot
használta, konferenciacikk formájában publikáltuk [35]. To-
vábbá a hisztogram veszteséget és a bemutatott kiterjesztése-
ket alkalmazó továbbfejlesztett keretrendszerről késźıtett cik-
künket közlésre benyújtottuk [36].
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M., Tiba, A., és Tomán, H., ”Replacing the sir epide-
mic model with a neural network and training it further
to increase prediction accuracy,” Annales Mathematicae
et Informaticae, vol. 53, pp. 73–91, Eszterházy Károly
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1 Introduction
In the last decades, the medical field was exposed to a ma-
jor transformation phase and paradigm shift. With the ap-
pearance of new imaging techniques and more modern medi-
cal equipment, the various fields experienced a sharp increase
in the amount of data generated each day. The appearance
of deep learning algorithms made it possible to process this
data and provide reliable solutions. In this dissertation, we
present multiple novel methods to further increase the accu-
racy and reliability of deep learning models and use them to
solve various problems in the clinical domain.

The solutions included in this dissertation can be divided
into two groups. The first group focuses on improving the
accuracy and usability of neural networks by combining tradi-
tional methods with deep learning techniques. We show that
by doing so, we can train models that have the benefits of
both approaches. Namely, models that can not only operate
on smaller datasets but are also more robust and more flex-
ible than regular traditional methods. The second group of
techniques aims to develop efficient and performant ensemble
methods that are more powerful than traditional ensemble ap-
proaches.

First, we focused on the effective fusion of theoretical mod-
els and neural networks. We showed that both of these ap-
proaches have their own advantages and shortcomings. For
this purpose, we developed a novel two-step architecture that
combines the benefits of both approaches and used it for pre-
dicting the spread of diseases such as influenza and COVID-19.
We showed that the architecture first trains a neural network
to approximate a Kermack-McKendrick model [1], which is a
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SIR model [2], and then the network is trained further on real
data. By following these steps, the network can first learn to
approximate the theoretical model, and then, during the sec-
ond step, the model is trained on the real data. During the
first step, the network has the opportunity to learn the most
important aspects of the problem by using the more regulated
theoretical model. Then, during the second step, its weights
are fine-tuned to maximize its accuracy.

In the next part of the dissertation, we detailed the im-
portance of hand-crafted features, which, with the rise of neu-
ral networks and deep learning, very few research utilized in
the recent years. We discussed that extracting them requires
professional personnel and is usually cumbersome and time-
consuming. However, we noted that they may also capture
relevant features that deep learning techniques may have trou-
ble recognizing. Thus, we focused on the effective combination
of these hand-crafted features with the ones extracted by con-
volutional neural networks (CNNs). We showed that this com-
bination is by no means trivial, and therefore presented three
different variants: one shallow (one layer), one deeper (multi-
layer) approach, and an architecture that trains two classifiers,
each for the given features. This last architecture trains the
two classifiers in an isolated manner and then aggregates their
outputs using simple averaging, ultimately acting as a ”mini-
ensemble”.

Next, we presented a dataset and a novel ensemble frame-
work for the effective segmentation of cells on digitized Pap
smear images. We showcased that our framework, in contrast
to traditional methods, has its own set of weights. The frame-
work utilizes an FCN-32 [3] architecture as its backbone and
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receives the outputs of some pretrained FCN-32, FCN-16, and
FCN-8 networks in conjunction with the original input image.
We evaluated multiple versions of this framework, where each
version used a different subset of the three FCN models as in-
puts. We showed that we were able to surpass both the original
networks and other methods as well in terms of performance.

In the last part of the dissertation, we focused on build-
ing diverse ensemble models. We started by explaining that
diversity, according to most recent studies [4, 5], is an impor-
tant metric from the perspective of the overall performance of
the ensemble. Then, we detailed that contrary to this, diver-
sity is usually not considered when building ensembles. After
this, we presented multiple novel frameworks that train all
the corresponding member models at the same time. These
frameworks include an additional regularization term in the
cost function, which is responsible for measuring the diversity
of the member models. We showed that one possible way of
measuring the similarity of the models is by using the fea-
ture vectors extracted by each model. This is because two
models operating on the same or highly similar features can
be considered redundant, while models that operate on highly
dissimilar features should operate in different manners, mak-
ing them more valuable when building ensembles. Then, we
proposed two main frameworks, which relied on the cosine sim-
ilarity and the histogram loss [6] to measure the similarity of
the vectors extracted by the different member models. We
also presented two extensions of the frameworks that make it
possible to use the frameworks in a weighted cost function or
when using member models that produce feature vectors of
different lengths.
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2 Designing a two-step architecture for
the accurate prediction of diseases

Theoretical models are often used in research, as they provide
a relatively simple, yet effective and expressive way of mod-
elling various phenomena. Moreover, theoretical models can
be used even when the dataset at hand is small, given that
the core nature of the problem is known, such as a formula
describing the natural spread of a given disease. The main
problem, however, is that when using more complex models,
the mathematical description also becomes more complex. For
this reason, theoretical models generally avoid large complex-
ity and aim for the simplest possible definition. This results
in a mathematically more manageable model, but at the same
time it also generally leads to sub-optimal performance. An-
other drawback of these models is that theoretical models are
usually too rigid, making their application to a given problem
all the more tedious.

On the other hand, deep learning-based solutions are well
known for their flexibility and ability to fit the training data
more effectively due to the higher number of parameters. For
example, it has been shown [7, 8] that with neural networks,
we can build models that can approximate mathematical func-
tions. This implies that once trained, artificial neural networks
should be able to behave like theoretical models, while still
retaining their biggest advantage, which is their flexibility, re-
sulting in an overall better performance for more complex real-
word problems.

The objective of our research was to construct a framework
that makes it possible to be build deep learning models that

4



can effectively combine the main benefits of both theoretical
models and standard neural networks. Namely, we aimed to
create models that can be applied even when using smaller
datasets and have a mathematically more robust foundation,
while also being more flexible than simple theoretical models,
ultimately achieving better performance. For this, we pro-
posed a novel two-step approach that first trains the neural
network model to approximate the original theoretical model.
Then, during the second step, we fine-tuned its weights on the
real dataset.

Thesis 1.1. I have developed a two-step architecture for
the effective combination of theoretical models and deep learn-
ing methods. The architecture first trains a neural network
on synthetic data generated by the theoretical model. In the
next step, the model is further trained on the real data, dur-
ing which it is allowed to slightly deviate from the original
theoretical model to maximize its performance on the original
dataset.

In order to validate the viability and effectiveness of the
two-step architecture, we evaluated its performance for pre-
dicting the spread of two diseases: influenza and COVID-
19. We used a simple SIR model [2] called the Kermack-
McKendrick model [1] as the theoretical model and a simple
dense network with three hidden layers as the deep learning
model. Our reasoning for choosing this particular theoretical
model is that although the model is relatively simple, it is still
mathematically founded, being based on differential equations.
For the neural network model, we also mainly focused on sim-
pler architectures instead of using more sophisticated ones like
recurrent neural networks (RNNs) or long short-term memory
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(LSTM). We did so to show that our proposed architecture is
not a specialized one, and can be used for a variety of prob-
lems and areas. We also experimented with increasing the
time window for both the inputs and outputs of the model in
an attempt to increase its performance.

Thesis 1.2. I have elaborated multiple variants of the pro-
posed two-step architecture. I used input and output windows
of different sizes and evaluated them for predicting the spread
of influenza and COVID-19 cases.

According to the experimental test results, the model out-
performed both the original theoretical model and neural net-
works trained solely on the original dataset. After our exper-
iments, we have also noted that, according to our results and
observations, the model obtained after training it according
to our two-step approach was more flexible than the origi-
nal theoretical model and more accurate than neural networks
trained solely on the original dataset. We showed that training
the model only on the first wave of COVID-19, the extracted
features could actually help the model in making predictions
for the second wave, greatly surpassing the original theoretical
model, which could only predict a single wave.

Finally, we also explained how this method could be viewed
as another type of transfer learning. Namely, instead of using
large pre-trained neural networks, we can instead choose a the-
oretical model that roughly resembles the real data and have
the neural network learn on that function. We also noted that,
due to the generic nature of the proposed framework, there
are no restrictions regarding the theoretical model, as it can
be any kind of model as long as its outputs can be compared
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to the outputs of a neural network. This implies that the ar-
chitecture can potentially be used in a variety of disciplines to
solve a variety of problems. Lastly, we also highlighted that
the theoretical model does not need to perfectly fit the real
data. Instead, it is enough if the key features of the real data
(spread, nature, etc.) are encoded in the theoretical model.
The detailed experimental results and our findings have been
published in [9].
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3 Combining hand-crafted features with
features extracted by CNNs

Eye diseases such as diabetic retinopathy (DR) and diabetic
macular edema (DME) pose a major threat in today’s world.
They affect a significant portion of the global population. Con-
sequently, it is extremely important to develop reliable solu-
tions that can accurately detect these diseases. In 2019, an
estimated 1.5 million deaths were directly caused by diabetes
and, according to the World Health Organization, 422 million
people worldwide have the disease [10]. Therefore, developing
reliable systems that could detect these diseases in their earlier
stages could lead to increased life quality by slowing down the
progression to vision impairment.

Some of the current methods use the hand-crafted features,
extracted by experts to detect these disases. However, devel-
oping these solutions is often time-consuming and they are
usually not accurate enough. Due to this, several solutions
have been proposed that use deep learning techniques, where
experts are not required to extract these features, making the
development of models easier and faster. On the other hand,
these methods also have some disadvantages. Namely, they
usually ignore the highly valuable hand-crafted features, which
could potentially contribute to more accurate predictions.

[11] proposed a solution that combines the features ex-
tracted by a convolutional neural network (CNN) with tra-
ditional, hand-crafted features in an attempt to improve clas-
sification performance. The idea derived from [12], where the
authors claimed that a CNN can automatically extract many
important local, textual features from images by convolving
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with a sliding window and forming a filter. However, besides
the local features, global features, such as contour features
and structural ones, are also important and have played a cru-
cial role in many image processing tasks. Moreover, many of
the signs implying DR and DME can be described well by
their contour feature, which implies that by considering these
features, we may be able to improve the final accuracy of a
CNN-based screening system.

In this dissertation, we presented multiple novel solutions
by extending [11] and investigating the applicability of some
additional state-of-the-art neural networks. We systematically
examined the advantages and disadvantages of the proposed
methodology. We showed that the original framework had a
few notable limitations and presented multiple modifications
that addressed these problems. The architecture proposed in
[11] concatenated the hand-crafted features and the features
extracted by an AlexNet model by using only a single set of
weights to directly transform the concatenated vector into the
predictions of the model. We noted that this immediate reduc-
tion of the features into predictions is not ideal as the frame-
work does not have the opportunity to learn more complex
patterns.

We started by experimenting with a deeper combination of
the features. We noted that one possible way to accomplish
this is by giving more computational capacity to the part of the
framework that operates on the hand-crafted features, which
can be done by feeding the hand-crafted features through more
layers. This way, the framework should be able to capture
more features and patterns present in the hand-crafted fea-
tures, due to the increased computational capacity.
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Thesis 2.1. I have developed an improved version of the
model proposed in [11]. Using the same input image, the hand-
crafted features are computed and passed through a series of
dense layers, while another branch of the model uses the orig-
inal convolutional neural network architecture to process the
image. Each branch produces its own outputs, which are then
averaged to get a final prediction.

After the introduction of this new framework, we discussed
that although it solves the problem of the shallow combination
of the feature vectors, the features are now trained separately.
We noted that this may not be a problem, as the improved
framework now acts a sort of ”mini-ensemble”, where each
model operates separately, and the outputs are simply aver-
aged. However, we also highlighted that this way, the frame-
work has no chance to recognize patterns that require the pres-
ence of both some hand-crafted and CNN features at the same
time. To solve this, another version of the framework was
implemented.

Thesis 2.2. I have developed an improved version of the
model proposed in [11] that uses the features extracted by the
last convolutional layer in conjunction with the hand-crafted
features. Both of them are fed through the subsequent dense
layers together, at the same time, providing the opportunity
for the network to recognize more complex patterns, where the
simultaneous presence of both hand-crafted and CNN features
are required.

Finally, we implemented several baselines to compare the
performance of our solutions with. We measured the perfor-
mance of regular neural networks without the hand-crafted
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features, machine learning models only using the hand-crafted
features, and other state-of-the-art baselines. We used a vari-
ety of metrics to provide a fair comparison. All of the proposed
architectures were evaluated for the task of detecting diabetic
macular edema and diabetic retinopathy using a dataset con-
structed from multiple sources. The proposed architectures all
outperformed the neural networks that did not use the hand-
crafted features, solutions only relying on hand-crafted fea-
tures, and other state-of-the-art approaches as well.

All of the presented methods, as well as the detailed ex-
perimental results have been published in [13].
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4 Fully convolutional ensemble model for
automatic cell segmentation

Automated screening systems play a vital role in increasing the
level of patient care and quality of medical workflows. Some of
the most widely used automatic solutions include the Hologic
ThinPrep Imaging System [14] and the Focal Point Slide Pro-
filer [15], which both have been approved by the U.S. Food and
Drug Administration (FDA). However, both if these solutions
have some significant drawbacks. Namely, the Hologic Thin-
Prep Imaging System can only analyze ThinPrep Pap Test
slides which have much higher costs than the most commonly
applied Papanicolaou smear test [16], while the Focal Point
Slide Profiler can eliminate only up to 25% of the lowest-risk
slides. The final objective of our research was to develop a
fully automatic screening system that can recognize cancer-
ous cells in digitized Pap smear images. While developing this
system, we aimed to overcome the limitations of these two so-
lutions. That is, our intent was to develop a system that uses
the most commonly applied Pap smear test images and ranks
the slides by the level of risk more accurately. The objective
of our automatic screening system is to find and segment each
cell from the high-resolution input image. In this dissertation,
we presented a component of this system, responsible for the
accurate and reliable segmentation of cells in the input images,
as well as a dataset of our own.

The dataset was created in a collaboration with the Univer-
sity of Debrecen Clinical Center, Department of Pathology. In
the dissertation, we explained that available datasets are small
in size and detailed that there is currently no other compara-
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ble, publicly available dataset for the task of cell segmentation.
Due to the long and time-consuming nature of manual anno-
tation, we noted that each of our experiments only had access
to the currently available part of the dataset. We published
the final, most comprehensive version of our dataset, contain-
ing 3 565 images of size 2 000 × 2 000 and their corresponding
segmentation masks, in [17].

This dissertation also presented a unique method for build-
ing accurate and reliable ensemble models that could be used
as a part of an automatic screening system for cell segmen-
tation. We started by introducing the biggest problems of
traditional ensemble approaches. Namely, we showed some ex-
amples where the individual methods recognized different cells.
We explained that in these cases, traditional approaches would
not be able to effectively combine these outputs, as there is no
overlap between the generated segmentation masks. Then, we
proposed our method, which utilizes a fully convolutional neu-
ral network (FCN) [3] architecture as its backbone. We showed
that the main benefit of this approach is that, contrary to tra-
ditional ensembles, it can not only aggregate the outputs of the
member models, but instead it can also generate its own seg-
mentation mask, disregarding the predictions of the member
models.

Thesis 3.1. I have developed a unique ensemble approach
that utilizes a modified FCN-32 architecture as its backbone.
The framework receives the outputs of some pre-trained FCN
architectures in conjunction with the given input image to gen-
erate its predictions. I have implemented multiple versions of
the framework, which all use a different number of FCN models
as their inputs.

13



We showed that, due to the FCN-32 backbone of the ar-
chitecture and its own set of weights, the framework has the
ability to recognize features and patterns using both the in-
put image and the predictions of the member models. Using
these patterns, it can automatically decide what weight to as-
sign to each member or even detect if a given member model
underperforms in the presence of a given feature in the in-
put image. After evaluating all of the different versions of the
proposed architectures on our own dataset, we noted that the
proposed framework greatly outperformed both the individual
member models and other state-of-the-art approaches as well.
The quality of the resulting segmentation masks was close to,
or in some cases even surpassed, human performance.

The described, comprehensive dataset has been submitted
for publication in [17]. The ensemble framework using the
combined outputs of the pre-trained FCN networks and the
input image has been published in [18].
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5 Building diverse ensemble models by
penalizing the similarity between the
member models

Even though many deep learning-based techniques have been
proposed in the last decade for solving a variety of medical
tasks, like breast cancer [19, 20] and brain tumor [21, 22] de-
tection or identifying skin cancer [23], the performances of the
individual models and architectures vary greatly from applica-
tion to application. For example, it is common that a specific
model performs well in one task while its performance falls
back in another scenario. This phenomenon has popularized
the usage of ensemble models [24, 25, 26], which merge multi-
ple different models into one.

The main benefit of these algorithms is that by integrating
models that operate differently, the ensemble has the potential
to perform better than the individual models. This is because,
in cases when one model performs poorly, the other models, as
long as they perform well and they are in the majority, can tilt
the outputs of the ensemble in the right direction. By using
such techniques, we can develop models that are more resistant
to outliers or irregularities in the inputs and have better gener-
alization capabilities. However, traditional techniques usually
do not consider the diversity, in other words, how different the
models of the ensemble are. This is a serious shortcoming, as
it has been shown multiple times [4, 5] that diversity has a
beneficial effect in building accurate and performant ensemble
models.

In this dissertation, we presented a novel ensemble-based
method for the reliable and accurate classification of brain tu-
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mors from T1-weighted contrast-enhanced magnetic resonance
imaging (MRI) images. We introduced multiple techniques
that, in contrast to traditional ensemble approaches, directly
measure and optimize the diversity of the member models dur-
ing training. For building the ensemble models, we considered
some of the most commonly used state-of-the-art CNN archi-
tectures as the members of the ensembles, such as AlexNet
[27, 28], MobileNetv2 [29, 30, 31], EfficientNet [32, 33], and
ShuffleNet v2 [31, 34].

The presented method divided any CNN architecture into
two parts E and D, where E denotes the convolutional layers
and D denotes the dense layers of the model. We introduced
our idea that, for any CNN model, we can treat the outputs of
E (in other words, the feature vectors) as some latent vectors
in a high-dimensional latent vector space. We also detailed
that as long as these feature vectors are different (i.e., the
different members operate on different sets of features), the
diversity of the ensemble should be increased. Then, we pre-
sented our framework that tries to maximize the differences
between the feature vectors (the outputs of E) extracted by
the member models.

Thesis 4.1. I have developed a novel ensemble framework
that trains all of its members at the same time using a cus-
tom regularization term in the cost function to maximize the
difference between the feature vectors extracted by the member
models. I have experimented with multiple different networks
for the member models and used the cosine similarity to mea-
sure the similarity between the feature vectors.

In this dissertation, we have also outlined some problems
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with using the cosine similarity to compare the feature vectors
in our framework. Namely, we showed that it does not han-
dle out-of-order similarities well, for example when two feature
vectors contain the exact same values, just in a slightly per-
mutated manner. In such cases, the cosine similarity fails to
capture the full similarity between the features, which may
lead to sub-optimal results. We also showed that one possible
solution to this problem is to use a histogram-based approach,
which does not rely on the order of the elements of the feature
vectors.

Thesis 4.2. I have developed an improved version of the
framework that uses the histogram loss instead of the cosine
similarity to measure the similarity between the extracted fea-
ture vectors. This version of the framework minimizes the
probability of feature vectors originating from two different
models being more similar than vectors produced by the same
model.

We have also highlighted that one major disadvantage of
the frameworks was that they could only operate with member
models that produced feature vectors of the same dimension.
We detailed that this was a limitation of the similarity func-
tions, as, by definition, the inner product, which is a crucial
step in the calculation of both of the similarities, is not defined
for two vectors of different sizes.

Thesis 4.3. I have developed an extension for both frame-
works, which allows them to use member models with varying
feature vector lengths by bringing the vectors to a common di-
mension before measuring the similarity between them. I have
ascertained the validity of this approach by carefully evaluating
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it on the dataset and found that the extension did not impose
any negative effects on the framework.

In the dissertation, we also mentioned that due to the na-
ture of medical datasets, it is also extremely important for a
technique to be able to be used when dealing with imbalanced
datasets. In such cases, a weighted cost function is used, when
a coefficient is calculated for each sample, depending on the
rarity of their corresponding class labels. Then, we showed
that using a weighted cost function does not have a negative
effect on the proposed frameworks, since the introduced reg-
ularization term puts equal emphasis on each member model
and their produced feature vectors, ignoring the class label.
Both frameworks and all of their extensions were evaluated
on a dataset containing MRI images of brain tumors. We
noted that in our experiments, the frameworks outperformed
all other state-of-the-art approaches, the member models, and
traditional ensemble methods as well.

The original framework that used the cosine similarity has
been published in [35]. We have also submitted a paper for
publication in [36] about the improved framework that used
the histogram loss and the presented extensions.
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