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ABSTRACT

WHO reported the number of 65 million of Age-related Macular
Degeneration (AMD) patients around the world, and expected the number would
increase to 300 million patients by the year 2040. Currently, ophthalmologists rely on
retinal fundus photographs to analyze AMD lesions. Nevertheless, sometimes the
photographs have an unsatisfactory quality such as low contrast, under or over
exposure which results in difficulties for the experts to analyze lesions. So, it is
suggested to have the unsatisfactory photographs improved to enhance anatomical
details appearance before use by the experts. This thesis proposed an effective retinal
fundus image simulation modeling to enhance contrast and adjust the color balance.
It is aimed to assist ophthalmologists in AMD lesion screening. The proposed method
consists of a few steps to achieve the intent. Firstly, an input image is improved
contrast with CLAHE technique by using CIE L*a*b* color space. Then, the histogram
of the output image from previous step is stretched and rescaled by a scaling histogram
technique to adjust its overall brightness offset to meet the Hubbard’s retinal fundus
image proper range standard. This thesis used images as experimental data from two
datasets, DiaretDBO and STARE datasets. The results indicate the proposed method
yields a highly contrast and color-balance output which fits the Hubbard’s standard

and easier to screen lesions.
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WA SULAILUULTGAERTIaTuNsiadeulm Tinsusadiuluun-ai waryinaulas

Y A

Tudinastos waasu LL??NLLUUﬂi?HﬁﬁUWWIUﬂ’]i@J@QLﬁu‘U%L’JZUﬁI'J‘LJﬂaW 3 (Central

Vision) wagnsueuTiud wazvhaulaananlunwaau unaawasaing WwaasuLaIwUy

q

WieSlgTI9801 WAdSULAILUUNTIBILNTTYINAIDLUTIUAAUENAINENT V837D

a ] =i '3 o = < a ' = P
mTenIuLAaT NYnAudnalvesan ndnaziigaiang Miseninlniie (Fovea) il
waaa sukasgunsewinty wasidugalusemffiniinlusesnuaudaveanin

wagn1sueniud dlegredgyuniiaela luus ey A1IEUIINUTUAN

]
=

(Diabetic Retinopathy) 38UszaImmuIn (Macular Edema) wazlsannIngs
Jon1daululgee1e (Agerelated Macular Degeneration) %38 AMD 2811wl
I A o 1 Y & & = a
WL 9 Ta uallevinn1snsanIiIunass Ophthalmoscope awtiutdudunsgain
NNTALYOULAIN 1A ULA DA TUTUADTEA TINTNAILIDATLAAISNYULIDALD
dosrnundoall Tnenglunmazuansusinaiulssaman (Optic Disc) lUudnaes
4779 6991N91UU5EAMALUNIR1UTUTZUI 2 WINATS FEnURU 0 INTR
a v = =) = 1 1 o YVala A
uinallananavesanmdnazilansdvaes (Xanthophyl) agvunuduvilviddmvies

wudn awisenusnuii fovea JududiudrAyvesnisueudiu

2.2 lsmyanndnnasndonluggeany (AMD)

lspgnnindniivenndenludasergdoduainndrfyuesminuunnieamis
anenuagnIsdydenisueaiuegagunss lunenisunmdlafinsuudlsa ganindaiiaent

douludgeengeondu 2 szue fie szuziusdufelyaivios 3e Drusen swianasuwaziings



Wasuudaswendndaenuindu warsvoraniinofedvasnidendosdisenuuuinund
(Neovascular) Ism;mmw%’wﬁaamﬁaﬂuﬁqamqfjgmﬂuiﬁmﬁLﬁmﬁ]’mﬁawﬁﬁa RAVRCPRH
Anun@lugiu@uiu (Complement Dysregulation) T nsadradudenluml (Angiogenic)
MsNIEU wae Saansiadouwead (Extracellular Matrix Pathways) fitiedesiunisiinlsail
wazdiduniaiugnssudnannnds 50 suvsifisenuindienaiedestulsaganindad
semidelugigeeny TnsdufiddnfigafinuiiinnuAsifosiulsnidodu CFH uay ARMS2
uenanidiitadedeman q sgnaduiliieiuiugnssuiinelianlsnild wu nsguynd
waznsuslarevnsiitiansinueyyadasean §anvduavualsiiuoed) Tsngnnimdndiaon
Aoulugasenglussozusniuiuunuaglaifionns lufthesusseennidnldfeaufinng
Usnamsina1aguam Tnslawizeg1edanatsunisde Tuszorsuussiuazdmanonis

3 o ' ° Y a o ' v A =
ll'e]ﬂlflﬂumiﬂﬂa’]ﬂLUu@EJ’]Qll']ﬂrV]'fL‘Viﬂr]W‘UiL'Jm@ﬂﬂaqjﬁqﬂlﬂ Iiﬂ ﬁl@ﬂqwsﬁﬂm ADALE @NI‘U

e

gaengyidaden (Wet AMD) n3auuunaanidendassanivi (Neovascular) 3¢39113
= < a a &£ o v 1al o 3 = A

gadenisueniuuinunsinaruiadudundunglulinduaviauiaddnieu uazlulse

nmdnaendesluggeerguiausis (Ory AMD) agldiianlunisuansennisiieniuiuni

pvagldnandul o vialudu o Ve

2.2.1 lsmyanndanvanndeuluggeargviiailen (Wet AMD)

lsagan ndanaenidenlugdgeorg vlialoniidnuwaueiiinandudontess
asenludfiinuiinund lnednaziiseslsa (Lesions) Malunane o seelsausznaume L
= A A = a vy & Y N 9 A
fvpunaivseaiiensanlureUszamadanunsainlanslutusent duldven wieldidey
a @ a1 o a @ o a 9
Aadindunn Weyiadedaeniaen iansazauvesludululeni (Hard Exudate) 1sa

anmdanvendedludgeengvininuliiissUssunusesay 10-15 vosUielsnll

2.2.2 Tsmaanmdnivanndesluggeangviiauia (Dry AMD)
lsaganndnnisenidesriawisinainanuideuneslagiinaeuseainen
3 a v 3 a a v 3 =) A
FUUBNUINAY tnganunsainlanuuaniewazvaty 9 30 lnedslldnwusidugndivdos
(Drusen) Juusiansou 9 AN MTRA (Macula) uazaziiunsanarsganindalimiedning
Uz 2 msedladiunsnetnsewnnsnsiuluduegiudadesng 9 dnuuzeinsvesUis
= & ¥ ! < ! < a a &
riinsueaniuiidey 9 antesatnuuassiluAssluauiuninusnunsinandadeiuag
[ o a i o a = £ a & (%
Juseeddauiiunsinasiuiian lsaganndanvenndedludaseigvilad wulaussuiu

Sovaz 85-90 veaUreilulsnll



2.3 npufjuazvdnnnsitiendas
nquiuazndnnisiuguiiietesiunsusuupauamsanindidaen
Tuawided Uszneudae 3 nquiifie 1) ngui Contrast Limited Adaptive Histogram
Equalization (CLAHE) @dldlunsusuussaounstasiideiiuil (Local Contrast) wasgunm 2)
Tunad CE Lra’b* FadulunadiiUszneudisa1aa1uadng (Luminance) wazeind
(Chromatic) wawfuite A léaNadns uay 3) nouffilddmsuuiuussmnuaing nounsian

wazAUaNnavesdnlviogluunIgIuYeWIdY AREDS

2.3.1 nstianeunsadlaiiiuiadu (Non-Linear Contrast Stretch)
N15U5UU39AIAIINAT19909010 (Contrast Enhancement) Tagn158 e
AnuaIwesteyaniwinlinmilgnusulgslineunsiadifuaraninsauanssieazidon
Taganmldsgataan malan1susulseainnaIwesnmannsauyseasnidu 3
Uszlanie 1) nsBinneunsiadidudadu (Linear Contrast Stretch) 2) n1sanaunsasi
13it8wBaidu (Non-Linear Contrast Stretch) wag 3) Piecewise Linear Contrast Stretch Ing
Tuitlaznaniemzmaiansuiuussmwiuunsinnounsadilsidudadu
wadansuusnwuunsdareunsanilidudadudumadadlsly
msUfuranuaisesdeyalusunmiiiineunsadiividugeduriunsldnnuduiusil
Judady W‘jﬂumaﬁﬁmiﬂ%’wqqgﬂmwé’wmzﬁﬁa wiAtlA Histogram Equalization (HE)
wavarnmadea HE ladinswauiseudumaia Adaptive Histogram Equalization (AHE)

wasgavneiauiseidumeaiia Contrast Limited Adaptive Histogram Equalization (CLAHE)
2.3.1.1 Histogram Equalization (HE)

= o a d' o i v
AansUTEINaNaUTuUTeBalnunsuvesgun e vae sEAUAINATN L

1 1 = U QII Qng aa dy QL Ql 6
N19N5291808 10UV 8UA U ITINIW 15T lnenlUaziiunaunsas lnesiu (Global
Contrast) iiugun1n lnglamzegegegunmidaanuduuadlugdiauay 4 ievilvaig
Wuwasansanszaslivusalvunsulanssdiulngaz ladalnunsunadwsndviesnuiduuas
Navuawing Augehglinunnlineunsadiiaounsianigu lnenannis HE 9enseany
AANULRATIdANukiugdvinsrang lUgmnunuasiianuvuwiuimaaauiuly
ilranusatiuaounadvosnnlaeg9dusza@nsnim mada HE wianzAunInAdNumas
(Background) wagiutin (Foreground) M9ainansedawmiaunuisg aida HE @1u150
vyl lununeiunsunmdunsinlinmilauensisdlasiasianseaniaudaiau

a X a A | A a{' A v a Y a
LNHUU LLa@ﬁiqﬁJagLaﬁJﬂW‘(j@u@E\Jjﬂ@ﬂﬂ']WVlﬂ']UIuaﬂ”l'ﬂ%mLLﬁQ@JWﬂWi@u@ﬂLﬂu‘lU VoAU HE



(%
A IS J =] A a U

AeiimsandunsAuiundgasilunsan wazdeldefodsdazsuiulienaun anvesi

o '
Y

sUn @ slunsaln sunmddyarnusuniuasyi i dyansuniutuiinaeunsandue g

g7

Wiy Inganunsagiieg1ensAIwIn HE dmsuninenidivuin 8 Jnlaainmsned 2-1

ANTNT 2-1 LEAIN1SAIUI HE

Ly ny Pr(Ty) CDF,
To =0 452 0.013 0.013
=1 5170 0.153 0.166
T, =2 11402 0.337 0.503
T3=3 7256 0.214 0.717
T, =4 4225 0.125 0.842
T =5 3039 0.090 0.932
Tg =6 847 0.025 0.957
Ty =17 1461 0.043 1

Taedi

T fo seuauduwasd k

N Ao SnuanudarauvesganimndLa k

P, (1) o PDF (Probability Density Function) MAguAIUuILLLYes

| < A YR 19 PN ° Y a
AMUUIILLUUNTEAUAIAINULYULEIN K ﬂ’]u’gmlﬂf\mﬂalmqﬁm (2-1)

— nk -
pr(re) = T x N (2-1)

e M wag N A93NUIUL0LarABautvaIn MANNaNU Ae819n1SAIUIN

PDF fianuduuad k = 0 §ail

Ny

pr(ro) - M X N
452

~ 182 x 186
= 0.013

CDF (Cumulative Distribution Function) Aafanduanuinaziduazay aiuisa

AuwlAnaun1si (2-2)

k
CDF, = ) pr(1) 2-2
=0
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A1 COF fignuaadldasiiunldmarrmudusastullngaunsafuinaiaud
waslval s, Wdsaunsdi (2-3)
si = (L — 1)CDF, (2-3)
Tne@i L Aosruiussiuanudunasiamun wu lufegrenimaeauin 3 O
syfumauduuadldioun 8 sydu

AN 2-2 LAASHAANSALAINAITAIUIUMIAIAULT LAV Taf198719n7S

(%
v A

ANUIAAIAINLET L k = 1 fadl
k

$1= B =1 ) pr(1) = 7o) + 7p,() = 1.16
=1

AN5199 2-2 HAANSNLARINNISAIUIN HE

Tk ny pr(Ty) CDF, Sk
Tp=0 452 0.013 0.013 Sp =0.091->0
r=1 5170 0.153 0.166 Sy =1162->1
T, =2 11402 0.337 0.503 Sy =3521->4
T3 =3 7256 0.214 0.717 S3 =5019->5
T, =4 4225 0.125 0.842 Sy =5894->6
Tg =5 3039 0.090 0.932 Sg = 6524 ->7
Tg =6 847 0.025 0.957 Sg = 6.699 > 7
;=7 1461 0.043 1 S7=70->7

AIRY NN NNASNTNOULAEINAIIINATTANTUNT HE AuFUamuIdInsou

PeBalnunsuAIwEnslunIMUsENaUN 2-1 DannUdsenaud 2-5

12000

11402

s b

SeAlAT B

(n) AWALRUY (1) Balvknsuauatu (A) NINNAGNS (9) BAlNLNSUNADNG

AMUsENaUN 2-1 uanan1mauin 8 Unneuasndausuugenigianis HE
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(9) BAlNLNTUYDININNAANS

AMIUTENBUN 2-2 UARININITNBULAEAIUTUUTIMETBNS HE

(A) NNNAGNS
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() Falynknsuvosnneuatu
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(9) BAlNLNTUYDININNATNG

AIUTENRUN 2-3 UaRInIMITRBULA AT UUTIMETBNS HE
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AIUTENBUN 2-4 UANININITNBULAAIUTUUTIMETBNS HE
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(n) AwAuaUY (@) Falynnsuvesnnduatu
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(A) NNNAGNS (9) BAlNLNTUYDININNATNG

ANUTENRUN 2-5 LanInIMImneULaasUTUUTIMeIBNS HE

12



13

2.3.1.2 Adaptive Histogram Equalization (AHE)

AHE [4] Wamnsisann HE Tnglénsutsnmesnidudau q auduauidld
fvua ievhnsufulgedalnunsuluiiufivuadnras q fufinoufiasthainsadnsan
suddetu aUszneudl 2-6 wansegensudinnesniiudinndn 9 S1uIu 8 wad x
8 Apdul wiafla AHE ngAunsUSuuTsn ey uadsliivngaudmiunsusulss
ANAIYIDAN Lﬂm’mLmﬁm‘jﬁ]zsumaé’fgzgwmiumuiuu%L’;mﬁwé’waamwmamﬂLﬁu"Lﬂ
AMUSENRUT 2-7 uay A mUsEneudl 2-8 uanwegsnsiiunsUsuUIneuNIad YR

ANENUAILIT AHE

[ o

AMUsENOUN 2-6 fegranisudanimesndudinndn o 91 8 uad x 8 Aeau Wiy
Atiunsusulsamy AHE
(M) A mAuaty (v) Balvunsunamauaty
I'. r : 0
(A) nMAUTUUTIY AHE (3) FalnunsuvesnIniuiuusewae AHE

AwUsenau 2-7 fegnenisusuleBalnunsuvesn ndsenaui 2-6 wanf 1 AeduUd 4
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(¥) AMAYFUUTIRnY AHE

(n) AwALRUY

AMUsENaUN 2-8 fsganadnsnsuTul T wamemata AHE

2.3.1.3 Contrast Limited Adaptive Histogram Equalization (CLAHE)

wAfla CLAHE [5] Wansoannada AHE [6] Buduainmisuszyndldly
MsUSUUTIRMA MBI eI UM SUIMETITAeunadan Tasmalla CLAHE #1991n
wmaflA AHE Aefinssiiareunsadvesninnadnslilagld clip imit 1ileaaneunisvens
darusunmu wata CLAHE 9aan1saeedygiasuniulaenisan (clip) Salvunsnnss
sERUALE Az Neip Imm"jgumauiumaﬂ%’wqﬂmwﬁammﬁﬂ CLAHE 319701100
fFuatuutisenidudau (tile) Aliffusadouiuiu Tne CLAHE Suflmsfiwesitddry 2
77 fi9 tile wag clip-limit IdmSUAIUANAMAIMYBINITUTUUTININHATNS A NNadNTIY
aineudlen cliplimit Sanunndwdesarnamindfianuainsdosuazan clip-timit
avwilvsalnunsunszneauaingldity e tile gelurisaamanszaneasdalnun
sufigatuludedamalinounsnangstunu

wiatla CLAHE 19 HE USudseananinvadusay tile woniu Falnunsuves
amsuatuazgninuaziiliuanigliiuan gray level uiazAsanandlunmlszneudi 2-9
alnunsuiivanuadlndagdanuuansnsindalnunsufudosandiamudazanveann
gray level gnaninlilulviiu Ne,

Fumeritvounailn CLAHE il

1) wlanmsuatueendu tile Insiunliiudouniu
2) AnudalnunIuveusay tile
3) muudalninsunuudidareunsavesisay tile lngldan clip-limit Tun1sAulads

&
agunIIu
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Navg = (N.X X N.Y)/Ngray (2-0)
118 Ny, AoARRevesfina

A o

Ngray AO91U7U gray level lu tile
N, X uag N,Y fedruwiufinalunnu X wazunu Y 9eunag tile
A1 clip-limit Muiassansamwadlaain
Ncp = Neiip X Nayg (2-5)
o Ng, AvA1 clip-limit LT

;%4 1

N_iip Pfuesunladuasen clip-limit egluaig [0, 1] drmndtduiuiines

v A

UINNIAT Neg, WNLYALYNAR INIUIUNINUAVINNLTANQNAAAD Ny 05 AU
1 d' a d' A Qll -] 1 Y 1 o Y v
Andvesiinaiiudenaisatluianuasnsliiuusay cray level muialans
aunIg
Navggray = NZ clip/Ngray (2-6)
Reulumsdndalnunsudulufsannisrelud

If Hregion(i) > NCL then

Hregion_clip @) = Nei, (2-7)
Else if (Hregl-on(i) + Nm,ggmy) > N, then

Hregion_clip(i) = N¢y (2-8)
Else Hregion_clip () = Hregion(i) + N¢p, (2-9)

119 Hyegion (D) WaE Hyegion ciip (0) A0 Falnunsusuatulardalnunsufignéinvedus

tile 71 gray level 526U i

#of fixels #of Pixels
N IS Ng|- — _\_ s g ? ______
f /
\ [
VAV AR T N
(n) alnunsuvesnimauady (v) Balnunsuiuuugase CLAHE

AnUsENoUN 2-9 TaMsUSTuUTdalnunsuneisnis CLAHE

4) wandnermiineaiiviosgauvun Juneulunisuandiefinwadudaunsdeludl
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step = Ngray/Nremain (2-10)
1818 Nyemain POATRINWATIONANTIMGDINNNITUANTY
step foAuarIUANUINATAEAMNTU 1

'
| | o

§ano3Bu CLAHE zi3udumannen gray level fiflarsanludsrngeansae
A1 step wansuauvesfinigaly gray level founin Np, sane3suazuandendsiiniva
TWiU gray level fu mﬂé’a:ﬁﬁméﬁamﬁaagj%é’amﬂmsﬁum?;uqmm AN ULVINIT
fuanan step ludannaunisit (2-10) warasisunshumsaulmdaunssissiunufinead
mﬁagmwmﬁwﬁy’wm

fag N naansaINNIALtuNsUS U RN MeIemAtia CLAHE wand

AININUTZNBUN 2-10

(¥) AMAUFUUTIsne CLAHE

(n) AMwALRAUY

AMUTENDUN 2-10 FregenniuFuuenmnInedy CLAHE

2.3.2 luwmad CIE L*a*b*

s¥uud RGB \Juszuvafegluiiuiiuuussuufidaansiideu (Cartesian
coordinate system) gnunAruilante Uszneuseasduszneuduzund 3 & fie uns 1Jen
Lavuiy wardnAundlon 3 & Ao uAda9 (Magenta) @neutdgd (Cyan) kazdndios
(Yellow) Tataad RGB wisnzunn1suannauuuiisa aMwuszneudl 2-11 uansgauied

{ a ¢ o

RGB neiiduguniiuazyfniiegusiiuyuvesgnuian diazegyunnisudu (Origin) uaz

&

'
= v A

du1n9veg Nyunlnaainyalsudunan seaudininsinalsfediuiiadud uuasves RGB

9

e

a

whiunualaglasyauannuudaaulugaudany

3

a I Y aa cou YA o
sruvakuugdnssiudiu (Opponent Color Model) Lauavguffiuyuedsusatugn

muaulagadnsaiutiy 3 6 loun gd ditu-ndes wa-@e7 wag a1-113 Tlunssuidusas

v a @

ATAILEgANNTasUTandlaunndt 1 wed (Hue) winywdanunsasuiandundnseiudiula

Y
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WeAATIEAWINTY W @ansasuiendunseudunazdineudenls wisvldaunsasuid

v
Y o A

URuenmiosuasunseundedld ilidunsiznszuiunssuivesywdnduiuugdnseiu

% U o R s v vy = o v A av Sy
GU']llf\]zmi'JQQUﬁWUQﬁLUQﬁUULLﬁzﬂfﬂ@ﬁm@ﬂﬂu‘lﬂ igUU@aﬁﬁﬁﬂusUjiJ‘misﬂU\ﬂuqﬂS%UUﬂaig‘U‘U

Adnsaiudu CIE L'a*b*

B
Blue | ©.0.1) i
|
l
Magenta : T White
I
I
I
I
[ o
1.+ "Gray scale (0.1,0) '
BlacL/;_ __________ G
3 Green
7~
7
(1,0,0) LZ
Red Yellow
R

AwUsEneud 2-11 anuiAndnaesluwad RGB [7]

1%
[y

55UUd CIE L'a*b* \Juszuudnlddudvaunsal dneduigliiiendesdu

[

¢ | a s a « P4 | & v ¢
qﬂﬂimquﬂm €] LUU DADUNILADINIDLATDINHN LL@LUUIUW']@J?J'WWEWUE& ﬂLﬂﬁ}mim CIE

(CIE standard observer) § 4t0UALAE 8UDINAR NS VDINITNAADITUA AN AT UNITIU

Y
[

TJuanuiifinsounqy

1
a

WU URn1s Nufiszuud CIE L*a”b* \uituinduuugdnseiudadiui
1 v va A a 55 2 = * [~ 1
Y319N155UAToveundvaty v aua IneUsenauluiie 3 unu Ao wnu L* asidudu
1 1 o Ao a = ~ * a A a0 [ a A
AIANUATINANUAFAN 0 wazdv199 100 wnu a* wiugdlen-une lnedenaududiden
wazA1UINlUNNELAT U b* wnuAdUIRu-Indes TneftavAnauludidy wazuinld

a =1 * * gj 1l d? T a v a 1 I3 a wa
MN9EmEeY wnu a* waz b* tulilveulnwasiuegiudv119198e agslsinuluni1sujun

Y

finazdamludag -128 89 127 Windelunisiganuraznisilsulusensulaelta1uiuass

2.3.2.1 mMsuvasinszuud RGB unwluszuud CE L'a’b”
nsuUasiinnd RGB Wuiideduuy CE L*a*b” duiltuneusy 2 Juneu

Ao 1) wlasiind RGB WUWWuifind XYZ nou way 2) wlasnind XYZ lUidundad CIE

¥
v A

L*a*b* lneiisnnsnail

=

- nsulasfined RGB TUluiind XYZ Taeldaunis
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X 0.412453 0.357580 0.180423][R
Y|[=10.212671 0.715160 0.072169]||G (2-11)
Z 0.019334 0.119193 0.9502271LB
- msuUasined XYZ lUduided CIE L*a*b* [8] Ingldauns
Y
I'=116-f (—) — 16 (2-12)
Yo
=500 () - r()] e
* — Jdr(XYZ (£ )
b* =200-|f )-7 (Zn)] (2-10)
- Teediileddu £ ) mdwadldanaunis
1
t3; t > 0.008856
f@® = 1 16 (2-15)
7.787 - t3 + m; t < 0.008856

lunuided X, Y, uae Z, AoA19n919839ua9v17 (reference tristimulus

white point values) @saglaean 255 dmsuninaie 8 Un

2.3.2.2 Mswlasansyuud CIE L*a*b* wnuszuud RGB

nsulasiifind CE L'a*b* ludufifaduuy RGB duiifuneuey 2 dunou
A9 1) wlasiined CIE L a*b* Wluiidnd XYZ neou war 2) wlaiinnd XYZ luduning
RGB Toiiismseisd

- nsulasfined CIE L*a*b* Wuiined XY Z [8] Taeldaunis

X =x.X, (2-16)
Y =y,Y, (2-17)
7 =27, (2-18)

Tnen

Xy, Y, wae Z, Aognonadauasdund (Reference White)

v = { fé o £2 > 0.008856
" laef, - 16)/k iy
_ {((L +16)/116)°  do L > 7.9996
Yr = |
L/k nIdY 9

7 = { 7 dle f,2 > 0.008856
T (116f, —16)/k nydidu 9
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a
f«=5g0*
f2 =1~ 300

f, = (L+16)/116

- mswlasiined XYZ lduided RGB Tasldaunis

R 3.24045 —1.53714 —-0.49853][X
G|=(-0.96327 1.87601 0.04156 [|Y (2-19)
B 0.05564 —0.20403 1.05722 1lZ

2.3.3 M3UFUUTIAINETIE ABUNTIEN UAZANNENAAYDININENRTIDN
n1sUsulTIReunsIEdTIsLinAUANTRveIn N Tnenaluudd n1susuls
¢ o - ¢ % Y & Ay A o v a
AounTadilagn1sinrounsiadvesdeyanmliAuiidy (Range) livevinlvilansseaziden
Tunmleanniu wazillonsunsadiiuduasyilvzugnusulseanuaineluie nsusuly
ADUNTIEA bUUITedaniun1saagauntslauaueluuidy Automated Brightness
and Contrast Adjustment of Color Fundus Photographs for the Grading of Age-Related
Macular Degeneration [9] tisliAiaeunsianuazauaitnduluniuunsgiueesiuivy
AREDS
o o P = o Y
ANNALAATDIFRBNITUSUANNTNTDIERUUATOUAGNURIN NN (Inealy
zUSUdAune 81087 uazdu1du) WnuneAelien1sasaunavesdluileg19gnaeg
Tnstanzdnidunans aelu TneialuiaseniZnisusvaunaduuuiinnsusvaunading
(gray balance) n13Usuaunaiidunans (neutral balance) w3an15Usuaunadvid (white
balance) Anwaugavesdzilasunsiandlneridlugunmuazagldienisunladlvigndes

lunAdetildnsuivaunad 2 A1 Aeraunadsenindilesioduniuasduliusioduns

2.3.4 119351 WE18H9M V899178 AREDS

Hubbard wagamglaulaunIIuIde Age-Related Eye Disease Study [3]
lngnuddesenanlaiigadeyaninatedaeniniauning wangdmsunisuiiuili
ALdeangy ATz seslsauUsinavesnuaivesndu 16 Yasluidaziuundvedlung
@ RGB wievhmsAnwianaudiniluresninaiedaent uazainnisfnwinuingalnwnsy
YBIN NI AIeRAEilAgeanluye 12/16, 6/16 Uay 2/16 vesAdluluud R G uay B

o w IS = v v 1 ! £ A J &

AINAIRY AANAUAAVRIELALTAINTATAIUTENINMUUAFE W BLUUAARAY G/R = 0.5

WAL UUAAUNRUADLUUAALAS B/R = 0.17 wazn1sAneidanuintaennnuaingesiingad
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Tuwsinzuuuaduivefel wuudauns R aglugiesening [7/16 - 15/16] wuuddlden G

aglur195¥7INa [1/16-9/16) Uaghuunauily B agluyiesewing [1/16 - 3/16]

2.4 sAseiliAeataq

Tud A.A. 2017 Edem Tsikata [9] uagaag lainaueisnisusuluanuadng
LazAoUNTIadvaIn maedaeniteliawnadnsiasalnunsuduluamunasgiuves
$AT8 AREDS wuusalufi Fel938nsvensvnnuainuazidousovhanvesdalnunsuly
Frudnaildannisdam Taeldaaifvesnwmadndiieusufiavainuinsgiu AREDS
JudndSeuiteudszdnsam

Tu¥ .7, 2018 Mei Zhou [10] wazauz ladauadsn1sUsuUIRmnIneIe
nsldmadia luminance gain matrix wag CLAHE dwdunmanedenluiiuiia CIE LFa’b*
Tudiu anatomical structure wadgnsvaIn1sUFuUTINwaIsaRsAulussIUTIRvRIn N
1l3la

Tud a.@. 2020 Lvchen Cao [11] wazaue ladnausmailan1susulye
A mEBn1s1Y Low-pass Filter uay O-rooting Tnsnsuiutssamniw 4 dupou léun 1)
A15%1 Background Padding Ll atfesiunisusuUsveuvasamatefiunaiuly 2) ns
USuussnounsadvesnmlagnisiidatsnduanudaiaislunm 3) msufuusedlunn
LULF waw 4) tumeunsuFuusanindnendansuulsreunsiadiuda

Tud a.A. 2020 A Anilet Bala [12] wazaug tauiausisnisindndygyiu
sumuLazUiuUIRRUNTadvesnnaedaedhemaila AHE AUFuguselduldanisdn
ﬂﬁjuﬁiﬂﬂﬁﬂaﬂﬁﬂﬁu (Adaptive Histogram Equalization Tuned with Non-similar Grouping
Curvelet: HETNOSCU) sadnéiilsanunsnnsinumanninvesvouvesnmaiedunalilaly
nsruuMsidndanasumusasesiuliliAnlhinduanasuniulmity

Tul A.A. 2020 Swarup Kr Ghosh [13] wagag Lednauaisnisusulss
Amgnedvemdiemadia Fuzzy wuu Particle Swarm Optimization (PSO) vl oadneilaridu
Fitness Tnonisutanmindoenduiiud Fuzzy des 2 #uil Tnefinnsanainsyuu Fuzzy
LUV Type-2 wasiiunsfuiluiidoosodeflafdy S-Shape wadnsaldaunsnusuuge
mushuasdymisng 9 Wlvvesnweneseniliazuls

Tul A.A. 2020 Lvchen Cao [14] uazany tniaueisnisusulienuda

YDININEADANALNNT IENTANITEARDUNIIAA LU non-uniform warn1saelaunIuLTy
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was lneniswianmaneidaudieendu 2 ngude nguiidiauainuiisameiasnguid
ARaIeliiiigane wavdshamaigwaiulisulsesmsmaiatiwu wausuusneun

2 v ¥ = o
FIARVBINNAILNTATIUNTUDALNUUT (Compressed Gamma Map)

2.5 &3y

TuuniiliinaueanguliasnannsNine1veeiunuided naonaudaus
Y | av o o v ) ) i = Y] °
fegewideiiiieitesiunisusulpnuninvaanmaiedaen Tuundaluazinausly
dIUTBINITORNLUVLATTAIUIT UABUIFT 1T TuN15US VU ADUNTIEALAL A NAURATD

\ = aAv v aov & &
Anaedaemflaaus luauddetudl
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uni 3
ANSIATIZVDDNLUUKAZWAIUN

3.1 uni

Weinusilaiaueisnisuiulnunimveinmaedreni i lidudeunnd
P a a ada (% 1 a v %
AtliBaUszdnsan laedsn1susuussaunmeeinmatedvenilausetunialaunainnis

TATILVTOLAANNAIN ABUNTIAN LaraunavesdnIn JaUSeuieuiuseninennaedee

o
a I

AMUURAUAULUUA TNl uI T894 991 Age-Related Eye Disease Study (AREDS) &
Wnauslag Hubbard wazauy [3] 9nUszasAveINsilauaIsn1suTuUTnmnInueIn1nd

[y

vom1ll WeUsuunmlilanadnsnmungandmsunisuessignuardniunisinss

£
=

seelsn AMD ldegnagniesnndy

Hubbard wazaue lalaueisn1susulenunImueInInaIedaenilagnis
naasUiueAiwlIA8lUsuNTU Photoshop S?faﬁqﬂﬂizaaﬁLﬁaU%’wqaﬂmmwﬁﬁnm
Macular 7947871 1ag Hubbard wagang levinsuuuagszyadulsnuinasialean
Jinsgioliliiduinsgiuresnmuadnsildundanisufuusaas 9du Wevnnnsgu
Fenuiinusulilunuiderens) Taemsuiu scaling $afu CLAHE fiagannsnusuuss
Amenedranlaeg1adnludanelusunsy MATLAB

fumerlumsfinunlinseifulsuazauanifvosnmiiedeonlunuide
Fuil 1435 uaennmdrsfaendiuan 70 Amiifinnsnszansvesuasegaasiaue
(uniform distribution) Lﬁaﬁhﬂumﬁmswﬁmmaﬂ%’wﬁ@ffsLLUiﬁmmxauﬁqm lngnnened
38A191UIU 70 ANNFUIIN 2 FIuTeya rudeyaay 35 A (§1uUdeya Diabetic
Retinopathy Database calibration level 0: DiaretDBO LLazg’]wﬁTaHa Structured Analysis
of the Retina: STARE)

nsUSuUInTwaduarivosnmed9nludd euifeduiarussgndld
wafian1sEadalnunsy (Histogram Stretching) saufuwnafia CLAHE ielwlgnmnadnsi
Huluausnmsgiuves Hubbard aUszneusie 2 Tugandnde Tugausnldinada CLAHE
iWionsusuUssreunsadvesnnaedaon uazlugaiiaeddinaianisindalnunsuves

'
=< o

nwduatulunsaziuusaninedu Inevluniwatedaeniazdnininundududsn Feandu
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gApsidneannounazidngnsruiunsusulssamnIn amanedseniannyateya
NARDINY 2 YadldnuugiaiunaIg e 1y NMTUTULAIIRINNLANA1TULTB99INNNS
nsznukazaiouvesuaslaliviniu Wewnanauldweinsganmiuanaiulugiae

wiagsrgvhliAausnadalunmeig luuiyadeyainisuseriuiailivunimaesluvue

'
o v Aa

anyadoyanialill ineNazmdadesuniumaiddldisves Otsu iadenuiianaula
(Region of Interest: ROI) law1zusnaiinwaamiiusentitdu siliamnaansnlaagidu

AmfaiarnzuTn RO tngfinniuvaauazauRaunds q gnidaeenty

3.2 35984 Otsu

F8nsves Otsu MiilemAnsvled dufuuendiuingluniwoananndiu
wagrinualiingtudu ROl vesnm Tnetuneumsuendaudasrilunuuddunsesguam
suatiufiearanadueniiunds fiduddeenaindruvesnimasn uazaunsladazan
ainaas 0.25 whiiteliaseunguiudsnmsueniiundsionun nsuasthunarddlfunadng
doil ROI wesfinisad Beasliamindfivsznaudedeyafiiudutinusenviniy fuans

Tunwdseznaun 3-1

(n) (%) (m)
ANUSENBUN 3-1 AMAsaLdunIsUSIa RO 1899801 (N) Anduady (1) unanvag ROI

(A) NNNAGNSUAINWENAIUNUNAIDDN

Falunmusznaud 2-1) lananslmiutananlunuusaLAUaININa1e 7 le
91N35N15999 Otsu WIBLYNAIUIDANBDNINNNUNGY hazluNINUsENaUN 3-1(A) LAAIAIN

naansnlaannsigaunantuanaanizusinuyesdiudasinun lUldussuianasnalu
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3.3 anliun1suuleraunIIadvaInInaedsanfdemailn CLAHE

Lﬁ"aﬂ%’uﬂqqﬂaumﬂaﬁsuaamwdwaﬁaamiu%uLLiﬂ%ﬁwmsﬂ%’Uquauw
sadlaglinafia CLAHE Aidudunslussuud CE L'a’b* denuautifvesiufidauils
nanludatnedu Tnsduneuusnaginisulasnmeefuatudseglusuudass RGB n13
wlasiiidunuudiass CE L'a*b* azdosuwladlioglunuudiansd XYZ neusieaunis
(2-11) wagthe XYZ fildluuvaadu CIE L*a*b* sauns (2-12) fsauns (2-15) fiuans
Tushegnsnsdunduaai

INNMUTENBUN 3-2 aUTATHUAIANUTNRAIVOINY 4 Ainwad tiaglu

sUsUUmEN sl
R 204 225 153 255
G|=1|[153 225 255 O
B 255 153 102 102

iedananlUunuiluauniss (2-11) agla

X 0.412453 0.357580 0.1804237[204 225 153 255
Y 0.212671 0.715160 0.072169|(153 225 255 O
Z 0.019334 0.119193 0.95022711255 153 102 102

‘Via\‘iﬂ’]ﬂ(?ﬂLu‘LIﬂTiﬂmLL‘U‘ULSJV]iﬂ‘UQ”lﬂﬂWSUGQWﬂLGUaaaLu‘W‘LWlﬁ XYZ ¢ail

X 184.86 200.86 172.69 123.58
Y| =1|171.21 219.80 222.27 61.59
Z 264.49 176.55 130.28 101.85

PINATNS A1 UUUIULNUA lUENN15T (2-12) Wi BAIWIMAN L* fa0819n1s

AR L* dnSufineadn 1

I = 116f (171.21) _ 16
255
=116f(0.6714) — 16
R =204 R =225
G =153 G =225
B =255 B =153
R =153
G = 255
B =102

dl U 1 a [ 1 £X 1 U ¥
AWUTLNBUN 3-2 LANINIDYINNNLYRAVDIN TN YLALLANINIDLINAIAINULYULEAS RGB

Ypausazineag
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dloswn ¢ Faunnndn 0.008856 datiuen £() wihiu t/3 = 0.67147/3 =

0.8757 wazihe £(t) Wuniluaunisiiewen L*

L* =116(0.8757) — 16
= 85.5786

amiunswnualud ez gnuiasluaunisi (2-13) wazaunisa

(2-14) viteA1unAY a* way b* auandu vililea af = 11.3283 uag b* = —68.2792

]
=

dmsulineaad 1 wazdlaanliunisuuuiedduillunniinadeslanadnsvons 4 Ainwas

1%
=

ﬁLLUadiﬂaq“luwuﬁﬁ CIE L*a*b* &4l
[L*] [ 85.8786 94.4002 94.8104 56.2456
a*|=

11.3283 —14.0872 —38.5392 81.3460

b* —68.2792  33.5391 779279 —56.8091

waila CLAHE Wuwmeiailduiuussnmiiiaounsiadi lngvillagldiile
nsUSUUTIRMA MBI N EEReRn [10] [15] [16] dwduisnmsfiviausiivamnlnewmaiie
Rayleish CLAHE ilasaindinisnaasuTeudisuiladdunisansleunuu Rayleigh fuiladdu
msanelounuudseu 4 Tu [16] wuiliidunisaelouwuu Gaussian way Exponential wu3
flafdunisanelounuy Rayleich Smnumingaudiagldnisaindrgaeauinniilasaiunse
‘LJ%"U‘U':;QLWmaaﬁﬂizﬂaumwm%’uLLaasuaamwmsJﬁfﬂamLﬂ/iwﬁ?ul,t,azlé’mamiﬂ%’uﬂqaﬁqﬂau‘m
FNAAALALAIUANAAVDIAVRININ

TussrAduarruu19ztd eI urUILY ULUY Rayleigh (Rayleigh
probability density function) [17] fin y fildifiermuadalnunsuresnimnadniiduluay

aunsnatl
2
X _ X
y = —e( 20_'2) (3-1)
1 az 1
= & 1 6 = * * * = 1 = [
e x AvAuundbulanad CIE L*a*b* Nawnatug4d [0, 1] el a viu

W1513M833U3149 (shape parameter) a11150AUANYTEANTAINVBITEAUAIUANTAVDS

v o

ameng 1y a Ssanunsauiunisnszanevesteyanagldiielussaudyainsuniunigly

AnlaL Uy
luisnsidnaueilagldnnsdmes jusuiiedanisnisnszatganuaingdu
Wzl UNAd LA ANYINTIEmBs Az danadanaunTIanveleyanslunfaziuund g9

b
[
v o v v = o

HodAny Asulsivun a feaunseeliil

a = mean(x) (3-2)
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v

lagfl mean(x) AvAnadiavadnvastoyaluwuus x nUsvamnalveg

1% '
= ]

Tuga [0,1] wé Mnfegumsiuieunthiiflovhnwlsznaudl 3-1 suadliegitui
8 CIE L*a*b* azilosdusznauvesuuuda 3 ssrUsznovde L, a* waz b* iiethumden
nsmlFalnunsudiniu (Blue Graph Histogram) aglddsnmuszneudl 3-3 mslddeyaluus
azuuuAdoyszanaiimedsuieiunasauns (3-2) Alsunuueamnsiines
JUT19URUUUAS LY, a” uar b* A8 a;- = 047 a,r = 0.60 WAE a,r = 0.59 ANUFIAY
'vié’wWﬂﬁ'u%ﬁ’lwwi’lﬁma%gﬂiwﬁlﬁlﬂﬁaﬂﬁﬁuﬁaﬁ%’u Rayleigh fvaunis (3-1) wazlaans

HIRTUAMUNUILU NS ASALAIA AN L UNNUTENDUN 3-3

4 4
5 210 . i 3 E 15000

_ «_.=0.60
‘ o = 0.47 2 a— ’] 10000 |

| W’W

'Wm | \wm k\ 1 i ”\

Frequency
Frequency
EA

Frequency

TSNV U

|

I
/| W \

,"I ! \ o \ ! :

o Y. ., ., ot N (2 = 0 al ¥

0 0 5 o

05 1
Intensity levels of b* component

‘:1' ¢ o | | I IN ¢ ! ] a
ANUTENaUN 3-3 ‘WQﬂGUUF‘n']NWU’]LLuuGUENﬂ'J'uJu’]"\]SLUU%@QWWiWNLW@iEU?WQLLagﬂqLQaﬂ

05 1 1.5 05 1 1
Intensify levels of L* component Intensity levels of a* component

YIWUUNE L, a* way b*

TudSnmsidniawelusmAdedull fsidumsfiwessusldliduiivriagey
' a ] ' a Y o PN ! a = a s

ag19ie) wadalurmguteume dawandlunimusznauil 3-3 Agrudeuuwansfannsndines
ANLATNVBIAAZLULAT wazAnNadnlargnulanuninedumanuaunavesdniay
lanansiold

pgalsimuilsndunisulasiudalsznevlumearmnsiinesou q Naesld
Tuweila CLAHE lonwisndines window size isaludntenilsd tile wazwisdiwes clip-
limit FedpamAivazauiign

& A PN Yo a ¢ o v ' a1 A

JURBUNIMIATIWINTauNga AR UNITITmese 2 agldnwaneiduden
11 70 21 U NAI981908IN50RNLUUATNNTIRNE3Me7BUTUU Tnedann A mnadns
Alanlenlan #2e81991nn15A NIRRT tile waz clip-imit \Wuasiansly
AMUsEnoUd 3-4 ApaulisnAsa tile vun 32 x 32 Mwad wazdlan clip-limit 1w 0.01,
0.005 @z 0.01 @nSukuUs L, a* kay b* @1ua1auannuadn 1 asll dmsuwain 2 Judl
A1 tile vun 8 X 8 Wnwaduazian clip-imit Wudganuluaedudusndmsunnwuus L,
a® uag b* AIMHAINENFRINNTUTUUTIMEALla CLAHE wuy Rayleigh Wulaldvuin

[y

994 tile Mlngazduwilduninnasnsnlinnudeussuninninisusul eniean tile N3
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wIAEnnI uiluvaziientunsususaea tile Aflvuindnninagldninradnsidinunm
AnINdmsuLLUA a* %uﬁmwuﬁmm@jﬁﬁaawm

NF9INNITNAABIUTUFUAINISITMBT tile wag clip-limit ua3 fa9e9
NAdNEYDINTUTUUile tile uaz clip-limit wuasing 9 Fauandunmuszneud 3-5 Tae
AmUsznaudl 3-5(n) Aenmduaty nMwuszneudl 3-5(1) AenmuadnsainnsUiulse
AUAINGEAT tile YR 32 X 32, 8 X 8 uar 32 X 32 uazA clip-limit 1T 0.01, 0.005
Way 0.01

AMUSENOUT 3-4 Luusd L*, a* wag b* (31nUUasa 1) ﬁﬂ%’uﬂ§QQau1AiﬁaﬁﬁQSLwﬂﬁﬂ
CLAHE 714 tile-size vu1m 32 X 32 uaz 8 x 8 Tumoduidl 1 uaz 2 auddu Tngluudas
Aoaulagldan clip-limit Aumneneiufe 0.01, 0.005 wag 0.01 amuawulunuund L* a*
ey b*

AmUsENOUT 3-5(R) uaz (1) AonmnadnsannnsuulsInanming
Anualinen clip-limit ALY 0.01, 0.005 wag 0.01 Taelunimusznoud 3-5(a)
YSutlasumves tile aunadu 16 x 16, 4 X4 way 16 X 16 wag AMUsENOUT 3-5(3)

YSuasuaves tile vunadu 64 x 64, 16 X 16 1.ay 64 X 64 AnUsenaud 3-5() oy
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(2) Aonmradnsainnsuiuussnaniwlaefvualif tile Asfivinfu 32 x 32, 8 x 8 wax
32 x 32 Tusauediusuasuaves clip-limit Thiunmusznaudl 3-5() wiaiu 0.005, 0.002
waz 0.005 wazUSuLasuAITe clip-limit Tfunmuszneud 3-5@) Wwhiu 0.02, 0.01 was
0.02

(n) (¥)

(m) (1)

) @)

ANUsENBUN 3-5 Nadnsveen1sUTuuien tile wag clip-limit AuIA1a 9 (1) nmsuaty

(1) NMNATNSIINNTUSUAEAN tile Yum 32 X 32,8 x 8,32 x 32 uaza clip-limit 1Ju
0.01, 0.005, 0.01 (A) NWHAFNGIINNITUSUAEAN tile YU1A 16 X 16,4 X 4,16 X 16 (3)
AMHAGNGAINNITUTUAIEAT tile WA 64 X 64,16 X 16,64 X 64 (2) NMNNATNGINNAT
USumaean clip-limit 19w 0.005, 0.002, 0.005 (2) ANHAGNEAINNITUTUMBAT clip-limit
U 0.02, 0.01, 0.02
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PnMPAaTginunmUsEneud 3-50) InadnsAiinudidennnniuaz
dudendeslureniidnvardunsiosniinmuseneud 3-5@) wuinmusenaud 3-5(9)
Feldaurnves tile ilugTuriliinsvenedaarasuniuluninundeuiu wazwuin
anUsenaudl 3-5(3) aldie clip-limit fitfeanitnmusznaudt 3-5@) I muadnsiiGey
ouudfgapdedeyanislunnludauniarufetu luwusiinmuszneuil 3-5) fins
veedgansunivlulinadiuindesaindean clip-limit ﬁqﬂﬂdw 31NNTPUIUNTUTUY
wazdanauadwsyililddoaguin afvmzauvesmaifinedia 2 asasdu tile vun
32 x 32,8 x 8 uay 32 x 32 ua clip-limit 1Ju 0.01, 0.005 wag 0.01 dwiSuwuun L, a*
wag b* audeu

NNHAENEDINTUTUUAIAMUTENBUR 3-5 wansliifiuimnsiimes clip-

limit uae tile Tulinapgrwnien1suFuUTInuNNUBINNaEEIBN

3.4 n158ndalnwnTy

nFnNNIsUTuUTsReunadiuulaneanie Rayleish CLAHE wan 39img
flFusuroorenuazaina Wesnamilufuussenssuiumsnountilaildviilvina
ansifulumuninsgiuainaiedaenives Hubbard [18] Fefuludunouiazihdalnunsa
vosnmEadnsTlFandumeuneunthinusuusmiseaan delvdalnunsududlng
Pamsgutana1uniian Tnsaennsgiutuie 9asuuusduns [112, 240] #3872 (16,
144] LLasﬁﬁwau [16, 48] WAEYIANUEINTIU Ajgeq VOIMUUA R G Loy B Ao 32, 128
WAy 128 S2AUMNAIRY AIAUTLLANREY X g0q VOMULS R G uay B fio 32, 96 uay
192 gy wasdlesiiunisuvasainaunsgiuluseuud RGB WSsiuAid CIE L'a”b* A
arldAneadl 429ANEATNT Ajgeq VOIUUUA LF, a* uaz b* Ao 32.3438, 65.8206 uay
10.0466 AU AIAULTURAWRE B Xigeqr VOUUA L*, a* Lag b* Ae 51.4732,
34.5079 wag 51.0550 MUa1RU

Tunsusuusenunimuesninaelnen1sgndalnunsy tavinisusulss
aun1smsmeanan1siadalnunsuannauiseves Tsikata uwazay [9] wisliaenndastu
nstndalvunsudeiiuitd CIE L'a*b* [ewsaunsit (3-3)

¥ = Digear/ 60 (3-3)
Tnedi y ferananisadalnunsy
Ajgeq; POTWAIATIANUUIATFIVVBY Hubbard

LA o ARANEINTELUUNIATFIUTDILALLULA

WA y WUAWIUMAT Xfpq; SAELINTST (3-4)
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Xfinal = VXinitial + (Xideal - VXmean) (3-4)
W8N Xiniriqr ABANVBINNWAGIINNAT NS NITUTUUTIRRUNT @ MUULaRDAR B NATA
CLAHE nauniiil

A 1

Xpmean AOAIAMMITNLANRABVO U ATIULFIUTUA Y
Xidear POAIMIUAINAINNINTFIVVBS Hubbard ﬁlé’%’uﬂﬂiLLUaaﬁwiﬁQQTuﬁuﬁﬁ
CEE L*a*b* uan
Tuaunsil (3-3) msdiwes o siwihiiaugumsiinesaina v lnefian o
BaunTud wihlawna y fourauavas waglunmanduiumnan o tosasasvinliana y 1

yueiiniedu anmsneaesUSumamnsfives o Aungavanamigulitasusiuan
70 2 fregramsusumdmeslduandduninuszneuil 3-6 fildan o Auandnefiu
amUsznauil 3-6(n) - (A) Uudgssesmnnines 50 60 way 7o mudiiu amuszneu
7l 3-6(n) Huflneunmaniigsninnimusznaudl 3-6(v) waznmusznaudl 3-6(v) duilaoun
sadfiganitnmdseneud 3-6(a) egslsAmuaimuszneuil 3-6(n) fasunsiadiigaduly
qugliidusssuend lurusiorturounsiadueanimusenaud 3-6() duflarsuiuly
amdsenoudt 3-6(1) duiidreunaduazarududianaudmivgdeamnagarldluns
Ansesiseslsa dedudmnsfiwed o Mungauuasshlinmuadnsidulumumasgiuves

Hubbard A25aztdueN 60

(n) (%) (m)

PN U cay v (% ! = v a L4 N
AWUIENBUN 3-6 Naa'WﬁVl‘lﬂQ’]ﬂﬂ’]i‘Ui‘U‘UEflﬂWWO’]EJGQE)GHWJEI‘WWT]NLﬂﬁ)i o lugunsa

(3-3) fiumnsaiu (n) 50 (1) 60 (@) 70

3.5 a3U

Tuunilldnandtunsulunisusulsauninvesnina1edasnilagnis

USuussmeunaadiiunmenisusugalnunsulvieglurisauadnemuidmun daviliaing
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ainsmwazanuaunavesddulumusasgiufinivualives Hubbard unseluaznannd

(%
[y

NAYBINISNAARIUBI NS aNe luIWIde T ul
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uni 4

HAN1IVIAABILALIRNTR!
Tusuideidvinimenasiaenisligadeyanindredaemaingiudoya
DiaretDBO wazgiutoya STARE saufusnunduau 527 a1 Tasagil3ouifisunadns i
WBMsUTuUTIAMN MBI MEedaan 5 38013 lawn CLAHE [10], Scaling [9], ETHE [19],

IETK [18] wae LCA [20]

4.1 yadeyanldlunimaaas

nmsvagoutuneuiEftiauearldnmdningiudoya DiaretDBO [21] waw
giudoya STARE [22) Tngarlihnmilgnidentdludunouniseonuuuinsiunldludunou
msnadouil MegenmangiutoyavsaestuanduninUsznaudl 4-1 uay amdsznoud
12 yateyaitlilunismaasuiionaaeudszneusny 1) yadeya Diabetic Retinopathy
Database (DiaretDBO) dwsznaulusenmanedasmdiuiu 130 aw defeys FOV 50°
fvurm 1500 x 1152 Wniwea way 2) ‘Qﬂ‘ﬁj’em”a Structured Analysis of the Retina (STARE) G
Usznaulumeninaiedaandnuiu 397 a1w aalag Hoover wagangmiels FOV 35° wag
fivu1n 700 x 605 finwwad LievadouiTIsnsTuauetianIasesiuoyaiiiauuAnsg

fuaNita 2 yale

AMUsENaUN 4-1 fegunmanedaen1ainyadeya DiaretDBO
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AMUsENoUN 4-2 fegunmanedieniainyadeya STARE

4.2 FsnsniglunisilSeuiisu

[

luwnuddeiidTeuiiguiu 5 38n15UTulTIRuA MU Inaedaen) T

[

Usznaumeisnig o el

4.2.1 35015 CLAHE

Tu31u7 9’y computer-aided diagnosis based on the enhancement of
degraded fundus photographs [10] #n15Usulsanmatedaenlasldinaia CLAHE uaz
wuudiaesd CE L'a’b” iieifufivagvessnyuwmd Taoisuusnazvinisuasnmlvieglu
wuusaedd CIE L*a*b* fiuasunlad (Normalized) wds wazdniunséiedsnis CLAHE ud

s

yIMA1souUasutat (Un-normalized) anndunaansazanwlasnauludawuuinassd RGB

Y

s o o

NATglanadnsmilidngunmdduunlsa AMD lausiugn 97.5%

4.2.2 35m9 Scaling

3113398 Automated brightness and contrast adjustment of color fundus
photographs for the grading of AMD [9] Warundaewadia scaling Wievitliaruaing A
wunsad wazaunavesdveanimaredaonniuninsgiued 19enluds wiaznmazusuli

dulumunasgiuninaisdeenives Hubbard wazauzlaenisdadiulasvesninuaingli
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Judvinvesdnndesuuninsgiuvesninais muideildnmaiedaenivesUis AMD
71U 370 2 Fea1nn1susuugsnmlunuideianunsoandiuindiuiuninilianunse

wenseelsAlAIIUIL 23% anadwds 5.7%

4.2.3 33013 ETHE

U8 Retinal image enhancement using Edge-based Texture
Histogramn Equalization (ETHE) [19] ausiansuiladgmesunaduasuasiinaienly
aghedvent Tnedunsnarld Sobel edge detector iomueuiiituddayvesaan vilils
edge map 8¢ dominant edge deantuarUiulIAmNIWTBINNEEREBalAuNTYT

Awalmiann map fanan

4.2.4 75ms3 IETK

U398 Enhancement of Retinal Fundus Images via Pixel Color
Amplification  [18]  Lauevguinisvenedya ndfneaiaznguynisnisuiuussnmile
Sruparuazmnlumautsdunmdiedien  lunAdetasimuuuudeoimsdadey
awlminiglimguinsusussnmlifanuaudaiu (Dehazing Theory) lagagldngud
Fnaniflesimunnguvesisnsuiulsinunwvssa e daen ity mMIfiuuazanainy
ahavesnm Instunewisildlunszuiunisneunisuszanana (pre-processing) dmiunis

WUSEIUNINENBEIDA19I8 Multi-task Deep Network

4.2.5 35115 LCA
11338 Color retinal image enhancement based on Luminosity and
Contrast Adjustment (LCA) [20] T¥@@auus Luminance Gain Matrix #1l@ainn1susuan
N1 (Gamma Correction) ududaslinmegluluaad CIE L*a*b* \iieuSuussneunsian
lunuus L* mewaila CLAHE 38msianunsadiulsdlasaiammnanmeiniaiididgyvesasnm
o <, a 9 aw A Y Aa 1o = =
wazdipsanulusssnyfvosn nly Tusmddellaldnminlinunmlidfdiuiu 961 amaed
AZLUUAMAINLEY 0.0404 Wamruaaziuuamnmegluyie 0-1 Tnendaannsuiuuss

% £ A a
AUATNLAIAZLUUAUNTNUYDINTNENTUNASUUUIRGEY 0.4565
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4.3 uunmaeilildaunmiautasndinisuiulse

9719133889 Hubbard lduusnwaedaeailuldnunimesndu 4 ngu

1) aniisieududlusuusduasniuly Tnenmesmiiidndiuvesdung
unAuluinesintudioruduuawesuuddunsitan > 240 fsuruannnia 15%

2) awiifianuainwenasiosivll szt uiloAadsuuusdunwes
ANUBENIN 96

3) pndiddndiuvesdiferdesniedununniull Weandnsdiuay
a179%99 G /R < 0.40

8) nmiiildnaruresithidunniuly ennsnsidiuarueainmes B/R >
0.25

msSeuisunadnslunisned 6-1 wanatayalieiavvesnInaedaent

¥

Mnyateya STARE deilnnaefidanudndlutvuddunsiannifulsiuiu 47.10% 3
amaefifdnduresduniuuniuludiuiu 28.21% dmviunimdasenlugadoya
DiaretDBO finwainefi ddnduvesdidoatfosniedunsunniiulusiuiu 48.46% uavd
nwghnefifianuainswesuastosiiuludiuau 20.77% uenanideyalumsned 4-1 Sauans
faesidusvesnwaredslildnuninmdninasuiudgudidieisnnsens 9 Taens
Uuusanmenedaendneds ETHE du fmsufufiueuaiswesuuudfinGuanniully
1 2 yadioya Tedsmaroynamlugadaya DiaretDBO warvdmadan ML 97.98% Tute
foya STARE wuinmaedildannisusulgadeds ETK duiinnudadlusuuddunsnn
Auly dedsrariennnmluyadeyaia 2 gn nmitldainnisuulsededs scaling uazisnig
funavedufinadnslndifsatuidesniniinneis 2 Usuusanmdisdaenlingania
1IM3§11909 Hubbard (uifediu
wadwslsannsuuusanmanedaenieisiviaue evhnsuseidu
ANUATI ABUNTIAR LAZAILANAAYBIAAINNIATFIUYEY Hubbard Tasnmanedaenid
Usuussamndnedsitiauednadnuasddl manuaiieisvenuuddun (R) fiden
(G) uazdIu (B) vasnmdneanyatoya DiaretDBO Ao R = 192.0 + 0.1, G = 95.2 + 0.1
1A B = 31.7 + 0.1 MUAIAU LAZANAABYBIAIINATN ABUNTIAN WATAINANAG VDS
ATNA18INYAVRLA STARE Ao R=191.9 = 0.2, G=95.0 = 0.2 LAY B =32.0 + 0.2
AINEISU ALdesnsdIu G/R way B/R YBININAN8FIBN1INYATDYA DiaretDBO fid

0.496 = 0.000 Wag 0.165 + 0.000 MWAWU harINYATaYA STARE A 0.495 + 0.001 wag
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0.167 = 0.001 MMEIU 5199 4-2 LAAIUBYALTIAILAVVDININAYAIDNINGIUTBYA

DiaretDBO @@ STARE flouuaenain1suiulenanneiedsniaue

15197 4-1 Wesdusiveanmaiedennidilifvesnmaieneunisuiulssuazusasisnis

UTuuse
Usziamvaanmanei Y naun1s naan1suFule
laiwsnzau nteam USulje e CLAHE Scaling ETHE IETK LCA 35ildwneue
pududlunuugduag DiaretDBO 0.77 0 0 0 100 5.38 0
wniuld STARE 47.10 9.07 0.25 2317 100  77.58 0
AIUAINNBINEITRY  DiaretDBO 20.77 11.54 0 0 0 0.77 0
Auly STARE 151 2.52 0 0 0 0 0
dndiuvesdiTeaiies  DiaretDBO 48.46 20.00 0 0 0 26.92 0
Wieaunsnniiuly - STARE 8.82 5.29 0 0 0 6.05 0
Faduvedtnduann DiaretDBO 0 3.85 0 100 0.77  3.08 0
\Auly STARE 28.21 35.26 0 97.98 2796 34.26 0

M13NN 4-2 LUSEUIBUANNEILAEANANAREYRINNA8EI8M19 N 1UYoYa DiaretDBO

Wz STARE fauuazvain1susuluaunmegismiaue

(L=

AMANEAE  LuuA DiaretDBO STARE
mMwsiualtu awituFudgauda amduatiu awiluFudgauda
Mean + SD Mean + SD Mean + SD Mean + SD
[Min-Max] [Min-Max] [Min-Max] [Min-Max]
122.800 + 28.300  192.000 + 0.100  183.700 + 34.700  191.900 + 0.200
uAd
[59.900-186.300] [191.500-192.200] [79.100-244.500] [191.300-192.300]
. . 49.800 + 13.400 95.200 + 0.100 99.000 + 25.200 95.000 + 0.200
AUATINY e
[22.200-91.500] [94.800-95.300]  [38.300-185.600]  [94.400-95.400]
¥ 11.700 £ 7.200 31.700 + 0.100 34.700 + 23.400 32.000 + 0.200
1Ry
[0.300-40.3] [31.500-32.000] [1.000-199.700] [31.400-32.500]
- 0.408 + 0.062 0.496 + 0.000 0.545 + 0.122 0.495 + 0.001
\We/ung
o [0.283-0.556] [0.494-0.497] [0.224-1.113] [0.493-0.498]
ANAUARE
¥ 0.097 + 0.054 0.165 + 0.000 0.202 + 0.146 0.167 + 0.001
UIIU/HAY

[0.002-0.243]

[0.164-0.167]

[0.004-1.197]

[0.163-0.170]
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4.4 nsUssliuRNLUUINGFY (Objective Assessment)

(%

uanann1sUssidunanmdiedoyaidsiands vuideduisainng
Uszifiudszansnmueansusulpireunsiad aunad n1ssnwianudusssuwd waznis
fnunlassadrsvesnmaisdeenitufulseieisiiiaussaodaia 4 ¢ léun 1) Global
Contrast Factor (GCF) 2) @aiaddu M® 3) Lightness Order Error (LOE) 4) Quaternion
Structural Similarity (QSSIM) snud1AU

4.4.1 A3INANNW GCF
ATaRAIN GCF [23] TnANADUNIIAAYBIVUTRININEENAINALLE A
A9 9 AU 9 seau laenisAuwiaAeieasntniiien global factor N1sinAMAImN
v v v £ o (Y ! = N L4 fa A 1
AeAIn GCF agldam grayscale dwmsunmaiedasniazidenlduuud S0 unue
- o % = ] & fal @
grayscale tlasandeyalassainsvenuareasideng 9 duusinglunuuadidendudiu

TngjAuanslunnusznoudn 4-3

(n) MWALRAUY

' L e LR

(1) Toyaluwuunauns (A) Voyaluwuuadigen () Tayaluwuuddutu

AMUsEnaunl 4-3 anagdvenfiuansdedalulsazuund

Ingluusiazszauanuazidenlziinsaumgiivuug L megaunisi @-1)

2.2

L =100 x (%) -
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ne? k wnuaranuslulsasinea Yufe k € {0,1, ...,254,255} dmsunniundniay

ANUIANLRAABUNIIEATINUN ¢ NANUALLDEA [ ANAUNIST (4-2)
m

— i - Z i lc;(r,c) (4-2)

r=1c=1

Ci (T, C) =

Tagf m, n ADANUNINLAEANUENVBININAIUEISU Lc A Local Contrast Aulaain

I a ! ! a U a 14 a (% =
ANRABYDINARNNTBY L SErinsiinigale ) NUNALLAUILABN 4 YAGNFNNTIN (4-3)

|L(r,c) =L(r,c =D+ |L(r,c) = L(r,c+D|+|L(0r,c)—Lr—1,0)| +|L(r,c) — L(r+ 1,0)| (4-3)
4

M3 GCF lhanntunasiuen ¢ aufuAaanvtn w e 9 Ay

le(r,c) =

ALLDYANA 9 SEAUFIAUNISA (4-4)

9
GCF = Z W;Ci (4‘4)
. . i=1
e w; anansaauulaanaunisi (4-5)
i [
w; = (—0.406385 X 5 + 0.334573) X 5 + 0.0877526 (4-5)

AZLUUAT GCF LUSHUAIUADUNIIARVDININGIY LLDAINANETADUNTIANN
dy a dy 13 [y} v @ | a (%] [} A
1NNTUALLUY GCF 98TIUINTUATY WAL IUNIINAUNUAIULAEINUAILEAS I UNTNUSENBUT

a-4

(n) GCF=1.72 (v) GCF=2.05 (m) GCF=2.50

AMNUsENOUN 4-4 Fregen1sinnMnINY GCF

4.4.2 irinnnin M@

v IS =g

i iananin MO [24] senuuuniieldinanuiiddu (Colorfulness) ¥4

I
&Y

A nane nenisinduldaiunsasdunisiuulalnensddussuud RGB wiagdawlasnin
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Teglusguvduuuadnssiudu (Opponent Color System) fiou TnensTdaunisii (@-6)
wag (4-7)
rg=R—G (4-6)

1
yb=EX(R+G)—B (4-7)

NTUTIAWIUAT MP 91naun1sh (4-8)

MO = 0,5, + 0.3 X firgyp (4-8)

o — 2 o _ 2
1087 0,4yp = /arzg + 02 WS lhygyp = /uﬁg + 15

nmsnaaedina1Aududvasninlag Hasler way Susstrunk [24] Tngld
Aidervnaydiuan 20 auUseiunwdiuau 84 aw Tnglidonseavdduvesusiaznwaneld
7 ¢den laun Not Colorful, Slightly Colorful, Moderately Colorful, Averagely Colorful,
Quite Colorful, Highly Colorful was Extremely Colorful nadws 7 badar1uaennd s

wwfefiunsintaglduyud 95.3% laeasziuazuuures M@ dwandunisad 4-3

A15197 4-3 ANUVNNEURIASUY M3

M® AUNNY
0 Not Colorful
15 Slightly Colorful
33 Moderately Colorful
a5 Averagely Colorful
59 Quite Colorful
82 Highly Colorful
109 Extremely Colorful

' [
ad v A =

AzhuuA1 M@ pusdumuauildduresningny Wen waedadunuiniu

Azuy M3 9zfanndumenarlunianduduiiuifensusisandunindsenaud 4-5
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(n M®= 5490 @) M®= 6274 @ M®= 7491

amUsznoud 4-5 fregansiananineig MG

4.4.3 33IAANNW LOE

#TARuAIN LOE [25] sanuuuni eldTanisaennnuidusssunid
(Naturalness Preservation) a1na 1@ uavu laeldaiuainsdusins (Relative Lightness
Order) vl DUBNTANIIVD LN I T ALAY  Shuhang Wang [25] T e1ua1uad 19
(Lightness) 71 Aergeanluusasfinadsuandluaunisi (4-9)

L(r,c) = maxcper gy " (r, ¢) (4-9)

Toeit 19 Ao Aarudunasluwuudduns Weor wanhduesiinealuwend r aedudd ¢

Tngluusazfinwanndd r Aoduilfl ¢ ausamuIMAIAIILANAB IR

AINEINE RD (7, €) 58minan1nidu L wazn nilasunisusulsauan L, seaunisui (4-10)

RD(r,¢c) = Z Z (U(L(r, ), L(i,))) ® U(Le(r,¢),L.(, j))) (4-10)

i=1j=1
1@ U(x, y) fio Unit Step Function tnetdulumutouludsaunisy (4-11)
1,forx>y
=" 4-11
UCxy) { 0, else ( )

m,n ADAINUNINLAZAIINENIVDININ LA @ AoFALTUNNT Exclusive-Or

NUUTIAUIUAT LOE 9naun1sh (4-12)
m n

Z RD(r,c) (4-12)
1

r=1c=

LOE =

1
mxn

AZLUUAT LOE nUsuniuiuanudusssusfvosningns weanmaisiianing
WusssuvAnuIntuazwuy LOE azdetiosatwarluniensaduduauimeafusswansly

ANUTENBUN 4-6
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(n) MNALRUY

(m) LOE = 23.04 (1) LOE = 8.48

ANUsENBUN 4-6 FIRENITINAMAINGAIY LOE

4.4.4 3IAARNIN QSSIM
#rinRanIm QSSIM penuuuLiionAuA MYBINITIBIY (Visual Quality
Matrix: VQM) titeldianainimussnineieiignanneumudud (Desaturation) wieifiaey
\waonievieansagns Kolaman uag Yadid-Pecht [26] dfisnufiniwadlvioglusuuuy Pure
Quaternion faamnn5l (4-13)
q(r,c) =R(r,c)i+ G(r,c)j + B(r,c)k (4-13)
Tne R(r, ¢), G(r, ) uae B(r, c) Aepmnuduuaivesuudauns Wen uaviniuvesiiniea
Tuwa?l r Aodudd ¢ wazanusaduuAzIuY QSSIM danaunsi (4-14)
( 2Uqy0rPqaeg )( Tdref.deq )
Harer + Fiiaeg) \Tares ¥ Tdacy

laefl puae o fio ANRAYLAZEIUTEUUUNINTTIY Grep UWAE Ggey AB Pure Quartemion

QSSIMyof 4eg = (4-18)

SUENﬂ’]Wé/’NEQNLLagﬂ’]WﬁQﬂﬁ(ﬂ‘Vl’E]‘LlﬂﬁlJﬂ’]Wﬁ\‘i

31NNTNAABIYDY Kolaman wag Yadid-Pecht lalTeuiisusiin QSSIM
AUNTUTEEUAIBNYBEAIBAINEITIUIY 880 NN WAZUIUFAZAINUIAANDUANNINGS 6
WUU tpefinisniwes o = 2 way o = 15 Aududvesnimdu 10%, 40% wag 100% azld

AzLUY QSSIM Wudsanslun nusznaun 4-7 Taaazuuy QSSIM tukUsHunsITuANLDLE
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LALLUSHARUAUAINULAD b9 AINUBUEUINTUNS DL AINULUADANAILVINMALLUY QSSIM

PuiuTy warlunsasetuduiidulunuufeniu

(V) Opyr=2, Saturate = 100% (A) Opyr-=2, Saturate = 40% (9) Opur=2, Saturate = 10%
QSSIM = 0.8620 QSSIM = 0.8037 QSSIM = 0.7547

Q) Oprur=15, Saturate = 100%  (8) Oppyr=15, Saturate = 40% (V) Oppy-=15, Saturate = 10%
QSSIM = 0.6518 QSSIM = 0.5824 QSSIM = 0.5323

AMUTENBUT 4-7 F9g1aNTInAMAIMIY QSSIM

AwUszneud 4-8 nanINTIngaUsuuvesiinnunn GCF, M® | LOE
uay QSSIM AdiBnsThinaueiinzuuulassweglussdufiann dianmamii 4 find1 (3
Fausezuuudad GCF vasiinsiitiauetiugainiiiinsdu q feglundguisnisusuusade
Scaling uazinaila CLAHE Tasfidazuuugudeuegi 7.08 Fuievegluszauiertuisns
LCA usitfondn3Bns IETK dmsuanudiddu MO duldnsiidiausiinsuuu 94.56 Fegs
19135013 Scaling wag CLAHE agndlsfinnu T3n1siiviauedazuuudinandesninisnis

ETHE wag IETK dnsuaail LOE U 35nsndausiinaansluszauineanuisnis Scaling
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WAy CLAHE usflAnuinninds LCA, ETHE wag IETK Lagdavngnzhuuinsgsnun1sAtoya

1AS9@5199990 1Na8 QSSIM

CLAHE agn9lsAmunziiuuainannvasdisninauails

a

Temlauedirguiey

I =

[y
v
v

7 0.89 FaduAndeatuis Scaling uag

fufinniia LCA, ETHE uag IETK

18 1" + 18 T T
+ +
16+ + 10 i 16 +
+ + 9 [ o +
14+ ! @ *
* i o g™ ¥ - _
w 2 s ] !
4 12+ ¥ I - ] 12 + 1 |
° + o
i : = 57 Lo : 1 |
2 of T ! a - -+ i g 10 i !
& + % + + 5 6 | . 3 £ - i . |
8r I 51 8 - !
) == | - T S st T - * | 5 i T ‘ |
. ! 7 % ) ; | S 1 T 4
|t = T 43 w Cy 8 ! :
7 -
+ 1
| ; L
ar  F ! !
i 8 . < b+ = ; o E - F |
Al o + -+ + -+ A T o -+
. N . . . 2
N ) © © - o o © 2 - S
W A N &« > (Ne\‘“’ W e NP N e WP B € e
o e
¥ oo™ oo
+ +
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180 - T ™ 180 -
i i
+ e +
160 ! . 120 % 2 160 | T
° 2 |
. o
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° [=]
E 120f ] g1 = goaz20p T !
5 ! T $ a + 4 | T i
s 100 s h ES T £ 100 .
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AmUsEnoUn 4-8 UseAnSamuesisn1sene 9 fuyadeya DiaretDBO uay STARE

4.5 nsussiiunnwaea1en (Visual Assessment)

YN ! v A v Y & 1| _aad o & v o saa 1 I3
ﬂqﬂﬁgmaﬂaﬂﬂ@u‘wu’]u'l@LLa@ﬁIVIL‘Viu’JW?ﬁV}uqLﬁu@uulwmaaWﬁW@ 'E]EJ'NVLiﬂ

AuNIsUsEIuUsEANS AneneaneaAdaus wduiedunstudunisuseiluNaaiLa

Aanlanaiun nmdsenaud 4-9 A nmUsEnaud 4-12 wananadnsveyataya DiaretDBO



aq

LE=]

way STARE lngiusazuanaeninaiedaent 1 a1 uazaesudaeisnisnlylunisususs

AN lngeadudisnAenmiuatuwazluneduldalufe nmradnsilaainnisusuuss

1% a o o w

2835015 CLAHE, Scaling, ETHE, IETK, LCA wasdsfivnausnuaisu lunmdsznoudi 4-9

Y s v

78015 CLAHE lelitupaunsiadveinimatedundninargnadnsdensdininuilneg deugddn

AMENUTUUTINETT Scaling avdlAndediauiindidesiuisninaue uwiilsiUSeuiisy

A o =

AUAILEIEATULAT NUIININHAINSIINITNSRUIEURTANLANA19AULABAT Scaling @374
AadNETITia NI IALgaYeIENA uiTlnounadTisnIN3EAtLaue 35 ETHE
Hulinadnsidneunanalasaunsausnidudonsenaindiudu o Iaegdniau ogralsh
paAduTlFanmsUTuTaReIs Tl fusssund Bms IETK Wiadwifiatauasdaduann
fiaplpeiinmeneduinlviansossydudenldiedesanifunan Sumndranisns

Inadsnountans 3 3B3didudendudesniinia 38n1s LCA Alinadnsniinounsias

9 o A =i

wazauaIlaesAdlnunmieanduimauadlidduiides egrslsinuaiuiiddunuin
Lldinsufidnnmaretduazidunmarefuanzauigadviunmseruseslse lnedudidadeiu
NeA @A eldiasansueie Wi AuaINlaeukagALaunavesdlussuud RGB

aa o

Bnsidnauetulinadnsniinounsiad euaine anvaunavesdiazauiidduniuazn
49NN IANNATNLAETINUALEN TIEIUANNATNTENINNE WAL 1Te7 wazdulan
MINNINTFIVVEY Hubbard dudentuaIunsonsIanuLasinsenlade lasnnidnuue

WUALAIUNADINT

(M) amduatu (@) CLAHE () Scaling (1) ETHE (@) IETK @LCA (%) FThaue

ANUsENaUTN 4-9 Mo HasnsaINNIsUTUUTIN Na8Fa0m19INYAteYa DiaretDBOA Y

wiatlaging ¢ (ABENIL) 91U 4 AW (Ua7)
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Amsznoud 4-10 wanaseslsafiiaund 1y msavalusuluseniuaz
\deneenluaen 35m3 ETHE waz IETK admadwsamiidinnududgsauilvideyaves
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Abstract: This paper proposes a simple and effective retinal fundus image simulation modeling to
enhance contrast and adjust the color balance for symmetric information in biomedicine. The aim of
the study is for reliable diagnosis of AMD (age-related macular degeneration) screening. The method
consists of a few simple steps. Firstly, local image contrast is refined with the CLAHE (Contrast
Limited Adaptive Histogram Equalization) technique by operating CIE L*z*b* color space. Then,
the contrast-enhanced image is stretched and rescaled by a histogram scaling equation to adjust the
overall brightness offsets of the image and standardize it to Hubbard's retinal image brightness range.
The proposed method was assessed with retinal images from the DiaretDB0 and STARE datasets.
The findings in the experimentation section indicate that the proposed method results in delightful
color naturalness along with a standard color of retinal lesions.

Keywords: color retinal image; color balance; contrast enhancement; Rayleigh CLAHE; age-related
macular degeneration

1. Introduction

The World Health Organization (WHO) reported 65 million patients of AMD around
the world, and the numbers could increase to 300 million patients by 2040 [1]. Currently,
AMD evaluation is based on clinical retinal color photography analysis, which relies on
camera properties and the retinal photographer’s experience. These images could be
unsatisfactory for the experts to diagnose because of their low quality, such as low contrast,
under and overexposure, etc. [2]. Hence, prior to usage, these low-quality images need to
be enhanced to ameliorate a superior appearance of the retinal anatomical details.

Contrast Limited Adaptive Histogram Equalization (CLAHE) is a technique to increase
the low contrast of an image [3]. It was developed from Histogram Equalization (HE)
and provided a full range enhancement [4]. The global enhancement sometimes increases
some noise or artifacts along with contrast because it amplifies all levels of light intensity,
causing images to be too bright. Adaptive Histogram Equalization (AHE) [5], which is
a local enhancement, was introduced to fix this issue in HE by distributing the overall
brightness of the image to enhance contrast while disclosing hidden details. However, this
approach still significantly amplifies noise, especially when applied to images with high
noise levels, such as in medical images. Therefore, CLAHE was developed to address the
above-mentioned issues, where the CLAHE algorithm sharpens images and limits noise.

In order to categorize breast tumors, a classification technique for mammographic
images was proposed by combining the machine learning techniques Gaussian Radial
Basis Kernel ELM (Extreme Learning Machine) and KPCA (Kernel Principal Component
Analysis) [6]. In the preprocessing step, CLAHE was applied to improve the quality of
low-contrast images enhancing the hidden information in the mammograms. CLAHE did
not only increase the contrast of the images but also limited the noise in the mammograms.

To assist ophthalmologists, computer-aided diagnosis based on the enhancement of
degraded fundus photographs made use of the CLAHE technique to improve retina color
image quality via CIE L*a*b* color model [7]. First, the input image was converted to CIE
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L*a*b* color space, where L* represents lightness and a*, b* represent chromaticity. The
information in all three channels in the CIE L*a*b* space was equalized. The normalized
information was processed with CLAHE and then un-normalized to CIE L*a*b*. The result
obtained was then reverted to RGB (red, green, blue) color space. The enhanced images led
ophthalmologists to 97.5% accurate AMD classification.

Color retinal image enhancement based on Luminosity and Contrast Adjustment
(LCA) [8] uses luminance gain matrix based on gamma correction, followed by image con-
trast enhancement by CLAHE in the L*a*b* color space. This method improved important
anatomical structures of the retina and also preserved the naturalness of the images. Nine
hundred and sixty-one poor-quality images with an average quality of 0.0404 were en-
hanced, providing good quality images up to an average of 0.4565, with quality assessment
in the range 0-1.

Automated brightness and contrast adjustment of color fundus photographs for the
grading of AMD [9] was developed with a scaling technique to automatically standardize
the brightness, contrast, and color balance of digital color fundus images. Each image
was adjusted to Hubbard et al.’s color retinal image standard by spanning the brightness
curve four times the standard deviation of the image covering 95.5% distribution of the
brightness values. This method decreased non-gradable AMD retinal images from 23% to
the remaining 5.7% of 370 eyes.

Retinal image enhancement using Edge-based Texture Histogram Equalization
(ETHE) [10] was proposed to correct the contrast and illumination problems in color
retinal images. First, a Sobel edge detector revealed significant edges. By applying a
threshold of 1 to the detected edges, an edge map was created to identify the dominant
edges. The input images were enhanced by applying the newly calculated histogram
from the map.

Pixel color amplification [11] enhanced retinal fundus images by amplification theory
and enhancement methods to support segmentation tasks on fundus images. The open-
source code image enhancement toolkit (IETK) was applied to enhance the images. Any
combinations of methods represented by letters A, B, C, D, W, X, Y, X, sA, sB, sC, etc., were
applied to control brightening, darkening, and sharpening methods.

Recently, a retinal image enhancement was proposed via low-pass filtering and -
rooting [12]. The images were improved in four steps: (1) background padding to prevent
a boundary over enhancement, (2) contrast improvement by removing low frequency in
the input image’s root domain, (3) grayscale adjustment in all color channels to recover the
original color, and (4) refinement process to enhance the resultimage’s contrast.

Adaptive histogram equalization tuned with non-similar grouping curvelet (HET-
NOSCU) [13] canceled noise and enhanced contrast of retina images. Through curvelet
features, the quality of edges remained in the input image during the denoising process
and blocked halo ringing and artifacts from appearing in the result images.

A novel approach, PSO System and Measure of Fuzziness [14], enhanced retinal
fundus images by fuzzy framework applying particle swarm optimization (PSO) to define
the fitness function of the fuzzy system. The system divided an input image into two fuzzy
sub-regions determined by a type-2 fuzzy system, then applied the S-shape function to the
sub-regions. Applying PSO in a fuzzy system improved, for example, blurriness and other
traditional problems of PSO while enhancing retinal images.

In order to enhance blurry retinal images based on non-uniform contrast stretching
and intensity transfer [15], the blurry images were divided into two groups: insufficient
illuminated and sufficient illuminated. The images were applied to contrast stretching
and intensity transfer technique. The authors assumed that the base intensity in input
images could be neglected and, thus, the base-intensity value, calculated with a Gaus-
sian function, was subtracted. In a second step, a compressed Gamma map was applied
to enhance image contrast.

The latest image decomposition and visual adaptation [16] were applied to enhance
retina images. Input images were separated into three layers: base, detail, and noise layers.
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These layers were then processed by illumination correction, detail enhancement, and
denoising, respectively. The authors applied the weight fusion function to enhance and
denoise image details. This method corrected uneven illumination via a regular visual
adaptation model.

Our proposed method is inspired by analyzed brightness, contrast, and color
balance of digital compared with film retinal images in the Age-Related Eye Disease
Study (AREDS) [17] proposed by Hubbard et al. They represented retina images by
dividing 16 intensity scales out of 256 levels of RGB color model. The histogram
of intensity curves in their study peaked at 12/16, 6/16, and 2/16 for R, G, and B
correspondingly; the color balance of band ratios was G/R = 0.5 and B/R = 0.17. Lastly,
the overall brightness ranged between [7/16, 15/16] for R, [1/16,9/16] for G, and [1/16,
3/16] for B color bands. This color model was since applied for grading AMD [9].

The purpose of this retinal fundus image enhancement technique is to improve the
quality of retinal fundus images aiding specialists to analyze retinal diseases effortlessly
and precisely. It also contributes to a specified color model for AMD lesions with easier to
identify structural information. The paper contributes as follows:

(1) AREDS proposed convenient retinal image brightness values to be a guideline for
retinal image adjustment. The proposed histogram scaling technique evolves the
AREDS manually adjusted values to adjust the AREDS brightness values and maintain
color balance automatically. However, the provided color model of AREDS [17]
enhances only the macular area while excluding the optic disk. The proposed method
is developed for a region of interest (ROI) to cover all the retinal regions;

(2) Combining the AREDS retinal image brightness values with the Rayleigh CLAHE en-
hancement technique, including the parameter values experimented with in this paper,
improves the quality of the adjusted images by increasing their contrast reasonably;

(3) When tested on the two datasets, STARE and DiaretDB0, and compared with
several state-of-the-art methods, the proposed method was measured visually
and objectively with global contrast factor (GCF) [18] for colorfulness M@y [19],
lightness order error (LOE) [20], and quaternion structural similarity (QSSIM) [21].
The proposed method performs excellent for directly enhancing AMD and for
general retinal image enhancement.

This paper narrates from the materials and methods in Section 2, continues to results
in Section 3, and concludes in Section 4.

2. Materials and Methods

The method was evaluated via two publicly available datasets, the Diabetic Retinopa-
thy Database (DiaretDB0) and Structured Analysis of the Retina (STARE). Collected by
Kauppi et al. [22], the DiaretDB0 consists of 130 images taken with a 50° field of view
(FOV) with 1500 x 1152 pixels in dimension. The STARE consists of 397 images captured
by Hoover et al. [23] with a 35° FOV and 700 x 605 pixels in dimension. The proposed
method could handle the differences in both datasets, as demonstrated in Section 1.

Hubbard et al. proposed a method to enhance color retinal images manually by using
Photoshop with the focus on color enhancement at the macular area. They adjusted and
specified the color data according to their criteria for visual inspection. The criteria were set
as standard to improve the image quality. When applied with the scaling [9] and CLAHE
technique, it could then automatically enhance the image with MATLAB (2015 version 8.6).

For the proposed algorithm, 70 images were randomly selected with uniform distribu-
tion and stored for next use as a data representative to sample for parameter optimization.
In total, 70 sample images were selected equally from both datasets used in this paper;
thus, 35 images from each dataset.

To adjust the brightness and color correctness of images, we applied the histogram
stretching technique with the CLAHE technique to automatically match the output image
properties to Hubbard’s standard. The method consists of two modules: (i) CLAHE
algorithm to improve the contrast of the image. (ii) Histogram stretching to expand the
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Figure 1. ROI retinal image. (a) original image; (b) ROI mask; (c) after removing background.

tightened histogram in each color band to Hubbard’s standard. Each module is thoroughly
described in the following subsections. For an extensive overview, typical retinal images
have a black border that must be removed before use. Images in the STARE and DiaretDB0
datasets are not consistent, i.e., many images appear with a darker to black area due to
uneven lightness, unbalanced camera flash reflection caused by the curves of eye lenses,
and green or red timestamps on the border. In order to eliminate these anomalies, Otsu’s
method was applied to obtain pixels in the ROI of the images. The final product of the ROI
extraction is a circular area of the retina with the black background eliminated.

2.1. Otsu'’s Threshold to Select ROI

An image file from DiaretDBO illustrates the ROI selection. To obtain the ROI, as
shown in Figure 1, the red channel of the input image was used as a threshold for Otsu’s
method to create a mask. The method was mainly applied to separate the dark background
from the retina. For this reason, the threshold value was then scaled down with 0.25 to
guarantee the separation between the background and the retina. The mark was then used
to create the index of the pixels in the ROL This process resulted in a retina-only image.

(b) ()

2.2. Improving Contrast of the Image with CLAHE

In order to enhance the contrast and balance color of a retinal image, the proposed
method employs CIE L*a*b* color space because it provides a representation of color
opponent in measuring colorfulness [19]. The color space divides color information into
lightness (L*) and chromatic information (a*, b*) on a red/green (a*) and yellow/blue (b*)
axis. The lightness of the color varies as a function of L*, in the range of 0 (black) to 100
(white). It increases the saturation (or chroma) as it shifts from the central region to the
edge of the sphere. It changes the hue angle when it moves around the sphere.

In order to convert data in RGB color space to CIE L*a*b* color space, the RGB data
are converted to XYZ color space first, then converted to CIE L*a*b* color space. The
transformation function to convert RGB to XYZ color space is shown below:

X 0.412453 0.357580 0.180423 R
Y | = | 0212671 0.715160 0.072169 G (1)
Z 0.019334 0.119193 0.950227 B

where X, Y, and Z are tristimulus values of the XYZ color space sample.
The equations to convert XYZ to CIE L*#*b* coordinates [24] are shown in the following:

= 116f(%) - 16 @

- () (2]
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Intensily levels of L* component

- i() (2)

where function f(- - - ) is given by:

o) = { t3; t > 0.008856 )

778745 + 3+ < 0.008856

Xu, Yy, and Z,, in Equations (2)-(4) are reference tristimulus white point values, which
are assigned to 255 for the 8-bit images.

CLAHE is a technique for enhancing low-contrast images, usually to enhance
retinal images [7,25,26]. The proposed method develops Rayleigh CLAHE in [26],
which enhances only the intensity component of images for improving both the color
contrast and color balance.

In the Rayleigh probability density function [27], y provides to specify histogram
intensity data is given by:

2
y= 22 ®)
where x represents the CIE L*a*b* color components that are scaled in the range [0, 1]. « is
a shape parameter.

In our algorithm, the shape parameter provides to manage the brightness distribution
in each color component. The parameter value will affect in more significant contrast the
components; thus, we assign the « parameter by:

a = mean(x) (7)

where mean(x) denotes the arithmetic mean of the scaled intensity component x. From
ROI of Figure 1c, when transferred to L*a*b* color space, we obtain the components L*,
a*, and b* from the Equations (2)-(4), as scaled and illustrated the data distributions with
the blue graph histogram in Figure 2. The scaled data are provided to estimate the shape
parameter by Equation (7). The estimated parameters of the components L*, a*, and b*
are apr = 0.47, ap+ = 0.60, and ap= = 0.59, respectively. The shape parameters are fed to
the Rayleigh function in Equation (6), with the density function represented with the red
curves demonstrated in Figure 2.
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Figure 2. Probability density function of shape parameters with the mean values of L¥, a*, and b* color components.

In our scheme, the shape parameter functions not only as a mean value but also
provides the mode value, as depicted in Figure 2. The mode value represents the brightness
parameter of each color component. The brightness is then translated to provide color
balance as described in the next subsection.

However, the transfer function consists of multiple factors of the CLAHE method,
such as window size, also named “tile”, and “clip-limit” factors, which necessarily define
the optimum values.

In order to optimize the remaining parameters of CLAHE under Rayleigh distribution,
the 70 sample images were employed to design the parameters by fine-tuned and visual
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observance. Examples from our study under Rayleigh distribution, tile-size and clip-limit
parameters are defined as shown in Figure 3. The first column was formulated by tile-
size, 32 x 32 pixels, with clip-limit values equal to 0.01, 0.005, and 0.01 for L*, a*, and b*
components, respectively. For the second column, the L*, a*, and b* components were
operated by the tile-size, 8 x 8 pixels, at the same clip-limit values of the first column.
The images were operated with the bigger tile-size appearing smoother than the smaller
tile-size; however, the image tone of the smaller tile appears better in the component a*,
which represents the red-green channels.

Figure 3. L*, a*, and b* components (from top to bottom) operated by CLAHE with tile-size 32 x 32
in the first column, and the second column operated by tile-size, 8 x 8; both columns use clip-limit
values equal to 0.01, 0.005, and 0.01 for L*, *, and b* components, respectively.

After manual adjustment, examples for tile-size and clip-limit values are provided
in Figure 4, where Figure 4b was adjusted with tile-size 32 x 32,8 x 8, and 32 x 32 and
clip-limit 0.01, 0.005, and 0.01; Figure 4c,d were fixed with clip-limit at 0.01, 0.005, 0.01 in
varying tile-sizes; Figure 4e,f with fixed tile-size at 32 x 32, 8 x 8,32 x 32 but varying clip-
limit values. Figure 4c used a tile-size of 16 x 16,4 x 4, 16 x 16 for the three components
and appeared a bit greener, with veins less red than in Figure 4b. Figure 4d with a higher
tile-size number also enhanced artifacts significantly. Figure 4e used smaller clip-limit
values than Figure 4b, and the output was smooth but omitted a bunch of information
while Figure 4f, which had greater clip-limit numbers, overly emphasized artifacts. It is
suggested that the optimum tile-size should be 32 x 32, 8 x 8, 32 x 32, and clip-limit
values should be 0.01, 0.005, 0.01 for L*, a*, and b* components, respectively.
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(a) (b)

(e) ()

Figure 4. (a) original image; (b) image adjusted with tile-size 32 x 32,8 x 8,32 x 32, clip-limit 0.01,
0.005, 0.01; (c) image adjusted with tile-size 16 x 16,4 x 4, 16 x 16; (d) image adjusted with tile-size
64 x 64,16 x 16, 64 x 64; (e) image adjusted with clip-limit 0.005, 0.002, 0.005; (f) image adjusted
with clip-limit 0.02, 0.01, 0.02.

Figure 4 demonstrates the effect from clip-limit and tile-size parameters; however, the
stretched histogram of the image result with offset and scale of Hubbard et al. is further
described in the following subsection.

2.3. Stretching Histogram

After enhancing the local contrast by CLAHE, the color components were adjusted to
the offset and scale values. According to Hubbard’s scale [11], the intensity ranges of each
band of the image are 112, 240 for the red band, 16, 144 for the green band, and 16, 48 for
the blue band. Hence, the overall brightness range of the scale in R, G, and B bands is 32,
128, and 128, respectively. The average intensity in each band is 32, 96, and 192 for R, G,
and B, respectively. We then converted the scale values from RGB color space to CIE L*a*b*
color space. We obtain 32.3438, 65.8206, and 10.0466 as the brightness range, A;q.,, for L*,
a*, and b* channels, respectively. The brightness (Xje,) values are 51.4732, 34.5079, and
51.0550 for L*, a*, and b*, respectively.
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To enhance the image by stretching its histogram, we substituted (8) and (9) from
Tsikata et al. with the converted brightness range and intensity above.

Y = Dideal / 60 @®)

where 7 is the scale value to stretch the image histogram, A4, is the brightness range, and
o is the standard deviation of each band of the image. Then calculate xf;,, as follows:

Xfinal = Vinitial + (Xideat = ¥Ymean) (&)

where Xjysi, equals the pixel of the image components derived from the CLAHE step.
Xomean is the average intensity of each image band. X, is the brightness value of each
channel provided to translate the brightness parameters for adjusting the color offset to
produce the color balance of the retinal images.

In Equation (8), the scale parameter, v, is controlled by ¢ denominator; the bigger
the denominator, the smaller 7, and vice versa. The 70 sample images were employed to
proper scale value to enhance and give a good result, as depicted in Figure 5. There were
three examples of the denominator values. Figure 5a—c were adjusted with the denominator
values of 50, 60, and 7¢, respectively. The output of Figure 5a,b were high in contrast, and
Figure 5a had a higher color saturation so that it appeared unrealistic, while the contrast
and color saturation in Figure 5¢c were too low. Figure 5b had appropriate contrast and color
saturation for experts to analyze lesions. This suggested that the appropriate denominator
should be 60 to achieve good results as Hubbard’s specifications.

(a) (b) (c)

Figure 5. The effect of scale parameter in Equation (8). (a) 5¢; (b) 6c; (c) 7c.

In this step, the image histogram is adjusted to span in the expected range and bright-
ness value so that the overall brightness and color balance would meet the specifications of
Hubbard et al. The results of our method are illustrated in the experimentation.

3. Results

In Section 1, our proposed method was compared with two motivating methods:
the scaling technique [9], designed for enhancing AMD lesions, and the CLAHE tech-
nique [3]. We also compared our proposed method with other projects designed for
enhancing the poor quality of the retinal images: luminosity and contrast adjustment
(LCA) [8], retinal image enhancement using edge-based texture histogram equalization
(ETHE) [10], and enhancement of retinal fundus images via pixel color amplification
(IETK) [11]. We used 397 images from the STARE dataset and 130 images from the
DiaretDBO0 dataset to evaluate the performance of the methods. This section presents
the comparison of inefficient images between before and after enhancement, objective
assessment, and inspection of visual quality.

3.1. Number of Inefficient Images before and after Enhancement

There are four categories of undesirable retinal images stated in Hubbard et al. [17]:
(1) red oversaturation, (2) marked under illumination, (3) weak green or strong red, and
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(4) excessive blue. The red oversaturation occurs when over 15% of the red intensity
values > 240. The marked under illumination arises when the red channel brightness
values less than 96. When the brightness ratio G/R < 0.40, it produces weak green or strong
red. Lastly, excessive blue occurs when the brightness ratio is B/R > 0.25.

The dataset investigation in Table 1 shows statistical information of STARE database
as 47.10% of the images occur red oversaturated and 28.21% of which appear blue over-
saturated. DiaretDB0 database has weak green or strong red images for 48.46%. Table 1
also illustrates the percentage of unacceptable images before and after enhancement
by all mentioned methods, including the proposed method. The ETHE method signifi-
cantly increased the excessive blue undesirable to both datasets to 100% for DiaretDB0
and 97.98% for STARE. The IETK method outstandingly increased the red oversatura-
tion to 100% for both datasets. The scaling and proposed method have almost identical
percentage numbers because both were designed to enhance retinal fundus images to
the standard of Hubbard et al.

Table 1. Percentage of unacceptable images before and after enhancement.

CLAHE Scaling ETHE IETK LCA Proposed

Undesirable Type Dataset Before After
— ] DiaretDB0 0.77 0 0 0 100 5.38 0
Sl Ouerisaturaton STARE 47.10 907 025 2317 100 77.58 0
E— DiaretDB0 20.77 11.54 0 0 0 0.77 0
Marked Under lllumination STARE 151 252 0 0 0 0 0
DiaretDB0 48.46 20.00 0 0 0 2692 0
Wesk greett/ Stronged STARE 8.82 529 0 0 0 6.05 0
— DiaretDB0 0 3.85 0 100 0.77 3.08 0
RCEESVEDS STARE 2821 35.26 0 97.98 27.96 34.26 0

Based on the image characteristics derived from Hubbard et al., the color retinal
images were evaluated. The images from both datasets were examined for their bright-
ness, contrast, and color balance statistical information. The images enhanced by the
proposed method obtained the targeted characteristic values as follows. The average
brightness of red, green, and blue channels were 192.0 £ 0.1, 95.2 & 0.1, and 31.7 = 0.1,
respectively, for that of the images in the DiaretDB0 database, and were 191.9 4 0.2,
95.0 &+ 0.2, and 32.0 & 0.2, respectively, for that of the images in STARE database. The
average ratios of Green-to-Red and Blue-to-Red were 0.496 =+ 0.000 and 0.165 =+ 0.000,
respectively, for that of the images in the DiaretDB0 database and 0.495 - 0.001 and
0.167 £ 0.001, respectively, for that of the images in the STARE database. Table 2 shows
statistical information of images in DiaretDB0 and STARE database before and after
enhancement by the proposed method.

3.2. Objective Assessment

Besides the statistical image information, this experiment aimed to evaluate the perfor-
mance of the proposed method in terms of contrast, color balance, naturalness preservation,
and structural preservation by four quantitative metrics, global contrast factor (GCF), mea-
suring colorfulness (M®)), lightness order error (LOE), and quaternion structural similarity
(QSSIM), respectively.

GCF [18] measures the edge contrast of an image at multilevel resolution by calculating
a weighted average to obtain a global contrast factor. The GCF measures grayscale images
only. Therefore, the green channel was selected to represent information of retina structures
in the examined images, as those informative details are stored in the channel.

M® [19] measures the image colorfulness suiting the sensory data obtained from
the psychophysical experiment. Its calculations are based on the opponent color model
CIE L*a*b*.
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Table 2. Statistical information of images in DiaretDB0 and STARE database before and after enhancement.
Features Channel DiaretDB0 STARE
Original Image Enhanced Image Original Image Enhanced Image
Mean + SD Mean + SD Mean + SD Mean + SD
[Min-Max] [Min-Max] [Min-Max] [Min-Max]
Red 122.800 =+ 28.300 192.000 £ 0.100 183.700 =+ 34.700 191.900 = 0.200
Biiskitsiass [59.900-186.300] [191.500-192.200] [79.100-244.500] [191.300-192.300]
8 Giesi 49.800 =+ 13.400 95.200 £ 0.100 99.000 =+ 25.200 95.000 £ 0.200
[22.200-91.500] [94.800-95.300] [38.300-185.600] [94.400-95.400]
Blue 11.700 £ 7.200 31.700 = 0.100 34.700 + 23.400 32.000 £ 0.200
u [0.300-40.3] [31.500-32.000] [1.000-199.700] [31.400-32.500]
G /Red 0.408 £ 0.062 0.496 £ 0.000 0.545 + 0.122 0.495 + 0.001
Color Balance Teehy R [0.283-0.556] [0.494-0.497] [0.224-1.113] [0.493-0.498]
Blue/Red 0.097 £ 0.054 0.165 4= 0.000 0.202 + 0.146 0.167 4= 0.001
ue/ e [0.002-0.243] [0.164-0.167] [0.004-1.197] [0.163-0.170]

LOE [20] assesses the naturalness preservation from the output image to the input
image. Smaller LOE values indicate better naturalness preservation in an image. On the
other hand, it implies a better enhancement method.

QSSIM [21] is one of the visual quality matrix tools designed for color image structural
quality evaluation. The QSSIM scores range from 0 to 1; the score of 1 means an output
image perfectly preserving the structural information from the input image.

Figure 6 shows the quantitative metrics of GCF, M(®), LOE, and QSSIM, providing
good overall scores for the proposed method by the four measured indexes, starting
with the GCF index compared to the methods in the same group for the scaling and
CLAHE methods. The score of the proposed method is higher; it has a median score
of 7.08, which is almost the same as the LCA method but less than the IETK. For
colorfulness, M®), the proposed method scored 94.56, which is higher than scaling and
CLAHE methods; however, it scored lower than ETHE and IETK methods. The LOE
index measures naturalness; the proposed method provides an index at the same level
as scaling and CLAHE, but it surpasses LCA, ETHE, and IETK. Regarding information
preservation, the QSSIM index of the proposed method has a median value of 0.89,
which is at the same level as the scaling and CLAHE methods; however, it equates to
better values than the LCA, ETHE, and IETK methods.

3.3. Visual Assessment

From the statistical information evaluation shown above, the proposed method per-
formed well. However, the visual assessment would secure the statistical results for the
experiment. Figures 7-9 show the outcomes from DiaretDB0 and STARE datasets, where
each row provides an image from the dataset, and each column presents the method of the
enhanced image. By starting from the first column, the original, the images were enhanced
with CLAHE [3], scaling [9], ETHE [10], IETK [11], LCA [8], and the proposed method,
respectively. In Figure 7, CLAHE images increase the contrast of the original images, yet
they seem slightly darker. Although the scaling technique results in similar unacceptable
percentage numbers to the proposed method, they differ when compared visually. The
scaling technique leads to good quality in color brightness and color balance, but the
contrast grades are low, whereas the proposed method provides better contrast. ETHE
enhances a good contrast as the vessels separated clearly from the other parts; however, it
led to unnatural color in the retinal image. IETK gives the brightest and most colorful result
so that the vessels are easy to spot as they are in red color, which is different than those
in the aforementioned three methods with brownish vessel color. LCA also gives good
contrast and overall brightness result with a brownish tone but is less colorful. However, a
great colorfulness does not imply to be most suitable for this kind of image as other factors
such as the overall brightness and color balance in the RGB channels are also important.
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yet it also maintains the overall brightness and brightness ratio between red, green, and
blue compared to the standard. The blood vessels are easy to diagnose as it is in desired

The proposed method results in good contrast, brightness, color balance, and colorfulness,
red color.
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Figure 6. Performance of various methods on DiaretDB0 and STARE database.
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(a) (b) (c) (d) (e) () (8)

Figure 7. The result of enhancement by different methods for 4 images (rows) from DiaretDB0 dataset. The columns
represent (a) original, and outcome images are enhanced by (b) CLAHE, (c) scaling, (d) ETHE, (e) IETK, (f) LCA, and
(g) proposed methods.

@) (b) © d) ) ® ®

Figure 8. The result of enhancement by different methods for 4 images (rows) from DiaretDB0 dataset. The columns
represent (a) original, and outcome images are enhanced by (b) CLAHE, (c) scaling, (d) ETHE, (e) IETK, (f) LCA, and
(g) proposed methods.

Figure 8 depicts abnormal lesions such as hard or soft exudates and hemorrhages.
ETHE and IETK produce high saturation so that it might overexpose the information of
those lesions as shown in Figure 8d,e, where exudate lesions are too saturate and too bright
to maintain the information, and some hemorrhages are eradicated unintentionally.

Bright areas such as the optic disc are depicted in Figure 9 and yellowish dots in
Figure 10. The proposed method can provide a better brightness compared to the other
methods where the proposed method suppresses the excess brightness, and the others
exaggerate the brightness to overexpose the information inside the areas.

As supported by outcomes provided in Figures 7-9 as well as Tables 1 and 2, the
proposed method can enhance retinal fundus from different sources, resolutions, and
exposures to the same standard as defined by Hubbard et al. It increases the brightness,
contrast, and color balance of the output images while preserving the structural information
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and naturalness of the output images. Therefore, the proposed method is suitable for
enhancing images used in AMD screening.

(a) (b) (c) (d) (e) (f) (g)

Figure 9. The result of enhancement by different methods for 4 images (rows) from STARE dataset. The columns
represent (a) original, and outcome images are enhanced by (b) CLAHE, (c) scaling, (d) ETHE, (e) IETK, (f) LCA, and
(g) proposed methods.

(a) (b) (c) (d) (e) () (8

Figure 10. The result of enhancement by different methods for 4 images (rows) from STARE dataset. The columns
represent (a) original, and outcome images are enhanced by (b) CLAHE, (c) scaling, (d) ETHE, (e) IETK, (f) LCA, and
(g) proposed methods.

4. Conclusions

In this paper, the proposed method enhances retinal fundus images by employing
CLAHE and adjusting color coordinate techniques. Input images are adjusted to the
specified color model used to diagnose AMD lesions. It enhances the local contrast yet
preserves the color naturalness of the output image. The method was experimented on
with retinal images from DiaretDB0 and STARE datasets. It improved the image quality,

66



Symmetry 2021, 13, 2089 14 of 15

as shown in the experiment results. The proposed method could significantly reduce
unsatisfactory images in all four undesirable types (red over-saturation, marked under
illumination, weak green/strong red, and excessive blue). The reduction rate approached
0% while some of the compared methods reduced only some types, and others even
increased dissatisfaction in some undesirable types. The proposed method could also
preserve structural information and color naturalness to a greater extent than the other
compared methods, as shown in Figure 6.

This paper focused only on the improved image quality. In future research, we plan
to extend the proposed enhancement to a comparative study of automatic medical image
classification. In a preprocessing step, we aim for the technique that yields a higher success
result percentage, as suggested by Vetova (2021) [28]. The future comparative study could
be settled between a proposed neural network algorithm from an improved neural network
algorithm for remote sensing image classification [29] and a convolution neural network
with a fuzzy c-mean model used with MR brain images [30].

Lastly, we also plan to extend the quality improvement of retinal images to oRGB
color space. As the oRGB claims to be a true opponent color space since the angle between
the red and green opponent completes 180°, whereas the angle between the color red and
green of the CIE L*a*b* is more narrow. With such property, we estimate that the output
would be ameliorated in terms of contrast, color balance, and color saturation.
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