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ABSTRACT

Diabetic retinopathy is a common eye disease among diabetic patients which is caused by excessive sugar in the blood 
vessels that damage the retina. Fundus images are retina images that are captured and diagnosed by ophthalmologists. 
Ophthalmologists diagnose the progressive stages o f  diabetic retinopathy so that early detection o f  pre-diabetic retinopathy 
can be carried out. However, the quality o f  the fundus image can be associated with the brightness o f  the background and 
the indistinctive vessel contrast. This paper presents a novel extension o f  Bi-histogram Bezier curve contrast enhancement 
(BBCCE) based on the mean partition o f  its histogram. The disadvantage o f  having mean as the threshold partition is 
that the histogram distribution can be skewed due to an outlier. The proposed Dualistic Sub-Image Bi-histogram Bezier 
Curve Contrast Enhancement (DSI-BBCCE) method partitions the original histogram into two, using the median o f  the 
active dynamic intensity range o f  the input image and process two Bezier transform curves separately to replace the 
original cumulative density function curve as the median is not affected by the outlier. This DSI-BBCCE has the advantage 
o f  preserving the structure, median brightness and preventing over enhancement. The result shows that DSI-BBCCE has 
achieved a power signal to noise ratio (PSNR) of20.08±0.94 dB, absolute mean brightness error (AMBE) o f  20.15±1.89, 
structural similarity index model (SSIM) o f  0.8096±0.0185, structure measure operator (SMO) o f  3.2±1.10 and lightness 
measure order (LMO) of200.90±44.19.
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INTRODUCTION

D iabetes mellitus is a com m on m etabolic disorder faced by 
many, w hich is caused by the presence o f  high blood glucose 
in  the b lood (Ogurtsova et al. 2017). F rom  the W orld H ealth 
O rganization (WHO) global report, the num ber o f  adults 
w ith  diabetes has increased significantly since 1980 to 2014 
(Lovic et al. 2020). A ccording to the National H ealth and 
M orbidity Survey (NHMS) in  2019, there are about 49%  of 
M alaysians had diabetes but they had never gone through 
exam ination and diagnosis w ith  the chronic disease (WHO 
2021). D iabetes can lead to com plications in  many parts o f 
the body and increase the risk o f  dying prem aturely such 
as stroke, blindness, heart attack, kidney failure (Teh, Lim, 
Jusoh, Osman, & M ualif2021) and am putation (WHO 2021). 
D iabetic retinopathy is a com plication o f  diabetes mellitus 
in  a long run in  w hich the retinal vessel level is dam aged 
(Bowling 2015). The dam aged retinal vessel can cause

blurriness v ision  and near blindness if  left undiagnosed and 
untreated (W ykoff et al. 2021). The diabetic retinopathy is 
caused by high concentration o f  glucose that is present in 
the b lood vessels and at the same tim e block the tiny blood 
vessels that nourish the retina. A s a result, its b lood supply is 
cut. Contrary to age-related m acular degeneration (AMD), it 
is caused by aging process and is one o f  the multiple current 
daunting aging diseases (Teh, M ualif, & L im  2021).

Diabetic retinopathy is diagnosed through the fundus 
images captured during funduscopy examinations. The 
quality o f  the fundus im age w ill consequently affect the 
diagnosis o f  early detection o f  diabetic retinopathy from  
the thickness o f the retinal b lood vessel near the optic 
disc (Knudtson et al. 2003). D iabetic retinopathy can be 
classified into non-proliferative diabetic retinopathy (NPDR) 
and proliferative diabetic retinopathy (PDR). NPDR has 
the visible features such as one or more m icroaneurysm s, 
haem orrhages or exudates (Lai, Wong, & Liew, 2019). PDR
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is the more advanced form  o f the disease and has the feature 
o f  neovascularization w hich is new abnorm al form ation of 
b lood vessel growth. The dilation o f  the venules and the 
generalized arteriolar narrowing w hich are param eters o f 
ischem ic stroke are associated w ith diabetic retinopathy (N. 
Cheung et al. 2007). A fter that, researches are conducted to 
study the relationship betw een retinal vascular geom etry 
w ith  diabetes and diabetic retinopathy (C. Y.-l. Cheung et 
al. 2012).

D iagnosis o f  retinal diseases based on  digital fundus 
im ages are not only based on the ability o f  the observers or 
ophthalm ologists to differentiate betw een the vein  and the 
artery from  the background. O ther abnorm alities are present 
in  the fundus im ages such as cotton wool, microaneurysms, 
exudates, haem m orhages, drusen as well as the brightness 
o f  the vessel reflects. Thus, the quality o f  the im ages is 
crucial to show the visible features and vessel thickness 
as it may abolish the appearance o f  these abnormalities. 
N evertheless, fundus im age enhancem ent is an essential and 
challenging pre-processing step for autom ated diagnosis o f 
ocular disorders.

LITERAT JRE REVIEW

CONTRAST ENHANCEOniNT

Contrast enhancem ent is on ; o f  the m ost im portant steps in 
processing the fundus im ag fo r v  ssel segm entation (Tian- 
Swee, Ameen, Hitam, H u ,  &  oh, 017). A lthough the 
sim plest contrast enhancem ent is t  lie histogram  equalization 
(HE), it causes am plification o f noise a id  thus over-enhance 
the image in  two distinct regions (Chai, Swne,S eng, & Wee, 
2013). To overcom e this, dapti e hi togram  equalization 
(AHE) is introduced so that the im age ‘s brightness is 
redistributed equally, by using spatial fihering dnsph e in  
two distinctive regions. A  new im proved vers ion of  AHE 
w hich is contrast lim ited adaptive histognun  equahzatdon 
(CLAHE) introduced an  interactive ntensity w indowing 
that allows the detection o f sm all intensity ehangea znd 
thus reduces the noise (Yin et al. 2020). In  rhe year 19e7, 
m ean brightness preservation is introduced by div iding 
input histogram  im ages in  o tw  su histogram s images 
w ith  m ean as the threshold level by K im  so ar to give a 
more natural enhancem ent (Kim, 1997). This teeh nique 
is called B i-histogram  equalizat on (BBHE). From  there, 
different techniques are im plem ented i d  im przviced in 
the bi-histogram  equalization. In 1999, equal area dualiatic 
sub im age histogram  equalization (DSI3E) is introduced by 
W ang et al in  w hich input im nge . t  divided by tw r  eqnel-size 
histogram s based on the m ediog t o t shoM (We ig, Clien, 
& Zhang, 1999). In  2014, G an g roposed the utilization 
o f  B ezier curve in  the cum ulative density function  (CDF) 
curve on BBHE m ethod in  me& nal un eges iu rh  ae MRt 
knee im ages w hich have inoi i tinetrva sk iu r  r on irc it m d  
poor background lum inance (Gan  as e l. 2 0 °y). Tlu s m ethod 
is called B i-histogram  Bezier e utvn adndo tt enoanoom ent 
(BBCCE). A fter that, in  2020, .toyor y rour r ee  p romtn in t 
region o f interest contrast enhancem ens (PROT. E) to

separate the input image into two Gaussians that cover the 
dark region pixels and bright region pixels respectively (Yin 
et al. 2020). The threshold level is based on  the m ean o f  the 
brighter Gaussian region w hich is the second Gaussian and 
where the region o f interest is situated. Since BBCCE divides 
the input im age histogram s based on  the m ean threshold, as 
an extension o f  BBCCE, DSI-BBCCE is proposed based on 
the m edian threshold w hich is not affected by a few  large 
values that drive the m ean upw ard and a few small values 
that drive the m ean downward.

METHODOLOGY

FUNDUS IMAGE ACQUISITION

The fundus im ages are acquired from  D igital Retinal 
Im a - m  dor Ver-el Ex-raction  (DRIVE) database. A C a n o n  
CR) noo-my driatic OCCD camera w ith  a d5-daRrac del0  o f 
view  (FOV) is used to acquire the; m oges. D ie rmEgEt are 
eaplured u aing 8-h itt  ans oolor plane r l  r yh do SO) o-xeeo. 
Ti e  ceO o f oa im age -, w OOO are d (  test atid DO to gnm g 
im ayei o f  fu ailua, w i-t be Unŝ  inpe i  im agiiic. Tloe Uola iid 
o f OieD R l VE dhlaUcle o rh  i)e otiiuit ĉ̂  drom O fr w r b slta: 
U-1̂1te :iidei’t l̂;.gl £̂ll <̂r-c(^^^^nge.org/

DUALISTIC SUB-IMAGE BI-HISTOGRAU f  Emma Crn eE

The cum ulative density function )CDL) deriovs the 
traditional transform  curve. Bezi r fu ctions to stretch the 
original intensity distribution  in ehe transform  c u m e Thtg 
is to endure the full dynam ic range o f  A e im age io covered .

FIGURE 1. Flowchart of DSI-BBCCE

glrailZ) Hie mnu t im hga is deuomo r i eU h to  Ouis oh 
iiistonfam  w liich  0di^̂ t i t !5 ne L dincrete gray lenol- imb elled 
caX  = {V c-} 1 w hore mU)!c) e ldl), am • ••, U r  H isso^ a moO 
nii r gom etX i is ]o)otiec . •P .e ^ 1x^1 t)lOe)istC:Lor are r s  fum er  a r 
random  naiihg)e- iui w o-nll each k o r n i  m easured in  Ore lo rm 
oh n pcobcy)ii(a  denstty fodatinn . I ' s îs p rud ab ihty cienslic 
f un r tion  gs (decodee  ao -hs ][iittei aau u n en te  t f  r e rtaio  g o g  
levnl, ^p iliv )c ev -tc  lota1 mem ber o.  p lxEir ln  -hr  ^ma^^, ia 
in  E guation  1 o u  u)u-oorsh l gdagn  o f  n r  au^ ns t)aa utoi t r d.
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P ( * i )  =  —  n (1)

lmed TOUTld
+max Imin

(2)

Equation 3 show s f h e cum ulative density  function (CDF).

• EO a= j ^ P ( X kS 
j=o

(3)

A )ra n ifohm  ftinetion sou e e Oorm ed 0)ĉ s^0 on tire CDk end ts 
shown in  E naation 4.

/ W ^ o  +  C O O -i-S O tC a )  (4)

Sovore —tensity di ̂ t:^^to^ can tuijDjjiEiJio, if  theoe ie on  odn—l 
m ereosc ln ide Co o eerue. Wlt— Ih e -  lde isotul^o^ is io 
sm a oihen th o CDO euoca. J/U.OtsoOut:e in tensity 0 00—renaa 
lAlD( i l  on tn dlc-los oO i—e de ^ e e od edntxart anhon aem enC 
tvt^lck c an (t e —•co to  m  Unu oti on 5. TO e toeaer the A ID ,the 
tower tho deorec ok ciiin’ri'̂ sit enhancem an3 iand ê iî e noeea.

AID = ^  — n  (5)

w here :
n N ie trannfoomed tni^ns;it^  diisie’ibu^lon noe (s One origm ot 
intenslty e lsnib ntion

Com pnhng idcorete cco dK̂ id̂ ĉcs th o inteneity
d Lffereuee cnovec ito "tlicit: .On crltieol tc^i-Ôts ere obtam eel to 
form  the ^ e^t^l  tran e^ol•̂ :i ahm 3: M e n sity distribution and 
the intensity ^ nceuat:eon resuiten(; nan affect th e foem uecTlon 
o(  tiee ts£mŝ ;f(̂ :r;tn auaeea The tnten rity Xifferenee cueve is 
cSe n o te d in E q u a tio n 6 .

y n rrx )  (6)

inten sity diecle p m en t/'cit^e dÔ ’̂ t t̂i a )trou;|:i — Oreat i^uirnltder r 
saflî ĉ li eosre ruonel— w itd the eritical llollrtr in w hich lies;
^ r<̂d.t (̂ i:iî ., tC  is c—uc1 to zero , rrhe orilicac d 0inte1 OCx . ^jsin lie

d? t  e
eitnee m (ncm um  ioeal po—di e h m  — — > 0 a n d  o rm axim um  

(2 d?2
lgusI i:)otn t /̂ win n  — 0. Oiy  tocot(nc  iire iargorit HiV, tiie

gtobai i^it.x^i^nnt and rmcioauiz aen Cl̂  ^ B m tm ott w ieliln 
f te  resfecelue d rnotecl ^^n^mraiinC;̂ :

w here :
7 )  0 , ]1 c c . d Lr l )
eie redsecents Oco mtmdon oo tim es (;/:iL;̂ i t i e  Cuvet X r aunears 
in Oh  —put kneeo X ,
o ic lota1 nomUee o f  ram plcT tn  dto asnut ^mirijê .

^ eon O r1 ti/m h ietogrem  tte distrilnution ts>
partitioned lnto ta /u  sub/im ages w hne3 ore ci’uo 0—c cub- 
hlotogedmo ‘l:>;ns3i ĉi on Oho thceshoicl ^ <3iitst  ̂ value. Tinn 
m ettcod i s lrn o ^ ^  ae ci -̂ Îi^^^o^:i{1]ici eqnaTcation c Tiie m e slmn 
thresho ie l t  denoaeU on CDO etruai 1to f .O co— ie l b ns—n oo 
thad n o ) andden dietrcbdtion sk ew du n to largr r  cm ount— oa 
ba d ^ round (ei?»:̂ Ss to Sower h istoga? — con  be eon^ ed  î)c(̂  
equation f o r l ie m eeOan —s as follow s:

o _  lf "ogonaxQDVr)y  i  ̂ (])
' 3(^?i^ww( =  [ f  . o ^ r w i s e

tlobal minimum (.̂  ; o3herwise

(7)

(8)

w hers:
/Ô]rdin a;o: g:̂cr^ l iin Ph  n , ô(/r̂ c:<̂ — 0 w .f t̂e:c o : Ĉ̂ot)rn ûreaum  J

Argmtn (IDh )  iis I |̂(),, ] . . wa:let:. ;3, < 0.c a t  dotal m mimze x

ia)1—!. iire calguKteci Ca(;̂3n i:lo(̂  erâ o !=;ii0i3̂ 1̂ii[;tti3f!;̂ c30(̂  3m ooen ^ e1 
tCoc two ^ct:ia o f  oriticat jrnccinUî  ;̂ ro: ^btoinc:d.

B e l ies ru e ie  ŝ> silr^ .iiaK 'lo SCte ^o^ur̂ ^ leul̂ 1 :i  ̂ n;:)::ĉ ]|:)1:̂ c)̂  (he 
cdcce 3̂  cc^nlri'^eic1 ^nt;:;̂ rnigî l ;̂g m  ]̂ite g]iô 1;c'rg(ĉ , "̂t: tli e: cam e 
oneis , ett3 contt/rô  ̂ potygon, t̂ce jcrjneratjjd ^urê e d.ĉ i :̂3 not
derail off. Ttoc icii£̂ :iaLe;l;r::;j::’:3:ct;̂ it od a Binder cur to  ^s tOat Û it  
^i:noot^o:r .tUa^ die HtJ3.di_t;i^n£̂  ̂ t̂ DF ^ui^cn c Tl ic  sctucco l̂ê es t 
c^cÛ êtel•(sl̂t(t ..jcn tj^aliei  smaUer irLICt. esa^(e]r curve ^i^uht̂ ion 
in drnotet1 tn  cî ĉ i3e ]̂inv 9.

<?(te = bnn,iO B<£ (9)

czf1cl3ê :
a^^ coi:ie;ir<c;̂ tloin^^ ’̂ Ci:iLc]e cere 'vê îtii1̂  tiK̂  tloi:r^ain  ̂ <= 

iiounOcr;^ 3̂S((( o:3̂ un.:^ar^ ^nlc . it) <10 Bernstein
Polynom (ar t̂liat oan bn shown in Veuation 10.

nn,i(ee= en^)^‘( i - O n- ‘ (10)

i n r^t ĉî ri  llie  lElii^^r^i'il ieoeOi)C])£̂ nt (JJO is as denoted:

The numeer a t  global extrem a gct^ ^ ^d  n̂dlcc rCiy d e te rmine 
tUt; UcJicree o f  I:Ccei(3i’ ]::;orĉ ei cud num fe r o f  ĉ ^ntrest potnfe. ]3ec 
?̂oom ule, a tliCcdsdej^r^i^ Beziae (̂ ucnt^,cvt î)^  ̂ lias 4 î onfrol 

points PA 4 {/']_,P t ,JP’t , ĉû ji] i s tr (3a^r oUl a(obat tM̂trea t;o. 
5(.not(ii;:t ^:i:atlt_c)te, i t  that if  a B ezier nurc ĉ; is e cecond dt3;̂ i eCi 
it e m li£(.̂en 31 coolt:l'(̂  1 oom tr ^ i ^  { Pg, Px,^3}.

The ciro];̂ ose!C( I^SI-:B]t^^(3:  ̂ ^ cm 3'VhorB  ̂ 'sêti iBo ir a m v e l 
extension ofB B F CE) :i  ̂us sl^cf^u  <̂̂ (^ 3.

(a)
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PSNR = 10 log!

= 20 log;.

MSE

MSE

(12)

(13)

The eq u a tio n o f MSE is as follow s :

MSE
M N

M

(14)

MSE is alat î̂ y î  j^o^itic^̂  due; to its squared characteristic. 
The sm aller (he MSE, tde (sn;Ct<3( t lo  r(̂ !sirlc. t t  is looc;!si;i5i  ̂ (tie 
error is ad iSe m inim um. The higher OhaPSM l, the better iCe 
quality o f th e  enio nncd tm oge.

SeconMfy, AyeetuCe m aiarc ^ s:̂ gti.1hLd;ss grrOT fAMBE) 
m easurei i he r>î ĵ5î 1o^ess preservation o f the outyut image.

AMBE =
\Mean ,  . — M ean ,
I l o n  l t (15)

w here :
L ls ^ lieĉ jfnamic ^acsĵ î  o f  elor ir->u( im age

B = jmox   jmir"  ' in (16)

(i)

FIGURE 2. DSI-BBCCE framework: (a) Original image, (b) 
Grayscale image, (c) Histogram image (d) Lower sub histogram, 
(e) Upper sub histogram, (f) CDF graph, (g) Intensity discrepancy 

curve, (h) Bezier transform curve, (i) Enhanced image.

IMAGE QUALITY ASSESSMENT METHODOLOGY

The images are tested using the follow ing m ethods 
such as HE, AHE, CLAHE, BBCCE and DSI-BBCCE. The 
perform ance o f  preservation and contrast enhancem ent o f 
each resultant im ages is evaluated. Statistical analysis in 
term s o f peak signal-toenoise ratio (PSNR), absuluta m ean 
brightness ertor (AMBE), stsvctural sim ilur ity index m o t el 
(SSIM), sOructuse m easure opeevior (SMOt seel Hglutaess 
m easure order (LMO).

Firsttg, USNR Pefig es She ratio a f  m aatm um  pa r t ible 
intensity vxlu e ctS m pt t im ae e So m et n squared errur aMSE). 
M ean squeten erean tMSEi ps ateo dex ned t i  tlis  avereye 
squares o f ths errors betw ecit the mp e t and outyx t mt ages. 
The equatiog o f  PSNR i s a s shhwn below:

b he ^mc l̂li r the AMBEs lOe boMes the /)^eaei '̂e!i1iii^n of 
the im age:

TMirS e i 5̂ i^ c Su:r;t i  r im ilbrity in t e x anodize )SSIM) 
m e;a^urii!i the ( im ilcrity ̂ rtwfr r n or̂ jĵ iiii'î  limi^jab b id nnhence d 
im nye. tiSilin r onsiA( oU> ttiirĵ e î oi^rcjrrs^on m^^^ner î ^ r̂ nts 
w H ali era û:rr̂ ii:î ]i:rae C-t-t , ^on(ra!3i: (id) end . ^ > 0̂1(6 t<S). 
Odiigise t im age is denoted jr ‘.rc i su^i^critĉ  w hole nnhanced
im i ^  ast IW ■̂̂ l;)̂ C]ria)t.

Luminance comparison, L (x , y)
2/JLxfiy + c. (17)

P: 2 +liyS + c .

Contrast comparison, C (x , y )
2OpOy + Cs 
x 4  ®y 4  C2

S truc ture  comparison, S (x, y)

(18)

(19)

where;
fix gverage o f  original image,

° n = average o f  enhonced image,

°y = = variance o f  yriginal image,

O '/  = varianye o f  enhanced image

®x ®y = covariance o f  oritiny l and enhanced im age’

ct = (kjL)2/ c2= {k -L )2, c3 = h  /y are variables that stabilize 
the division w ith w eak denominator,

w here;

)  = 0.01 and k2= 0.03 by de fault,

L in the dynam ic range o f the pixel value s

The com taned \(rnigci^y eo n ^ a ra tiv e m eagora ^  ic  shown 
below:

SSIM (x,y) = [L(x,y)a • C(x,y)q • S(x,y)r] (20)

S etting ti(e w eiyh(s a , )  and y equel (<r k  ehe form e 1:  a in be 
reduced to tlae ( quotier! disown bdtow :

(2/^pQ 4- CsX2Opy 4 e )
SSIM (x, y) a 0 4  -4 gy -4 CsXa)2 + oP + C,) (21)

T h eh ig h er the value o f SSIM, the m o re th e  similarity 
b e tw een o rig in a lim ag ean d en h an ced  image.

There are two m ethod assessm ents w hichm easure  the 
perform ance o f  natural preservation which are Structure 
M easure Operator (SMO) and Lightness M easure Order 
(LMO). SMO is an over-enhancem ent metric w hich tries 
to capture the structural change while LMO is an over-
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enhancem ent meaiuce that h  ba ted  on lonai in v eg io n 
CKlrc h  BagM aei, Chuikh , K taueO^  <h  Qurorbi 0000],

^Oaitcr oompuaei ttoe otructurul ĉ i;f0ltiren^<̂ an  tee e s  o f 
nceoogeeaity vahre o f  onnm a( im age , HOUs, acid enhanced 
(m oon H ( I  m  =elativ o to tihm a riolnul (m oon H oi’s .

SMO (x,yi
1 ^  ^  | HO ° -  HO ?-|

os x u u= un1=1s=li=1; = 1 HC0
(22)

H 0 is = a  n V[j — Hir

w here eneeojry la at; foUowi ;

^“ = F i s + 5Sis (24)

w =ore S= acd  S2 °s llte r o w a—8 cohseen  m u sl bosod on Slid 
Sobeloperator.

Snuidard Oeaiaiioo  nO im ag-
. -— a 

I— ' h r  _

m  Z  3  a?—, - ™ e )2

1— 1 . 8-1+ 2 2+ 2

0 2= em- (25)
8-1 . 8-1--2— (i ==-̂---h

w here tho v ah m 0)0" mean  intensity,
+ -1 . 8-1 

■*■“-“■ 2+_-~

' “ = 0  0 0  o (26)

The smelSeo 8 is SMO, i c  Oether 0î  ̂ -) êŝ eot?utioei of  the 
i m ace •

LMO e^u^^:0*:)/:̂  is o t unuw n b elow i
L M O

M  (l ,

o o Z Z r i —id  2=1 1
so(0<)e(i.0 ) -1 signO^I), j0)

(27)

The i maller Uô  8 MO, (he better the preservation o f 
brightness o f the image.

RESULTS AND DISCUSSION

w ltere HOi.  — defio tlt rg Urr —rodoce oe tin t :  5uantat5no o f 
^di—e nolnr, ilis; euta o y, Hy <——1 i—̂—tmela——< dx—ictinn, Vis 
in  — at n  ct w i- lo w  atennO r  pixel (Otmun, Ng, 11
Ram li, 201h( .

(23)

(e)

FIGURE 3. Fimdus images of (a) Original image, and its 
respective enhanced image using (b) HE method, (c) AHE method, 

(d) CLAHE method, (e) BBCCE method and (f) DSI-BBCCE 
metliod.

TABLE 1. Mean and standard deviation of (PSNR) of different 
contrastenhancement (0E) meihodt consistingof HE, AHE, 

CLAHE, B tc c n and DSI-BBCCE ona  totel e>f  40fundusimages

■wlŝ re;;
d 0(U./) .e CUe d.if f̂ei'e^c*; p ioel veSuoe (o s )  of  the
origsnci m a ge cod ieo iociU m ean DSieo o9 eE-ieedow s^ o o f 
31 x  31,
d r(O c) i t  rlci ^ i.^^^i^n^e iset'C'iien .sinel echoed C rj)  of  the 
e ^ ;sn i;eĉ  m oee aeb ite l^c^l Alior oi  w in h o n  ifiis ê o f
o r  x  e a )
-SD̂rsin)]̂  ir  (Co sĵ ipir^m fienction. Signum  function is as
follows:

LdNR

CE methods Mean PCNR 95% cLsifieence interval for Mean
±Std. De\^. L ower Borned Upper Boond

HE 13.4 =̂d e . so 12.00 t it . 99
AHC 23.36±i .22 22.9 7 23.79

C LAHU 19.5^=dl_.]L:2 19.18 19.90
B BCCE 19 .2̂ =t i .](E 18.8) 19.ET

DSI-BBCCE 20.08±0.94 19.78 20.38

i 1, x m 0
f  (x) me I 1, X = 0

1 - 1, x = 0
(28)
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TABLE 2. Mean and standard deviation of (AMBE) of different TABLE 4. Mean and standard deviation of (SMO) of different
contrast enhancement methods consisting of HE, AHE, CLAHE, contrast enhancement methods consisting of HE, AHE, CLAHE,

BBCCE and DSI-BBCCE on a total of 40 fundus images BBCCE and DSI-BBCCE on a total of 40 fundus images

AMBE SMO

CE methods Mean AMBE 95% confidence interval for Mean CE methods Mean SMO ± 95% confidence interval for Mean
± Std. Dev. Lower Bound Upper Bound SM. Dev. Lower Bound Upper Bound

HE 43.92±13.27 39.67 48.17 HE 108.96±11.39 105.32 112.61
AHE 9.95±4.59 8.48 11.42 AHE 7.78±0.207 7.72 7.85

CLAHE 14.66±7.02 12.41 16.90 CLAHE 22.51±1.16 22.14 22.89
BBCCE 25.65±3.67 24.47 26.82 BBCCE 2.19±0.44 2.04 2.33

DSI-BBCCE 20.15±1.89 19.54 20.75 DSI-BBCCE 3.2±1.10 2.91 3.61

TABLE 3. Mean and standard deviation of (SSIM) of different TABLE 5. Mean and standard deviation of (LMO) of different
contrast enhancement methods consisting of HE, AHE, CLAHE, contrast enhancement methods consisting of HE, AHE, CLAHE,

BBCCE and DSI-BBCCE on a total of 40 fundus images BBCCE and DSI-BBCCE on a total of 40 fundus images

SSIM LMO

CE methods Mean SSIM ±
95% confidence interval for 

Mean CE methods Mean LMO ±
95% confidence interval for 

Mean
Std. Dev. Std. Dev.

Lower Bound Upper Bound Lower Bound Upper Bound
HE 0.4885±0.0681 0.4667 0.5103 HE 1834.15±242.05 1756.74 1911.56

AHE 0.7239±0.0105 0.7205 0.7273 AHE 153.37±29.78 143.85 162.90
CLAHE 0.5210±0.0160 0.5159 0.5261 CLAHE 405.81±62.56 385.80 425.82
BBCCE 0.8096±0.0185 0.8037 0.8155 BBCCE 115.87±22.19 108.78 122.97

DSI-BBCCE 0.8096±0.0185 0.8037 0.8155 DSI-BBCCE 200.90±44.19 186.76 215.03

TABLE 6. One-way ANOVA computation by using different CE methods in PSNR, AMBE, SSIM, SMO and LMO

Sum of squares df Mean square F P (Sig.)
PSNR

Between groups 2073.847 4 518.462 283.377 < 0.001*
Within Groups 356.769 195 1.830
Total 2430.616 199

AMBE

Between groups 27708.870 4 6927.217 131.240 <0.001*
Within Groups 10292.674 195 52.783

Total 38001.544 199

SSIM

Between groups 3.881 4 0.970 850.951 < 0.001*

Within Groups 0.222 195 0.001
Total 4.103 199

SMO

Between groups 330700.831 4 82675.208 3114.247 < 0.001*
Within Groups 5176.745 195 26.547
Total 335877.576 199
LMO

Between groups 85486807.318 4 21371701.829 1623.091 < 0.001*
Within Groups 2567620.681 195 13167.286

Total 88054427.998 199

*Significant P value (P < 0.05)
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TABLE 7. Overview of the mean and standard deviation of different CE methods

CE Methods
Mean ± Std. Dev.

PSNR AMBE SSIM SMO LMO
HE 13.40±1.84 43.92±13.27 0.4885±0.0681 108.96±11.39 1834.15±242.05
AHE 23.36±1.23 9.95±4.59 0.7239±0.0105 7.78±0.207 153.37±29.78
CLAHE 19.54±1.12 14.66±7.02 0.5210±0.0160 22.51±1.16 405.81±62.56
BBCCE 19.27±1.42 e>5̂ (55=̂ 3̂ â 7 2.19±0.44 115.87±22.19

DSI-BBCCE 20.08±0.94 20.159=1.89 0.809090.0985 3.2±1.10 200.90±44.19

36 26 
iij

CLAHE BBCCE DSI_BBCCE

FIGURE 4. Boxplots of PSNR, AMBE, SSIM,SMOand LMO obtained from different conlnast enhancement techniques using HE, AHE,
CLAHE, BBCCE md DSI-BBCCE
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TABLE 8. Multiple comparison of different CE methods using Fisher’s Least Significant Difference (LSD) for PSNR

(I) Method (J) Method Mean difference (I -  J) Std. Error P value (Sig.)
95% Confidence Interval

Lower bound Upper bound
AHE -9.96* 0.3024552 0.001 -10.56 -9.37

CLAHE -6.14* 0.3024552 0.001 -6.74 -5.54
HE

BBCCE -5.87* 0.3024552 0.001 -6.47 -5.27
DSI-BBCCE -6.68* 0.3024552 0.001 -7.28 -6.08

HE 9.96* 0.3024552 0.001 9.37 10.56
CLAHE 3.83* 0.3024552 0.001 3.23 4.42

AHE
BBCCE 4.09* 0.3024552 0.001 3.50 4.69

DSI-BBCCE 3.28* 0.3024552 0.001 2.69 3.88
HE 6.14* 0.3024552 0.001 5.54 6.74

AHE -3.83* 0.3024552 0.001 -4.42 -3.23
CLAHE

BBCCE 0.27 0.3024552 0.374 -0.33 0.87
DSI-BBCCE -0.54 0.3024552 0.075 -1.14 0.06

HE 5.87* 0.3024552 0.001 5.27 6.47
AHE -4.09* 0.3024552 0.001 -4.69 -3.50

BBCCE
CLAHE -0.27 0.3024552 0.374 -0.87 0.33

DSI-BBCCE -0.81* 0.3024552 0.008 -1.41 -0.21
HE 6.68* 0.3024552 0.001 6.08 7.28

AHE -3.28* 0.3024552 0.001 -3.88 -2.69
DSI-BBCCE

CLAHE 0.54 0.3024552 0.075 -0.06 1.14
BBCCE 0.81* 0.3024552 0.008 0.21 1.41

*. The mean difference is significant at the 0.05 level

TABLE 9. Multiple comparison of different CE methods using Fisher’s Least Significant Difference (LSD) for AMBE

(I) Method (J) Method Mean difference (I -  J) Std. Error P value (Sig.)
95% Confidence Interval

Lower bound Upper bound
AHE 33.97* 1.6245453 <0.001 30.77 37.18

CLAHE 29.27* 1.6245453 <0.001 26.06 32.47
HE

BBCCE 18.27* 1.6245453 <0.001 15.07 21.48
DSI-BBCCE 23.78* 1.6245453 <0.001 20.57 26.98

HE -33.97* 1.6245453 <0.001 -37.18 -30.77
CLAHE -4.71* 1.6245453 0.004 -7.91 -1.50

AHE
BBCCE -15.70* 1.6245453 <0.001 -18.90 -12.49

DSI-BBCCE -10.20* 1.6245453 <0.001 -13.40 -6.99
HE -29.27* 1.6245453 <0.001 -32.47 -26.06

AHE 4.71* 1.6245453 0.004 1.50 7.91
CLAHE

BBCCE -10.99* 1.6245453 <0.001 -14.19 -7.79
DSI-BBCCE -5.49* 1.6245453 <0.001 -8.69 -2.29

HE -18.27* 1.6245453 <0.001 -21.48 -15.07
AHE 15.70* 1.6245453 <0.001 12.49 18.90

BBCCE
CLAHE 10.99* 1.6245453 <0.001 7.79 14.19

DSI-BBCCE 5.50* 1.6245453 <0.001 2.30 8.70
HE -23.78* 1.6245453 <0.001 -26.98 -20.57

AHE 10.20* 1.6245453 <0.001 6.99 13.40
DSI-BBCCE

CLAHE 5.49* 1.6245453 <0.001 2.29 8.69
BBCCE -5.50* 1.6245453 <0.001 -8.70 -2.30

*. The mean difference is significant at the 0.05 level
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TABLE 10. Multiple comparison of different CE methods using Fisher’s Least Significant Difference (LSD) for SSIM

(I) Method (J) Method Mean difference (I -  J) Std. Error P value (Sig.)
95% Confidence Interval

Lower bound Upper bound
AHE -0.24* 0.0075502 <0.001 -0.25 -0.22

CLAHE -0.03* 0.0075502 <0.001 -0.05 -0.02
HE

BBCCE -0.32* 0.0075502 <0.001 -0.33 -0.31
DSI-BBCCE -0.32* 0.0075502 <0.001 -0.33 -0.31

HE 0.24* 0.0075502 <0.001 0.22 0.25
CLAHE 0.20* 0.0075502 <0.001 0.19 0.22

AHE
BBCCE -0.09* 0.0075502 <0.001 -0.10 -0.07

DSI-BBCCE -0.09* 0.0075502 <0.001 -0.10 -0.07
HE 0.03* 0.0075502 <0.001 0.01 0.04

AHE -0.20* 0.0075502 <0.001 -0.22 -0.19
CLAHE

BBCCE -0.29* 0.0075502 <0.001 -0.30 -0.27
DSI-BBCCE -0.29* 0.0075502 <0.001 -0.30 -0.27

HE 0.32* 0.0075502 <0.001 0.31 0.34
AHE 0.09* 0.0075502 <0.001 0.07 0.10

BBCCE
CLAHE 0.29* 0.0075502 <0.001 0.27 0.30

DSI-BBCCE 0.00 0.0075502 1.000 -0.01 0.01
HE 0.32* 0.0075502 <0.001 0.31 0.34

AHE 0.09* 0.0075502 <0.001 0.07 0.10
DSI-BBCCE

CLAHE 0.29* 0.0075502 <0.001 0.27 0.30
BBCCE 0.00 0.0075502 1.000 -0.01 0.015

*. The mean difference is significant at the 0.05 level

TABLE 11. Multiple comparison of different CE methods using Fisher’s Least Significant Difference (LSD) for SMO

(I) Method (J) Method Mean difference (I -  J) Std. Error P value (Sig.)
95% Confidence Interval

Lower bound Upper bound
AHE 101.18* 1.15212 <0.001 98.91 103.45

CLAHE 86.45* 1.15212 <0.001 84.18 88.72
HE

BBCCE 106.77* 1.15212 <0.001 104.50 109.05
DSI-BBCCE 105.70* 1.15212 <0.001 103.43 107.97

HE -101.18* 1.15212 <0.001 -103.45 -98.91
CLAHE -14.73* 1.15212 <0.001 -17.00 -12.46

AHE
BBCCE 5.60* 1.15212 <0.001 3.32 7.87

DSI-BBCCE 4.52* 1.15212 <0.001 2.25 6.80
HE -86.45* 1.15212 <0.001 -88.72 -84.18

AHE 14.73* 1.15212 <0.001 12.46 17.00
CLAHE

BBCCE 20.33* 1.15212 <0.001 18.05 22.60
DSI-BBCCE 19.25* 1.15212 <0.001 16.98 21.53

HE -106.77* 1.15212 <0.001 -109.05 -104.50
AHE -5.60* 1.15212 <0.001 -7.87 -3.32

BBCCE
CLAHE -20.33* 1.15212 <0.001 -22.60 -18.05

DSI-BBCCE -1.07 1.15212 0.353 -3.35 1.20
HE -105.70* 1.15212 <0.001 -107.97 -103.43

AHE -4.52* 1.15212 <0.001 -6.80 -2.25
DSI-BBCCE

CLAHE -19.25* 1.15212 <0.001 -21.53 -16.98
BBCCE 1.07 1.15212 0.353 -1.20 3.35

*. The mean difference is significant at the 0.05 level
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TABLE 12. Multiple comparison of different CE methods using Fisher’s Least Significant Difference (LSD) for LMO

(I) Method (J) Method Mean difference (I -  J) Std. Error P value (Sig.)
95% Confidence Interval

Lower bound Upper bound
AHE 1680.78* 25.65861 <0.001 1630.18 1731.38

CLAHE 1428.34* 25.65861 <0.001 1377.74 1478.95
HE

BBCCE 1718.28* 25.65861 <0.001 1667.68 1768.88
DSI-BBCCE 1633.25* 25.65861 <0.001 1582.65 1683.86

HE -1680.78* 25.65861 <0.001 -1731.38 -1630.18
CLAHE -252.44* 25.65861 <0.001 -303.04 -201.84

AHE
BBCCE 37.50 25.65861 0.145 -13.10 88.10

DSI-BBCCE -47.53 25.65861 0.065 -98.13 3.08
HE -1428.34* 25.65861 <0.001 -1478.95 -1377.74

AHE 252.44* 25.65861 <0.001 201.84 303.04
CLAHE

BBCCE 289.94* 25.65861 <0.001 239.33 340.54
DSI-BBCCE 204.91* 25.65861 <0.001 154.31 255.52

HE -1718.28* 25.65861 <0.001 -1768.88 -1667.68
AHE -37.50 25.65861 0.145 -88.10 13.10

BBCCE
CLAHE -289.94* 25.65861 <0.001 -340.54 -239.33

DSI-BBCCE -85.03* 25.65861 0.001 -135.63 -34.42
HE -1633.25* 25.65861 <0.001 -1683.86 -1582.65

AHE 47.53 25.65861 0.065 -3.08 98.13
DSI-BBCCE

CLAHE -204.91* 25.65861 <0.001 -255.52 -154.31
BBCCE 85.03* 25.65861 0.001 34.42 135.63

. The mean difference is significant at the 0.05 level

TABLE 13. Categorization of different CE methods into 
homogenous subset using the Duncan test for PSNR

TABLE 15. Categorization of different CE methods into 
homogenous subset using the Duncan test for SSIM

Method N
Subset for alpha = 0.05 Method N

Subset for alpha = 0.05

1 2 3 4 1 2 3 4

HE 40 13.41 HE 40 0.49

BBCCE 40 19.28 CLAHE 40 0.52

CLAHE 40 19.54 19.54 AHE 40 0.72

DSI-BBCCE 40 20.09 BBCCE 40 0.81

AHE 40 23.37 DSI-BBCCE 40 0.81

Sig. 1.00 0.374 0.07 1.00 Sig. 1.00 1.00 1.00 1.00

Means for groups in homogenous subsets are displayed. 
Harmonic Mean Sample Size = 40.00

Means for groups in homogenous subsets are displayed. 
Harmonic Mean Sample Size = 40.00

TABLE 14. Categorization of different CE methods into 
homogenous subset using the Duncan test for AMBE

TABLE 16. Categorization of different CE methods into 
homogenous subset using the Duncan test for SMO

Method N
Subset for alpha = 0.05 Method N

Subset for alpha = 0.05

1 2 3 4 5 1 2 3 4

AHE 40 9.95 BBCCE 40 2.19

CLAHE 40 153.37 14.66 DSI-BBCCE 40 3.27

DSI-BBCCE 40 20.15 AHE 40 7.79

BBCCE 40 25.65 CLAHE 40 22.52

HE 40 43.93 HE 40 108.97

Sig. 1.00 1.00 1.00 1.00 1.00 Sig. 0.35 1.00 1.00 1.00

Means for groups in homogenous subsets are displayed. 
Harmonic Mean Sample Size = 40.00

Means for groups in homogenous subsets are displayed. 
Harmonic Mean Sample Size = 40.00
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TABLE 17. Categorization of different CE methods into 
homogenous subset using the Duncan test for LMO

Method N
Subset for alpha = 0.05

1 2  3 4
BBCCE 40 115.87
AHE 40 153.37 153.37
DSI-BBCCE 40 200.90
CLAHE 40 405.81
HE 40 1834.15

Sig. 0.145 0.065 1.00 1.00
Means for groups in homogenous subsets are displayed. 
Harmonic Mean Sample Size = 40.00

TABLE 18. Ranking of methods in terms of PSNR, AMBE, SSIM, 
SMO and LMO according to Fisher’s Least Significance (LSD) and 

the Duncan test

Rank PSNR AMBE SSIM SMO LMO

1 AHE AHE DSI-
BBCCE

BBCCE BBCCE

2 DSI-
BBCCE

CLAHE AHE DSI-
BBCCE

AHE

3 CLAHE DSI-
BBCCE

CLAHE AHE DSI-
BBCCE

4 BBCCE BBCCE BBCCE CLAHE CLAHE

5 HE HE HE HE HE

QUALITATIVE RESULTS

There are several factors to take account while accessing DSI- 
BBCCE enhanced im age w hich are veins and background 
contrast enhancem ent, presence o f  image artifacts, natural 
looking and brightness preservation. In  Figure 3(b), serious 
noise amplifications that can be seen in  HE and in  the black 
area beyond the fundus im age. There are m ild artifacts 
in  Figure 3(c) and 3(d) enhanced using AHE and CLAHE 
respectively. There are no artifacts in  F igure 3(e) and (f) 
w hich are enhanced using BBCCE and DSI-BBCCE.

F or the natural looking and brightness preservation, 
HE ‘s brightness o f the background fundus image is high 
that the boundary betw een optical disc and background 
cannot be differentiated as show n in  Figure 3(a). F or AHE 
in  F igure 3(c), some parts o f  the background are bright and 
some regions are dark. The same goes to CLAHE in  Figure 
3(d) as if  the background o f  the fundus has alm ost the same 
brightness intensity as the optic disc, the brightness o f  the 
fundus image is considered excessive. F or BBCCE in Figure 
3(e), the m ean brightness o f  the background is the same 
overall. DSI-BBCCE in F igure 3(f) has two distinct m ean 
brightness if  com pared w ith  BBCCE in Figure 3(e) due to the 
more intensity levels shaded along the right sides and below.

The contrast betw een the veins and the background is 
affected by the brightness o f  the m ean o f the fundus. Figure 
3(b), (c) and (d) has darker veins if  com pared to Figure 3(e) 
and (f) w hich has lighter veins. F igure 3(f) has a higher

contrast betw een vein  and background than in  Figure 3(e). 
Figure 4 shows the boxplots o f PSNR, AMBE, SSIM, SMO 
and LMO obtained from  different contrast enhancem ent 
techniques using HE, AHE, CLAHE, BBCCE and DSI- 
BBCCE. It gives a clearer picture o f  com parison o f  the 
perform ance in  term s o f  data distribution.

B ased on an  assessm ent done by P ro f W an Hazabbah, 
an ophthalm ologist in  H ospital U niversiti Sains M alaysia 
(HUSM), im portant features such as cup-to-disk ratio and 
artery-to-vein (A/V) ratio in  the fundus im ages are easier to 
be m easured using the proposed DSI-BBCCE technique due 
to the strong structural sim ilarity betw een the original image 
and the enhanced image.

STATISTICAL ANALYSIS

All tests are perform ed using SPSS (version 28). Table 1 
shows the m ean and standard deviation o f  PSNR o f different 
contrast enhancem ent m ethods (HE, AHE, CLAHE, BBCCE 
and DSI-BBCCE) using 40 fundus images. Table 2 shows 
the m ean and standard deviation o f  AMBE o f different 
contrast enhancem ent m ethods (HE, AHE, CLAHE, BBCCE 
and DSI-BBCCE) using 40 fundus images. Table 3 shows the 
m ean and standard deviation o f  SSIM o f different contrast 
enhancem ent m ethods (HE, AHE, CLAHE, BBCCE and 
DSI-BBCCE) using 40 fundus images. Table 4 shows the 
m ean and standard deviation o f  SMO o f different contrast 
enhancem ent m ethods (HE, AHE, CLAHE, BBCCE and 
DSI-BBCCE) using 40 fundus images. Table 5 shows the 
m ean and standard deviation o f  LMO o f different contrast 
enhancem ent m ethods (HE, AHE, CLAHE, BBCCE and 
DSI-BBCCE) using 40 fundus images. PSNR assessed the 
pow er signal to noise ratio o f an  image. It is deduced that 
AHE (23.36±1.23) has the highest PSNR and follow ed by 
DSI-BBCCE (20.08±0.94). The perform ance o f  contrast 
enhancem ent m ethods from  intensity distortion perspective 
is assessed by AMBE. AHE (9.95±4.59) produced the lowest 
AMBE mean, follow ed by CLAHE (14.66±7.02). DSI- 
BBCCE (20.15±1.89) ranked third in  AMBE assessment. 
SSIM m easures the sim ilarity degree betw een original image 
and enhancem ent image. The higher the SSIM, the more 
sim ilarity betw een the images. DSI-BBCCE (0.8096±0.0185) 
and BBCCE (0.8096±0.0185) achieved the same highest 
SSIM. SMO com putes the structural difference. The smaller 
the SMO, the better the preservation o f  the image. BBCCE 
(2.19±0.44) has the sm allest SMO, follow ed by DSI-BBCCE 
(3.2±1.10). LMO assessed the brightness preservation o f  the 
image, the sm aller the LMO, the better the preservation o f 
brightness o f  the image. BBCCE (115.87±22.19) achieved 
the low est LMO, follow ed by AHE (153.37±29.78). DSI- 
BBCCE (200.90±44.19) ranked third in  LMO assessment. 
Further analysis is perform ed to test the hypothesis.

Table 6 shows that the contrast enhancem ent m ethods 
im posed significantly different im pact on  the fundus images 
in  all cases w hich are PSNR, AMBE, SSIM, SMO and LMO 
(P < 0.05). Therefore, the data is further analyzed using 
post hoc tests (F isher’s Least Significant D ifference and the
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D uncan test) so that the perform ance o f different contrast 
enhancem ent m ethods can be evaluated.

Table 7 shows overview  o f  the m ean and standard 
deviation o f  different CE methods.

Table 8 shows that F isher’s least significant difference 
test indicates the m ean differences betw een CLAHE and 
BBCCE (0.27; -0.27) w hich is insignificant in  PSNR. W ith 
that, the other contrast enhancem ent m ethods have shown 
significant m ean difference w hich is confirmed by D uncan 
test (Table 13), categorising CLAHE and DSI-BBCCE into 
the same subset.

F isher’s L east Significant D ifference for AMBE 
(Table 9) show significant m ean difference for all contrast 
enhancem ent m ethods w hile for SSIM, the m ean difference 
betw een BBCCE and DSI-BBCCE (0.00; 0.00) is insignificant. 
O ther contrast enhancem ent m ethods show significant 
difference. This can be confirmed by the D uncan test (Table
15) show ing BBCCE and DSI-BBCCE in  the same subset.

SMO’s F isher’s L east Significant D ifference (Table 11)
shows that DSI-BBCCE and BBCCE has insignificant m ean 
difference w hich can be confirmed by D uncan’s test (Table
16) that shows they are in  the same subset.

F or F isher’s L east Significant D ifference fo r LMO 
(Table 12), there are two insignificant m ean difference 
w hich are (BBCCE and AHE) (37.50 and -37.50) and (DSI- 
BBCCE and AHE) (-47.53 and 47.53). The other contrast 
enhancem ent m ethods show significant mean difference.

The perform ance o f  contrast enhancem ent methods 
(HE, AHE, CLAHE, BBCCE and DSI-BBCCE) is ranked 
according to the results com puted from  PSNR, AMBE, SSIM, 
SMO and LMO in Table 18. F rom  Table 18, it is found that 
DSI-BBCCE is ranked first in  SSIM, ranked second in  PSNR 
and SMO and ranked third in  AMBE and LMO. Besides that, 
HE is the last for all experim ents due to severe drawbacks 
from  conventional histogram  equalization to im prove the 
contrast o f fundus image.

Fundus im ages are prone to lose their image quality 
w hen they undergo enhancem ent such as structure 
preservation. The proposed technique, DSI-BBCCE is able 
to achieve the highest SSIM am ong all other techniques such 
as HE, AHE, CLAHE and BBCCE. Structure preservation o f 
the features w hich are com monly assessed by clinician such 
as cup-to-disk ratio and artery-to-vein ratio can be better 
m easured using the proposed technique.

CONCLUSION

In  this paper, dualistic sub-image bi-histogram  B ezier 
curve (DSI-BBCCE) is proposed to overcom e the sudden 
increase in  the cum ulative density function graph w hich 
results in  the over-enhancem ent. The m edian threshold 
is chosen instead o f the conventional m ean in  BBCCE so 
that the threshold is not affected by large values and small 
values that either drive the m ean upw ard o r downward. The 
application o f  B ezier curves in  the bi-histogram s smoothen 
the cum ulative density function graph providing gradual

contrast in  the fundus image. This m ethod is proposed to 
assist ophthalm ologists to distinguish the veins from  the 
background in  the fundus im age for diagnosis. Overall, 
the perform ance o f  DSI-BBCCE is excellent in  structural 
similarity betw een the original image and enhanced image, 
good in  term s o f  pow er signal to noise ratio and natural 
preservation structure and averagely in  term s o f  brightness 
preservation (AMBE and LMO).
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