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ABSTRACT

According to the World Health Organization (WHO), eye diseases such as age-
related macular degeneration, cataract, and glaucoma are the main cause of blindness in the elderly
worldwide. Most currently diagnostic systems are based on a color retinal photography. However,
the image may be unsatisfactory for reliable medical diagnosis due to their low quality such as low
contrast or poor color which caused from camera properties, non-uniform illumination, and the
experience of photographers.

For this problem domain, we propose Color Balance and Contrast Enhancement
(CBCE) based on the histogram specification method for improving the image quality to provide
better visibility of the retinal anatomical structures. The desired histogram is designed to enhance
the contrast and color balance while preserving the naturalness of color retinal images based on
Hubbard specification. It does this by employing Generalized Extreme Value (GEV) functions as
transfer functions to redistribute the intensity. The optimal GEV parameters are determined by our
image quality index namely Achromatic Contrast Sensitivity Quality Metric (ACSQM). The
ACSQM is designed to deal with human visual system based on psychometric constraints and a
contrast sensitivity function. The performance of our method has been evaluated against data from
the STARE and DIATETDBO image databases. The average green-to-red and blue-to-red color
balance ratios (Mean = SD) of the enhanced images from DIARETDBO are 0.506 +0.002 and 0.166
+ 0.002, and STARE's ratios are 0.503 + 0.003 and 0.168 £+ 0.002, which is close to the color
balance specification from the Hubbard model. The contrast of green channel from DIARETDBO
and STARE has increased by 141.68 % and 21.63 %. Moreover, the quantitative measure for LOE
(18.17 + 14.82) shows that our method performs better than other methods in naturalness

preservation. Subjective assessment by ophthalmologists shows that the contrast and color balance



®)

of the enhanced images have increased by 64.38% and 62.40%. The results obtained show that our
CBCE algorithm performs well in the color retinal image enhancement. The enhanced images have
better image contrast and color balance based on Hubbard model while retaining a pleasing natural
appearance. In term of diagnosis by ophthalmologists, the enhanced images obtained by our method
could be used to assist ophthalmologists in early detection and medical diagnosis.

KEYWORDS : Retinal image enhancement, Brightness, Contrast, Color balance, Age-related

Macular Degeneration, Hubbard specification.
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(M) q.=0.79 (V) q.=0.48
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D(r.c)= {1, if S(RGB(r,c))<T, a7

0, otherwise
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S(RGB(r,c)) = \[((R(r, ) =M(,0))* +(6(r,c) = M(r,0))" + (B(r,c) - M(r,0))") /3 (3.8)
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1. ilum € 0.213 * iimgl:, :, 1]+ 0.715 * iimgl:, :, 2] + 0.072 * iimg[:, :, 3]
2. elum € 0.213 * eimg[:, :, 1]+ 0.715 * eimg]:, :, 2] + 0.072 * eimgl:, :, 3]
3. icesf € IFFT(FFT(ilum) x FFT(CSF) )

4. ecsf € IFFT(FFT(elum) x FFT(CSF) )

5. For each sliding window i

6. iedge; < STDC(icsf)

7. eedge; < STD(ecsf,)

8. K, € MEAN(iedge)

9. o, € STDC(iedge)

10. For each sliding window i

11. VinealD) € PR(eedge,, 1, G,)

12. g, € MEAN(v,.)

13. PD=0

14. For each r

15. Foreachc

16. If S(eimg(r,c)) <rT

17. PD <& PD+1

18. PD €« (PD)/ (m x n)

19. ¢ € gq,-PD

1 v
AnUsznoun 3-9 VUABDUITUBIANIAAUNIN ACSQM
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< 4 a { 4 @ 4
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= = d'd a slddy
Nﬂﬁﬁ"ll’é)ﬁ%’t]ﬁﬁ/mﬁﬂW‘Iﬂﬂﬁ (normal RPE) klﬂﬂ"lJu
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i =bv, ~ 21T (144,)] (3.10)
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ﬂaumm@ﬂmmuﬂﬁumu Lmi]$MﬂWiﬂi‘]Jﬂ:NmWWﬂ’ﬂiJﬁ’JN AWAUNITN (3.15) (ANLLFAN

Tupssnan 21 Tupmlseneun 3-11)
L, =1,+ v, — 1) (3.15)

A I 1 A Ao Y
Taeh pwiluaundenmiuis 1den = mean(,_,)

]
= o 7

a o { [ o [
MININI AT Scale NMIzauNgad I VUT UMWV NG MY
= A A g’/ FI% I A
puudTuAarUsItUaTr 1darem gl 2 gil Teegiluenziilunmsiuseon e
o % J 1 A s { A j 1
YSunouniad luuvudauasdleamimes Scale Miluly 18 luas {UI,:R(])} Tagunaz
o o 9 v o A 1 I A 1Y) I s A 9
souvzMnuAleaIaril j dauglluszitlumsiuseumelSuaounsad luuuuaaved e
' a J { g N k ' o w o
A aimes Scale Milu'll1d luia {abza( )} TaguaasouvzMAUAIeaTi £
] o a s ' A 4
Tumsiuuaazsou aihmimes &, vumuaiadludunisi (3.10) 1o
o ' a s v ¥ o a Jd A N NG ' A
MUIUMIAIINTIEReS [, WaINUUIIMIINes R, 6, taz 4, Tunumluaumsi
4 d v < I d o [ [ 4
(2.10) tioadralandumsulasailudsnsudmiulflSulsequamussnouniiaduas
=S 1 4 ~ Yo [ 9 a d v 1
Anuduaaduenaazuuua lagnwi lasunmsdsulyeqanindlensiimesainaineg
o a ) v ) [ 1 a 14 A o Y (v
hunlsziiugunmaieaaia ACSQM dwsuawesnsmes GEV mi lldusulzanw
Y o Y Y A Yo v A Y a 4 A
udh i laanunin ACSQM Wie ¢ wngavz lasumsaadenliitlumsiines GEV @

Mz aunga
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4 d ng g}J o 1 =) { { H {
o3 aauNTIUTUNINALED 921A I 1HReT GEV Miuzauigai
Y] g’/ 4 1% d o
laden 131155 u39snmnmvesnmdrem luduaouganie e i lanmwadwiaauaaq
{ v o 1 [ 4 1 't
Tunnilseneu 3-10 (3) NMNWHAANTAINANVAURABUDIANN AN UL UATUAL VY LAY
y 1 QU o %
WU 192.46, 96.86 LAz 32.18 ANa19
~ [ a o ~ o 9 ) 9
A135199 3-1 uaAIAINITINees GEV na1uaald vesniwiiudinaznn
v J ~ =) =1 %,} a a P
HAANT MW3ZNOVTN 3-10 (V) LAY CDF Y0LUUATUAY (V87 WIRY iazgiiuud (Faunuy
Y Ao o Y =X Y Y = ~ PR o
Aeda1) vean i FnuAsduny Iuvaei CDF THuuuaa1e quosnmnNaans oy
9 9 1 a =) = %’ a d'
UNUABAUUTE FIUMNTA INUATUVBILUUATUAL 1WeD 1Ak uaadlunwilszneun

3-10 (9)

{ ' A o o 9 v {
GﬂiN‘ﬁ 3-1 AMNIFURDT GEV UDINTNUH UV ULASNTINHAANT ﬂlﬂﬂﬂ?WﬂﬁZﬂ@‘Uﬁ 3-10

Parameters Original image Enhanced image
(R,G,B) (R,G,B)
shape (0.41,0.27,-0.01) (0.40, 0.26,-0.01)
scale (22.73, 14.14, 4.10) (23.01, 19.19, 4.10)
location (197.14, 65.53, 3.75) (186.20, 89.68, 29.75)

3.3.2 VU UITVBIN 1TV InUNNUBININEFVDA (CBCE Algorithm)

o ¥ @ o = < g an
ﬂizmumimﬂumwmiumeﬁ% 3.3.1 mmmmmmﬂugﬂumumumﬁ’w

F4

safeusaaaslunmisznoud 3-11 TaslineazBoavosdunlsang el
CBCE() Warduudyenmnimuesismiee

dusiuin £ dudsamwiudn

aauls sb: dulsmanuainefiaesms

1b, ub: § )5V VUAA LA VD VAVUYDIAANYAINNADINT

rgbdata: @T’Juﬂimwﬁu%’wﬁgﬂaﬂmm@mmﬁa 64 x 64 WALYA

b: dmsuuudvesd

ipar[b]: FusAumMmsines GEV H1&unnsdszuaaidas PWMS
71, r2: 75T INTIUFIVBINITNNABS Shape

. o 1 a 14 1 J 1
estimatedscale: #1)5mMN1313903 Scale Nz ldluunazsa ri, 2
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Itol, utol: H3UBVIVAA AL VBVIVAUUUBIAINNUAAANADUTUED N
Y S 1 . . . .
pflbl: @111)51A 1A Cumulative Distribution Function
Y S 19 a o &)
rpar: AN UAIFIATIIVOINTINNDT GEV UBIULUATIAY
@ < 1o a 4 I A
gpar: Al SINUMFINTIVOINTUNDT GEV VOULUATIVE)
o S v a 4 = I
optrpar: AN UAINITINNOT GEV MRS TNV UATLAY
o < ' a 14 A I A
optgpar: SWUTNUAMNTINUNDT GEV UL TUVOILLUATIUY)
@ < '
q: ﬂ’)LLﬂﬁLﬂUﬂ']ﬂﬂ!ﬂ"lW
J < 1
gmax: SN UMAUNINGIA

o ' o 3 { o o
awlsdsenn: g mundsnunwildsumsdSulse

1. sb < {192, 96,32}
2. b€ {112,16, 16}
3. ub € {240, 144, 48}

4. rl €02
5. r2€0.5
6. ltol € -5
7. utol € 10

8. rgbdata € DOWN_SAMPLING(f,64);

9. For b From 1To2

10.  pflb] € CDF(:,:,b])

11. ipar[b] € PWMS(rgbdatal:,:,b])

12.  tocation € sb(b) + ipar[bl.scale ¥ (GAMMAC(I + ipar[bl.shape) - 1) / ipar[b].shape;
13. If ipar[b].shape >= -r1 and ipar[b].shape <= rl

14. estimatedscale[b] € 128/9

15. If ipar[bl.shape > -r2 and ipar[b].shape < -rl

16. estimatedscale[b] € (Ib(b) - tlocation) * ipar[b].shape

17. If ipar[bl.shape > r1 and ipar[b].shape < r2

18. estimatedscale[b] € (ub(b) - tlocation) * ipar|b].shape
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19.  Ifipar[b).shape <= -r2 or ipar[b].shape >= r2

20. estimatedscale[b] € ipar|b].scale

21. output [, :, 3] € f[:,:,3] + (sb[3] - MEAN(/:,:,3]))

22. gmax< 0

23. For j From ltol To utol

24. rpar.scale € estimatedscale[1] + j

25.  rpar.shape < ipar[1].shape

26. rpar.location € sb[1] + rpar.scale ¥ (GAMMAC(1 + rpar.shape) - 1) / rpar.shape
27. output [, :, 1] € HS_GEV(/(:,:,1], rpar, pf[1])

28. For k From [tol To utol

29. gpar.scale € estimatedscale[2] + k

30. gpar.shape € ipar[2].shape

31. gpar.location € sb[2] + gpar.scale ¥ (GAMMAC(1 + gpar.shape) - 1) / gpar.shape
32. output [:, :, 2] € HS _GEV (f[:,:,2], tpar, pf2])

33. g € ACSQM(Y, output)

34, If ¢ > gmax

35. gmax € q

36. optrpar< rpar

37. optgpar< gpar

38. output [:, :, 1] € HS _GEV (f[:,:,1], optrpar, pf[1])

39. output [:, :, 2] € HS GEV (f:,:,2], optgpar, pf[2])

40. g < output

d‘ g’/ ay o
Mwilsenaui 3-11 VuaeuIsveIn1315u1/399anm CBCE

3.4 unagyl

[

Yo o Y Y an o = Y s
AR flllﬂ’f]’f)ﬂLL‘IJ‘]J’J‘ﬁﬂTiﬂi‘]J‘].]?Qﬂil!ﬂ"lWﬂJf’NﬂTWﬁi]’E)@ﬂﬁUlﬂﬂWWNﬁ NN

] { @ <3 1 <
AIUTIN ﬂ@u‘ﬂﬁiﬁ@{ Lzazﬂ’mJﬁcm@a%ﬁmmzﬁuﬂ‘umiummuﬁ"ssjmgﬂamazmmmmu
o a ydz 9 J o ) v v A 1 9
aﬂymzmawmﬁﬁmw%mu IﬂEJﬁﬁNﬁ\‘lﬂGIfUﬂTﬂL‘]JaQﬁ"l‘ﬂi‘]Jﬁ]ﬂliﬂ\iuagﬂigﬁﬂﬂﬂ"lﬂflﬁ\llﬁUll

i
ad A

9 v JY a . . . 2 d 12
madmaga61mmammu@mmmua Histogram Specification Gmqu‘ﬁ‘ﬂmﬂﬂmmmaz"lmn
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o LY ) v A o o A . . X
ﬂ’JﬂJ“IﬁJ“]gf}E]ulﬂﬂuﬂ E’H‘VIS‘U8@’11/]!,”15Mﬂ]@ﬂﬂiwwaawﬁﬁﬁ’ﬂﬂﬂﬁ (Desired Histogram) G?}\‘I
<3| Y o o = y 9 da!
LTJ‘L!VIJJG]"IiJGU@ﬂTﬂ‘L!W”IJ’ENLL‘]JTJ?]"IﬂﬁNﬁﬂWWﬁ]@GI"IGUEN Hubbard tagaue [15] Huszasevulae

o Ay d'd a 4 o 9 1 a 4 .
91A8ITNMILINLAY GEV Allsiiiwes 3 @alaun wisiiwes Shape, Scale (La1¢ Location TN
{ @ @ 1 a 14 { g a’; o a
nlasumsiSudzeguamdeaimsiines GEV filullIdianue aziiwnilszitivgunimn
Y (Y 1 a 4 A o Y Ay Yo [ Y A
ALAIIA ACSQM HazA1weawmsimes GEV i ldnmi lasumsdsulyeganimudaiia
= Yo v A Y g a s = =
ACSQM wniigave lasumsaadenliidlumsiines GEV fitiunzauige
o [ d gno Y o 2 79 ¥
dmSuariagunn ACSQM Huive lawannau Tasnsilszgnald Contrast
x @ <
Sensitivity Function i8¢ Psychometric Function FIUANUAPAAROINUAITUOUTUAIBAVD
4 yw o [ ' Y A [ a 4 {
HUHY u@ﬂi]'lﬂﬁ@’)’)ﬂﬂmﬂTW@NﬂﬁTJfJ\?ll@g{L‘WiJﬂa]lﬂ"]fﬂ!f]fﬂﬁ]mﬂWW ﬁ?ﬂﬁﬂﬁ?ﬂﬂlﬁ]\?ﬂiﬂﬂ!ﬁﬂﬁ

A A A ' a a v
NUANUUATIDANUTINNVUINUNUUDINTINDNAIY
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UNN 4

Nﬁﬂ1iﬂﬂaﬂﬁllﬁ$ﬂﬂ3%1iiﬁ

4.1 UNinN

=

A og a ¢ a ¢ = v oAy v
GluUﬂuﬂ%LﬂuﬂWﬁLlﬁﬂUlﬂﬂU AUATICH HLASIVITU ﬂ\‘lNﬁ'ﬁW‘ﬁ“ﬂUlﬂﬂWﬂﬂTﬁ
YSujenannuesnIndron141e75Nitauene Color Balance and Contrast Enhancement
(CBCE) f 1350 U9 3 33 ldun 1) 7% Normalized Convolution and Noise Removal (NCNR) [37]
2) 95 Color Retinal Image Enhancement based on Luminosity and Contrast Adjustment (LCA)
[41] uag 3) % Histogram Specification with Generalized Extreme Value Distribution (HS-GEV)
v
[33] TﬂﬂfﬂiﬂiglﬂuﬂﬁlﬂTW‘U’GQﬂWW%ﬂ@@n ﬁ]%ﬁﬁnﬁﬂigLMHWGLLUU?@Q?ﬁﬂ (Objective

Assessment) UAZIUUUIAITY (Subjective Assessment) IaglFnm@vea1aingutdoya STARE uay

DIARETDBO
4.2 7oA NADDA (Retinal Image Database)

gudoyanmavemnlddrmisunmineass uazfSeuioulszdnsnimvos
Il A9 Structured Analysis of the Retina (STARE) [71] tta¢ Standard Diabetic Retinopathy
Database Calibration Level 0 (DIARETDBO) [72] #uiflugiudoyadlafarunsaiunldiie
=2 a v
ANYITY

4.2.1 g7ud0ya STARE

9 y X v A

§1M903a STARE 9351994 1A8 Hoover ttazaaiz [71] 1szneuais mmaen
vosdihei linusesTsasiuau 36 m nazvesdileiidiulsn AMD $1uau 47 2w nvus
aznilvua 700x605 Wntsa ToyalilunIWEI3 4 (True Color Image) NliA1NAZIBUA 24 1in
Tyuuea (FOV) i 35° uagdanudisguuy W Portable Pix Map (PPM)

4.2.2 $7udeya DIARETDBO

9 9 49! . Y =
31uveya DIARETDBO Z‘TiNGU‘L!IﬂEJ Kauppi stazaae [72] Uszney aremna

99 Y

PR = 1 ° FUR A o ' 13
ﬁ]@@ﬂﬂl@ﬁﬁﬂ?ﬂﬂ"lNWUiﬂﬂiiﬂﬂ"lu?u 20 HIN uazﬂjaqg‘ﬂ’wmmﬂymzmu@mnﬂu
9
o 1 a I
Iiﬂ!‘]ﬂﬁ’ﬂu“ﬁuﬁ"ﬁ]"lu?u 110 AN ﬂ?WLMﬁ%ﬂTWﬁﬂJHTﬂ 1500 x 1152 WnLa %’ayjmﬂumw%
A AaA = A = Y ° v 9 ﬂ ll J
ATNNUANNATIDYA 24 U HYNNaUNMnY 35 HagaanuaIg Uiyl na Portable Network

Graphic (PNG)
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w = Al o o U
4.2.3 puan¥AzYRIMWAIIMNIUA HAIMIMIUS D 39namn

9 o Y o = wad o o = L o
e lahnmsneuiisugaauiandnyvesn ndieaninounazHainTg
o { A 1 1 14
Y5uizenanm a13199 4-1 naaemafSouieuaaauiianie  Tuduanuaine aounsead

< 1
1AZANNANAATUDININTVDAI9INgIUYOYA DIARETDBO 11az STARE 910015 199211117
1 1 = = A o " Yo o

AAIN ABUNTIAA tazANNANgad o mdvomnga lulasumsisvigequainlu

9 (;y./ 3/ = ' Y dy 1 1 4
guveyanideduy Uanuulsdsiuaeudiann wenantl anvangluudazuuuanay

A v A A 9 2 g A o =
ﬂ’Nllﬁllﬂﬁ’ﬁﬂ\iﬂJﬂﬁ’iNﬂWﬂﬂﬂﬂLﬂuLﬂWWiﬂﬂ mgﬂummzu‘lﬁmmumamﬁm‘wmammm

P
a1 1 £
Hubbard tiagaaue [15] IﬂﬂiWﬂa%Laﬂﬂﬂl@ﬂﬂmﬁNﬂﬁ@N dl| "Uﬂﬂﬂﬂ/‘lﬁﬁlﬁ){m NNMIFTIFIUVDYA

Y
[

= =\
Haall
- ANNANY
ANAINVBINNEIOA1 9INgIUYeYa DIARETDBO HaniesniiAinm
[ A J Y 1 [ I [ a A [ = %’ a [
anandluihvune Manuvanauiuuaanas mIny 192 MYSAMNY 96 Lag FUUIUNINDY
A 1 =) [ I A Y
32) TagiimanuanaluuuuaauaunIny 14531 + 33.71 LUUATAGAINY 55.9 + 14.81 LAz
v R H ' = !
puuAmRuNINY 9.63 = 7.04 Tuvaiziinnuainaesmn@reanngudoya STARE fia
T 1 A g Y a0 1 I 1w 4
nnamanuaendudhvine Taeliannuanaluuuuaanasniny 193.84 + 38.40 1WA
S A \ U %)/ =) \ U
TR 111.93 £ 32.59 LAZUUUATIRUVIN 47.17 +35.07
Jd
- ABUNIIAN
4 =S 9 a0 9 1 =\
ADUNITIAAVDININFIDAT 9INFIUUDYA DIARETDBO 9:UAMDENIINING
10A19INgIUTeYA STARE laoiinn@ea19ingiudeya DIARETDBO 1¢lnounsias lu
[ Y g a [
HUUAAUAL A 22.55 £ 6.72 LUUATAEUNIAY 11.30 + 3.93 HATHVUA TURIUINNY 5.07 =
A = 9 = L ) [
2.29 Tuvagh MNFI0MIINGIUTOYA STARE 32UADUNTIAA IUHMDUATUAANINY 32,13 +
Y ’o’ a [
15.35 LUUATAEY A 22.47 £ 10.30 LASHUUATUUIUIIND 16.79 + 7.73
=S
- ANNaNgad
ANVANATUDINNTIOA1INg WToYa DIARETDBO Ndadiu G/R uaz
B/R 108071 Adadiu G/R tag B/R Mdluihwine (Mdadiu G/R tag B/R 11101 0.50 1ay
0.17) Tagidaaau G/R 1101 0.39 + 0.06 1Az B/R tM1AY 0.07 = 0.05 Tuvazianuaugad
YOINNFI0A1INg1UT0Ya STARE Idadin G/R 1az B/R 110091 Adadiu G/R 1oz B/R

adludhvune Taelidadaiu G/R MY 0.59 + 0.18 tag B/R 1N 0.26 + 0.22
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Original Image

DIARETDBO

STARE

Brightness Parameters
Red Brightness
Mean + SD (Standard Deviation)
Range
Green Brightness
Mean + SD
Range
Blue Brightness
Mean + SD
Range
Contrast Parameters
SD Red Brightness
Mean + SD
Range
SD Green Brightness
Mean + SD
Range
SD Blue Brightness
Mean + SD
Range
Color Balance Parameters
Green/Red Ratio (G/R)
Mean + SD
Range
Blue/Red Ratio (B/R)
Mean + SD

Range

145.31 £ 33.71
42.46 - 233.24

55.90 + 14.81

20.86 - 99.36

9.63 +£7.04

0.12 -33.00

22.55+£6.72

9.44 - 48.22

11.30+£3.93

4.89 -24.52

5.07+2.29

0.38 - 13.46

0.39 +0.06

0.25-0.50

0.07 £ 0.05

0.00-0.20

193.84 + 38.40

115.38 - 247.75

111.93 £32.59

57.35-195.26

47.17 £35.07

2.78 - 186.89

32.13+£15.35

7.52 - 62.68

22.47 +£10.30

8.97-44.19

16.79 £ 7.73

2.66 - 39.03

0.59+0.18

0.29 - 1.16

0.26 £ 0.22

0.01-1.26




65

~ A ' A ° Yo J o
MFvemnlinnuaINuazaNuaNaad vz ay i ldinyunndduna
9 A 1 A o @ A A = 1
50015 Drusen 18610 {ipsninaeunsad hiiingeay Adidyde eanuaugad umuzay
= o Y 1 1 [ [ 1 = d’ = Y d‘ = =
UHav 19 d909 Drusen MNUAAZNINANAUMNTATIUVOIT WonlToumeunuwoyla1sd
A a = A J = ] A Yy
woaemnlanmilng Taenmdsemniinnuainuazanuduaad iminzauawiszy 1
Tuuus1a99FMNIOMUDY Hubbard azAme [15] UaeiU 4 an¥az Av 1) MWANANNDNE
= a a 9 o a d’d 1 9 a’; 1
Tunuaauaanamnu'll Tasansanasanldon s1nuveannea NUAIANUYULEIA L6
Y Y ]
240 11 TI1UAIUVINNIT 15 % VOITIUIUNALFANININ 2) MWATANNAINIVDIUAIII DY

Y ' A o 1

a a J J I A =
Lﬂ‘Llhl‘]J I@]fJﬁWlﬂiﬂ‘Wi]ﬁmﬁﬂﬂﬂ'lﬂ’ﬂllﬁ’ﬂﬂ1ullﬂuﬂﬁllﬂﬁﬂuﬂ1u®ﬂﬂ’ﬂ 96 3) MNNUFAATIU

a A 9 a A Ao U = a a 9 [ [
vosdweioenu'll misldadimduasimnull) Tasanuisonasan ldnndaduves

A1y ' Ao 1 a3 a a a 9
G/R N1AT08n1 0.40 1Az 4) MunddaaiuvesdinRuunnmnu i) Tasaansodiasanldain
AadI1U09 B/R NUANIANI 0.25

A s Y o) , 9
INNTAATIEHATNAVDANINGIWUDYANIADI WU NMNTIDANNINGIUTDYA

< A = o A o I a = A o
STARE lﬂuﬂ’lW'i/nJﬂﬂJuW'llﬂﬂjﬂﬂﬂj’]ll@llasluuuu@]ﬁl!ﬂ\‘lll’lﬂlﬂuhlﬂ 53.13 % Llagllﬂﬂulﬂ'llﬂﬂ:]ﬂll

'
a A

1 =S ?)I ) d'
dagauvosmin@ui limunzan 37.50 % luvaziinmdaeainingudoya DIARETDBO a¢i
Tymipenudadiuvesdidern imunzay 56.92 % dautlymnmdsemianuaievodds

Y 1
Younu'l wuldiies 4.62 % TasseazBeananua lataad 13 umsen 4-2

A o I 3 J = A [
$13190 4-2 mmud@n%u@lmmmwmammuﬂmmw'lummzﬁu

andnsaizi iz o'l DIARETDBO STARE
fianwoudlunuuaduaann Sunuvesinmaiiia 0.76 % 53.13 %
'l WINAI 240 HINNI 15%
(Over Saturation of Red) éumii’mauﬁﬂmaﬁqmw
NANudesa ey ANNVAINVBULUUA ALA 4.62 % -
(Marked Under Illumination) 198N 96
Ndaauvesd@eriounull vse  dadiu G/R Ha1Tesnin 0.40 56.92 % 937 %

A o ! = a
mﬂmummaummmﬂu"lﬂ

(Weak Green/Strong Red : Reddish)

b4
o

NdaaruveaminRuuanu Ad71 B/R IA110AI1 0.25 - 37.50 %

(Excessive Blue : Purplish)
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{ oA 1 4
M3NN 4-3 uaasmsnfseuiouauainia ludiu ANuae AeUNIIEA Lag
= = ~ Yo o an A o 9 A
ANVANgaTVOINMNTIeMA lasumslsuilyaTaedsMinaue CBCE nndoyalumsiei 4-3
1 1 4 =S =S ~ Yo [
WU ANUEIN ABUNTIEA LazgANNaugadueImndrea lasumstsulsequainluy
9 2’, g}/ = o Z’, 1 1 ] 4 A v A
Judayanideatiuianuulslsiud snnimanuandlumiaziunduazanuaugad gl
1 Y o " A g Y = = [ [ dy
mlnamesnumniuihvuie laslisigazideanie q a9
- AN
ANVATNVDININFIOAIINg WDy DIARETDBO t1az STARE #11a5uns
[ y o ] ] 1 e ] 1
YsulssnanmIasisminaue Iandlndmanuaieidudhvine Taslisnnuaineves
o T W
MNFI9ABIgIUTDYa DIARETDBO ag STARE lutnusduas iy 192.60 £ 0.30 uag
o [ DK% It %’ a [ %
192.29 + 0.42 LUUATNYD (NINU 97.40 + 0.46 1AL 96.74 + 0.21 LATUUUATUIIY NN 32 +
0.31 1ag 32.25 +0.59 Taga1al
J
- AAUNIIAN
2 9 ~ Yo o A A
AMNTI0A10INTIUTOYA DIARETDBO N Iasumsdivigeguniniagisn
o a 7 7 A X a A <
HUAUD LHADUNTIAA IUULUATUAS NVUTEINA 16.98 % (1NAN 22.55 + 6.72 il
=\ L I A A 3 a A
26.38 +4.14 ) LA HABUNTIAA MUV UA TS UNVUNTEINY 141.68 % (1AAN 11.3 +3.93 (WY
2 ' A A s I A A 9 s
W 27,31 £3.77 dauaumanimsiiuaeunsdagunn luuuaaied esinideya luuuua
a A = 9 dy = PR 9 ° =S 3’; v A @ 1 a A 9
e wavem lugiudeyall  Naeunaanaoudd  dnnidildadiudveIioy
mull daaas1iluased 42) lusaeinmasemnlasumsdsuiljunin mngudoya
L =) a I
STARE 92 UA0UNT a9 luUUATLaanalsesua 16.65 % (1Y 32.13 + 15.35 anauilu
U A L I A Y I
26.78 = 12.81 @rudurgnuMaanouNIIad lunuuaauas iwendeyalutuuadunives

9 dald A I a @ A = X
JruvBYaU aJmmanaiuuuu@mmamnmu”lﬂ muam‘l’ﬂumﬁm 4-2) uazmaumm&ﬂu

EX]

Y
=

HUUATAEUNLAULTZINY 21.63 % (AN 22.47 + 1030 Wiy 2733 + 8.86) dmsu
g =) %‘ a 31 = = A = [ o
AouNTIEd lunuuadihRutiueg lilimsul@euntas iiesnnlulimsdsulgsnounsiaalu
I g a
HUUATUINY
=S
- ANNAN AT
= = 2\// F) A Yo [
ANUANYATVOINNTIOA NNNITIgIUToYA N 1A UMIUTVUF9mn N
Tagisminaue dadiu GR waz BR thlndmudhviume Tasnmdvemvesgiudeya
DIARETDBO 1t8¢ STARE Jaaa 31 G/R (N1nU 0.506 + 0.002 Lag 0.503 = 0.003 azidaaiu B/R

NV 0.166 £ 0.002 1AL 0.168 +0.002 Taed1al
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CBCE Enhanced Image DIARETDBO STARE
Brightness Parameters
Red Brightness
Mean + SD 192.60 £ 0.30 192.29 £ 0.42
Range 191.74 - 193.29 190.35 - 192.74

Green Brightness
Mean + SD
Range

Blue Brightness
Mean + SD
Range

Contrast Parameters

SD Red Brightness
Mean + SD
Range

SD Green Brightness
Mean + SD
Range

SD Blue Brightness
Mean £+ SD
Range

Color Balance Parameters

Green/Red Ratio
Mean + SD
Range

Blue/Red Ratio
Mean + SD

Range

97.40 £ 0.46

96.33 - 98.9

32.00 £0.31

31.51-32.49

26.38 +£4.14

12.43 -39.51

27.31+£3.77

14.93 - 39.39

5.08 +£2.30

0.39-13.46

0.506 + 0.002

0.501 - 0.513

0.166 + 0.002

0.163 - 0.169

96.74 £0.21

96.31-97.24

32.25+0.59

31.52-34.22

26.78 £ 12.81

12.84 - 60.81

27.33 £8.86

18.08 - 49.51

16.48 +£7.35

2.66 - 37.05

0.503 +0.003

0.501 - 0.508

0.168 +0.002

0.163 - 0.179
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U

4.3 AIANUMNBIINGITE (Objective Quality Index)

Q

a A any @ a 1A Y = ¥
Useansnmueddsnslivljegunimezgnilssiunauinieaiisalaiy

1 & o Y o Ay Yo o 9 am 1% v
drunilaannsoimn ldTagiihnnilasunslsuljegaunmaieitais g miaquanyus

A o W

1 { 1 14 @ I a v o
(Feature) a9 Adavoann 1aun asunsiad Anudddu uazanuilusssuma deadia

AUNINFITAYIT Y Tﬂ&léfﬁﬂﬂmmwﬁﬁmﬂ%’imm?ﬁ’ﬂﬁﬂizﬂauﬁ’w A1IANUNIN
Quaternion Structural Similarity (QSSIM), Lightness Order Error (LOE), Global Contrast Factor
(GCF) uag M”

4.3.1 MIARUMN QSSIM

QSSIM 1 udanauAINueIn13 DY (Visual Quality Matrix: VQM) 9
m11wf?m'%”u“l%’ﬁ”ﬂﬂmmwmammﬁgﬂawauﬂmmwﬁwmiaﬂmmﬁu% (Desaturation) 130
FiuANNIIAD (Blur) Hipniandee1e 198 Kolaman 11 Yadid-Pecht [73] IdHionudazfinaa

[

%1ﬁe§1ugﬂlzuu Pure quaternion il
q(r,c)=R(r,c)i+G(r,c)j+ B(r,c)k 4.1

~ 1 =)
Taef R(r.c), G(r.c) wag B(r.c) UNUAIANUITULAIVDALVUA TLUAT (VD LA

g a a { o da v o o
WIRHVOIN AL IN 7 ADANUN ¢ AIANUNIN QSSIM ﬁWNﬁﬂﬂW‘L‘!’Jﬂ!hligljﬂWﬂﬁiJﬂ”li

Zﬂqref 'uth)g O-qr ef ydeg (4 2)
2 2 2 2 ’
A, qref + 'uqdeg O-qref + queg

QSSIM, . 4ee =

Tagdl g uaz o Ao ANRAY LA AIMTIAVUIIATTIY TIU g, UAE Gy
= = . Y a A =
MU18D9 N8I Pure Quaternion YDININODIUATNINNYNAANDUAUNIN MWilsznoun 4-
% 1 d‘d A =~ d' J v 1 d' [ 9 é
1 naaedIeg A Mnlinnudndtaz AL NuANANNY 1azA1Y09 QSSIM H1ia 14 Feaz
< v v o A9 A = A o A A
AUIAIUDIAITAAUNIN QSSIM A2 TUA1T08AY NN INIANNDINTAAA HIDUANIAD
A 2
WA
. Y o = v W (%
Kolaman 1182 Yadid-Pecht 1avin1inaasuifSeuiiouadia QSSIM nun1s
a o o 1 o 12
UsziiuTaenyud Taoldnmsuou 880 mu uaaznmazgniinnaiwnmlninigunmanaas

o [ . a 14
UIU 6 NN Iﬂﬂﬂ1iﬂﬁﬂﬂ31ulﬂa@ﬂlﬂ\1ﬂﬁ/‘|ﬁ’w Gaussian Blur ﬁ?ﬂ“l"l']'ﬂillﬁﬂﬁ c=2lagoc=15
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{ ' o @ A I 1 g

saznmwasuaazmweh S uamaNdve I Y 10%, 40% taz 100% Aonniue 19
A o ' < a g @ 1 {

AUszdusnu 20 audsdimsvearulnadudldaziuu 1-100 funwuaazam azuuun 18

Y a Ao a a ' . (3 '
nngsziin 3 aundinzuuudalnd 1Uanngu (Outlier) 929NAABON AZUULUBINMNLAAZ N

a o A Y Y a [ < 9 1 ~
winannmshazuuui ldnnduszadunnauamlSomasgrniu z score udrmaunasuaz
U5umIiiiussiagu (Normalize) og1ua24 [0, 1] vamsnaassaunsoagl1da1 d23a QssiM
v o d o @ L] a

NANUTDANADITUNUS (Correlate) nUMI T Iaelduywailudiszitiugunm (Human

Subjective Test) [73]

(v) G, = 2, Saturate = 100% (A) O, = 2, Saturate = 40% (¥) 0, = 2, Saturate = 10%

QSSIM = 0.8620 QSSIM =0.8037 QSSIM =0.7547

(@) 0,,,= 15, Saturate = 100% (R) Oy, = 15, Saturate =40% () O, = 15, Saturate = 10%

QSSIM =0.6518 QSSIM =0.5824 QSSIM = 0.5323

ailsznouh 4-1 msiagunImale QSSIM
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4.3.2 A7IAAMMN LOE
I v YR I a X
LOE Tud1ian13ae 3% an21niuss5u%1@ (Naturalness Preservation) 919
a ¥ o w 1 [ ) { g o
NINLAN (Original Image) Tagodod1auANa T URNT (Relative Lightness Order) nluan
VoNNANNVoILHaIn ndanaaaza1uuls1591Uv99A1ua219 (Lightness Variation) 19
Jq Ya ! . A 1 1 a 2 o
Shuhang Wang [43] 1@ 1¥1i81un 2108714 (Lightness) A Agagalunaazinaad aauaasly

auns

L(r,c)= max I?(r,c) (4.3)

che{r.G.B}

A:; o N 1 9 =) = g a a d' [ o’d'
Tagh I A manuuvesuas Iutyuaguad e uagiiuveInna luieIn » Aoanun ¢

) o 1 a { o S 1 1 o v 1
ﬁmimmazwmcﬁaumﬁ r ﬂaanuﬁ ¢ AANUUANANUDIATIAUAIINUTIN

RD(r,c) 5¥MANANNATNVOINNAY L Aunminiimsdsuilse £, awnsaduanldnn

RD(r,¢) = 3. 3 (U(L(r,), L(i, /) ®U(L, (), L, (i, /))) (4.4)

i=1 j=1
~ Y X ~ ]
Tagflandu Ulx, y) Ao Unit Step Function Baunsnmeuldoglugauuy

1, forx>y (4.5)
0, else

U(x,y) ={

Uag m e n ﬁi’)ﬂ’J”IiJﬂ’SJNLLaZﬂ’NllEJTJsU@QﬂTW au @ ﬁ’f) AR UUUMT Exclusive-Or

[ o

@27aaun I LOE anausodmiudala lagn1sviannag 409a1a1u1ana1a

q

VOIMAUANUA N IAAIAUNT

L 83 rD(r0) (4.6)

m * n r=le=1

LOE =

Ay Yo @ A Y = I a v
ﬂTIN‘ﬂ1ﬂiﬂﬂ15ﬂiuﬂ§ﬁﬂmﬂ1w1ﬂhﬂ1 LOE uf]ﬂﬁ]%llﬂ’ﬂmﬂu‘ﬁiill“]ﬂﬁiﬂﬂﬂ’ﬂ

A A (% ' A < aa 1 Y
NINNUAT LOE Wn MNUTZNBUN 4-2 HEAIAIDI1ININALAN I UTITUTIANUANAIAY
J A o 9 = <3 U 1 v @ = ) dd%l A
taga1vued LOE ﬂ’)ﬂulﬂ FIVSLH U AVDINIAAUNIW LOE aZuAUDYaN (@mmwmm) 5V13)

A Yo [ A o w 1 [ o J Y 2 [ o 9
ﬂTIN‘ﬂU],ﬂ‘i‘ijﬂﬁﬂ31J‘]J§\‘1ﬂﬂ!ﬂ11/‘lllﬁ1@ﬂﬂ’ﬂhﬁ’ﬂ\1ﬁiJWT]‘ﬁGlﬂmﬂENﬂ‘]Jﬂ1WHWL"U1
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(M) NND19D4 (V) LOE = 68.21

(M) LOE =23.04 (V) LOE = 8.48

amwilsznoui 4-2 M3TARmNINAIY LOE

4.3.3 MIARUMN GCF

Y
a A = v

I v @ 4 {
GCF 11 UA27an0UNI1aaIFINUN (Local Contrast) UBININANTZAUAIY
A2108AVDININ (Resolution) NUANANY 31U 9 52aD [74] Tagluuaazszauniuazioon

o ' a 4
VBINTN %ﬁmimmmm’gmmum L ﬁ’waums

2.2
L=100% (LJ 4.7
255

Taen kunua luuaaginea uaz k € {0, 1,..., 254, 255}
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o ¥ = o ' A sa A A A = .
HONNUUWAMUIUAURAIADUNINAAULTINUN ¢ NANUASIDYAVDININ 1
NNTUNIT

¢ (r,c)= ﬁiil@ (r,c) (4.8)

r=1 c=1

Tagh m, n AD AUANAWATANNINIVININ 83U Ic AD Local Contrast Faau1san1 1aa1n

1 9
ANUNDYVOINAANVDIA L 521NN A il ﬂ‘]JWﬂ!,“]ia"lal}NLﬁENﬂ\‘] 4 99 AT

)= |L(r,c) —L(r,c— 1)| + |L(r,c) —L(r,c+ 1)| + |L(r,c) —L(r— l,c)| + |L(r,c) —L(r+ 1,c)| (4.9)
2 .

le(r,c

v o

Y ! Y 1o 3 o A
AIAAUNIN GCF ‘H']]lﬂjﬂﬂﬁ'w‘lﬁiﬁll"llﬂﬂﬂ'] ¢ UAWINDINUIHUN w NAITY

e

AZIDIAVDININNG 9 TLAVAIAUNT

9
GCF = wg, (4.10)

i=1
{ I 1o ¥ o . . 3
Tagh w, 11uA19291111190 (Weighing Factor) tazaunsadiuia laain

w; =(—0.406385 x é +0.334573) x é +0.0877526 (4.11)

{ @ [ H J [ [} ] {
AMNUTENDUN 4-3 LAAIAIDIIININNUADUNTIAAUANANY 11aZA1 GCF

o Y= g 1 o o A X A a s A X
'Jﬂulﬂ PV UIT ANVDIAIIAAUNIN GCF 22uMunNUtyaNINUADUNIITIULNUUU

(1) GCF=1.72 (v) GCF=2.05 (A1) GCF=2.50

amilszneun 4-3 MsianmnIna10 GCF
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M Fludriaanuiladu (Colorfulness) Y04 WA RGB [75] MIAIuIaa213a

3 2

M Guninmsudasniniiedluszund RGB 1du10gluszund Opponent Color Space #14

qunIs
rg=R-G
1
Y 2 o 1 A A Y
SAWATUIUAIANUDNUFTUDINTINAWYTNUNIT

MY =c

rgyb

+0.3% 14,

& f 2 2 o ? 2 2
Iﬂﬂﬂ Grgyb = O-rg + Gyb nag /Llrgyh = /’lrg +/’lyh

(4.12)

(4.13)

(4.14)

Hasler 118¢ Susstrunk [75] 1dAnaassiannududvesninlagldgszimiun

n 9 g Wd’ o o Y a 1 a =
"ln“lmﬂugjwmmﬂgmuau 20 AULAZHNTINITUIU 84 AN ﬁ‘ﬂizmutmazﬂu%ﬂﬁzmummm

dduvesnnlaeldduden 742 1aun Not Colorful, Slightly Colorful, Moderately Colorful,

Averagely Colorful, Quite Colorful, Highly Colorful t481¥ Extremely Colorful 310N @ aniinldan

3=

Y1 Y v @ Y IR J
N1ITNAADN ﬁ'l?JTﬁﬂﬁ?ﬂhlﬂ'J']ﬂT M llﬂ'J']ﬂJﬁﬂﬂﬂa@ﬁﬂﬂﬂWﬁlﬂIﬂﬂ{l%NL‘!EfJfN 95.3% Iﬂﬂﬂ'\

3) A o lllﬁld @ 11 ~
M™ N7A lAUANUHUIYAIULUTAI LUATTINN 4-4

~ 1 3) Ao Y
137197 4-4 ANUNUIYUDINT M 'VI’Jﬂ]lﬂ

3
M()

AITNNTNY

0 Not Colorful

15 Slightly Colorful

33 Moderately Colorful
45 Averagely Colorful
59 Quite Colorful

82 Highly Colorful
109 Extremely Colorful
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as o Y

Lﬂl (2 ' = [ 1 [ 1 (3) L:' v
ANUTZAOUN 4-4 LAAIAI0INAMNNVTTUNUANANNY LaZAT M ‘Vnﬂllﬂ

[

= S 1 o o 3) A E A A 2
FIVSEWUIT ATVDIATIIANUNTN M7 ZUMUINVUNDNT NN T ULNNNINUU

(M M? =54.90 () M® = 62.74 (m M® =74.91

A o P 3)
ﬂ']‘W‘llﬁzﬂf]‘UVI 4-4 NITIARNUNTNAIY M

4.4 mydsziivaammuasmnasem

a Aa A 9 = a Y A
ﬂTWﬁ%E]ﬁ'W]1”5]mﬂ']Wﬂﬂﬂgﬁ@\?ﬁ’]ll’liﬂllﬁﬂ\jﬁ’]ﬂaglﬂﬂﬂ‘ﬂ'NWEJ'I'ﬁﬁﬂ'lwllﬂﬂ u

7 oA < Y o ° = o q ¥
ADUNIEA llagﬂq']llﬁil@aﬁ‘ﬂlﬂinzﬁllLﬂuhlﬂﬂ']lleuﬂﬂ’n’iu@]uﬂﬂﬂqﬁ@\iaﬂ@ﬁq LWi’lg‘V”GlW

] v = @ ' 9y = o Y
s813A0 9 aglugiuuufedny wu a1l Tsa Dry AMD 929i11% 3508150 Drusen 15109
I A A [ A dy Y 1 Yo o Y- A
Wudmasanloununnaminiseslsail Gaezaglianyuwndausadianelsaniiing

Y Y A da! a A 9 A
?J”IﬂTi‘VINi]@@]”lllﬂ’e)ﬂ”lﬂgﬂm’e)QMﬂENsllu ﬂ'liﬂﬁglﬂJUﬂmﬂ']Wﬁ']lniﬂﬂﬁgluullﬂ 2 HUUAD LUy

q

Y
(3 a o

o A A Ao o o Aa Aa o a o J 3 Y
INPIFTYLUASHUVININY ?f”l‘ﬁﬁ‘]Jﬂ”l'iﬂigLNULHJ‘U"I]@]']ﬁ'ﬂuu%%ﬂigLNUI@?J@]ﬂHLLW“VIEJL‘]Juf{;ﬂﬁ

< A Y a dyd Y A I a 9 a A
mmmumeﬂlwmuuu MsUsziunputiveane Lﬂumiﬂizmumﬂvjﬁlﬁmmi]’i\il,!,awm’m

~ v 1da Y A A A v ] ~ I 9
Lﬂﬂ?ﬂlﬂ\‘]jﬂﬂﬁi\‘] UANNUDININD Nﬂ’]ﬂl‘;lﬁ]']ﬂqq Glﬁfnﬁ’]ll’]ﬂ LlagﬂJﬂfJTJJLﬂUﬂﬂlﬂﬂuﬂﬂaﬂlﬂ\i@j

Usziiwdunnedos [76] drunisdsziunuuie

a

padorzillumalsziiulasl¥dia
4 o
T

Aaq Yo ' o AN Y 1 o 9 2 J =
ﬂmﬂwwVlil‘lslfﬂul!WSﬁaqﬂﬂQﬂqﬂﬂaqjl’lﬂuﬁjﬂ]@ 4314 ’e)’Jﬂﬂ’JmfdﬂJﬂa’d ADUNINTA ANVY

9 dyd =

a o I a = a F Y a
Fau vazaNWIUTITNSIA ToAUeINTUTLNULULNAD um"lﬂmau@mmzmmsaﬂizmu

(Y 1

Y v 3 12 Y A A o ' Y a ~ Wy
]’lﬂ’ﬂﬂ”lﬂi’mti’l PR RIGERR maﬂﬂmmwgmam:ﬁ]zaqmsflmﬁumgm‘nmwwmzm ]lll]lﬂ

a

o YR <3 9 " A ' Yo R o & 9
'Jﬂ%']ﬂﬂj'lll;ﬁ;ﬁﬂﬂ'lﬂﬂ'ﬁilf]\in’iu@jﬂgnm@\illu‘ﬂﬂiﬂﬂﬁi\‘] ﬂ']ﬂlﬁﬂWaﬂﬂa’lju'lﬂjﬂﬂﬂ\jﬂ']!ﬂu@]ﬂq

9 : 9
I¥n1sdsziiuguainni 2 unuie IdaseunqumsianudaSuanazFiguain dmsy

)Y

4 { @ a a a
nausing Iazuuuigisedonlglunsidszitiuunuinide Ao Mean Opinion Score (MOS)

[

1 d‘ A U W d' 9 a a o
druniesioadiaqunini s lumsszdivuuingidel

' o o

10 AIANUNIW QSSIM [73] /17

De  *
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[

AR LOE [43] 427992 1W GCF [74] tazadrinaunin M”

1751 ¥4 lana13udr1u
9o 4.3
4.4.1 M3UsTUAUMWIUDINGITY (Objective Assessment)

a @ aou g a a [ v o o
mMydssiiuaamnuuuiagidoumsdsziugednav Tage1doaaia

a
o a

v Y
aunFidnay Ariaaunnildmsdsadunuyingide awnsouald 2 nquesil

Q

1) ngudiafithedesnunaanymy (Feature) ¥oamw arianmninly

[

E4
QNﬁﬁ]%ﬂl%}ﬁiﬁ U @mmmmuwﬂﬂﬁmin ﬂ’JHJL‘]Ju‘ﬁiiiJ‘mﬂ ﬂ’f)ui/ﬁ?ﬁ'ﬁ ag AUl

2
ane

= = g A o
adu utlugadnyusndAyveInIndaem maﬂﬂmmw“luﬂauuﬂi ZNOVAIY
- §riaquam QssIM Fal¥dmsuiannumilewdalassadnnnam
£1994 (Reference Image) L1099 Tugudoyan1ndr0a1 STARE tag DIARETDBO il
Yy a v ¥ yneo 2 o Y Y o 9 Y a X = o 9 o
ANB1983 AugITevItuTudealammiudiniununine1aos Feeziinaiinlinisda

a Aa A Y 1 1 Y v @ gd o ) 1 v oA
ﬂmﬂWWMﬂi%ﬁﬂ‘ﬁﬂWWUﬂﬂaﬁ Lm@fﬂ\ﬂ!@ﬂﬂ?ﬂﬂﬂﬂ!ﬂTWuﬂﬁnﬂﬁﬂ“ﬂﬂﬁ‘ﬂiTU’Zﬂ NMNHAANDN

@

v ¥ S o A a Y o 9 Yy A
"lﬂuuﬂﬂﬂﬂﬁ”m"l’iﬂLﬂ“lJ’iﬂ‘lsJWﬂﬂmﬁilﬂul,‘lfﬂﬂﬁﬁﬁ'ﬁ\imﬂﬂWWHWHHHlﬂmWEN“lﬂ T@ﬂmw

[ 1
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HaaNENNA QSSIM N 1 LLﬁﬂQ’J1ﬂ1WNaaW‘ﬁuuﬁnﬂiﬂﬂ\ﬁﬂ‘HWﬂ’JHJLWiJE]‘LlL“]NIﬂi\i’diN

v Idedeauysaiuuy [73]

v

Yiagunw LOE vz lddwisuilsziduanuainsalumssnyinim
UB55UH1A (Naturalness Preservation) 91001111141 Tagn15IAAUUANAIIUDIEINLIT
AuWNTUDIAT Lightness 521190 MHAd N LAz Wi ﬂ'wmﬁaﬁ”ﬂﬂmmwﬁﬂzuﬂa
ANUHINELANAIINAY AN NI Ao MmiiTia LOE Heuvsuanid mwiuamse
Samanuilusssuana ldannnndiiian LOE 110 (81 LOE 8atio0 naaai i Error 841i00)
[43]

v

< v o I
1IN GCF 1iud1iananinyesnounsiaaninnuaoandos

Y A @ < 4 1o & Y 9 Y a
Llagiﬂﬁmﬂﬂﬂﬂﬂ"lill@\ﬂﬁﬂ““@\illiél’hlﬂ Lmﬂmuﬂumﬂﬂmmmﬁm [74]

(Y

Tiaguniw M7 lgdmsuiaaanmuesanuiidduluTawuduuy

Opponent Color Space tag lisuiudoldnmsrads [75]
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2) NUAIIAMNNVIMNHUAVD VLS IADITNINIBA YD Hubbard Haznaz
T¥dmsuiannuaugadaudeimuavesuus1ae9ves Hubbard tazamy # ldnmuald
' ' I = 2 a A 1w = o Yo 1
ANNUAINVDIVUATUAL Wy 1oz UIRU DAUNIAY 192, 96 uaz 32 Faazrlddadiu

1 1 @ [ 1 1 [ Y 4
Y89 G/R UANNINY 0.5 uagdaaiuved B/R AN 0.17 TasN19gu8 AREDS2 Reading
9 ' = A D o ' o Y < J
Center IR3zyNMMdr0mnianuaugadaina1azii I iamsomunsUNI @AY Drusen
o A ~ g A ~ v A ~ ~ A a
nuusnunlsngseslsnlda iwenSeuisunuigoylasauesvemniianiming [15]
A < a a o ax A o

M13199 4-5 10 umsnagdnanmsdsziiugum s avveI TNl uauo

nFeuiiennuitou q Taeldnm@veainingudoya STARE $1uau 83 31) nazgiudoya
o g dy 1w A~ o A A 1 B~ '
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HS-GEV linnuauaad Indifeanuuuuiiaes@ninaea1ued Hubbard wagame [15] winiiga

Aan A o a0 = [l ~ 2’, 9
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Abstract

Contrast enhancement is a crucial method for
improving the quality of an image. This paper proposes a
visual contrast enhancement of a color image by using
histogram modification. Transfer function of the modified
histogram was designed with generalized extreme value
distribution. To automatically enhance image contrast and
tone meanwhile improving color balance, three parameters
of the distribution that consists of shape, scale, and location
were estimated by probability weighted moments. The
location parameter was employed to improve brightness
and color balance. The scale and shape was provided to
enhance contrast and to adjust tone of the images. The
proposed algorithm was evaluated with a low dynamic
range (true-color images) and a high dynamic range images.

Keywords: Histogram modification, Generalized extreme
value distribution, Visual contrast enhancement, Color
balance, Tone mapping.

1. Introduction

Due to the widespread applications of digital cameras,
many digital color images have been taken under improper
lighting conditions as a result of low visual quality. To solve
this problem, recently many proposed methods have been
proposed to produce the better quality images. Contrast
enhancement based on histogram modification (HM)'' is a
widely used technique for improving visual quality of the
low contrast pictures in an image processing.

Histogram equalization (HE) is normally used to
enhance the brightness and contrast of an image by using
cumulative distribution function for stretching its dynamic

range. HE is often questioned for excessive enhancement;

DOL 10.12792/icisip2016.011
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because, it may shift the mean intensity values to the
middle gray level of the intensity range. To overcome this
mean-shift problem, many researchers'™” have proposed
methods to solve the mean shift problem of HE.
Fundamental objective of the solving mean shift techniques
provides the output images with the mean of brightness close
to the original. Those techniques are not suit for underexpose
or overexpose images; because, they will lead to human
visual perception loss problem.

Recently, visual contrast enhancement algorithm
(VCEA) based on histogram equalization was introduced
by Meng-Liang Chung et al."”. The image results of VCEA
have much more visual quality than other HE-based
methods; however, the space adjustment mechanism cannot
control the brightness mean. This mechanism will affect to
improper appearance of color balance.

In this paper, a new visual contrast enhancement is
proposed. Our model employs histogram modification®
with the generalized extreme value (GEV) distribution'” to
characterize the transfer functions. Three parameters of
GEV, which consist of shape, scale, and location, are
estimated by probability weighted moments (PWMSs)!'?.

By setting optimal values of the GEV parameters can
use to enhance the retinal images''”; however, our proposed
algorithm uses the standard white point, D535, to specify
location parameters for controlling the brightness and color
balance. The scale and shape parameters are employed to
improve contrast and to adjust tone of color images,
respectively. Our algorithm employs Kullback-Leibler
divergence (KLD)"™ to select estimated contrast and tone
parameter values. These parameters are manipulated by
scale and shape parameters. Optimal tuning process of the
three parameters is employed to formulate the transfer
functions of HM and thus the algorithm can produce good

© 2016The Institute of Industrial Applications Engineers. Japan.
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quality color images.

The performance of the proposed scheme is evaluated
with public available datasets True-color Kodak Dataset '
(for low dynamic range images) and ESPL-LIVE HDR
Image Quality Dataset'®,

The paper proceeds as follows: Section 2 describes
designing transfer functions, which consists of histogram
modification, GEV distribution, and PWMSs estimation;
Section 3 describes the proposed algorithm; Section 4
presents the experimental results and the paper concludes in
Section 3.

2. Transfer Functions

The proposed method relates to three topics for
fabricating our algorithm. The theme is the transfer
functions of histogram modification. The either two topics
are provided to support the HM that is a GEV distribution
and its parameter estimation method by PWMs.

2.1  Histogram Modification

Histogram analysis dates back to the early era of digital
image processing''™. Tt provides to analyze an intensity
distribution for characterizing and designing to enhance
pictures. As it includes a process for analyzing
characteristics and design, the histogram has been named a
histogram equalization, histogram matching, histogram
specification, or

histogram modification. Histogram

processing employs mathematical models known as
probability distribution functions (PDF). A simple version of’
histogram equalization uses a uniform distribution. The
advance processes need to specify the shape of frequency
distributions. The PDF has to support the advance processes.

Let x be the intensity levels of an image, X. in the
range [0, 7-1] (where I denotes the maximum intensity
value). The number of pixels in each intensity level, i(x}), is
histogram of the image, .X. i(x) could also be expressed as a
percentage of the pixel numbers against the total number of
pixels in the image, X} that is, p(x) = A(x)/MN. where
the size of image is MxN pixels. In statistical terms, p(x)
is the PDF.

Histogram matching based on HM™ could be
regarded as a monotonic point transformation, g ~7{f.}.
The input variable, f.€[/\. f-]. was mapped into an output
variable, gs€[g, gp), such that the output probability
distribution, Pu{g/~b,}. follows some desired form for a
given input probability distribution, Pp{f. =a.}. a.and b,

represent  reconstruction values between the ¢ and "
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intensity levels. ¢ and D were the maximum intensity
values of the histogram; thus, the sum of input and output
probability distribution must be equal to unity:

2Pt =a}=1 (12)

S P {g, =b,}=1. (1b)

The probability that pixels of the input image had an
amplitude less than or equal to a. must be equal to the
probability that pixels of the output image have amplitude
less than or equal to b, where b, = T{a.} because the

transformation is monotonic. Hence

ZP,T {gn =b,} =2Pﬂ{j:" =a,],}. (2)

n=1 m=1

The histogram modification in (3) can be obtained in
approximate form by replacing the discrete probability
distributions of (2) by continuous probability densities.

f p.(g)de = f pN)dr @
Zoin [nin

where py(f)and p;(g) are the probability densities of fand
g, respectively. From the given image, X, the integral on the
right was replaced by the cumulative distribution function

(CDF), Pr(x) = Ei p(x). Thus, equation (3) was in

=Fmin

the form

T P, (g)dg =P, (x). ()

Lanin

The histogram was modified by many probability
functions such as uniform, hyperbolic, exponential, and
Rayleigh distribution, etc.””, Those distributions usually
control only the range (uniform and hyperbolic) and some
of them can adjust the shape parameters (exponential and
Rayleigh). In a color image enhancement, the process needs
a location parameter to control the color balance. In this
paper, GEV distribution had three parameters consisting of
shape, scale, and location, which were provided to modify
the histogram of color fundus images'*’.
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2.2 Generalized Extreme Value Distribution

Frequency analysis was an interesting topic for us
because one important topic in a digital image processing
has to analyze intensity values; especially, in HM®, For a
color image, histogram transfer functions need more
parameters to enhance the image; therefore, three parameters
of GEV could be provided to adjust contrast, brightness, and
color balance of the color images. The CDF of a GEV!'" was
given by

t.-tp;{l—f.‘(x_'"}]w-]. vy { ptafrsx<a, for k<l
o

—mex<p+ofx, for k>0
Fx) =

expy —e\p{—w]}, —w<x<®, for x=0,
a

(%)

where x4, o, and & denote the location, scale, and shape
parameters, respectively. When x= 0, CDF is Gumble’s type
T {-m<x<o). When x# 0, CDF includes two types. When x<
0 it becomes Frechet's type II. but when a=>0 it is the
Weibull or type I1 distribution.

The PDF corresponding to (5) is

exp{_(nx(x-ﬂ)f"]_w}%b“{?ﬂ : |

{ pi+ofk<x<m, for k<0,

plx)=

—wexgp+afx, for k=0, (0)

ot

—w<x<w, for k=0,

The transformed intensity, g, could be solved by replacing
the density function, p.(g), of (4) with the p(x) of (6) and
integral the left, which becomes to the CDF of (5). Thus, the
transfer function of HM by GEV distribution becomes

B [;H%[I—{—m Pf(xj)“} for k=0,

2= (7)
" o'ln( InPf(x))

for k=0,

The modified intensity, g, of each color band comes from
the CDF of the input image and the GEV parameters, which
might be estimated by the method of PWMs.

2.3 Probability Weighted Moments

Three parameters of GEV distribution could be
estimated by PWMSs'""' as follows:
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,,",:f{,_';[l-r{lw)] (8)
__(h-b) 9
Jr(+5) @
#=7.85902+2.955427 (10)

where z = (2b, — by)/(3b; — by) —log2/log3 and I
denotes a gamma function. The values, by, &, and b, were
calculated by employing an unbiased estimator of the first
three PWMs that were given by

U[l-(»l)"'l'(lu»)} .

'8“.:'“ ' x r+l ( l]')
The unbiased estimator of g, is
bom g (i-1)(i-2)(i-3)..(i—r) =012 (12)

a1 a-2)(n-3)..(nr)

i

where x(;, denotes the ordered observations from a sample
of size n, that is [)(m Sxp Sxg == I(,,)}.

The transfer function of HM by using GEV
distribution as a transfer function was reviewed. The next
section will describe the algorithm to enhance the color
images by employing HM for adjusting the color balance,
brightness. and contrast.

3. Color Enhancement Algorithm

The proposed method employs GEV parameters to
adjust brightness, contrast, and color balance of natural
images by HM. “Aster” image''” in Fig. 1(a) was provided
to demonstrate how our algorithm operates. The algorithm
consists of four steps as shown in Fig. 2. The details of each
step are described in the following subsections.

3.1  Initial Values Setting

The first step initializes the specified parameters of
brightness, contrast, and color balance. Input image was
resampled by reducing the size following the eyes
adaptation for the best view in the fovea, which could be
approximated each luminance over a 1° diameter solid
angle corresponding to a potential foveal fixation point in
the scene''®. The brightness parameters, Brighti.
Brightreen, and Brightg,., were approximately specified
approaching to white point proportion of D535; thus,
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(Bright e, Brights,een, Brightg,.} = {96,100,92).
The scale parameters of each color band using for spread
the dynamic ranges of the images were calculated and
adapted by the maximum value of the scales from each
color band. The tone of the images was iteratively adjusted
by the shape parameter.

(a) Left: “Aster” dark image (image size: 1071 = 1600 pixels,

taken by Nikon D3100 ata shutter speed 1/60 and aperture of
F/12', Right: Output image,

— — GEV g

0 0 ]

3 "
Brgpemess.

(b) GEV fitting red band,

(c) GEV transfer function

Fig.1. Color image enhancement by tone mapping with
generalized extreme value distribution.

3.2 GEV Parameters Estimation and Design

The down-sampled image data from the first step was
estimated the GEV parameters for each color channel. The
three parameters. &, o, and g were estimated by using
PWMs. From the red band of Fig. 1(a). the parameters,
shape, scale. and location were approximated to -0.29.
22.61. and 24.01, respectively.

In the designing process, the first moment, b= 46.06,
represents the mean value of the red band in Fig 1(a). which

deviates from the specified brightness value of the red band.

Brightp.,. Thus, the new location parameter, ', is

recalculated by using (13)., where it replaces the first
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moment, by, in (8) with Brightp... as given by:
iy G .
' = Brighty,, R [l F(I + rc)} (13)

However, the new location parameter of the red band.
f' = 73.63, provided the new range. -4.15 < x < oo, which
the intensity of the red band spreads out of range for 8 bits
images as seen in Fig. 1(b).

The shape and scale parameters were tuned in the next
step for manipulating the image dynamic range. To tune the
dynamic range at the same time with improving the image
tone, the scale parameter was set to the initialized scale and
the shape parameter were evaluated by data boundary.

Let ¥ denote either the lower bound (LB) or the upper
bound (UB) of the data; when the boundary condition was
found out of range. It was solved by the range of the
random variable, x, in (6), where Hosking recommends
equating x to u + ¢/x and reformulating it for the shape
parameter'"”. In our case, the shape parameter was resolved
by

In2 o
. n (14)
i+ DB+ g
In2

3.3 Image Tone Tuning

In our scheme, image tone is enhanced by searching
for the optimal shape and scale parameters. The searching
range of the shape parameter was determined by evaluating
the minimum and maximum boundary values of
(R, Rp, Ryp} by  Rppin = min(R, Ry g, #yp, —0.05) and
Ropax = max(R, Rz, Kyg, 0.05). respectively. The interval
[Ronins Rimax) was iterated by incremental value with 0.01.

In each step for searching the shape parameter, the
scale parameter was evaluated by the tolerance value =5,
which provided the fitting dynamic range with the image
tone distribution. In each iterative evaluation, the location
in (13) and transfer function in (7) were recalculated to
update tone distribution, g, which was used to generate
histograms H, and Hy. H, denotes PDF of the output
image derived from (7) and Hy represents the PDF of the
GEV in (6). Both PDFs were evaluated by Kullback-Leibler
divergence (KLD)"" as in the following

KLD = i‘ln(ﬁ, (Y H (D) H, (7). (13)
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( start )

St )

// Brightness Values Setting

f = readimage(fileName);
Brightness = {96, 100, 92}; //D55
rghData=downSampling(f,64);

ScaleB=scale(rgbData(:,:,3));
MaxScale=Max(ScaleR,ScaleG,ScaleB);
Scales=[ScaleR,ScaleG,ScaleB]*S0/MaxScale;

Ts=5; //tolerance scale

N = Interval of LB and UB; //iterative number of shape

b=
BS
—MNo———— b < imSize bands = Y
=27 - ¥
- //GEV Parameters Design and Estimation.
PP =CDF(f, b);
v iPar = PWMslrgbData, b);
e StD_\ iPar.scale = Scales(b);
\_>top ) Shape = shapeData(rghData, N, b);

Emin=100; ix=0;
ScaleT=Scales(b);

/{ Tene Tuning
- —

No
Yes
iPar.shape = Shapel[ix];
ScaleT = scaleT +1; {—'
iPar.scale = scaleT;
iPar.location = serBrightness(iPar, brightness[b]);
v glb] = TransferFunction(f[b], iPar, Pf);

Ht = PDFGEV(x, iPar);
Hx = POF{g[bl);

iPar = shapeMin Energy = KLD{Ht, Hx);

//Histogram Matching
g[b] = TransferFunction(f[b], iPar, Pf);
b=b+1; |

Emin = Energy;
shapeMin = iPar;

Fig.2.Visual contrast enhancement algorithm by generalized extreme value distribution.

49 © 2016The Institute of Industrial Applications Engineers. Japan.
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From evaluation of the GEV parameters, the optimal
values were specified by the minimum values of KLD.
After completing the iterations, the optimal GEV
parameters to modify each color histogram were
established.

Fig. 3. Blanton Museum image enhancement, input, VCEA, and
the proposed method (from top to bottom).

3.4 Histogram Matching.

The final step employs the optimal parameters from
the step three to adjust the color histograms of each band by
the transfer function in (7) as seen in Fig. 1(c). From the red
band of Fig. 1(a), the optimal GEV parameters were
defined as K =0.50,6 = 75.00,and fi' = 78.59. The
green and blue bands could be operated with the same as
the red band as in the demonstration,

Fig. 4. Sea image enhancement, input, VCEA, and the proposed

method (from top to bottom).

Table 1. GEV paramelers to specify histogram.

Images arametery  Input image (R.G,B) Output image (R.G.B)
Blanton Museum K (0.13,-0.07,-0.19) (0.12,0.12,0.12)
& (17971257, 10.12) | (48.34,48.42, 48 53)

i (34.35,23.06, 16.87) | (74.82,75.26, 75.86)

(0.06,0.12,0.34) (0.07,0.12,0.23)

G (36.06,38.74,41.13) | (4334, 46.6,48.32)

& (83,87, 8842, 82.07) | (73.89,78.67, 74.83)

Forest K (-0.66, -0.64,-0.73) | (0.03,0.06,-0.01)

T (7.55,742,482) (45.44,46.5.29.11)

i (7.45,7.12,3.64) (73.42,78.36, 79.24)

© 2016The Institute of Industrial Applications Engineers, Japan.
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Fig. 1(c) illustrates comparisons of the transfer
functions (solid lines) from each color band. including the
luminance (L) with their CDF of the input images (dash
lines). The right picture of Fig. 1(a) shows the image results
of the proposed algorithm that could adjust the mean values
of the R, G. and B bands to 97.72, 102.04. and 94.87.
respectively. Other results would be shown in the

experimental results.

Fig. 5. Forest image enhancement, input, VCEA, and the
proposed method (from top to bottom).

4. Experimental Results

Our algorithm was tested with low and high dynamic

(1519 that consist of Blanton Museum.

range color images
Sea. and Forest images. The proposed results were
compared with visual contrast enhancement algorithm

(VCEA)". Tone mapped image quality index (TMQI)"”

with the structure similarity and naturalness measurement
were provided for quantitative evaluations.

Table 2. TMQI comparisons.

Figures Methods | Structural Statistical Quality
Fidelity Naturalness | Index
Blanton | VCEA 0.9147 0.4709 0.8963
Museum | HM 0.9812 0.4206 0.9042
Sea VCEA 0.9478 0.0335 0.8061
HM 0.9919 0.7444 0.9605
Forest VCEA 0.9549 0.4125 0.8961
HM 09627 0.8701 0.9721

QOur proposed algorithm provides a good visual
contrast on the detail area. It is causes from adjusting the
color balance and tone tuning by GEV parameters as
illustrated in Fig. 3-5. GEV parameters were estimated as
seen in the third column of Table 1. and the tuned
parameters in the fourth column that were provided to
adjust the brightness, contrast, and color balance as shown
in the enhanced results in the third row of Fig. 3-5. TMQI
comparison results were illustrated in Table 2.

5. Conclusion

The experiment results were shown that the enhanced
color images by using HM with the transfer function
designed with GEV parameters could be provided a good
visual contrast image. Enhanced images were adjusted by
the location parameters of each color band of the 8 bit
samples to replace the peaks of the brightness values for red.
green, and blue. The scale parameter could be used to
spread the intensity values over the dynamic ranges. The
shape parameter was employed to tune the tone of each
color band. All image results from the datasets were
enhanced according to D55 white point and provided a
better image contrast than the input images.
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Automated Color Balance and Contrast
Enhancement of Retinal Images for Visual
Diagnosis

P. Vonghirandecha, M. Karnjanadecha and S. Tntajag

Abstract—Color retinal image enhancement plays an important
role in creating an image suitable for medical diagnosis for the carly
detection of eye disease. For this problem domain, we propose
histogram-based color balance and contrast enhancement (CBCE)
which automatically adjusts the intensity values under psychometric
constraints by employing generalized extreme value functions. The
results show that our algorithm performs color retinal image
enhancement well, while retaining a pleasing natural appearance for
visually diagnosing the image. The performance of our method has
been evaluated against data from the Structured Analysis of the
Retina and the Diabetic Retinopathy image databases.

Keywords—Histogram specification, generalized extreme value,
retinal images, color balance, psychometric function.

I. INTRODUCTION

MANY eye diseases, including age-related macular
degeneration (AMD) and diabetic retinopathy [1] [2],
manifest themselves in the retina, and some are the leading
causes of blindness. As a consequence. retinal images are
widely used by ophthalmologists to identify patients who may
be at risk from eye disease. However, those images may be
unsuitable for diagnosis due to their poor quality, caused by
non-uniform illumination, low contrast, or washed-out color
[3] [4]. Such images need to be enhanced to provide better
visibility of the retinal anatomical structures.

We propose an improvement to previously exiting
algorithms in order to allow physicians to more easily and
accurately diagnose the disease.

Image processing algorithms for improving the poor
quality images include decomposition technigques [5] which
decompose an image into high and low frequency signals then
process the two signals, and histogram specification
techniques [6] [7]. The histogram specification techniques
modify the image by creating a pixel mapping function, and
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use it to redistribute the original image histogram to increase
the image’s contrast. These techniques have received the most
attention due to their straightforward and intuitive
implementation.

For decomposition technique, Dai er al. [5] proposed
retinal fundus image enhancement using normalized
convolution and noise removal. The information in the
background image was extracted from the original image by
applying a normalized convolution algorithm [8]. In order to
obtain an enhanced image, the difference between the original
image and the background image was multiplied by a contrast
factor, and fused with the original image. The fused image
was de-noised by applying fourth-order partial differential
equations [9] and a relaxed median filter [10]. This technique
can reduce abrupt changes and improve detailed information
by increasing the image contrast, especially in the region of
retinal vessels. However, this decomposition technique is a
complex computations.

For histogram-based methods, histogram equalization (HE)
is widely used to enhance the contrast of grey-scale images, by
employing a cumulative distribution function (CDF) to stretch
their dynamic range. However, for a color image, HE may
produce unwanted artefacts, color imbalance, loss of detail,
and it may shift the mean intensity values to the middle of the
intensity range. Many algorithms have been proposed with
various constraints, such as brightness preservation [11] [12]
[13] and contrast limitation [14]. However, brightness
preservation algorithms provide output images with a mean
brightness close to the original, which is inappropriate for
under-exposed or over-exposed images; especially, a color
retinal photograph. In addition, the contrast-limited adaptive
histogram equalization (CLAHE) algorithm [15] is
disadvantageous as it is difficult to determine many of the
parameters, such as clip limit, tile size, and mapping functions.
It is generally only used to enhance the luminance channel.

A color retinal image enhancement based on luminosity
and contrast adjustment [6] has been proposed, which
augments the classical histogram equalization. In this method,
the R, G, and B channels are enhanced by a luminance gain
matrix, which is obtained by gamma correction of the value
channel, V, in hue-saturation-value (HSV) color space. The
contrast of the luminosity channel of L*a*b can be further
enhanced by applying the CLAHE method with the number of
tiles and the clip limit equal to 8x8 and 0.01, respectively.
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The methods set out above deal with brightness and
contrast enhancement, but they do not adjust the color balance
to improve the color image quality. Intajag et al. [7] proposed
a histogram specification method with generalized extreme
value distribution (HS-GEV), to automatically adjust the
brightness, contrast, and color balance by redistributing the
image data. This was utilized to support the population
screening of AMD lesions.

In order to improve the retinal color images, our method
automatically enhances the images by modifying HS-GEV [7]
to increase the contrast and color balance, while preserving
naturalness, and taking into consideration the human visual
system. Our algorithm uses a contrast sensitivity function
(CSF) [16] to develop a criterion for justifying the image
quality. The specifications of the enhanced images are
designed according to optimal standardized images provided
by the AREDS2 Reading Center [3]. The performance of our
method was evaluated using two publicly available datasets,
Structured Analysis of the Retina (STARE) [17] and the
Diabetic Retinopathy Database (DIARETDBO) [18]. The
results show that our algorithm can make the interesting parts
of retinal images more visible, and these enhanced images
could help ophthalmologists during disease diagnostic
procedures.

This paper proceeds as follows: the image databases are
introduced in section II-A, and section II-B summarizes
histogram  specification, GEV distribution, probability
weighted moment (PWM) estimation, and HS-GEV. Section
T1T describes our algorithm in detail. Our experimental results
appear in section IV, and conclusions in section V.

II. MATERIALS AND BASIC THEORY

A. Materials

We employ two publicly available datasets: Structured
Analysis of the Retina [17], and the Diabetic Retinopathy
Database [18], to evaluate the performance of our method. The
STARE dataset, acquired by Hoover ef al. [17], consists of 36
normal and 47 AMD images. The images were taken with a
35° field of view, and each occupies 700605 pixels, and are
stored in 24-bit PPM format. The DIARETDBO database,
acquired by Kauppi et al. [18]. consists of 20 normal images
and 110 containing signs of diabetic retinopathy. The images
were taken with a 50° field of view, are 1500%1152 pixels
large, and stored in 24-bit PNG format.

B. Basic theory

The proposed method incorporates histogram specification
(HS) with support from GEV distribution and parameter
estimation using the PWM method. Also, the retinal image
enhancement employs HS-GEV. The rest of this sub-section
gives some background on these four techniques.

B.1. Histogram Specification

Histogram equalization employs the probability density
function {PDF) and the cumulative distribution function [19]
to achieve a uniform distribution in image processing. HE can
usually produce good quality image contrast when the image
has approximately a uniform distribution,
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Let r denote the grey levels of the input image to be
enhanced, Assume that r is a continuous random variable
which has been normalized in the range [0, 1] and its

continuous probability density function is p, (r) Suppose
"
T(f‘)=Ip,(w)dwf is the CDF of r, which is strictly

increasing; therefore, T(r) is uniformly distributed in [0, 1].

For a grey level image, its intensity value is a discrete
integer in the range [0, L-1] (where L denotes the maximum
number of intensity values). Hence (L-1) x T{r) will be
uniform in [0, Z-1] and the transform » = (L-1) x T(r) is an
equalization of the grey level image [19] [20]. A
transformation function that produces an output intensity level
z by histogram equalization has the form:

zz(L—l)T{r')z(L—l)Ipr(w dh, m

where w is a dummy variable of integration.

Histogram equalization yields an image whose pixels are
uniformly distributed among all the grey levels. However, the
intensity values of retinal images typically have more complex
distributions than uniform, which mean that HE may not be
appropriate. In general, retinal image enhancement uses not
only a scaling parameter to increase the image contrast, but
also employs the centroid density and shape parameter for the
frequency distributions to specify the color balance and to map
color tone. Histogram specification addresses this issue by
letting us specify the optimal distribution. Let, g represent the

output intensity levels of the desired image. and Pg (Q) be

the specified PDF. Pratt [21] defined the specifying function
as:

H(@)= (LD pg (u)du =z, @

where u is a dummy variable of integration. From equations
(1) and (2), the output intensity level, g of the desired image
becomes:

g=H ](;_), 3)
where /™' is an inverse transformation function that maps
grey-scale values in the input image to the desired image.
More detailed information of histogram specification can be
found in Gonzalez et af. [19].

The specified histogram, Pg (g) can be used by many

types of probability function [21], such as uniform,
hyperbolic, exponential, and Rayleigh distributions. These
PDFs usually enhance monochrome images by controlling the
range or shape parameters. In order to specify the histogram of
a color image, a GEV distribution is employed, consisting of
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shape, scale, and location parameters. This provides control
over the shape, range, and brightness location,

B.2. Generalized Extreme Value

The extreme value theory by Fisher and Tippet [22] is a
cornerstone of distribution functions, and a good review of
GEV applications appears in Fararo and Katz [23]. The CDF
of a GEV [24] is given by:

1/
exp

e

pto/k<x<e, for k<0; )

v=F(x)= K0, [

—waxLuta/k, for k>0;
X—pu
eof £

The GEV distribution includes three parameters: the
location (p) which determines the mode of the GEV
distribution, the scale (c) which specifies the deviation, and
the shape (k) which indicates how rapidly the upper tail
decays. Three types of distribution can be determined by the k
value. Negative x is a Type 11T or Weibull distribution, which
has a bound tail. Positive k is a Type I or Frechet distribution,
which has a heavy tail. When x approaches zero, it becomes a
Type | or Gumbel distribution, which displays an exponential
tail.

In our work, the three GEV parameters are used to adjust
the brightness, contrast, and color balance of the color images.
The PDF corresponding to (4) is:

[

expl —w<x<w, for k=0,

1
L]
—1/x] 1 [ x—pu K
cxp{f(lﬂr(rﬂ)/ﬂ] / };[lﬂ'\%ﬂ
J prafkx<m, for k<0;
‘1—m<_\'s‘u+c'/x. for &>0;

lx)= (5)

1

} exp
a

—M] —mex<n, for k=0,
a

{

Since the cumulative distribution function is invertible, it
can be expressed in the form:

Lu+%{l—(—ln y)K] for x#0;

- In(~Iny)

x=F )= ©

for x=0.

To design the HS using a GEV distribution, the inverse

function, 7" in (3) can be represented by the inverse

function, Fin {6) to generate the specified intensity, g. This
means that the transfer function for the HS based on the GEV
distribution becomes:
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il y+%{1—(—[nz)x} for x#0;
g= )=
.u—(rln(—lnz]

(]

for x=0.

In other words, the image enhancement quality of the HS
now depends on designing suitable GEV parameters. These
can be estimated by the PWM method.

B.3. Probability weighted moments
The p, o, and & parameters of the GEV can be reliably
estimated using the PWMs described by Hosking ef /. [25]:

#=7.8500¢ +2.9554¢7 (8)

6o Bhho)d ©
(|—2"f)r[|+;2)

fimby - ‘j’f [1-r(1+£) ] (10)

where ¢ ={2h —h,)/(3b, —b,)—log2/log3, and I denotes a

gamma function. The values, bo, by, and by are calculated by
employing an unbiased estimator of the first three PWMs,
given by:

3 (N2 i)
b E??(ﬂ—l](iw—2}(n—3)__{n_r]'(i)~ 0.1,2,..

where &) denotes the ordered observations from a sample of

(n

X S X

size n, that is { oy S Xa) X3 S,..sxm}.

B.4. Retinal image enhancement by HS-GEV

The HS-GEV model [7] employs a generalized extreme
value distribution [24] [26] to design the transfer functions of
the histogram specification technique [19] [21] [27]. The
transfer functions are specitied with three GEV parameters to
control the brightness, contrast, and color balance of the
retinal images. These parameters consist of shape, scale, and
location, which are estimated by PWMs as outlined above.

HS-GEV uses Kullback—Leibler divergence (KLD) [28] to

find the optimal GEV parameters in an iterative process,
which consists of two loops of shape and scale parameters.
Each shape parameter is used to adjust the tone, while the
scale parameter is used to increase the dynamic range. In each
iteration, the location parameter is recalculated to update the
KLD values as seen in the sequence of the equations (8)-(10).
Although HS-GEV could be employed to effectively enhance
color retinal images, optimal GEV parameters with maximized
KLD values could generate darker or brighter regions, as
illustrated by column (b) of Fig. 1.
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(@)

(b)

Fig. I Comparison enhancement results by columns:
(a) Original images from files im0292.ppm, and im0082.ppm,
(b) Enhanced images by HS-GEV, (¢) Enhanced images by our
method.

(©

Our algorithm, color balance and contrast enhancement
(CBCE), is proposed to overcome some drawbacks of the HS-
GEV method as illustrated by a comparison of the image
results in columns (b) and (c) of Fig. 1. The purpose of this
improvement, and the main contribution of our work, is to
provide a good quality fundus image, as seen in the column
(c); we replace the cost function, KLD of HS-GEV with an
achromatic contrast sensitivity quality metric (ACSQM), and
compensate for non-uniform illumination as seen in the flow
diagram of CBCE in Fig. 2.

The CBCE diagram is comprised of two main parts. The
first initializes the process variables and estimates the GEV
parameters of the input image. The second part is an iterative
process to find the optimal GEV parameters by assessing the
image quality index.

Input image

Specify and initialise
parameters
Estimate GEV
parameter
I
Approvimated scale
parameters

HS enhancement
with eptimal GEV
parameters

Update GEV
paramciers and
HS enhancement

Achromatic Contrast
Sensitivity Quality Metric

»

Fig. 2 Flow diagram of our method.
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111, COLOR RETINAL IMAGE ENHANCEMENT METHOD

Our method enhances color retinal images to be optimal
for human diagnosis. This requires that we extend the CBCE
algorithm from the HS-GEV method to deal with the problems
illustrated in Fig. 1. The key new feature is a controller, which
employs a psychometric function incorporating a brightness
regulator mechanism to improve the regions that are too dark
or too bright. Our extended CBCE provides a better colored
image under the specification of the Hubbard model provided
by the AREDS2 Reading Center. The CBCE algorithm has
two aims. Firstly, the shape parameters of the enhanced image
are kept the same as those in the original in order to preserve
the pathology of any retinal diseases. Secondly, the dynamic
range of the image is improved by tuning scale parameters to
make the retinal anatomical structure more visible.

A. Achromatic contrast sensitivity quality metric

In our CBCE algorithm, the image quality index is designed
to select optimal GEV parameters, Our quality index was
based on observations in a manner similar to human
perception mechanisms, which are very sensitive to edges (or
object boundaries) [21].

We utilized ACSQM index to objectively assess the
perceived image quality of images. This was done by applying
a psychometric function designed to accumulate the number of
just-noticeable differences between the object and the
background. For the color images, enhancement mechanisms
of brightness, and contrast were quantified by computing the
quality index on their luminance channel.

The results achieved by applying CSF to image processing
to assess the perceptual quality of images has improved
considerably over the last decade [29] [30] [31]. The purpose
of using a CSF is to filter and extract the crucial anatomical
structure information in the retinal images by weighting the
spatial frequencies of the human visual stimuli. In our
algorithm, the CSF model of Mannos and Sakrison [32] was
adapted to modulate the enhanced images as follows:

d
CSF(sf) =~ a(z +sf / fye & 110 2
where a is a constant, z represents a zero frequency intercept
controller, f; denotes the frequency constant for controlling
the position of the central peak, d is a constant value to adjust
the high frequency tail, and sf represents the spatial frequency.
We utilized parameters in agreement with those reported by
Mannos and Sakrison [32] to evaluate the retinal images. The
parameters were ¢ = 2.6, z = 0.0192, f, = 8.772 and d =1.1.
The CSF in (12) can be calculated in three steps for the
frequency domain [19]. First, a Fast Fourier Transform (FFT)
is applied to transform the luminance image into the spatial
frequency domain, with the viewing distance approximately
six times the image size. This provides a modulated frequency
of about 5.625 cycles per degree. Second, the filtering
operation is performed by multiplying the value returned by
the Fourier transform to the CSF coefficient. Finally, an
inverse Fast Fourier Transform (IFFT) is used to transform the
spatial frequency coefficients back to the spatial domain. The
calculated CSF luminance image is illustrated in Fig. 3(b).
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The CSF luminance image was used to formulate the

psychometric  function, pr, to obtain a local visibility
brightness contrast, vic.(f), given by:
Vigeai 1) = PF(8,. 1g,00) » (13)

where 8i represents an edge strength at the i-th sliding
window, which is derived from the standard deviation of the
CSF luminance image in a window of 5x35 pixels. The
edgeness result is shown in Fig. 3(c), and is employed to
assess the edge-based contrast measurement. u, and Gy denote

the average and standard deviation of the edge strength of the
original input image. Fig. 3(d) shows the local visibility
brightness contrast image obtained from (13) which is used to
predict the quality of the image.

A well-known psychometric function, Galton’s ogive, can
be employed to model the detection probability of the signal
strength. This was introduced by Barten [16], in the form of a
cumulative Gaussian distribution:

1 (=)
r(8,. ply . 0y) = exp| — 2 ldx, (14)
P -Gy U'UJ;:[. P[ 20, i|

where x is an integration variable.

The edge-based contrast quality, g., is obtained by
averaging the values, viea(). It is employed on the edge
strength to measure the contrast image, expressed as:

(13)

As the index g, approaches 1, our algorithm provides the
maximum contrast,

Our investigation of the STARE and DIARETDBO
datasets revealed that most images had some regions that were
too dark or too bright, caused by non-uniform illumination or
media opacity. For example, the white area on the left of the
image in Fig. 4(c) means that the corresponding region in the
image in Fig. 4(a} is too dark, On the other hand, the white
area in Fig. 4(d) shows that the corresponding region of the
image in Fig. 4(b) is too bright. This problem can obscure the
anatomical structures of the retina, and make some of the
details necessary for a diagnosis undetectable. In our scheme,
a brightness regulator maintains the inappropriate brightness
identified by the proportions of the regions that are too dark or
too bright, which is formulated as PD:

PD=(§ imr,c))/(mxn). (16)

r=le=|
where m and » are the image dimensions, and D(r, ¢) denotes

a binary image that highlights the too dark or too bright
regions.
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© )
Fig. 3 Output examples during the ACSQM process.
(a) The luminance image of the input fundus image (file:
Image109.png). (b) The CSF luminance image. (c¢) The
edge strength of the CSF luminance image. (d) The local
visibility brightness contrast after the processing of the
psychometric function using (13).

In our scheme, regions with very low color variation are
defined as having inappropriate brightness. From our
experiments with the datasets, D(#, ¢) can be defined as:

1 if S(RGB(r.en =T,
Dir,y={ b U SHGBTEN =T, a7
0, otherwise,

where T denotes the threshold value determined by Otsu’s
method [33]. S(RGB(r, ¢)} denotes the standard deviation at a
pixel coordinate (r, ¢) formulated from the color variation in
the RGB channels. S(RGB(r, ¢J) can be formulated as:

S(RGB(r.c)) =

[(R(r,c)— M(r,e))’ +(G(r.c)— M(r.c)}
+(Blr.e)— M(r,en']/3

(18)

where R(r, ¢, G(r, ¢). and B(r, ¢) are the pixel values at the r-
th row and the c-th column of the RGB channels. M(r, ¢/
represents the luminance, which may be estimated by
combining equal weights for each channel (as in a hue-
saturation-intensity color model), or by using unequal weights
(as in an XYZ color model) [19]. Our method represents M(r,
¢) using the mean values of the RGB channels at the (r, ¢/
position. Our approach means that increasing the scale
parameters will expand the dynamic range of the brightness of
the red-green plane. However, expanding the direction to the
dark or bright zones could increase the proportion of
unsuitable areas. In that case, the proportions of unsuitable
areas will decrease the edge-based contrast quality in order to
avoid spurious optimal parameters. Hence, the factor PD is
used to modify the quality index in (15),
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The achromatic contrast sensitivity quality metric, g, is:

qg=q,-FPD- (19)

The compensation mechanism for the brightness regulator
is illustrated in Fig. 5. Fig. 5(c) and (d) show two of the
enhanced images which occurred during the tuning process. In
Fig. 5(c), g. = 0.8248 and PD = 0.0995, giving a quality index,
g, of 0.7253. In Fig. 5(d), g. = 0.8193 and PD = 0.0309, giving
a quality index, g = 0.7884. These results mean that the
enhanced image in Fig. 5(d) will be selected as the output
image, because it has a smaller unsuitable area, especially on
the right hand side.

(©)
Fig. 4 Binary images showing the regions that are too dark or
bright using the Otsu threshold.
(a) Image from files Image015.png. (b) Image from files
Im0307.ppm. (¢) Binary image representing the dark regions
of image (a). (d) Binary image representing the bright regions
of image (b).

(d)

B. Color balance and contrast enhancement (CBCE)

Our CBCE algorithm adjusts the brightness, contrast, and
color balance of color retinal images. It was developed from
the HS-GEV using ACSQM and a brightness regulator to tune
the GEV parameters. The algorithm, shown in outline in Fig.
2, can be described in three steps. To help with the
description, we will refer to the processing of the color retinal
image in Fig. 5(a), which was cropped to the region of interest
in the macular area.

The first step sets RGB color space variables by following
the color retinal image specifications of Hubbard er al. [3].
The parameters consist of brightness, contrast, and color
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balance. The brightness values for the color bands, b = {R, G,
B} are bvy = {192, 96, 32}. The lower bound, /by, and upper
bound, whs, for each color band, b, are [lbyg, ubs-r] = [112,
240], [Iby-c. ubp-g] = [16, 144] and [/by-g, ubp-s] = [16, 48].
These parameters are employed to tune the transfer functions
of each color channel, which adjust the color balance and
image contrast.

The second step estimates the GEV parameters for each
color channel. The cropped input image is resampled by
reducing its size to 64x64 pixels by the nearest neighborhood
method [19]. The down-sampled data is used to estimate three

parameters: shape, location, and scale (£, , /i, . and &, ) for
each color band, b, by using PWMs. From the red channel in
Fig. 5(a), the three parameters are &, , =0.41, &, , =22.73,
and gi,_, = 197.14. The first moment, by = 203.47, of (11)
represents the mean value, which deviates from the specified
brightness of the red channel, vy &, which is 192.

To adjust the color balance of each color channel, the new
location parameters, &; are calculated by replacing the first
moment, by, in (10) with the specified brightness value, bvs, as
given by:

(20)

In the case of Fig. 5(a), by, &, , and &, in (20) are replaced
with by =192, &,_,=22.73, and £,_,=0.41. The new
location parameter of the red band, j_,=185.67, provides a
new intensity range, 0 <x <241,72,

Next, the scale parameter of each color channel is used to

redistribute the intensity values, x, to the new ranges. In our
study, the input data scale parameters correspond
approximately to the shape parameters. which are classified
into four cases.
Case 1: -02<#,<0.2. In this case, the image data
distribution approaches a Type I GEV function in (4). The
probability of the intensity values, x, covers most of the data
range [24], p(u, — 20, < x< u, +70,)=0.99 . In the model
of Hubbard et al. [3], 256 intensity levels were divided into 16
scales, and the brightness values of the red channel were
distributed in the ranges [7/16, 15/16], [1/16, 9/16] for the
green channel, and [1/16, 3/16] for the blue channel. The
intensity values, such as those for the red and green channels,
can be redistributed within their specified boundary limits.
Therefore, the scale parameters for each color channel can be
approximated from the probability confidence interval; for
instance, those for the red and green channels are given by:
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(¢) (d)
Fig. 5 Color retinal image enhancement.
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(a) Input fundus image (file: Image109.png), (b) Tone mapping curves of R, G, B, and L (solid lines), (¢) The output
image with g. = 0.8248 and PD = 0.0995, (d) The highest Q for the output image with q. = 0.8193 and PD = 0.0309, (e)

Histogram of the R, G, and B channels.

(i, +767) - (&, - 25,) =128, @n
which gives g) = 14.22.

The scale parameters in cases 2 and 3 can be determined by
the range of the random variable, x, in (5). Hosking [25]
recommended equating x to g +a'x :
x=0 +G,) /K, . (22)

To obtain a good point estimation, the shape parameters
should be within the range -2 < & < !4 [24]. Thus, cases 2
and 3 can be formulated as follows:

Case 2: —0.5<K, <—0.2. This is a Type Il GEV
distribution. From (4) and (22), the scale parameters can be
estimated from the lower bound of the brightness values, /b, of
each color channel.
Oy =Ky by, — [ - (23)

Case 3: 0.2 <K, <0.5. The scale parameters in this case
are GEV type II. From (4) and (22), they can be approximated
from the upper bound of the brightness values, why, of each
color channel,

24

ar_ ~
G, =K, .ub, — f1},.
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Case 4: £, <-0.50rK, =0.5. This case usually occurs
when the intensity of the red channel of the retinal image lies
above the saturation point. The scale parameters can be
obtained from PWM estimation in the first step without
alteration.

During the tuning process, the scale parameters of the four
cases are estimated by searching the optimal scale values to
redistribute the intensity values within the tolerance interval
[&} -5, 6, +10] . From the tolerance interval, a linear scale
is used to determine 32 candidates for the scale parameters
from the combination of the red and green bands. They are
161 =161~ 5,604~ 48] +9,6) , +10) for the red, and
{60} =616 5.6 — 4 b, + 9.6, w10 for - the  green
channels, where index j and k = 1, 2, 3 ... 16. All the
candidate scales in the two sets will be employed to enhance
the image in the next step.

In the third step, the optimal GEV parameters in the red
and green channels are determined by iterative probes with the
candidate scales which redistribute the brightness values in the
specified dynamic ranges. In our algorithm, the blue channel is
translated only to the specified brightness, because the
intensity in this channel does not contain much information
related to the retina, and is usually distributed in a narrow
interval,

An exhaustive search of combinations of candidate scales
in {&Azk“’} and {5—;1:(;‘“} is employed to find the optimal GEV
parameters. The outer loop operates over the red channel, and

the inner loop over the green channel. These loops are indexed
by two parameters, j and k, where j is used to iterate the j®
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scale in {f}im‘”}! and index k is used to iterate the k™ scale in
{&;ﬂlf’”}. For each iteration of the loop, the candidate scales

perturbs the location parameters in (20), and then the transfer
function in (7) redistributes the grey levels. Then, the ACSQM
evaluates the quality index of the enhanced image, and the
optimal GEV parameters are chosen from the maximum
quality index, g.

The output image, g, in Fig. 5(d) was obtained with the
adjusted mean values of the R, G, and B channels,
bvy={192.46, 96.86, 32.18}. The original and the optimal
GEV parameters are shown in Table 1. The optimal transfer
functions for the color channels are shown in Fig. 5(b), which
also includes the luminance (L) with its CDF from the original
image (the solid line). The output image histograms of each
color channel are shown in Fig. 5(e).

TABLE I: GEV parameters of the retinal image in Fig. 5.

Parameters Original image Enhanced image
(R.G.B) (R.G.,B)
Shape (0.41,0.27,-0.01) (0.40, 0.26, -0.01)
Scale (22.73, 14.14,4.10)  (23.01, 19.19, 4.10)
Location  (197.14, 65.53,3.75) (186.20, 89.68, 29.75)

IV. RESULTS AND DISCUSSION

The retinal image data sets were used to evaluate and
compare our method with other methods that enhance color
retinal images, such as HS-GEV [7], normalized convolution
and noise removal (NCNR) [5], and color retinal image
enhancement based on luminosity and contrast adjustment
(LCA) [6].

Original

Original NCNR

Fig. 6: Enhancement result comparisons.
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We consider that the output images have improved quality
if they provide good image detail, good contrast, and color
balance, which enables them to be of increased usefulness to
ophthalmologists. However, color image assessment is not
easy to evaluate using only quantitative measurements. To
determine if an image has good quality requires both
quantitative and visual assessment, The quantitative methods
used for objective assessment are quaternion structural
similarity (QSSIM) [34], measured colorfulness (M) [35],
lightness order error (LOE) [36], and the global contrast factor
(GCF) [37], which can be categorized into two groups.

The first quantitative assessment group consists of QSSIM
and M® assess color quality. QSSIM measures luminance,
chrominance, or the combined degradation between a
reference and enhanced image [34]. In our case, there is no
reference retinal image, so the input image was employed.
This is less ideal for image quality assessment, but it allows us
to judge how well the enhancement method preserves the
structure of the achromatic and chromatic information. As a
consequence, the highest QSSIM score of | means that the
enhancement method completely preserved the structural
image.

Unlike QSSIM, M® is able to evaluate colorfulness
without a reference image, and utilizes the opponent color
space, which works well with color retinal images. Moreover,
M® has the highest correlation with the psychophysical
experiments of Hasler and Susstrunk [35]. Their seven scores,
{0, 15, 33, 45, 59, 82, 109}, correspond to {not colorful,
slightly colorful, moderately colorful, averagely colorful, quite
colorful, highly colorful, extremely colorful}.

HS-GEV

(c)

(a), (b), (¢) Image007.png, Imagel01.png, and Image109.png from DiaretDBO.
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The second quantitative method group uses LOE to assess
lightness order, and GCF for edge contrast. LOE can measure
naturalness preservation based on the relative lightness order
difference between the original and enhanced images [36]. A
smaller LOE value means that the retinal enhancement better
preserves the lightness order. GCF employs image contrasts at
various resolution levels to measure the richness of detail in
the green channel [37]. It also does not require a reference
image.

Visual assessments are shown in Fig. 6 and 7, with the
images coming from DiaretDB0 and STARE. The original
images in the first column exhibit a range of image qualities

Original

Original

(e)
(a), (b), (c), Im0013.ppm, Im0082.ppm, and Im0039.ppm from STARE.

Fig. 7: Enhancement result comparisons.

(a)

Fig. 8 shows the dark areas generated by each method. Our
method improved the quality of the dark regions, while HS-
GEV, NCNR, and LCA enhanced the image around the
macular area but the corner areas remained dim. This indicates
that our method improved the non-uniform illumination and
reduced the regions that were too dark.
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based on their degree of illumination, contrast, and color
balance. The last 4 columns show the enhanced images using
the NCNR, LCA, HS-GEV, and CBCE methods, respectively.

The color balance for the images was modelled by
Hubbard et al. [3] who specified it with the R, G, and B
brightness set to 192, 96, and 32, which resulted in color ratios
of G/R = 0.5 and B/R = 0.17. As seen from the enhanced
results in Fig. 6 and 7, and the experimental results in the third
and the fourth column of Table II, our method and HS-GEV
improved the Hubbard’s color-ratios better than NCNR, and
LCA.

HS-GEV

(d) (e)

Fig. 8: Comparison of improvements in the color cast of the retinal enhancement algorithms
applied to Im0292.ppm.
(a) Original image, (b) Output using NCNR, (c¢) Output using LCA, (d) Output using HS-GEV,
(e) Output using our method, CBCE.

Our method provides colorfulness scores in the range of 70
to 80, which are lower than NCNR, as seen from the M®!
values in Table II. Nevertheless, in the case of images with
uneven luminance, as in Fig. 9, our method and HS-GEV
produce significantly better colorfulness.
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(a) MP=46.20  (b) M®=55.75

{c) MU= 44.03
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(d) M*=68.98

(e) M*=72.29

Fig. 9: Colorfulness comparison of algorithms applied to Image039.png.
(a) Original image, (b) Output using NCNR, (c¢) Output using LCA, (d) Output using HS-GEV,

(e) Output using our method, CBCE.

Tntensity

—riginal

—MNCNR

- Pixel no, ! f L3
(a) LOE=381.23

Intensity

o 1 2 3 1 5
Pixelno.

(c) LOE=13.86

—oigina]
—iea

0
() 1 2 3 4 5
Pixel no. X1

(b) LOE=735.92

Intensity

Pixel no. x10°

(d) LOE=7.98

Fig. 10: Output image and graph showing the lightness in each pixel between Tmage032.png and the output

image.

(a) Output using NCNR, (b) Output using LCA, (c) Output using HS-GEV, (d) Output using our method, CBCE.

Fig. 10 shows the relative lightness order, which is utilized
to quantitatively evaluate naturalness preservation. The data
on the x-axis and y-axis represent the pixel number in the
image and the maximum intensity values of the three color
channels, respectively. The graphs in Fig. 10 plot every pixel
of the image. The black line represents the input image
lightness, whereas the green line represents the output image
lightness. Our algorithm preserves the relative lightness order,
outperforming NCNR, LCA, and HS-GEV. The LOE measure
[36] judges the similarity in lightness relative order between
the input and output image. with a smaller LOE value meaning
they are more similar. Fig. 10 shows that the NCNR and LCA
black lines are quite different from the green line, and so have
a bigger LOE.

Table TI summarizes the objective comparison results of
our method with other image enhancement methods for
STARE and DiaretDB0. The comparison results were
calculated with 83 STARE images and 130 DiaretDB0
images. The last 6 columns give the mean and standard
deviation of the color ratios, M), GCF, QSSIM, and LOE in
each quantitative method.

Our method has as good a color balance as HS-GEV,
achieving optimum green to red color balance ratios while HS-
GEV is better for blue-to-red ratios. Although HS-GEV is
better for blue-to-red ratios, this is less important since the
information included in the green channel is richer than for
blue. The average green-to-red and blue-to-red color balance
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ratios (Mean + SD) of our method are 0.505£0.002 and
0.166+0.002, and HS-GEV's ratios are 0.516+0.093 and
0.171£0.030, which is close to the color balance specification
from the Hubbard model.

HS-GEV yields the highest QSSIM scores, averaging
0.91+0.09, while our method is in second place, which
indicates that both methods can preserve structural similarity
from the input images. Although our method cannot preserve
structural similarity as well as HS-GEV, the visual assessment
in Fig. 6 and 7 show that our method provides better visibility
of the retinal anatomical structures than HS-GEV.

NCNR gives the highest MY scores, averaging
74.53+17.01. Our method employs GEV’s scale parameters to
spread the dynamic range between the boundary limits
specified by Hubbard’s model. This means that our method
provides a colorfulness scores in the range 70 to 80, as seen
from the M® values in Table 1. However, for uneven
luminance images, our method has the highest colorfulness
scores compared to the other methods, as shown in Fig. 9.

NCNR gives the highest GCF score, 5.13+1.12. Within the
boundary limits, HS-GEV and our method gives lower GCF
values compared to NCNR. Although our method cannot
perform image contrast as well as NCNR, the visual
assessment in Fig. 6 and 7 show that NCNR could generate
dark blood vessels or dark regions, while our method gives
more visually pleasing results. Furthermore, our method
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confirms the GCF assumption because it provides GCF values
higher than HS-GEV for most of the input images.

As seen from the experimental results in Table I, there
exists a trade-off between QSSIM, GCF, and M®) indexes The
more contrast and colorfulness value, the fewer structural
similarity value. In contrast, the more structural similarity
value, the fewer contrast and colorfulness value. Although our
method could not reaches the highest in QSSIM, GCF, and
M" value but the visual assessment in Fig. 6 and 7 show that
our method could deal with this trade-off problem and give a
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more visually pleasing results when compared to other
methods,

Our method gives the lowest quantitative measure for LOE

(18.17+14.82), which confirms the naturalness preservation.
This indicates that our method performs better than other
methods in preserving the relative lightness order.

In summary, compared with other approaches, our method

not only enhances the contrast of anatomical details, but also
maintains the structural similarity and the naturalness of the
retinal images.

TABLE I1: Performance of various methods on the DIARETDB( and STARE datasets

Method Dataset G/R B/R M GCF QSSIM LOE

DIARETDBO 0.390+0.055  0.097+0.047 70.77+13.80 4.78+0.80  0.59+0.05  366.14+101.23
NCNR STARE 0.591+0.176  0.265+0.219 89.38+20.29 3.97+1.25  0.7240.06  266.74+98.30
Both 0.431+0.123  0.131+0.123  74.53+17.01 4.62+0.96  0.61+0.07 346.01+108.04
DIARETDBO 0.389+0.057  0.072+0.047 58.02+13.60 2384049  0.82+0.04 663.36+188.01
LCA STARE 034340262 0.120+0.314  94.52420.30  3.76+1.11 0.78:0.06  585.55+287.67
Both 0.380+0.129  0.082+0.147 65.41+21.10 2.66+0.86  0.81+0.05 647.60+213.23

DIARETDBO 0.519+0.104  0.172£0.034  63.33£7.39  0.78+047  0.91+0.10 21.85+45.62

HS-GEV STARE 0.502+0.003  0.168+0.003 77.31+10.92 2.46+045  0.93+0.03 35.54433.14

Both 0.516+0.093  0.171+0.030  66.16+9.94  1.12+0.82  0.91+0.09 24,62+43.64

CBCE DIARETDBO 0.506+0.002  0.166+0.002  72.0543.54  2.66+0.51 0.85+0.10 15.41+5.44

(Our method) STARE 0.503+0.003  0.168+0.002 79.32+11.12 2.78+0.80  0.96+0.02 29.03+28.98

Both 0.505+0.002  0.166+0.002  73.32+6.56  2.69+0.58  0.87+0.10 18.17+14.82

V. CONCLUSIONS AND FUTURE WORK REFERENCES

QOur color retinal image enhancement method (CBCE),
based on the histogram specification, was presented in this
paper. The brightness, contrast, and color balance of retinal
images were automatically improved by using HS transfer
functions based on a GEV distribution. The GEV parameters
were designed with Hubbard’s model to specify the color
retinal images in order to improve the image quality. The
transfer function was tuned by a psychometric index based on
an edge-based contrast measurement and a contrast sensitivity
function. To compensate for non-uniform illumination of the
retinal images, the index value was modified with too dark and
too bright regions named as ACSQM. Our CBCE method was
tested on retinal images from the STARE and DIARETDBO
databases. The proposed method achieves our contributions
for improving the image quality as seen from Figs. 6 and 7
that obtain good color balance and better color contrast than
other approaches. Additionally, work can be done such as
improving color contrast by increasing colorfulness to reveal
hidden information in the fundus photographs and large scale
clinical testing to declare the enhanced results as sub-standard
for screening the image quality.
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CONTRAST AND COLOR BALANCE ENHANCEMENT FOR NON-UNIFORM ILLUMINATION
RETINAL IMAGES

Preecha VONGHIRANDECHA, Montri KARNJANADECHA, Sathit INTAJAG

Abstract: Color retinal images play an important role in supporting medical diagnosis. However, some retinal images are unsuitable for diagnosis due to the non-uniform
illumination. For this prablem domain, we propose a method for improving the non-uniform illumination that can enhance the image quality of a color fundus photograph suitable
for reliable visual diagnosis. Firstly, a hidden anatomical structure in dark regions of the retinal images is revealed by improving the image luminosity with gamma correction.
Secondly, multi-scale tone manipulation is then used to adjust the image contrast in the lightness channel of L*a*b* color space. Finally, color balance is adjusted by specifying
the image brightness based on Hubbard's specification. The performance of the applied method has been evaluated against data from DIARETDB1 dataset. The results

obtained show that the proposed algorithm perfarms well for correcting non-uniform ilumination of the color refinal images:

Keywords: Retinal image, non-uniform illumination, human visual perception, image contrast and color balance enhancement

1 INTRODUCTION

According to the World Health Organization, eye
diseases such as age-related macular degeneration (AMD),
cataract, and glaucoma are the main cause of blindness in
the elderly worldwide [1] [2]. Most currently diagnostic
systems are based on a color retinal photography. However,
the image may be unsatisfactory for diagnosis due to their
low quality caused from camera properties, non-uniform
illumination, and the experience of photographers [3].
Consequently, image enhancement algorithms are widely
used to improve the image quality to provide better
visibility of the retinal anatomical structures.

Histogram equalization (HE) is a common contrast
enhancement technique which utilizes the cumulative
distribution function (CDF) of the input image for stretching
the dynamic range of intensity levels. The main drawback
of HE tends to shift a mean intensity value to the middle of
the dynamic range. In some cases, HE provides the results
over enhancement or unnatural appearance. To overcome
the mentioned drawback, various methods including
BPHEME [4], BPDHE [5]. and BPDFHE [6] are proposed
to preserve the image brightness. However, those
algorithms are not appropriate when the input image is
underexposed or overexposed because they provide output
images with a mean brightness close to the input and some
results in unsuitable for human perception.

Recently, an image enhancement based on luminosity
and contrast adjustment (LCA) [7], which augments HE,
has been designed for a color retinal image. The first part of
LCA creates luminance gain matrix by correcting a gamma
value of the value channel, V, in hue-saturation-value
(HSV) color space, and uses the gain value to enhance the
intensity of R, G, and B channels. In the second part the
contrast is improved by converting the enhanced image to
L*a*b color space and applying CLAHE [8] to adjust local
contrast of the luminance L with the number of tiles and clip
limit equal to §x8 and 0.01, respectively. LCA could handle
the contrast enhancement, but neglects the color balance.

In 2016, Dai et al. [9] proposed retinal fundus image
enhancement using normalized convolution and noise
removal (NCNR). The original image is used to extract the
information in the background image by employing a
normalized convolution filter [10]. Then, the difference
between the original image and the background image is
multiplied by a contrast factor and recombined with the
original image in order to increase the image contrast.
Finally, the fourth order PDEs [11] and a relaxed median
filter [12] are applied to reduce noise in the image.
Although, this technique enhances detailed information by
increasing the image contrast, especially in the vessel areas,
the color balance of output image is not proper for human
perception and the NCNR method is time consuming.

The contrast enhancement methods as described above,
usually provide results in unnatural looks and unpleasing
color balance, Motivated and inspired by the findings
published in [13], Hubbard et al. analyzed brightness,
contrast, and color balance of digital compared to film
retinal images in AREDS reading center for AMD
screening. They divided 256 intensity levels into 16 scales,
and defined the brightness at the peaks of each color
channel to 12/16, 6/16, and 2/16 for red (R), green (G), and
blue (B), respectively, results in the color balance yielded at
the band ratios G/R = 0.5 and B/R = 0.17.

In this paper, we propose an improvement to previously
discussed methods to increase the visibility of a hidden
anatomical structure in dark regions for the non-uniform
illumination retinal images. Gamma correction is firstly
used to improve the image luminosity. Then, the image
contrast is enhanced by applying multi-scale tone
manipulation, and finally the color balance is adjusted by
specifying the image brightness based on Hubbard’s model.

The performance of the proposed method was evaluated
using publicly available datasets, the Diabetic Retinopathy
Database (DIARETDBI) [14]. The DIARETDBI dataset,
acquired by Kauppi et al. [14], consists of 89 color retinal
images. The images were taken with a 50° field of view
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with the size of 1500x1152 pixels and stored in 24-bit PNG
format.

The results demonstrate that the proposed algorithm
performs well in the non-uniform illumination image
enhancement. Tmages processed by our method have better
visual quality and suit better to human visual perception
than those processed by NCNR and LCA. This will allow
ophthalmologists to more visually and accurately diagnose
the disease.

The paper proceeds as follows: the proposed method is
described in Section 2. Our experimental results appear in
Section 3, and conclusions in Section 4,

2 CONTRAST AND COLOR BALANCE ENHANCEMENT

The proposed method consists of three modules (see
Fig. 1): Luminosity enhancement, Contrast and tone
enhancement, and Color balance adjustment module. The
luminosity enhancement module employs gamma correction
for boosting up the visibility of anatomical details that were
obscure in dark regions. In the second module, the Multi-
scale tone manipulation is employed to improve the image
contrast and tone. The color balance adjustment in the last
module is performed to specify the brightness of red, green,
and blue channel based on the Hubbard specification. A
detailed description of each module is presented in the
following subsections.

' o
| Luminosity
tEnhancement Module

\

| Input image |
,4'—-\
[ Contrast and Tone
Enhancement Module
e
JUN— A
L (

| Color Balance
| Adjustment Module

J

Output image
Figure 1: Framework of the proposed method.
2.1 Luminosity Enhancement Module

From our observation in DIARETDBI datasets, most
images have some dark regions caused by uneven
luminance. Those regions obscure the anatomical structures
in the ocular fundus, and make necessary details for a
diagnosis undetectable. To improve those dark regions of
the image, the luminosity of the image needs to be
enhanced. Mei ef al. introduced a luminance gain matrix
[7], which derived from the gamma correction of the value
channel in a HSV color space. The gain matrix has shown
good improvement in luminosity. The gain G(x.y) could be
rewritten in the simple form as:

m(v(x.y)/ m)
vix,y)

122

Glx.y)= (N

where v is the luminance values from HSV, that is
v(x, ¥) = max(r(x, ), g(x, ). b(x.»)) and r(x,), glx,), and
b(x,y) are intensity values at the coordinate (x, ) from R, G,
and B channels, respectively. The parameter m is the
maximum value of v.

In particular, from our investigation in DIARETDBI
dataset, the average dynamic range of red. green, and blue
channels are [0 — 222]. [0 - 157], and [0 — 78], respectively.
Due to the dynamic range of blue channel being narrow and
its maximum intensity value being low, hence, the formula
of v(x, y) = max(r(x, ¥). g(x, y).b(x,)) could be changed to
v(x, ¥} =max(r(x.y),g(x,»)to reduce the computational
time. In addition, the parameter m might be estimated from
the maximum intensity of the red channel as m=max(r{x.y));
in this case, the parameters v and m can parallel
approximation.

The enhanced luminosity RGB', from the input image,
RGB, can be obtained by multiplying pixel by pixel as the
following:

RGB'(x.y) = RGB(x.) - G(x, ). 2

The second row of Fig. 2 shows the enhanced
luminosity as seen in the images, the visibility is improved
in the dark areas. The next step is to enhance the image
contrast and tone to provide a better visibility of the retinal
anatomical structures.

(d)
Figure 2: Results from each enhancement module.
(a) Input images from file Image007.png (left column) and Image027 png
(right column), (b) Luminosity Enhancement,
(¢) Contrast and tone Enhancement. (d) Celor balance adjustment.
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2.2 Contrast and Tone Enhancement Module

Multi-scale tone manipulation is effectively used for
improving the contrast and tone of images. In this module,
the image is converted to L*a*b* color space, the lightess,
L component is decomposed with different scales [15]. In
our scheme, the decomposed image consists of a smooth
base layer (/) and two detail layers (ah and dy). Each layer
is processed separately and recombined to generate the final
result [15].

Farbman et al. [15] introduced a smooth layer, /., can
be obtained by using WLS filter. Varying the parameter
values of WLS filter, the image tone is not smooth enough,
especially, around optic disk areas, and results in unnatural
looking as shown in Fig. 3 (b). Hence, the WLS is replaced
with the optic transfer function of Deeley ef al. [16], and
named as DOTF. The smoother lightness versions /y and /,
can be defined as:

I, = F{F{ly- DOTF}, (3)

I, =F '{Fil,}- DOTF}, )

where £ and F! denote the Fourier transform and its
inverse, and the formula of DOTF described in [16] is given
by:

DOTF =exp[-(u /(20.9-2.10)13007) - (5)

where u denotes the spatial frequency and @D is pupil
diameter with approximated to 4 mm.

(a)

(b) (]
Figure 3 Comparison of results with different filter.
(a) Input image from file Image008 . png. (b) Output using WLS,
(c) Output using OTF.

The lightness channel /, and two smoother lightness
versions /y and /; are then used to generate two detail layers,
do and d,, expressed in the form:

do =880l -10), ®)

di=S(d.l-N), (7

where S is a sigmoid curve which is defined as

S(a, x) = 1/(1+exp(-ax)). 8o and &, are boosting factors for
the dy and &, layers.

Then the base layer /i, and two detail layers, do and d)
were recomposed to form the enhanced lightness, /', which
can be formulated by:

I'=u+8S(Bn-h-wy+do+d., (8)

where 7 denotes an exposure of the base layer, & is
boosting factors for the base layer. and u is the mean of the
lightness range. We utilized parameters in agreement with
those reported by Farbman er al. [15]. The parameters were
d=1,8,=40,and 6:= 1, n = 1.0 and p = 56.

In the last step of this module, the contrast and tone
enhanced image, RGB”, are obtained by replacing L
component by /" and converting L*a*b* back to RGB color
space.

Fig. 4 shows the base layer and two detail layers
corresponding to the image in Fig. 2. DOTF takes less
processing time than WLS and gives a more natural looking
as shown in Fig. 3 (c). The contrast and tone enhanced
images in the third row of Fig. 2 have a better contrast when
compared to the luminosity enhanced images in the second
row. The next module is to adjust the image color balance,

(a) (b) (c}
Figure 4 Corresponding base layer and two detail layers of image in
Fig.2.

(@) Base layer /,, (b) and (¢) Detail layers oy and o).
2.3 Color Balance Adjustment Module

The findings from Hubbard et @/. [13] lead to the main
motivation for adjusting the color balance of the color
retinal images. The experimental results in AREDS2
reading center confirm that a colored image with Hubbard’s
model parameters shows a greater contrast of drusen and
pigment abnormalities compared to normal retinal pigment
epithelium. They specified the color balance with the color
brightness of R, G, and B to 192, 96, and 32. respectively,
which resulted in color ratios of G/R = 0.5 and B/R = 0.17.

In this module, we use the specified brightness vector, b
= [192, 96, 32] from Hubbard’s model to adjust the color
balance of the enhanced result, RGB", as processed in the
above module. The color offset of the image RGB" is adjusted
by the different between the brightness vector and the mean
vector, i, of RGB" image, that is u = mean(RGB").
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The color balance for the final output image RGB"™ is
formulated as:

RGB"(x,y) = RGB'(x,) +(sb, — 1), ©)

The fourth row of Fig. 2 shows the results of color
balance adjusting module that give a greater contrast of
foreground compared to the background.

3 EXPERIMENTAL RESULTS

In this section, the output results from our method are
compared with NCNR [9] and LCA [7] by using the images
from DIARETDBI dataset.

To evaluate the performance of our method, various
quantitative metrics including measuring colorfulness (M)
[17], Visual saliency-based index (VSI) [18], and lightness
order error (LOE) [19], are used to measure the image
quality. M@ [17] is a colorfulness metric which is fitted to
perceptual data collected from a psychophysical experiment
and it has a simple expression based on the opponent color.
VSI [18] measures the image quality inconsistent with the
human visual system or subjective evaluations. The method

(\
[ ]

(b)

(a)

uses the visual saliency map as a feature to measure the
image’s local quality. LOE [19] measures the lightness
order error between the original and output image to assess
naturalness preservation. The smaller the LOE values, the
better the naturalness is preserved. However, color image
assessment is difficult to evaluate using only quantitative
measurements. To determine if an image has good quality
requires both quantitative and visual assessment. For the
visual assessment, we visually inspected the output image to
see if it retains a pleasing natural looking and if lesions of
the ocular diseases can be easily discriminated.

3.1 Visual Assessment

Visual assessments are shown in Fig. 5 with the images
taking from DIARETDBI where the first column represents
the original images, and the output images consisting of the
proposed method in the second column, NCNR in the third
column, and LCA in the fourth column. The output images
by employing NCNR and LCA methods generated dark
color areas, especially for the blood vessel, macular, and the
abnormal tissue such as hemorrhages, and red small blood
dots.

(c) (d)
Figure 5 Results of different methods for the images: image008.png. image019.png. image029.png. image047 png, and image034.png from DIARETDBI1
(a) Input images. and output images: (b) proposed method, (¢) NCNR. and (d) LCA.

i
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Although the proposed method cannot perform image
contrast as well as VCEA and LCA, our proposed method
produces a pleasing visual appearance and maintains the
color balance better than the other methods. The output
results from the proposed method could reveal the hidden
anatomical structures from the dark regions and may help
ophthalmologists to improve diagnostic accuracy.

Compared with the other methods, the proposed method
enhances the contrast and tone of anatomical details.
Additionally it also produces a natural looking with a proper
color balance as specified by the reading center [13].

3.2 Quantitative Assessment

Table 1 shows all quantitative metric values, where
each row corresponds to the enhancement methods and each
column corresponds to the quantitative metrics in the form
of an average and standard deviation value (Mean = SD),
calculated from 89 images from DIARETDBI. Illustrated
are the mean and standard deviation of the color ratios, M®,
VSI, and LOE. From the experimental results in column
two and three of Table I, the average green-to-red, and
blue-to-red ratio of output image from the proposed method
were 0.50+0.00, 0.17+0.00 which meet the color balance
specification from the Hubbard model. The proposed
method gave the highest quantitative scores for M
(97.11£1.73) and VSI (0.9574+0.0149). These highest
scores imply that the proposed method yields the better
colorfulness and visual perception. The experimental results
in the last column of Table 1 show that the proposed
method scored the lowest for LOE (97.39+£35.15), and
therefore can well preserve the naturalness.

Table 1. Performance of various methods on DIARETDB1
5

Method G/R B/R M VSI LOE
Our 0.50 017 97.11 09574 97.39
method +0.00 +0.00 +1.73 +0.0149 +35.15
NCNR 0.39 0.09 72.23 09539 134.77
=0.06 =0.05 +19.27 =0.0100 +29.17
LCA 0.39 0.08 86.47 09556 474.66
- =0.06 +0.05 +18.57 £0.0121 | =116.02

4 CONCLUSION

In this paper, a new automatic image enhancement
method is proposed to improve contrast and color balance
for non-uniform illumination retinal image. Our proposed
method was tested on DIARETDBI dataset. The
quantitative and visual assessment results demonstrate that
the output images obtained by the proposed method give
natural looking and therefore suit for human visual
perception in comparison to other methods. In term of
diagnosis by ophthalmologists, the enhanced images
obtained by our method could be used to assist
ophthalmologists in early detection and diagnosis.

5 FUTURE WORK

Due to the output images derived from our proposed
method are standardized in color as shown in Fig. 5, hence,
color features such as the color ratios: G/R and B/R could
be used to automatically detect the presence of abnormal
lesions such as hard exudate, hemorrhage, and red small
blood dot. Fig. 6 shows an example of hard exudate
detection by thresholding only G/R color ratio feature. Fig.6
(b) depicts the hard exudate segment as result from the
enhanced input image in Fig. 6 (a). To increase the accuracy
of the detection, the optic disk area should be removed from
retinal color image before detection and apply an effective
SVM classification to classify the hard exudate instead of
using the threshold, the classification results are shown in
Fig 6(c).

(a) (b) (©)
Figure 6 Example of hard exudate detection
(a) Enhanced image of image005.png, (b) Segmented result, (¢) Hard
exudate ground truth.
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