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Abstract

Recently, color image processing is extensively becoming a very important research
area since color images provide more fruitful information. Among the color image
processing research issues, the edge-preserving for color contrast enhancement issue,
the color demosaicing issue, and the mosaic image resizing issue are three popular
research issues. Thus, this thesis presents an efficient edge-preserving algorithm
for color contrast enhancement with application to color image segmentation, a
demosaicing algorithm for C(I)lo.r1 ﬁht&r—agray usxﬂig_ _gt'adJent edge detection masks
el E -y - % "l - ‘u-“.-a

and adaptive heterogegetj’éhy prOJeCtlf),[],:and a 4@ demosammg_and arbitrary-ratio
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x —— k I oo -F‘_uﬁ
resizing algorlthm for mosaic i o
4 1 'mru
In the edge-ﬁi{esgt{g&ég ( dg;-an.r!le,w-and efficient
=’y ol L L : L [:-_:_ o
N i : A =
edge-preserving algorithm i : trast enhancement in CIE Lu'v’
<y - | )
o & g
color space. The prgpos i P the color contrast as the
previous algoriﬁ"m'“d?es, also ; i e:'(':%;n"in%dition, the
-—- | ' V 'H.

spurious edge points ocﬁirr

..'I.

’h‘

reduced using the ﬁfﬁgosedw"

I'E‘&-h'eﬁg‘ige %re's’brvmg algorithm

'Ea- :
for color contrast enhandﬁ'mept in’ eelor space. Eﬁrthe;inox!lf a novel color image
i vl o )
segmentation algorithm is presented 170 j'éstrﬁgr the edge preservation benefit of the
proposed color contrast enhancement algorithm. Experimental results demonstrate
the advantages of color contrast enhancement, edge-preservation effect, and segmen-

tation result in our proposed algorithm.
In the color demosaicing issue, without demosaicing processing, a new approach

is first proposed to extract more accurate gradient/edge information on mosaic im-

ages directly. Next, based on spectral-spatial correlation, a novel adaptive heterogeneity-
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projection with proper mask size for each pixel is presented. Combining the ex-
tracted gradient/edge information and the adaptive heterogeneity-projection val-
ues, a new edge-sensing demosaicing algorithm is presented. Experimental results
demonstrated that our proposed high-quality demosaicing algorithm has the best
image quality performance when compared with several recently published algo-
rithms.

In the mosaic image resizing issue, a joint demosaicing and arbitrary-ratio resiz-
ing algorithm for mosaic 1mages is p es@fed- Eu:ﬁt the fully populated green color

e
plane is constructed by uﬁzmé the eglgérsensmglaﬁ)roac{agi color difference idea.

i l._“‘F —ni_. .E"'
: ' I E'Iq.g gi"é'gn—red color differ-

Instead of interpol@ﬂng th_e-'lﬁ_a.nd

ence plane and g_r'?:'aﬁwh‘me co

e 1ntgr-_p01ated in order to
Y O g ' |,
reduce the estuqa’mon error. Next, based on thﬁs\(}ete cosing t‘r’ansfonm technique,

R
the above three—.;congcru ed planes T 1 sized g;l%S. Finally,
| -
the resized red-:and blu ng the rﬁ:ree resized
= Ay

I ol .
planes, and then—t‘he arb1t ed. To 'ﬁhe best of our

".“l'l' -!

lanes ar

d full ¢
6 }Jat s
[;:'.

* l J._al
resizing algorithm for 1t mosmc imag'e§ is presentadeg_ BaSed %n‘%wenty—four popular

osalcmg agg'd arbltrary—ratlo
& Y

testing mosaic images, the propgsedjx;eﬁ}mng' a]'goﬂiﬁhm has better image quality
performance when compared with three native algorithms which are the combina-

tions of three well-know demosaicing methods and one existing resizing method.

Keywords: Adaptive heterogeneity projection, CIE color model, Color contrast

enhancement, Color edge detection, Color filter array (CFA), Color histogram mo-

v



ment, Color image processing, Color peak signal-to-noise ratio (CPSNR), Color im-
age segmentation, Color saturation and desaturation, Demosaicing algorithm, Digi-
tal cameras, Discrete cosine transform (DCT), Edge-preservation effect, Luminance

estimation, Mosaic images, Resizing algorithm, Sobel operator.
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Chapter 1

Introduction

posed of three -s};gdepend gh col@mkmages can
i ..“?“"' 1 r ! p .—
be transformed'ﬂol'gray ages. i ) é?e,-ﬁllowed they

ri‘} i

loss color 1nformaﬁ-o£h ] 1ted" Am:dl;i “ the color im-

% N Vv
iy F gl '@Tﬂ ':"I
age processing researc‘h:} GO _;\ 'trast enhancement
. (.g. 15
issue, the color demosaicing g@é&mﬁ. ? mﬂ;‘hg issue are three popular
J%“Tﬁ
research issues.

The purpose of color contrast enhancement is to enhance a color image such that
the enhanced color image is more colorful than the original color image from the
viewpoint of human visual system [25, 64, 66|. Previously, many efficient algorithms
for color contrast enhancement, such as the reducing color ordering-based algorithm

[80], the curvelet transform-based algorithm [69], the saturation and desaturation-



based algorithm [43, 63|, etc., have been successfully developed. However, among
these previously published color contrast enhancement algorithms, although the
enhanced color image has good color contrast enhancement effect, some degree of
edge-loss may happen. Due to the edge-loss side effect, some further color image
processing tasks, such as color image segmentation and object recognition, may
be degraded. Thus, in edge-preserving for color contrast enhancement issue, the
main motivations of this research are two-fold: (1) presenting a new algorithm to
come to a compromise between :he ng(jrpreﬁerv?tion effect and the color contrast

L F
enhancement effect; gireséntmgaa fﬁovel colqr*l:mage-seg_lpentatlon algorithm to

e & -

n'l.
justify the edge—prqs@rvgtigﬁ:bene
Recently, digijt,\él;‘(;aﬁmera

ecome more an Op{‘_a-l' 1n consumer elec-

! -,
,_‘F

tronics market{ecerhy n order %mz the ardware‘icd;st 1ns£ead of using

s cap

three sensors, most digi

= I

ing pipeline [51} based | ere,_eaclg plxel in the
= | ' | it |

captured image has only [ 1mages 1S“"salled mosaic

images. Fig. 1.1 deplct;the Bayt

LT - '| ..l'_-: .,.

is the most important factaor 't'o de‘bgtmlne the 'hliunar;c:(:){ ti‘le color image, half
of the pixels in Bayer CFA strutfj:'ur_gf arey asilgnfgd to Gl channel. R (red) and B
(blue) color channels, which share the other half pixels in the Bayer CFA structure,
are considered as the chrominance signals. In order to recover the full color image
from the input mosaic image, the demosaicing process is used to estimate the other
two color channels for each pixel |27, 34]. Bilinear interpolation (BI) [65] is the

simplest demosaicing algorithm in which the unknown two color channels of each

pixel are obtained by averaging its proper adjacent pixels. Then, in order to improve



Fig. 1.1: The Bayer CFA structure.

the demosaiced image quality performance, many modified demosaicing algorithm

1 h[...ﬂ !'af;"""ﬁ:_‘-" )
'30 3@ 36, 37; -?gg, &6,—4;{4.7, 48, 49, 50, 53, 55, 62,

i -ii' i

72,78, 79, 82, 83| haxjé!.be /\;}e&relope| L_;' ining Iﬂ@@t dﬁill these previously

2,9, 13, 14, 19, 20, 23, 26 2@[

i‘

published demosaﬁgng algor nd registeredL we ﬁnd’-.:l;h‘ﬁt the quality
. ik _:—f &
\"'J ; ";'” . ; . Ao s m",- .
of demosalcedgtﬁ'lagé'sll.s ‘ ; radient /%_ége informa-
o iy
tion from 1npu&,mosa1c i ! ted gradient / edge information
% ¥ ) s z .rl..

e
mosaic: lmage only

s:-

'I-J
on mosaic 1mb.g:es is no

'ul- -,
has one color chﬁmnq?lr th ,.-23 74, 75, 84]
It Pl o
i by
can not work WelT'é_n 1#03&1(: 1 the’ cojorﬁa'emosamlng is-
".-“- o -
L ‘1] "-%:E-.u ""’I'
sue, the motlvatlons oi-':ﬁns rquarchi;age three- f@&-d":, ldﬁng a new approach

lr “|. :{.—

to extract more accurate graﬁierﬂ_e(%el ll::}formatjp - I.-l LOS&IC images directly, (2)
developing a new approach to determine the adaptive mask size for each pixel in
the heterogeneity-projection, and (3) developing a new high-quality edge—sensing
demosaicing algorithm based on the more accurate gradient/edge information and
the adaptive heterogeneity-projection values.

Besides the demosaicing issue, how to resize mosaic images is another important
research issue. The terms “resize” and “zoom” are used exchangeably. Several re-

sizing algorithms for mosaic images have been developed |6, 14, 18, 44, 49, 50, 83|.

3



Unfortunately, all of them only focus on the quad-zooming process. Thus, in the
mosaic image resizing issue, the motivation of this research is to develop a joint

demosaicing and arbitrary-ratio resizing algorithm for mosaic images.

1.2 Organization of the thesis

The rest of this thesis is organized as follows. In Chapter 2, the efficient edge-

preserving algorithm for color contrast enhancement with application to color im-




Chapter 2

Efficient Edge-Preserving Algorithm
u.-1 .1.[ SE “-{"‘“flﬂd-l i

El.u4
'-n.a

for Color (}‘6 tra»s% Eﬁhanc‘ﬁment

o
"

’ )
2.1 Prellmlhg.ﬁle ¥
.rl-' {..“I -

J\- k1
The purpose of color contrast eﬁgaﬂﬁmgm }ﬁ .t(?“enﬂance a color image such that

the enhanced color image is more colorful than the original color image from the
viewpoint of human visual system |25, 64, 66|. Previously, many efficient algorithms
for color contrast enhancement have been successfully developed. Based on reduc-
ing color ordering approach [4|, Zaharescu et al. [80] presented a color contrast
enhancement algorithm. Based on the curvelet transform approach [8, 70|, Starck

et al. [69] presented an efficient algorithm for color contrast enhancement. Recently,



a two-step approach, namely the saturation step and the desaturation step, was pro-
posed for color contrast enhancement [43, 63]. In Lucchese et al.’s algorithm [43],
they considered the chromaticity diagram [33, 42|. In Pei et al.’s algorithm [63], the
considered color domain is the modified chromaticity diagram, i.e. the CIE Lu'v’
color space [33]. In [63], Pei et al. also developed some efficient methods to the
restoration of Chinese paintings.

Among these previously published color contrast enhancement algorithms, al-
though the enhanced color i 1mag.e haﬁI gQ})d c?lor ﬁontrast enhancement effect, some
degree of edge-loss may higplan Due t"b the edge*l:oss s1dr effect, some further color

A i gk,

image processing t_aéks, sueff_as ¢ iQ_I}__-and ‘object recognition,
‘ v o

g

may be degraded Ih.e mai 1vati i ar u_v's%:fold: (1) pre-
'h_ Nl | J E| _-‘.I ,H-_w

,I
EI

effect and the color Lon a q,ovel_color image

e d -
segmentation algorlthm the edgm?serv tion iq_som]e'application.
= — n'?“ ‘ - " ‘ J I F‘_ LI '
In this chapﬁ-er a new e 3rvin'!g'%rith contras’b"‘enhancement

R, i-

_r’

is presented. Our pnogos‘ed ;alg

thm th ‘antages of edge preservation

1 *I '.'I L ".,.g i \
effect and color contrast enhaﬁcenfept:‘. Our pra.pifjsed algoglﬁn consists of three

steps. In the first step, a saturaﬁdnjpeftmfl LS'JpeI’formed to maximize the color
contrast effect. In order to speed up the first step, a new history-aid strategy is
presented to determine the most possible side of the color gamut triangle in the
CIE Lu'v’" color space. In the second step, a desaturation operation is performed
to enrich the colorful degree. The above two steps are similar to the previous color
contrast enhancement algorithms in [43, 63]. In the third step, an edge-preservation

operation is performed to preserve the edge information while keeping the color



contrast enhancement effect as much as possible. In addition, the spurious edge
points occurred due to the color contrast enhancement can be well reduced using
the proposed algorithm. Some experiments are carried out to demonstrate that our
proposed algorithm has a good compromise between the edge-preservation effect
and the color contrast enhancement. This is the first edge-preserving algorithm for
color contrast enhancement in color space. Finally, a novel color image segmentation
algorithm is presented to justify the application of edge-preservation effect. In our

proposed color image segmentamon ?_lggttah? we have better segmentation results

|u."'
on our obtained enhanceﬂialrkage -vghéh compa,l:é'd- -to 1ﬁfﬁn"__“;_;the previous obtained
\l JI-—'F _I . | .:-5';:_
enhanced image Wth_Qllf e_dgé_pres e
LT

'«._ %
:..l 'i.-:
2.2 Two--.ba -
Ldflli
i T .:!ui
Before presenting our algorlthm:, this sec-
tion introduceﬁwa'jbﬁck i i OII".IE'){-CI%LUIUI color

=-q |
-!

space 33| and the_ﬁrem&ﬁély u

HB'J-

sanopoulos [75]. The { 'f;wQ baf'ckgl."l:bun V[lll bﬁﬂiﬁed yg n'!gxt section.
”',"-a I.,,nr. 'EJ‘ '
T . _'ir " 3" o EU:T-E.-
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2.2.1 CIE Lu'v' color spacg e 1L i

Suppose the input color image is an RGB color image. First, the transformation
from the RGB color space to the CIE Lu'v’ color space is described. The relevant

transformation can be expressed by

X 0.49000 0.31000 0.20000 R
Y | = | 0.17697 0.81240 0.01063 G (2.1)
Z 0.00000 0.01000 0.99000 B




In Eq. (2.1), the component Y is the L component in the CIE Lu'v’ color space.
Therefore, the CIE Lu/v" color space can be called the CIE Yu/v' color space. Based
on the values of X, Y, and Z, the two components u’ and v’ can be obtained by the

following equation:

, 4X , %
u = , V= (2.2)
X +15Y + 37 X +15Y + 37

By Eq. (2.1) and Eq. (2.2), the RGB color space can be transformed into the

CIE Lu/v" color space.

el
egts u’ andlﬁ'

y

Considering only the two[oériff) di“_tgi" 2 1 deplcts the so called
il 5k
'“:'. r e

]

5 d
spectral locus of the .’J'!rp iljf@matlé dia —%'the speq@ralﬂ"ﬁ)pus is depicted by

.
T
the exterior curvA,_. Wlthln t ctral locus, th \‘qe area d,lenotes the color
IB:. -"“1' - _fa-"ﬂ —'
space which can\!oe 'ﬂ:ls glE.-ée'rea-lns commonly
o~

called the coléﬁi’éamut
.

i

(0.4507, 0. 5229) -(uG,?ZG,)

1and g h1ch 4
0

interior point W = _ﬁu?"vgﬂf d ag 't:-'ﬁe %rv"hlte point [33].

(01978, 0.4683) is |def
L v '&;% y\
Since the colors lain a;bqﬁlnd tl'_‘i-.'e wh@ .pomt ar@r re ed ﬁ'{ achromatic colors,
-

(UL nd (

.i" :{-— =
it is infeasible to enhance theﬁen dgdors which are ﬁe.ryinegr to the point W.
; |. l:'lr jl'

2.2.2 Color edge detector

In this subsection, the color edge detector by Trahanias and Venetsanopoulos [75]
is described and it will be used in our proposed edge—preserving algorithm for color
contrast enhancement although some other color edge detectors |67, 73, 81| can also
be considered.

Suppose the window mask used in the color edge detector is of size w X w

8
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Fig. 2.1: The CIE «'v" chromatic diagram.

estimate the @or difference in the . e thiee -('j}"lor compo-

[
o]

J@hle color edge

|I5-“ i
Y,

Based on th%ctor O.;d

detector [75] conms‘qf-}zf-fhe

J} .5-’"11 i% " &t
Step 1: Sum up the color d%ces ‘E'etweefl each q.&tiﬂé P and the other color
pixels covered by the Wlndow‘_mﬂ%!or color pixel P, 1 < i < w?, the
resulting distance is given by d; = ZZ’; |P; — Bill,i =1,2,...,w? where

|| - || represents an appropriate vector norm.

Step 2: Sort these w? distances di,ds, ..., and d,2. Suppose these sorted w? as-
cending distances are d;(1), di2), - . ., and d;(,2) for 1 <4(1),i(2), ..., i(w?) <
w?. Among these w? indices, Py is the color pixel with the minimal dis-
tance d;(1); Pj,2) sometimes can be viewed as the outlier pixel in the w?

9



color pixels.

Step 3: Based on the robustness consideration, compute the minimum vector dis-

persion (MV D) which is given by

. = sz .
MVD = min{[|Pejony = 3 =} G=12 kb < w?

m=1

In [75], k and n are selected to 3 or 4 empirically. When the value of
MV D is greater than the specified threshold, the central pixel of the con-
cerned w X w subimage is determined to be an edge pixel; otherwise, it is

gl Ty

I
determined to be ap@nLel Le!l_Fplxel — e

2.3

This section p?z:."l_bents ou Qri i me to a;"Ebmpromise
) _ {"..-- r\
1oﬂ éorﬁaﬂeratlon and

ke igh

& . | Y :
the color contrastf}lai#e'r_rie I S ‘descm”be ulﬁmaln concepts
-1;_5 5 .._m_ %;a
used in our prOposed ﬁonﬂnijx amc}::t.hen a speedgp “Eeggf'lgs given to improve
.r-. .:{:- - i 'r

the proposed algorithm. '{'i’rih?-. -

€ 1-?‘1 <
2.3.1 Main concept

As mentioned above, our proposed edge-preservation algorithm for color contrast
enhancement has two considerations, namely (1) keeping the edge information after
enhancing the color image in the CIE Lu/v’ color space and (2) reducing the created
spurious edges due to the side effect of the color contrast enhancement. For simpli-
fying the exposition, in what follows, we only focus on the presentation of keeping
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(b) The desaturation s

the edge inform@’ al

& . /

Tn what follows, we will point ouf how B : | “ ges due to
& ¥ -
the side eﬁect{ﬁ the color contrast n@.
In order to%e&;ﬁe 8 i 1age as the
edge—preservatiﬁg"xe’%erenc 2y k i y @map is first
8 B\ S 4N
obtained by usm&frem : etectc rhas. been )@Podueed in last
? l-l.hil F-.-n-. 1
section. For exposition, ﬁe‘;pp,b 1ne£d'ge map 1S¥e.%'ﬂessed b‘}jE where Ig(z,y) =1

"’:J
(= 0) means the color pixel r@@?@mﬁl&%& ) pixel. Our proposed

color contrast enhancement algorithm mainly consists of three steps, namely the

saturation step, the desaturation step, and the edge-preservation step.

Saturation and desaturation steps

Here, the saturation step and the desaturation step are described. The two steps

are adopted from the previous algorithms [43, 63].
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Given an input color pixel C' = (ug, v, Y') as shown in Fig. 2.2(a), in saturation
step, the color pixel C' moves forward along the line I/T/E)' When the color pixel
C intersects the line segment B’R’, the intersection point is called the maximally
saturated color ;. Because the saturation step affects only chromatic components
v and v/, C and C are associated with the same brightness component Y where C,
is represented by (ug_,ve ,Y).

When all color pixels of a color image have been maximally saturated, the im-
age appears rather unnatural becaus E th d? d colors are only confined at the

|‘_.]|
boundary of the gamut tﬁlan%le T{lekfore thg'desatui%‘b fgn step is proceeded to
o

rlu

J l.—'F _ -

m\ig%ﬁhe' sa ‘l’m.ratmn step. Fig.

'l.
||

A=
overcome the chrornemdr 1n_f($£matl

to _ler_r-m}i' the colorful de-

Hh.! L%.:th : l
gree of the colorlb‘lmage mizin the color contliast"'f)-y uﬂ.ng the color

point C, the ,mbd1ﬁed

Pl
Law of Color M:ixture |

= (ug, Vo, Yc,d—-) dre det ined by

e h}ee czﬁnentc ified cq{\r point Cly,
‘ : -y
i | | Ly

S S META LT

LR YW '“'.?:i -E‘]‘. w Cs

o, gl
Cys ‘H’_‘W_I.Jj jl_ j L t

where Yy = kY; Y is the mean luminance of the color image and & is a factor to
control the luminance.

Since the determined modified color point Cy; may generate some degree of edge-
loss or add spurious edge points, in next step, an efficient strategy is presented to
solve the edge-loss problem occurred in the previous color contrast enhancement
method although the proposed strategy can be slightly modified to solve the edge-
addition problem. The proposed strategy can keep a good compromise between the

12



color contrast enhancement and the edge-preservation consideration.

Edge-preservation step

When Ig(x,y) =1, i.e. the original color pixel I(z,y) is an edge pixel, it is necessary
to examine whether the edge information of the original color pixel has been lost
after performing the saturation and desaturation steps. When Ig(z,y) = 0, it is
necessary to examine whether the mapped color pixel becomes a spurious edge pixel

after performing the saturation and desaturatlon steps
=
Fig. 2.3 is used to de'eolcﬂ t'h!a conggpt of ou-lg_prbposﬁd gdge preservation step.

= T

q n steps, mstead of enhancing the

*-.‘q{ L

Aft f shelty.
er per Ormlng 'E S uﬁtlon an

color contrast by “’hsmg Cds mation, -ep_hceptually the
edge- preservmgb‘color poit Wi, Y¢.,) 18 determinéd.to come to a com-

the determined color poi

. "'.- - r-‘
the edge 1nformat10n in th e cbr‘r’esppndlng pixel,
B 20, ey
but also enhancmg tfne (ﬁﬂor conf i ible. H’OW tg‘determlne the

T 1 ..._.:u l.‘_'u
enhanced color point d" iom_'ilhe HfO'd1ﬁed colo.E_p:omtlE' ! IW1'-ﬂ||be described in the
lf.. - _*r. -

." N 1_ 5

Rl

Suppose the window mask used in the adopted color edge detector is of size

following paragraphs.

3 x 3. According to row-major scanning order, the subimage covered by the window
mask is illustrated in Fig. 2.4 where the symbol P denotes the enhanced color pixel
which has been processed by using our proposed edge-preserving algorithm for color
contrast enhancement; the symbol C' denotes the current color pixel being processed
and the symbol U denotes the color pixel to be processed. The previous color edge
detector is applied to the subimage as shown in Fig. 2.4 to determine whether the
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current color pix ?Z;:n e

that the current color ﬁ1 1_
the current color pixelis on-ed

: _.

For the current color pixel, if the e
edge detector is used to determine whether the current color pixel Cy is an edge
pixel or not. If the current color pixel Cys is an edge pixel, Cy; is the final enhanced
color and we perform the assignment C., = Cy,; otherwise, the enhanced color point
C.s should be determined further by the help of the modified color point Cy,.

Suppose the modified color point Cgy is not an edge pixel. Fig. 2.5 depicts

the binary alternative search direction in our proposed edge-preservation step to
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determine the enhanced color point C.,, where d denotes the first movement distance

[1CsCls |l
5

and is set to , empirically. By running the previous color edge detector, if
the current color pixel Cyy) is an edge pixel, where ||Cy1)Cys|| = d, we move it to
the next color pixel Cy) which is the near point of Cy, and examine whether the
color pixel Cy) is an edge pixel or not, where ||Cy1)Cia)|| = 2. If Cyo) is an edge
pixel, we move it to the pixel Cys); otherwise, we move it to the pixel Ct/(S)' The
binary alternative search in the edge-preservation step is repeated until finding an
edge pixel which near the pom’.c Cds as flosgras ossible or the number of testing

color pixels along the b1n11}y Ialternatn'f‘e search.,p!ith is over ‘;t.he specified bound.

A S

d =
According to theha:bﬁ-ve_,ﬁag, th is fQ&}%_ at thg;nght side of Cys.

Finally, we select ’?be minim rom the two fou f i oth side of Cy;
"H!-u_‘ I:-:‘:l.l i 4 . } ".
as the enhanced. Icolor ‘poI nt G %ntl , it comes to ‘a c'drnpromise between

color point Cgg, our pro i i 7 h,as 4% execution-
e J ! [
i 'f. ?"“ - I F" i
' S, the tlﬁ‘l‘e required in

£ i .|_.Il 5

L} ."}

linear alternative seasclf and égmred in l;gqmary alternative

o

search, when compareap 3t:o t.he hnear 1l_ail"sernatlve'B?:"rch éc}::%l:ll

For the current color plxel 1f ﬁﬂe (?'qd }10{1 Zﬁ k) holds after running the pre-
vious color edge detection, on the mapping color point Cy,, we further test whether
the mapped color point becomes a spurious edge point or not. If yes, the binary
alternative search is repeated until finding the non-edge pixel which is nearest to
Cys; if no, the mapped point is set to Cgs.

If we do not take the edge-preservation into consideration, ideally the modified

color point Cy, is the good choice for the purpose of color contrast enhancement. In
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CinC'iCuz 1C|u| s

Fig. 2.5: Binary alternative search direction in edge-preservation step.

order to make the distance betwew color point C,, and the modified

color point Cy, as small. ’ﬁ}mblg, the seaf%-l t@%’our approach is not

always toward the ﬂ@? p,%&.

After perforr@g '
| Tk
g

TE. ixels within
oy
tgblangle the

an be obtained by first solving

'-. ' ﬁi‘ (2.3)

i - Al
r.,‘ir-z, ,.‘Er F
_*§(X +Y +7 fj}l.ro
ZoRegeen"
Wherem:#}iﬁlj,m,y: 6u’—16v+12’ —xr—y, andX+Y+Z— . Next,

by solving the inverse of Eq. (2.1), the obtained values of X, Y, and Z in Eq. (2.3)
can be transferred into the values of r, g, and b.

Based on the original Peppers image (see Fig. 2.6(a)), Fig. 2.6(b) illustrates the
enhanced color image obtained by using the previous color contrast enhancement
algorithm. Fig. 2.6(c) illustrates the enhanced color image obtained by using our

proposed color contrast enhancement algorithm. It is observed that both enhanced
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color images, Fig. 2.6(b) and Fig. 2.6(c), have the same color contrast enhancement
effect and they looks more colorful than that in Fig. 2.6(a). Besides the color con-
trast enhancement effect, our proposed algorithm has a good compromise between
the edge—preservation effect and the color contrast enhancement effect. This good
compromise will be demonstrated and evaluated in Section 2.5. Especially, the en-
hanced color image obtained by using our proposed edge-preserving algorithm plays

a good input role for some applications, such as the color image segmentation.

.“'g L] "I|

hm.' c)'ﬂhe enhanced

r..- N ﬁ":l- ¥ .:';:.:_'l -f'i,;
image by using ouf’ﬂoﬁ%sed al L ‘i_-_
Vs, -._-;:r.: .\
"':5'.1 - ':-Ed' e EU'I ) ”_ﬂ'
’.-}" ‘_jf _ ..4_-_.1 - }i?"- 0y B
#iin, 2= o
oy iy ey o o

In this subsection, a speedup strategy is presented to improve the computational
effort in the saturation step of our proposed color contrast enhancement algorithm.

In order to quickly obtain the maximally saturated color Cs when giving the
input color pixel C, an O(1)-time intersection point determination strategy is pre-
sented. Considering only the two chromatic components «’' and v’, first assume the
. . . . —H . . EaYE=T]
intersection point between line W' and the gamut triangle is on the segment B'R’

17



(see Fig. 2.2(a)) where the two end points B’ and R’ have the chromatic values
(W, V) and (upg, v ), respectively. It is known that W = (ujy,, vj;,) is the white

point. According to this assumption, we have the following two equalities:

uy + T(up — uyy) = up + Nug — ulg)

(2.4)
vy + T(vg — Vi) = v + AV — V).
Eq. (2.4) can be rewritten by
7(up — u@v) — )\(ujg, — u;%,) = up — uyy,
(2.5)

After solving Eq.

the above assump{gom i.e.

triangle, is truﬁ;“"l‘lﬁqﬁ!:ht

satlsf;(w‘z: %*1 and 0 < X\ < 1,

\‘n{ime ﬁ;’#nd the gamut

' ‘ gg_}_}f 1'tff$e maximally

] =
-':;;!-_
™

@
-
‘ [

hoatll

. WO A

‘F ' _nhu

r.;- J‘ i
Otherwise, if the v-a]_;les]'-%ﬁT a T > & an&"() <A<, we

F

l'. 'r:.l "\_
Ig%gsect pnﬂt between line WC

i “-'
try to examine next aesﬂﬁmptiqh a&yne the 1
’-"' - :-{;—

. o)
and the gamut triangle is on{h!e. ﬁgﬁﬂn -ﬁ;—»ﬁ Hj]drth:]r

Besides the above strategy to speedup the determination of point C in saturation

step, now our proposed history—aid strategy is presented to predict the most possible
. . . . . _—_>

side of the gamut triangle such that the intersection point of W' and the gamut

triangle is on that side. In general, the intersection point between W (' and the

gamut triangle may be on the side R'B’, B'G’, or G'R’. Heuristically, each side of
the gamut triangle must be examined one by one to test whether the intersection
point is on that side or not. However, due to the color locality property, especially
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in smooth regions, moving the point C' forward along the line m will usually
intersect the same side which has been determined in the iteration. If the proposed
history-aid strategy does not work, the other two sides of gamut triangle are further
checked. Experimental results show that the proposed O(1)-time intersection point

determination strategy and the history-aid strategy have a good computation-saving

effect and in average 20% (= 24 Lme _new time)  100%) execution—time improvement

ratio is obtained when compared to the heuristic approach for determining the side of

gamut triangle. Besides the u/v’ chroi;natr dq.ma 1n the gamut triangle, luminance

oL
(Y) channel may be con31ger!ad n wr%roposed‘ﬁﬁtory—ald _,s.trategy

O

Based on the f01:1?;. @estir_l-glf'i-mge ' {,’ié__f::imag'_e_,.ﬁfable Tennis im-

age, and Akyio image.(see S ex {,ca’tn(m -time required
:h:‘_ Nl |

14@ ;
] !-r'"
: requimin our

inary altgﬁve sez

|
in average, the total exe
- '-ﬂ_,.

edg,e—pr?serving algo-

it 'll.H

1D, Sprategles\;n our proposed
| 11_ )

edge-preserving algorlfﬁm is 0"347 sgcf)nds In Eu'?fimary, t e t.‘ime required in any
i !
one of the above three concerned‘falgp’gtgmgsj‘g _Jri'!\}tfhiless than 1 second. Once the
previous enhanced color images and our obtained enhanced color images have been
obtained, they can be reused in any color image operations such as edge detection,
segmentation, etc. Based on the same testing images, experimental results demon-
strate that in average, the execution-time required in color image segmentation (see
next section) is more then 3 seconds. Therefore, the time required in color contrast

enhancement could be ignored when compared to the ones in color image operations.
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2.4 Color image segmentation application

In this section, our proposed novel color image segmentation algorithm, which uses
the enhanced color image obtained in Section 2.3 to be the input image, is pre-
sented. In Section 2.5, some experiments will be carried out to demonstrate the
edge-preserving benefit in our proposed color image segmentation algorithm.

Our proposed color image segmentation algorithm consists of two major phases,
namely the seed-based region growing phase and the merging phase. Maybe some
other color segmentation algOf}th‘n-s [.ﬁ_l- IQ" 7ﬁ al{b‘ l}ﬂe better segmentation results

g - i = olL C,
on our obtained enhagce& color uqllagé, When_,gﬁ_m'pared to t-hose on the previous

.E"'
A 'e

—

obtained enhance% i‘:‘élor image

ing phase, namel&iﬁhe__%ﬁd
AR

;.: .--. =
presented. W, LT

Seed determination stage

The seeds used in the seed-based region growing phase are the homogeneous pixels
of the input color image and are selected when their homogeneity levels are greater
than the threshold. The homogeneity level of one pixel in the image is determined
by its standard deviation and discontinuity of the subimage covered by the w x w
window mask. Let C;; denote the color information of pixel P;; at location (7, 7) in

the image and the window mask be centered at (i,7). The standard deviation of
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each component of P;; can be obtained by

i =) (wfl) PR C ) (wfl)

1
0cy; = E Z Z /I’ZJ)
T nEim g

(w2—1) J+(w 1)
Hiz = E E Cmn
m=i (w=1) n=j— <w2_1)

Let

where o7, = t is easy to
e — . J

check that the va !.l;'_._ T | 1thi rang “Wher op, and Up,

are large, the p1xel ""'Jhs de:’j%_ p1xel Therefore,

the homogeneity level of pixe ;{E

When the value of Hp,; for pixel Pj; at location (i, ) is greater than the specified
threshold Ty, the pixel P;; is selected to a seed which will be used in the second
stage of this phase. Let Ty = 0.99, the blue color pixels shown in Fig. 2.7 are the

determined seeds in the enhanced color Peppers image as shown in Fig. 2.6(b).
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Fig. 2.7: The determined seeds as shown in blue colors of the enhanced Peppers

image.
.'1”*1'[13"’1@-’5‘7‘-{w e
Region growing stage. Iu L} P RN
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That 1§;|a acen

Step 2: Examine ﬂi c nnecﬁed"-

i"1.|

S_an,
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-
are not seeds. en'?fcon_n;%ﬂte the co 'contras-t,iﬁ ween each marked

d mar.l\.‘lahe pixels which

i ol

i'll B0,
pixel and its adjacent !? E@Ezeh;‘{e@@ml) Iy consisting of seeds. The

color contrast level between the marked pixel P, and its adjacent region

R; is measured by

Ve = Va2 4 (t, — )2 + (v, — V)2

2 2 2
\/ Yp,, tup, +vp,

C(Pn, R;) =

where Yz, uTRi, and UTRi are the mean values of the three CIE components

of region R;.
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Step 3: Select the minimum one among these calculated color contrast levels and
its associated P,, and R;. Then, put the associated marked pixel P,, into

the region R; and remark the connected neighbors of P,,.

Step 4: According to the color contrast level measure defined in Step 1, update the
color contrast level between the updated region R; and its adjacent marked
pixels. Then, repeat Step 3 until all pixels in the image have found their

regions.

,-1' ,|u[ .!: c'!;“-“ﬂ_u.

The above seed-based regib'n grovs%ng phase, mﬁ‘;_dﬁx segment the enhanced

1-—
.I -

ased regl.Qn gﬁiwmg phase on the

'|.
enhanced Pepperﬂqmage as's ig. i i lustrates related over—

color image. After pex‘f@rr;;al;ng the a‘b"

'&:'

segmented result D‘mérﬂ his over-se p blem 1 1s Inééessary to merge
.'f'_b.,_l T
‘ LY
the similar regqus in the over-seg . subsection, our pro-
T . -
posed merglng_"}&hase is ntation 1;;"x’oblem In
_—
our proposed mergmg pha ser{fed m\éhe enhanced
color image, Wh1c']:l:has-pe§n tiai i ‘osed Eﬂge%ﬁeservmg algo-
'_._ oy e, & l,‘-.

rithm for color contrasirEHhaagemer@g ,can resuLt 1'Q a m hﬂbre de@;rable segmentation
. ' s ,-f N
result. "'h;;.l- - . I- '

2.4.2 Merging phase

This subsection presents our proposed novel merging phase. Let I?; and R; be two
adjacent regions. For measuring the difference between the two adjacent regions
R; and R;, we first compute the difference between the centroid and the geometric
center of Ry, (= R; U R;), the color moment difference between R; and R;, and the
boundary edge information between R; and R;. Since the enhanced color image
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Fig. 2.8: The over-segmented result after performing the seed—-based region growing

phase on the enhanced Peppers image in Fig. 6(b) .

where myg = > 2 f' ‘ : {N 1 A X _ : cand n N
f(z,y) denotes the rel g com enh‘anﬁ@:)&tlor image. The ge-
I

ometric center of Ry, is glven & ALLF [

(GCRk@’ GCRMJ) = (W’ GC’)

where mlO ZZ(my Ekaf (37 y) mOl = ZZzy)eRkyf (37 y) and mGC =

2D (e)eRe f%(x,y). From the above defined centroid and geometric center, the

difference between the centroid and geometric center of Ry is measured by

DgC(Ri> Rj) = ||(G0Rk:-’t7 GCRk,y) - (CRk,ﬂw CRk,y)H' (2'6)
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The larger the difference between the centroid and geometric center of Ry is, the
more improper the merge of R; and R; is.

Besides the difference between the centroid and geometric center of Ry, the color
difference between R; and R; is also employed to be a factor in the proposed merging
phase. Based on the color domain histogram moments [56, 60, 71|, our proposed

color domain difference between R; and R; is given by

CD(Rz,R ) = |CCR, — CCR)|| (2.7)
Aol o o,
G
where CCr = (CCpru, C\C‘RL') —‘%, MR '=_ i‘f’i ;., et VDR (u'0'),

I-'—'F 7 ':r
o RGl:p"'f;gldf:.ljr‘gage where these
, =

and DE(u' ") den es -‘Eh umber
related pixels aré_'\na’gped t

CCr = (CCru 0("3’1

a"!

notes the colo?ﬂlstogra
o
dimension hlst_og“'ram.
Y
Besides Eq. (2.6) and
It
- .-'h"

R; [58] is deﬁmtely;-u\s%' to m _Lﬂe theﬁrencd .
‘| - ! '::' I‘.'-;q’.!‘a':l;l

proposed merging phaSE lt' ha%' beeﬂd:gﬁned thﬁé__!-he edge ﬂlb obtained from the

e ¢ A

enhanced color image [ is der‘i“o’c-gaE byl E‘?Nhefﬁ ?Lﬂy =1 (= 0) means the color

pixel I(x,y) is an edge (non-edge) pixel. Let B(g, r,) be the set of pixel locations
which constitute the positions of boundary between two regions R; and R;. The

ratio of the edge information occupied on the boundary can be expressed by

Z(.’L‘,y)GB(RZ,’R],) IE(:r,y)

Ye(Ri, Rj) = (2.8)

| B(Ri’Rj) |
where | Bg, g,y | denotes the number of pixels on the boundary Bg, r;).
By Eq. (2.6), Eq. (2.7), and Eq. (2.8), when the values of D& (R;, R;),
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CD(R;, Rj) and vg(R;, R;) are larger, the two adjacent regions R; and R; are more
different from each other. Integrating the above three difference measures, the dif-

ference between two adjacent regions R; and R; can be defined by

¢ R
, Déc(RuR) |  CD(RiR))

DC

D RZ,R -
! ( ! ) GC(mazx) CD("”‘W

+ w3 X ’)/E(Rl,R ) (29)

where Dgc( = Maz;i2;{D%-(Ri, Rj)} and CDnery = Max;;{CD(R;, R;)};

mazx)

DS (Ri,R;)  CD(r;.R))

Dgc(maz) ’ CD(""‘ZT) ’

and vg(R;, R;) are within the range [0, 1]; empirically, the

three weights are set to wy, =1, wy = 1 .an wsg = 2.5.
._.: ru[ “'.rtﬂd-
Based on the above deqlcmﬁtlon .1{1 sﬁ;mmary‘%i:fprdpgée‘i‘ignergmg phase consists

.I —_—

of the following thrqs.-sbt"

=T
1L i 'Z':l '
A B
Step 1: For ea.ahﬂ reg}!@gll ’s,and compute all
| e

the d&'erences

3‘.5'
LCH |

Step 2: Selecﬂhe mini
@
obtain;é-d, flg;-n

a region, outﬁt‘i‘t th'e-_gegmiﬂ_nﬂ_.tamon result‘@nd %{) tl‘ﬂg phase Otherwise,

B MEGRR”
go to Step 3. L] R R i

Step 3: Merge R; and R; into a region. After merging R; and R;, by Eq. (2.9),
update all the related differences Dr(R;, Ry)’s and Dr(R;, Ry)’s for all the

concerned two adjacent region—pairs (R;,Ry) and (R;,R;). Go to Step 2.

After presenting two phases of our proposed color segmentation algorithm, next
section will illustrate the segmentation result by running our proposed color seg-

mentation algorithm on our obtained enhanced color image and compare it with the
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segmentation result by running our proposed color segmentation algorithm on the
enhanced color image obtained by the previous color contrast enhancement algo-

rithm.

2.5 Experimental results

In this section, some experimental results are demonstrated to show that our pro-
posed algorithm has a good compromise between the edge-preservation effect and the
color contrast enhancement gifect! wh&n compare(‘fite..ﬂle p,rev1ous algorithm [43, 63].

- s o= »
_,h o I .a. - - u‘!.
Besides, some experm\ents are carpe&’out tvﬁémonstrate i‘;he edge preservation

—

L

contrast enhancement a s calle

age; the enhan'(?éa (.:"6'],6? i

algorithm is called"..bun -$€_fa1

Fig. 2.9(a) 1llustfates thé ec?g'e ma mal %bersatmage shown in Fig.

¥
;
2.6(a). The edge map of thg.- p1;(3}710us obtalned_ enhanbtfd 'golor Peppers image is
4 '—..fﬂ".j\ _—.]‘I'_. .IlL

illustrated in Fig. 2.9(b). The edge map of our obtained enhanced color Peppers
image is illustrated in Fig. 2.9(c) and it is observed that our obtained edge map
of each pepper is quite similar to that in the original edge map (see Fig. 2.9(a)).
However, the edge map in Fig. 2.9(b) is some different from the original edge
map. Quantitative demonstrations (see Fig. 2.11, Fig. 2.12, Table 2.1, and Table
2.2) will be given later to explain why Fig. 2.9(c) is better than Fig. 2.9(b).

Besides the color contrast enhancement effect existed in the previous color contrast
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enhancement algorithm and our proposed one (see Fig. 2.6(b) and Fig. 2.6(c)),

the edge-preservation effect of our proposed color contrast enhancement algorithm

is better than that of the previous enhancement algorithm.

]
t (_)f both algorithms
-!. e

over t'heh;glrevmus algo-

A o

F our proposed
rithm, let us take':ﬁ“lél'"'fdl‘br i (see Fi 2.10(1) y the se’condxitestmg image.
-‘— |"I".u|-;| 4 |!'.'!|. . | '..i i

Figs. 2.10(b)—(f) demehstrat‘e:ﬁhe edge map of the orlgmal color F14 image after
l'Er . — 'r. - -i" 1..

running the previous color ed"ée QEte or the pre:jﬂou§ oﬂ-talned enhanced color im-
age, the edge map of the previous obtz;in:ed -enhanced image, our obtained enhanced
color image, and the edge map of our obtained enhanced image, respectively. Simi-
lar to the performance evaluation for color Peppers image, experimental results for
color F14 image also reveal that the previous and our proposed color contrast en-
hancement algorithms make the original F14 image more colorful. In addition, our
proposed enhancement algorithm has better edge-preservation effect when compared

to the previous enhancement algorithm.
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Fig. 2.10: The enhancement demonstration for color F14 images. (a) Original color
F14 image. (b) The edge map of image (a). (c¢) The previous obtained enhanced
image. (d) The edge map of image (¢). (e) Our obtained enhanced image. (f) The

edge map of image (e).

29



Next, we adopt the set of edge-losing pixels and the set of edge-adding pixels to
demonstrate the edge-preservation effect of our proposed color contrast enhancement
algorithm. It has been defined that the edge map of the original image is expressed
by Ir and Ig(xz,y) = 1 (= 0) denotes that the color pixel I(z,y) is an edge (non-
edge) pixel. Let Igg denote the edge map when running the previous color edge
detector on the related enhanced color image. The set of edge-losing pixels in the
resulting edge map is denoted by N,. Each pixel in the set of edge-losing pixels
must satisfy Ig(x,y) = 1 and I]fE xfy)_-r 0. 'pn I;ghe other hand, one pixel is called
the edge-losing pixel Whﬁ{l tl;re. p;xcel f’s an ed_g&‘?f@cel uﬂ{ 'tge orlglnal color image,
| g .-‘,'_

ags,;l‘:'sf-a no.if_};—fedge image pixel.

g

A
but the pixel at the.éa,nfe p.‘cfélj;;on i

Alternatively, the Set;._‘of ed g pixels in th

'h_ Tagghi i 3
by N, and ea,gh p;-'c"el i %d@
EI [ |
Id

and Ipg(z,y) = 1. Fig. 2.11(a) a @b illustrate
) ; » |

h_d -
pixels N, for th.e edge the [revioml:taine

.’_ .
see Fig. 2.9(b nd the ap of ou taine
( g

L)
xels must satisty Ip(z,y) = 0

e set df'-'_"edge—losing
=
cqlor Preppers image

I 'Il-H “.

d color 'P‘sppers image

T i
-l

‘ "-.
(see Fig. 2.9(c ) egtlvel} 1W _2 b) 11l%strate the set of
1 *, - i e
. I i _l- 1, ."'sa._, |}

edge-adding pixels N, forathef edgé }map of theE.p!l::‘EVIOliS ol%bﬁned enhanced color

nha

Peppers image and the edge maﬁ' ofybp.r -obﬁﬁmqﬂ éihanced color Peppers image,
respectively. By Fig. 2.11 and Fig. 2.12, our obtained enhanced color image has less
edge-losing pixels and edge-adding pixels when compared to the previous obtained
enhanced color image. Then, the set of edge-losing pixels N for the edge map of
the previous obtained enhanced color F14 image (see Fig. 2.10(d)) and the edge
map of our obtained enhanced color F14 image (see Fig. 2.10(f)) are illustrated in

Fig. 2.13(a) and Fig. 2.13(b), respectively; the set of edge-adding pixels N, for
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(b) N o

the edge map of %’prewou El4image %the edge map
; % )
! i -14(a) and Fig.
—_

. or contrast

. @

hen con:@red to the
.

‘ - d

APy, r@

S ‘ color contrast
e

L A | ;1%?”

are defined. The

edge-loss ratio R is deﬁn‘é "

N,
Rel = | l|
where |N| denotes the number of edge-losing pixels in the resulting edge map;

|Ig(z,y) = 1| denotes the number of edge pixels in the original image. Contrary to

the defined edge-loss ratio, the edge-addition ratio R., is defined as

| Neal

Rea = T 7 N

where |N,,| denotes the number of edge-adding pixels in the resulting edge map.
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. (a) N, for the

r obtained enhanced

Fig. 2.13: The set of edge-losing pixels N,; for color F14 image. (a) N for the
previous obtained enhanced color F14 image. (b) N for our obtained enhanced

color F14 image.
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Fig. 2.14: The set of edge-adding pixels N, for color F14 image. (a) N, for the

previous obtained enhanced i 1mage %)-ﬂ'f& ?f_%?r obtained enhanced image.

”Dr-" ‘::'{!I_

To compare the edge- loss.\)'-hos beﬂva:-h the cgﬁqned two@ﬁorlthms four testing
h .II- - {'E
r F'J,;‘!l'lmage the other

e :
images are used. Be&des tﬁgﬁo i hg‘%:}o

|m|

For both enhaiiEErrmnt a hasﬁ'oe'mbn.t algorithm
rd ‘ I 10,
only has 7.59% e Eg;e loss.,,ra - i : ,p.revmus- ‘enhancement

algorithm is 24. 78%f-:f‘he ed EII“ propﬁqed color contrast

) "'.j

5 "A:-" o ki
enhancement algorithm o';ie‘lv the pr-e{_xohs ephan%@went a].g,eﬁ'rthm is 69.37%. Table
lllll 0y - 1!

2.2 demonstrates the edge- add1t1on—t=iﬁ-l=d?ﬁ7 “'hejeorllcerned two algorithms. Based
on four testing images, the average edge-addition ratio of our proposed enhancement
is 9.99% and that of the previous enhancement algorithm is 11.08%. The edge-
addition improvement ratio of our proposed color contrast enhancement algorithm
over the previous enhancement algorithm is 9.84%

Further, we take the color Peppers image to depict the visual edge-preserving

effect. Fig. 2.16(a) illustrates the segmentation result when running our proposed
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lgorithﬂa“E L

A

'-.;I-

CFl4 31.69% 1

Ta.b.i.é Tennis‘ ‘ 23.— ::
‘i&'kiyo - 18.72 oo ISy
Amaée 24.78% q "

Improvemt*:nj Rgflo

,L,

A 6937
" P 1, |-q-' - F :’L'I_
" il B S | 1%
Y & e g
.". .[._a"_.. i __T-E-.-

Table 2.2: Edge-add ratios fof’

W

rithms.
Previous algorithm | Our proposed algorithm

Peppers 10.18% 8.92%

F14 7.08% 5.15%

Table Tennis 11.77% 11.63%

Akiyo 15.30% 14.27%

Average 11.08% 9.99%

Improvement Ratio 9.84%
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segmentation algorithm on the original image. Fig. 2.16(b) illustrates the mag-
nified subimage cut from the left portion of one red pepper in Fig. 2.16(a) and
the edge map of Fig. 2.16(b) is illustrated in Fig. 2.16(c). Fig. 2.16(d) and Fig.
2.16(e) illustrate the segmentation results when running our proposed segmentation
algorithm on the previous obtained enhanced color image and running the same pro-
posed segmentation algorithm on our obtained enhanced color image which has the
edge-preserving effect, respectively. Fig. 2.16(f) illustrates the magnified subimage

cut from the left portion of one red pr_p?r J,rl",-Flg 2. 16(d) and the edge map of Fig.
e A £ ¥

2.16(f) is illustrated in E‘!igq |.2 16(g). ‘ii[‘he magsﬂﬁed suﬂn’n‘age cut from the same
| —i" '

A=
portion of the sam_e\ r;ed' p.ﬂﬁ:p_er

i us\t{'%ed 1n_E1g 2.16(h) and

mga_mng the three edge
maps of magnbﬁed su 111; ges (s ig. 2. Fig) 2. 16(g)‘i, zma Flg:., 2.16(1)), i
ig. ,2.18{'8), but Fig.

e similar to

o] ‘ -
2.16(g) is some different ig. 2.16(c Mn addjti ns,.l.ty aind the distri-
'—-J o *. |

bution of edge pﬁ(els of F1‘ . 2.16(i)lare rather close

‘a_ i-

density of edge plxels. of' Flg i BM 1d, is
i ;
e

Fig. 2.16(c). Table 2. fand Ta'iole 2 _2' Teveal th:itr]ljor the co{or"Peppers image, the

in F1g2'“1l|6( ), but the

e
edge-loss improvement ratio andfﬁdgfadﬁlu?n JTIlprdvement ratio of our proposed
color contrast enhancement algorithm over the previous enhancement algorithm are

70.04% (= L0093 % 100%) and 12.38% (= 2800892 5 100%), respectively,
and it justifies the edge-preserving effect of our proposed color contrast enhance-
ment algorithm. After comparing Fig. 2.16(h) with Fig. 2.16(b) and comparing Fig.
2.16(f) with Fig. 2.16(b), it is observed that our segmentation result when running

the proposed segmentation algorithm on our obtained enhanced color image (see
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Fig. 2.16(h)) is better than the segmentation result (see Fig. 2.16(f)) when running
the proposed segmentation algorithm on the previous obtained enhanced color im-
age. Especially, the segmented boundary of the right pepper in Fig. 2.16(h) is more
clear than that in Fig. 2.16(f) because our color contrast enhancement improves the
segmentation quality.

Further, the color F14 image is used to be the second testing image for segmenta-
tion comparison when running the proposed segmentation algorithm on the original
F14 image and two kinds of enhancid EEA. uﬁwu I._S.T From the cockpit part of Fig.

‘{ e

2.17, it is observed that tgeanlt}mbera;ofipreservegféd-ge pixe {,and the distribution of

| == LTI

7((: . How&ever the number

edge pixels in Flg %-:17" jaFe,qm

%:“ Li;f“r.: — \ [..'
Table 2.1 and -2..'2 pr0V1d‘ the qualitati i es.| After eXanﬂmngi‘hg 2.17(a),
Fig. 2.17(d), 'a:m_d Eig. 2.17(e), i i[:)}_ he segmentation result in Fig

]
2.17(e) is qu1t(?.2m1_lil;t 2.17(a) an 1n{F1g ,2\17 . This
confirms that thp-édge pre in contras‘l?"ehhancement

i =,
improves the segméﬂta%orf Q!lua i

ennis ifﬁag&;ﬁ:énd color Akiyo

'|= ﬁ‘u“
i '. R |

image, we have the sa’i:r';e segrﬂentd;{ron quahty n?_})rovémepht-‘}ue to our proposed
LA | g {1

color contrast enhancement. Fﬂal{yj EIEF = ﬁtS@n). ;*ndlﬂg 2.18(b) demonstrate

the good segmentation results when running our proposed color segmentation algo-

rithm on our obtained enhanced color Table Tennis image and color Akiyo image,

respectively. For saving space, we ignore the elaborated comparison.
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Fig. 2.16: The segmentaﬁdh comparfﬁon fomngm—ﬁ‘Peppers'lmage and two kinds of
enhanced Peppers images. ( § The sgéme{iﬁ-atﬁon iesult when running the proposed
segmentation algorithm on original image. (b) One magnified subimage extracted
from (a). (c) The edge map of (b). (d) The segmentation result when running the
proposed segmentation algorithm on the previous obtained enhanced color image.
(e) The segmentation result when running the proposed segmentation algorithm on
our obtained enhanced color image. (f) One magnified subimage extracted from (d).
(g) The edge map of (f). (h) The magnified subimage extracted from (e). (i) The

edge map of (h).
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fi

1 V¢

Fig. 2.17: The segmentation ,co ;Lrison for origii@l F14 image and two kinds of

Pl = - _— T,
i m— - L

enhanced F14 images. (a) H:'g segri}éntation ggéé_-ﬁlt Wflen rﬁhning the proposed
segmentation algorithm on original irhagg (b) One magnified subimage extracted
from (a). (c) The edge map of (b). (d) The segmentation result when running the
proposed segmentation algorithm on the previous obtained enhanced color image.
(e) The segmentation result when running the proposed segmentation algorithm on
our obtained enhanced color image. (f) One magnified subimage extracted from (d).
(g) The edge map of (f). (h) The magnified subimage extracted from (e). (i) The

edge map of (g).
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Fig. 2.18: The segmentation results when running our proposed color segmentation

algorithm on our obtained enhanced color images. (a) The segmentation result for

il TLEE SR

color Table Tennis i 1mage (_l?]; [f'lqe entation Eesﬁ'].l; Qfm color Akiyo image.
w_ iz' ey ¥ ok =
" B
h [ i s L .r'—

- Pl i
2.6 Summ&‘py /f' & S N

'51

algorithm caﬂh.‘l[ge appli

space. In order-’it};} impro
1 rr L o

s D"'u

edge-preserving algorifi!m for'I&'e)'lor @trast enhan?irem

” .r; | ﬂ"’l
e%‘ Q‘Sﬂjdr space.
.i" :{.— & ;
Further, a new color 1mag€'-segnq jatlon has ‘?eequp'kjeented to justify the edge-
w1 r‘i“L
preservation effect. Some experimental results have been carried out to demonstrate
that our proposed color contrast enhancement algorithm has a good compromise
between the edge-preservation effect and the color contrast enhancement effect when
compared to the previous algorithm. Besides, experimental results also confirms that

the edge-preserving effect of our proposed color contrast enhancement improves the

segmentation quality.
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Chapter 3

Demosaicing Algorlthm for Color

S
W, T

3.1 Prellmlha.rle*'s

.-"u N _=TiEH Hoy
In order to recover the full color m_j;afﬁ_g;_f_ﬁ?l;;}::t‘,}!'q.n{hp'ut-inosaic image, the demosaic-

ing process is used to estimate the other two color channels for each pixel [27, 34].
Bilinear interpolation (BI) [65] is the simplest demosaicing algorithm in which the
unknown two color channels of each pixel are obtained by averaging its proper ad-
jacent pixels. In [19], Cok presented a smooth hue transition-based demosaicing
algorithm. In 23], Freeman presented a median filter-based demosaicing algorithm.

Based on the single color gradient, Laroche and Prescott [37] presented an edge
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preservation-based demosaicing algorithm. Based on the gradient evaluation and a
specific threshold, Hibbard [29] presented a threshold-based demosaicing algorithm.
Based on the adaptive color plane, Adams and Hamilton [2] presented an efficient
demosaicing algorithm to modify the previous algorithms [37, 29]. In [35], Kim-
mel presented a color difference-based demosaicing algorithm by using the template
matching technique. In [26], Gunturk et al. presented an efficient demosaicing algo-
rithm by using alternating projections. Based on steerable wavelet decomposition,
Hel-Or and Keren [2§] presented anr eﬂ:fie,n}- dePlosaicing algorithm by using the

i
directional smoothing te[clllmcgue Baseﬁ on coler*c;orrel%og,,concept Pei and Tam

s i S
. In KLE};LU and Tan presented

%pr ented a quahty ‘measux;e: Based on

(o2l |

a ev@ﬁn 1 Zhang |7 pre,i,ente'a a multiple
g i.-"' -

color valmaccor i rept ed&"h e directions.

;n’ced“"'}f%‘ﬂ‘icielI ‘ i_ein-g zilg';bir‘ithm by us-

i .
[62] presented an eﬁieiént___tfemosa'
[. | I

f‘"yr

ok

1 reclv

on

LY
'nterpolqaitlon of grayscale

i .'n

Vi J |||
i i

images, Muresan and ﬁaﬂrk-s [55] pr‘egented an 1m,ﬁ1g‘0ved' edg|e dhglrected demosaicing
algorithm. In [30], Hirakawa andﬂf’arks P Jpseryted ﬁn éda};&twe homogeneity-directed
demosaicing algorithm. Based on projection-onto-convex-set approach, Li [40] pre-
sented the first iterative demosaicing algorithm. In [20], Dubois presented a novel
demosaicing algorithm based on frequency-domain representation. In [36], Lai and
Liaw presented an modified mean-removed vector quantization algorithm to im-
prove the image quality performance of the previous algorithm by Pei and Tam [62].

Based on the linear minimum mean square-error estimation technique, Zhang and
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Wu [82] presented a new color demosaicing algorithm. Based on concepts of edge-
sensing and correlation-correction, Lukac et al. [53] presented a new efficient CFA
interpolation framework. Su [72| presented an improved iterative demosaicing algo-
rithm using weighted-edge and color-difference interpolations. Based on the spatial
correlation and the edge-directional information of the neighboring pixels, Lee et
al. [38] presented a weighted edge-sensing demosaicing algorithm. In [13], Chung
and Chan presented an adaptive demosaicing algorithm by using the variances of
color differences along horlzontal an(i} \Lef-tlca‘} edﬁe directions. Currently, based on

the Nth-order directional, fmllt.e demxat{ive of spectral- spe'gL-al_porrelatlon empirically
I |.-',7‘ —ni‘ . L l‘-
: L mgiifemg algonthm and their

all other ex1st1qg dI(.;-r"'nos icing a% 1dition, the, e(f‘ge—sen;tng concept
‘ irect n@ti i : devqlopga" demosaic-
i !-r'" -

AT
N =11, Tsai and Sg{fg ['—78_].51§fresent

|
ing algorithms are very 1s$11e op CFA model
.—- 'ﬂ" l..ulll-_H ol
[14, 47, 49, 50, 8-3] Ly
1 i Y
g | |_‘._ r 1".
After examlmng most of a,H ' shed demqs\a:;cmg algorithms
iy )

,I. i
| L J:-.E

and registered patents we ﬁnd’thaf ;ﬁa quahty Qf?emoéamqﬁd’ 1}nages is heavily de-
pendent on the extracted gradlenf/ ed}e slj}for.r!na,t"ljbn ilr-orr} input mosaic images, but
usually the extracted gradient/edge information on mosaic images is not so accurate.
Since each pixel in the mosaic image only has one color channel, the previous color
edge detectors [12, 21, 22, 73, 74, 75, 84| can not work well on mosaic images directly.
The motivations of this research are three-fold: (1) developing a new approach to
extract more accurate gradient/edge information on mosaic images directly, (2) de-

veloping a new approach to determine the adaptive mask size for each pixel in the
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heterogeneity-projection, and (3) developing a new high-quality edge-sensing demo-
saicing algorithm based on the more accurate gradient/edge information and the
adaptive heterogeneity-projection values. The above three motivations lead to the
three main contributions of this chapter.

In this chapter, without demosaicing processing, a new approach to extract more
accurate gradient/edge information on mosaic images directly is first proposed.
Next, based on spectral-spatial correlation [78|, a novel adaptive heterogeneity-
projection with proper mask 81.ze fo ea}eh [}rx.e]. I|||,1s presented Combining the ex-

tracted gradient/edge 1n.f.ﬁ)pn!at10n-aana' the adaﬁuve heterggenelty projection val-
| g ok

ues, we present a I}Q‘W High'ﬁualit

s&q-jc_:ﬁg a],'g"grithm. Based on
- o,

\. ! )
posed new demqsamlng a,lgorlth has the bestiquality performarce when compared
with current puf)hsl;ed d T,am"T@], Lu and

e o
Tan [41], Lukac and Plat Ch d Ch
an [41], Lu a;‘z}l’n 1 Pla 1 l]mg an an
[13], and Tsai aiqel"SE)ng [7 L
.':EHT.:.

... "-..I;.
3.2 New appro_acH ta,e‘xtract'ﬁlglore aﬁcj‘éurate gradi-

“Sogey, gl
ent information on mosaic images

This section presents a new approach to extract more accurate gradient information
on mosaic images directly. In what follows, the luminance estimation technique
[3] for mosaic images is first introduced. Then, combining the luminance estima-
tion technique and Sobel operator [24|, our proposed new approach to extract more

gradient information on mosaic images is presented. The extracted gradient infor-
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Fig. 3.1: The 3 x 3 single symmetric convolution mask.

(a)
.
Fig. 3.2: Four poss@'[e d'asp!Tf

Case 3. (d) Casez}- e 5 T
\‘ ‘:‘lﬁ i (..-n";.. --.1
"~..| Al e B
mation will bqiﬁ'sed in S ) ‘ =Sensin osaicin algorit‘i& described
G - * &
in Section 3.3ﬁi-dd it co e
- '-i - :JL-I | -7-[
= -
3.2.1 Luminance’és on technique fo rﬁbgaiﬁ%images
L NG U I
-1:_5. 5 ...l_-m_ =
In this subsection, thq}hmma;@&:e e;@.ma ion echn‘quue%b‘f mdlq_alc images is intro-

-i" 'h.-

duced. In the discussions here{a‘fh? thehl%rmjﬁnce 1s-il'e;ﬁ ed as L = 1(R+2G + B)
and the luminance of the pixel located at pOSl’;lo;l (,7) is denoted by L(i,j); the
R, G, and B color pixels located at position (i,j) of the mosaic image are denoted
by I (i,7), 1% (i, 7), and I (i,7), respectively; for a demosaiced full color image,
suppose the R, G, and B color values of the pixel at position (i, 7) are denoted by
15 (i, g), 15 (i, 7), and 1Y (i,7), respectively, where i denotes the vertical axis and

j denotes the horizontal axis (see Fig. 1.1).

In the luminance estimation technique, a 3 x 3 single symmetric convolution mask
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as shown in Fig. 3.1 is used to estimate the luminance of the pixel at (i,7) in the
mosaic image. Within a small smooth region of the mosaic image, the color values
of R, G, and B components approach three different constants, i.e. I’ (i,7) = R.,
I¢(i,5) = G, and I%,(i,j) = B.. The four possible cases of the 3 x 3 mosaic
subimage are illustrated in Fig. 3.2(a)—(d), respectively. Because of the symmetry
of the 3 x 3 mask in Fig. 3.1, only Case 1 and Case 2 need to be considered. First,
each R channel of Case 1 and Case 2 is considered. After running the mask of Fig.

3.1 on the two 3 x 3 mosaic subim ig. ) and Fig. 3.2(b), we have
= |ﬂ|£gﬂ$£&ﬁf§i U{_ L

4cR. = 2bR,. By the san*:@:;igume@c for the %ﬁanne’fw’f}have aB, = 2bB.. For

j —

normalizing the sug{.m thﬁﬁm
|:|- i

From 4c = 2b, a bh‘and

a&];(%';ve Ifeg_u+4b+4c_1

lovgrgg\. tﬁe equations

'.!"-i' o oy e
i:;' - i P_..r“ Eh
; ™
l'.'.'w:_d- - * T (3.1)
i o B
"-’T'Iinﬂ E?—n Arc IGE
ﬁ f L .I";::
After solving Eq. (3.1), '\‘I--]s;ug,,\p the luminance
f,.l'; LS B ; :
estimation mask ca!f%)exdetefﬁﬁ?‘e n@ﬁg 3.3 {ff fter running the

' 'ﬂh -."'?... rq:
the luminance est1mat10n-ﬁ;@,sk of F{g "3.3%0n tﬁ%ﬂ' X h&uc subimage centered

i, ‘? 2 1'""'
at position (4, §), the luminance L(i. %‘6‘3’ j':sl‘;zamed by

( )

IE,Gi—1,7—1)+15,(i—1,j+1)

+IC (i+1,7—1)+ I (i+1,57+1)
. 1

LG, j) = 16 9 1S (i —1,5) + IS, (i + 1,7) > (3.2)

+2
+IG, (6,5 — 1)+ 15, (i, + 1)

+418, (i, )
\
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1716 | 1/8 | 1/16

18 | 1/4 | 1/8

1716 | 1/8 | 1/16

Fig. 3.3: The 3 x 3 luminance estimation mask.

where

= i : ; ; :
In this subsection, co%:iﬁg"ﬁfe Setmj operatogj%{l] and h I._-ﬂyllmnance estimation
—a > gk
L - = L
technique mentioned above, {@‘Egy o extract more accurate
{5 oy [

gradient information on mosaic images is presented.

Before presenting the proposed new approach, for completeness, how to use the
Sobel operator to extract the gradient information on the luminance map is first
introduced. Fig. 3.4 illustrates the four masks used in the 3 x 3 Sobel operator for
the luminance map.

Given a luminance map, it is known that the luminance of the pixel located
at position (i,7) is denoted by L(i,j). After running Sobel horizontal, vertical,
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(a) (b) (c) (d)
Fig. 3.4: The 3 x 3 Sobel operator. (a) The horizontal mask. (b) The vertical mask.

(c) The §-diagonal mask. (d) The -"-diagonal mask.

7-diagonal, and =F-diagonal masks as shown in Fig. 3.4 on the 3 X 3 luminance

SoaL>Eore

il

submap centered at p031t10n.|'('h";]- “the k}é)rlzont ]gﬁgf{é} ), the vertical re-
-.ﬁr "
sponse AIY (i, ] thle-a-!‘..-d1 nal refL 7 j and—-ﬁ}e ghagonal response

AI (z Jj) can be"@.lialcula’c?d

R '“?'. r'-T-'-" _,
I '2$1J3 VEBL(i ¥ 1, F’i&juﬁ

, Sy T G
(L= 1,5) + Fhi 1_)JrL('L,J D]

—[LGi+1,5)+2L(¢+1,j+1)+ L(3,5 + 1)]

\ 7

In order to make Sobel operator workable on mosaic images to extract more ac-
curate gradient information, the luminance estimation technique could be embedded
into the Sobel operator. Combining Eq. (3.2) and Eq. (3.3), our proposed new ap-

proach to extract more accurate gradient information on mosaic images directly can
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be followed (detailed derivations are shown in Appendix A). According to Appendix
A, the derived Sobel- and luminance estimation-based (SL-based) quad-mask can be
obtained. For saving computational effort, the coefficients in the derived quad-mask
can be normalized to integers, and the four normalized SL-based quad-masks are

shown in Fig. 3.5.

-1 -2 211

418 8| 4

-6 |-12 1216

418 8| 4

1|2 201
(a) \, :

vertical SL- baseﬂ"rq}iisd@h

o~
SL-based mask.

b

‘H . -n ‘
P

After runnf% b-h%-a

centered at posmqn (z j):;;.t

SL-bas

“masks

izontal response

wh 1

H E-*
rﬁdtggona{\'esponse Al o 2 (i, 7)
'\. 5 .'ll o .l “‘%
can be obtained. In addltrﬁa,gexpemfﬁental !esul’&s-fhow ﬁiﬂ@“‘t'ﬂle proposed approach
to extract gradient 1nformat1on on r{ !aiiﬁrﬂag% dlrectly has better performance
and the average execution-time improvement ratio is 17.8% (= 28002905 5 100%)
when compared with the indirect approach: first apply the bilinear demosaicing pro-
cess to the input mosaic image; next convert the demosaiced full color image to the
luminance map, and then the Sobel edge detector is run on the obtained luminance

map [54].

Note that besides our proposed approach and the indirect approach mentioned
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above, we now briefly introduce the third approach in [15]: first, plug the bilinear
interpolation technique [65] into the Sobel operator to derive two quad-mask for
the G channel, four quad-mask for R channel, and the same four mask-pairs for B
channel. Next, run the above proper mask-pairs on the 5 x 5 mosaic subimage to
compute the gradient response of the corresponding color channel. Further, let the
four gradient responses of R, G, and B channels are denoted by Afjn’;, Afjng, nd

Aldb for d € {V,H, %, 5"}, respectively. Finally, combine R, G, and B gradient

responses to obtain the 1ntegrated g?ad_lﬁnt Eps_pfnses AI$ by using the equation:

Al =0.299A15" +0. 58iAI|dE‘7+O-11MIdb forde {V' ﬁ, ’;,,._4”} For convenience,

Hi J ey —ni_
the demosaicing alg\qrﬁhm-ﬁéased TNy roa%fs ca”ll-gd. the Sobel- and

E-

interpolation- basgg (Sk-bas

pe {m@n‘hal results show
".‘??.* .,;'_1:"-1,

that the averag.e, image %e,@TR and ZAE%; of.the Sl-based
Ty "

demosaicing aj@brit,bm TH Prove 037% (= x 100%)
‘ ‘ | - _

and 0.135% (= = ); respegtively, w d awith the proposed
- | [ e ! Fﬁ\

demosaicing algerithm 1n i pter. owever ‘ a_ge.utifrfléﬁ.performance
I ,J L i | .i' e i :

of the SI-based deﬁtosa{;(nﬁg alg be ed : '“-::"s-_;: % X

" | l R |

ok
100%). Since the averag‘e Hnage qlfg,h,ty perforrr[a?_:’Ce 1mpro¥e‘;ri'ient of the SI-based
demosaicing algorithm over our &que.(}-alg’ormi\m is n’éghglble but the degraded
time performance is moderate, thus, our proposed SL-based operator described in
this section is the better choice for handling the edge-sensing process which will be

used in our proposed demosaicing algorithm described in next section.
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3.3 Proposed new edge-sensing demosaicing algo-

rithm

Based on the accurate gradient information obtained in last section, this section

presents our proposed new high-quality edge-sensing demosaicing algorithm. Our

proposed novel adaptive heterogeneity-projection with proper mask size for each

pixel is first presented in Subsection 3.3.1 to extract more accurate horizontal and

vertical heterogeneity-projection vahie f d O;II_ the two obtained heterogeneity-
e (3] i) 4 L

projection values and thoile,q&iz;t;lneq gﬁpdlent m‘_f(tﬁnatmﬁ_'

,] li—_'F —ni:

the proposed new ed{ §en g,_lnter

tioned in Section 3.2,

5.,,|.

%, -
tion is""ﬁ.res‘e‘r-lted. The proposed

interpolation estfaiat{gn co two steps, the p f‘(r)‘g_,G "Eﬁannel and the
second step for,{l% a;a B hannelq r‘_;n
| uglll-
= nr ~= =
(ER A : T
3.3.1 Novel ada for mosaic im-
ages ' L
Ta L P AN
_E|J L . .__J,_-. [} ‘_" |-.7'.E ’.
-;”: o -":- ﬁ"'i

In this subsection, a-novel agiam;}mj I'Op Wlth'ﬂproper mask size
for each pixel is presentod lee,nfan orlgmal ‘.‘@osalc 1m§ge Imo, its horizontal

<o ,1.

heterogeneity-projection map H Py_ map d:ﬁd ér;l‘eal heterogeneity-projection map

HPy_qp can be obtained by running the following two 1-D Laplacian operations
[78]:
HPy_ map — |Imo (FNX(N—3)T(N—3)><1)t|
(3.4)
HPV—map - |Imo * (FNX(N_3)T(N_3)><1)|
where N (=11 empirically [78]) denotes the vector length (or the 1-D mask size);

FVXN=3) =11 —1 — 1 1]8 % IWV=3x(V=3) denotes a N x (N — 3) coefficient matrix;
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TW=3x1 =TIV — 1]f % IV =3-2)x(N=3-2) denotes a (N —3) x 1 coefficient vector;
IM*M denotes an M x M identity matrix; the symbol “x” denotes the 2-D convolution
operator; | - | denotes the absolute value operator and the operator “t” denotes the
transpose operator. In what follows, our approach can determine the suitable value
of N adaptively.

Let us examine some cases of the current pixel on the mosaic image. If the
surrounding region of the current pixel is homogenous, the two responses by Eq.

(3.4) are almost the same whether alr_la.];f ﬁsk ?ze or small mask size is adopted.

If there is one tiny horlzoiltaﬂ-edgegaémng thro,_ug:h the {mggnt pixel, a small mask

J I.-—“‘F - E

k sx@{'@t stlﬂ_lholds for the tiny

A
size for H Py _pap i_s_te;no"ﬁgh-lia.];he

vertical edge corr;?'Spo;g‘dlng

il : i,
i o Hl # | B _I
is set to N = 1,&1 AccOrd] e di i we now, ptEsent m:;r proposed
adaptive heter}a‘ﬁene‘ty— jecti ] ize for each pixel E?ch that the
Pl tﬂn

used mask size is as sma
T—

I '?‘“ b
than those comp-uted by th i 1. results f'h/eal that our

Y " Ll
proposed adaptive Hﬁtefog"ene-lty- Joiec" Ero h nder pfopﬁrﬁlorizontal and
' -.'| e EI o itaa._a |}

vertical mask sizes has" the-::otrﬂput%ug?’oﬂ—savmg :mg'-morb acguﬂ&te advantages.

We utilize the horizontal speagai ﬁ@t;ed-cyrné}aﬁén ESC ) [78] between the cur-
rent pixel at location (7, j) and its neighboring pixel at location (i, 74 1) to determine
the proper horizontal mask size Ny (i,7), and the proper vertical mask size Ny (i, j)

is determined by the vertical SSC between the current pixel and its neighboring

pixel at location (¢ + 1, j). For a horizontal SSC map, the horizontal SSC value at

51



location (7, j) can be obtained by using the following rules:

(

|19 (i,j) — 1!, (i,7 + 1) if the current pixel is G and i € odd.

|19 (i,7) — I (i,5 +1)| if the current pixel is G and i € even.
|17 (i,5) — 19,(i,5 + 1)| if the current pixel is R.

|1 (i, 5) — I9,.(i,j + 1)| if the current pixel is B.

\

Similarly, the vertical SSC value at location (i,7) can be obtained by using the

following rules:

(

119,01, 5) — 11, Z 4: .uﬂﬂ_ C '_@_ﬁ@LwE‘g? plxel is green and j € even.

9.(i,7) __3 '(-+ 1 ‘5‘)*_, if the&?ent plxej::fs ‘green and j € odd.

SV(Zaj) - __'hllr -;f_ ":ﬂ_,..
: , - d‘_,
:-—_ l
The horlzontal'§.8C map/and the f the mo'balc nghﬁtouse image
s - =
are illustrated in Fig. it¥is o_B*served that
- -:h-r
the SSC values are. local oy
& o A
Because the Hﬁermm@.ﬁm s;.zle _N 1 zﬁ?) is the same
as that for the vermﬁifl rhask_.gize N Aocus on*’bkle determination

k. ||_|-aii l _j— = "'. "-!'
r'ﬂ-.l

o d
of horizontal mask size. Edu"g 3.7 d-ap;r';’ts our pﬁ;'_'a:osed applieach to determine the
proper horizontal mask size N 1 i%}fn%ﬁi@@ﬁjoﬁa-ilon (1,7), Fig. 3.7 illustrates a

1x 11 row data extracted from the horizontal SSC map. The procedure to determine

the proper horizontal mask size N (i, 7) consists of the following three steps.

Step 1: Initially, we compute the two SSC values Sy (i,7 —2) and Sy(i,7+2), and

temporarily set Ny (4,7) =5, Tiepr = 7 — 2, and Tpjgne = j + 2.

Step 2: If the condition Ng(i,j) = 11 holds, output Ny(7, ) and stop. Here, the
maximal horizontal mask size is bounded by eleven. Otherwise, go to Step
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( ‘ -‘|qu lf'ﬁ':—i{';.‘:? II-
Fig. 3.6: The two SSC. _n;lga.s of the n%salc Lig ﬂ'louse 1m.4_.%el ) The horizontal

h'\- .I —
SSC map. (b) The }e,rtlcal’ﬁﬁ

|m|

gray value 80 is “u_se%}

1ma‘;g$ more clear, the

Step 3: Examine whether the neighboring horizontal SSC values are locally chosen

by using the following testing condition:

Max(DS%" DS < T,

where DSY" = 1Sy (i, 21e50) =St (4, Treje—1) |+ Sw (i, T1e ) — S (i, 2o +-1)],
Dsgght - |SH(Z> xright) - SH(Za xright - 1)| + |SH(Z> xright) - SH(Za xright +
1)], and determination of the threshold 7}, is discussed in Appendix B.
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If the above testing condition holds, output the value of Ny(i,7) as the
proper horizontal mask size and stop. Otherwise, perform the operation
NH(Zaj) = NH(Z7]) + 27 Tieft = Lleft — 1; and Tright = Tright + 17 and then

go to Step 2.

The above three—step procedure can be easily applied to determine the proper
horizontal mask size. In order to normalize the masks for different sizes, the normal

factor ﬁ is used to normalize the coefficients of the mask. In other words, in-

stead of using FN*(N-3) T(N 3)*‘11 rll&e:ligie!%%{ﬁwéw 3)’.I‘(N $x1) to obtain the

.a‘i-m il Lo %

normalized heterogenqij;yrﬁrOJectlol_ln hi'-ap THE_Value of@@ is defined as the

|-|.
Il

—

sum of the pos1t{e1:'coefﬁ 7 ' rle if 'N |T 5, the mask

o
irffﬂ Il_{;_ 2 0 2 1)t

F5><(5 3) T(N &Jclfl%Z
' l‘;-

ontal hﬁﬂprogeneity—
ﬁfvﬁmpp, HPy(i,j)
denotes the vertl(fai-heter.age i pi‘ojection value % o C@, 7) .r{'he tuned hori-

. A | ‘
= Y .
zontal heterogeneltylprﬁectml_ii_‘vaWe '%E_ifd xgq'fi-rlaal heterogeneity-

| -\. =, '\?l ri;- ! k] |
] -III 'E‘.‘
projection value H P, i j)"cap be Computeﬁ by th% follermg operations:

S ",'i"g, e iyl

projection valu'qﬁt Togati j : Pr(igy

HPj,(i,7) Z OxH Py (i,5 + k)
0=

HP,(i,7) Z o H Py (i + k, )
S

where 6, = 2 if £ = 0; 0, = 1, otherwise.
After performing the above adaptive heterogeneity-projection for mosaic im-

ages, the values H P}, (i,j) and H P (i,j) can be obtained for each mosaic pixel. In

next two subsections, the six responses H Py (i, j), HP}(i,7), AIZ (i, 7), ALY (i, 7),
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Ald%m(i, j), and Algr (4,7) will be used in our proposed new edge-sensing interpola-

tion estimation for demosaicing mosaic images.

3.3.2 [Edge-sensing interpolation estimation for G channel

In this subsection, we present the proposed high-quality edge-sensing interpolation
estimation for G channel. For exposition, let us take Fig. 1.1 to explain how to
estimate the G channel value located at the center position of Fig. 1.1. Before per-

forming the interpolation estlmatlon ufon@ Ch.!t'tm@i, afﬁume the gradient information

-, &

. Sl
of the current mosaic plxe'l at posm.on ?5 El‘j_.ée elght ne-rghborlng pixels at posi-

I —

tions O, = {(z,y |(_§;.,y »(ffx

A
by using our prqgosqﬁ_l‘-&nllet 7
o S h

e
’z-y,z%'?)} ha;v‘e been extracted

tl?e"'"xtratted nine hor-

4 [ L ;IEH

izontal gradlen}-magnltqdes and i ient magﬁitudes ar'eTl"denoted by
=
AT (%, %) and AI W (x, L
, =

According tﬁ,_;th_e_ tun izQ i j tiue H.EH(z Jj) and

e,f the 0 urrent mosaic

-'_' ¢ N, N
pixel at position (7 ,,._;;- :I:he 1rft@r i LO1-S( b‘y, e in o'u( proposed edge-
N o f\h
sensing demosaicing algoqﬂlm consdéré three cagéf, namely l‘l orizontal variation

2 7
as shown in Fig. 3.8(a), (2) vert{anazlahoy-as .Ehkon in Fig. 3.8(b), and (3) the

other variations as shown in Fig. 3.8(c). The arrows in Fig. 3.8 denote the data
dependence.

In addition, in order to estimate I9 (7, j) more accurately from its four neighbors,
four proper weights in terms of gradient information are assigned to correspond-
ing four spectral-correlation terms in the interpolation estimation. Considering the

neighboring pixel located at location (i — 1, 7), if there is a horizontal edge passing
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through it, i.e. the vertical gradient magnitude of the pixel at location (i — 1, 7)
is large, the color difference assumption [41, 62] reveals that the green component
of this pixel makes less contribution to the estimation of green component for the
current pixel at location (i, 7); otherwise, the green component of this pixel makes
more contribution to the estimation of green component for the current pixel. On
the other hand, if the gradient magnitudes of the pixels at location (i — 2,j) and
(1,7) are large, the pixel at location (i — 1, j) is located in a nonhomogeneous region
and we claim that the pixel at locaioq:ﬁt-.. fi. "'.} makes less green contribution to

._.: ol

ixel at location (3, 7);

I"'I

. Q\‘}Qmo@eous region and
el 4

re%‘__eoﬁ'tlbutlon to the

the estimation of green c?m]!kn)nemifoﬂrthe CULT

otherwise, the plxe]‘h t"[oga!ffon o

LSl
we claim that the}pn{,e‘L at 1
\."' ' 4}';.'
) i ¥ £
estimation of gcﬁen component for the eurrent! mosaic pixel. '!CUmbln-ﬂig the above

analysis of gr@len irecti j @1 ht of pixe

|-q

t lgcatrla'h i—1,7)

AT, . Eéiflowing the
e -'?‘_ i
similar discussion, the wei ‘ current':"jjlxel are ex-
L2y =4 9 ey
. 5= N rN ’\ E
pressed by wy(i — "L'.;_T 1+/j.{'§j§ ; a -.‘-.,_ 1+/;‘r[ ALY (it+k,5)]
! !l:l."“i i, _j— '

S - - 1
wolt:d = 1) = T ma;s,,m L i “‘aﬁ - 1+ﬁ$%_o 5 A, ] here
0, =2iftk=1;0, =1, 0therw1seh¥yd¢gpxmjpa‘9m1 %e parameter [ is discussed

in Appendix B.

According to the above description, the value of I9 (i,7) of the current pixel at
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location (7, j) can be estimated by the following rules:

Z(m,y)eﬂg wg(x7 y)Dg(LZZ, y)

L (1, 3) = To(1, ) + SR
z,y)EQy I\

;

{(i £1,5)} if HP|,(i,j) < aHP};(i,j) (horizontal variation).
Q=19 {(i,j+£1)}if HP,(i,5) < aHP.,(i,j) (vertical variation).

{(i £1,j),(i,5 £ 1)} otherwise, (other variations).

\

where fOI‘ (xl,yl) e {(Z =+ 1’])}, Dg(xl,yl) _ Igw(xl,yl) _ Iﬁ’no(m1+1,y1)—5ﬁ’no(w1—1,y1);

for (m2)y2) 6 {(/L ] :]: ]_ } D mZ’yZ f [g ( ‘ ) _ Ikno(m27y2+1)—5[£no(m27y2_1); the

__;|.

After performlngL ; ing-inte latlonﬂ-qgfll'@lon for GG channel,
; {-
the G channel oﬂ@ demos ' i In next s bsection, the

\ . i '.nrc.
2 % @
Fig. 3.8: The data dependen{%froEosed 1%?@%;’9%11 estimation for G chan-

nel. (a) Horizontal variation (vertical edge). (b) Vertical variation (horizontal edge).

(c) The other variations.
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3.3.3 [Edge-sensing interpolation estimation for R and B chan-
nels

Because the number of R pixels or B pixels is less than G in the mosaic image, the
interpolation estimation for R and B channels should be partitioned into two steps:
(1) estimating the red values at blue pixels, and vice versa; (2) then, recovering
missing red and blue values at green pixels. Because the interpolation estimation
for R channel is the same as it for B channel, we thus only present it for R channel.
In our proposed 1nterpolat10n| ﬂsﬁnfa&lg-n[for R :a:'llﬂ B" .(:h}nnels the fully populated

4
G channel is used to aqlsﬂst the 1nteqpo-laﬂt1on of-ﬁhnd B channﬁl-s For convenience,

.-

we still use Fig. ]"'.L to expldin

\?innel val'lue for the current

g
1’,-—"". -.."‘
" i F
|

0 estimate t

pixel at pOSlthI.l"'i’& .1_)]'_"'

EII. i:-j_E-.u ]
b 17 =
Similar to the interpolation es nnel, assume the gradient infor-
= =
' L
mation of the mrrent m bﬂ“‘rI 7) and the t pixels-at positions
, -] g | oo B
O ={(z,y)|(x, Y & - )}, tes , haye been extracted

|’H-
: rdeft-b eét.i.mate I (i,7)

!
by using our proﬁg’éﬁd _m'"':;!ho he same argum!in

more accurately from- I‘ts foufr_‘_ﬂ%d neil

prope’rﬁwelgbﬁs in terms of gradi-

C's i_. | .E"
ent/direction information are jSSlgned to the corre;};ondn{g fgur spectral-correlation
i T
Agd ¥ H_I.l - “‘.ll”." =

terms in the interpolation estimation. For estimating I, (i, j), we consider four di-
agonal variations of the mosaic pixel at position (i, j) to determine the four weights
which will be used in the proposed edge-sensing estimation of I} (i, 7). Consid-
ering the neighboring pixel at location (¢ — 1,5 — 1), if there is a F-diagonal edge
passing through it, i.e. the —*-diagonal gradient magnitude of the pixel at loca-

tion (i — 1,7 — 1) is large, and then it claims that the red component of this pixel

makes less contribution to the estimation of red component for the current pixel
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-2 )1 j j*l j+2

i+1

i+2)

Fig. 3.9: The patterns of the R channel.

at location (i, 7); otherwise, it claims that the red component of this pixel makes

more contribution to the est1mat101£(ﬁ-' Eed é@m&oinﬁnt for the current pixel. On

the contrary, if the gradﬁrﬁzn magmﬁ:lefés of th_c}g-lxel at I'oqd‘l:lon i—1,7—1) and

| ="

! w-f't) 1sh.1:HS1de nonhomoge-
’ | .

t Qh-é" r:ed—bomponent of

i 4
(1—2,7—2) arelaﬁp i.et" the pi

neous region, tl@: (:ol'ej;::ll’ diff

this pixel mak&dless contributi imation of red c&mponenﬁor the cur-

"".-'l -~ - j
rent pixel at location (i,j); thered is fﬁxel "makes more

contribution tG:ﬂle._estim
Al

o | | | | I } '
above analysis, ﬂle welg.h:.tL i ‘ e1g OF§ of th;}urrent pixel
L "; { ‘ | v
can be expressed by.-%u (i — ¥ie ' ,J_eq;( Lj+1) =
Cxysy, l r
1 W i 7 D Al (i1 =

[ 7[ .7'.+ 7.7“5 = an 'l,UTZ—l- ]+
1+8 Zizoa;cmﬂf (i— ,J+k:| .( i 1+ﬂ[zk 0} AL}}(‘H—E,] k}

- L where 87 ~#ﬂfﬂs -;jl}. j‘d" = 1, otherwise. Based on the
48] g S AL, (b +b)

four weights obtained above and the color difference concept, the demosaiced full

red color for the blue pixel in the mosaic image, I, (i, 7), can be estimated by

Z(m}y)eﬂr wT(x7 y)DT($7 y)
2wy, Or(@:y)

where Q, = {(z,y)|(i£ 1,7+ 1)}; for (x,y) €e {(i £ 1, £ 1)}, D.(z,y) = I/ (x,y) —

15,.(z,y).

After describing how to estimate demosaiced full red colors for those blue pixels

L (8,3) = Ly (3, 5) +
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in the mosaic image, we now introduce how to estimate full red colors for those green
pixels. Fig. 3.9 illustrates the pattern of R channel. Referring to Fig. 3.9, the full

red color for the green pixel, I’ (i,7), can be estimated by the following rules:

Z(w,y)eQ’T U)f,«((L‘, y)DT‘('ra y)
Z(m,y)em wy(z,y)

Igm(iaj) = Iél]m(zaj) +

{(e£1,5)}if HP/(i,j) < aHPj;(7,7) (horizontal variation).

0 = {(i,7 £ 1)} if HP}(i,7) < aHP{(i,j) (vertical variation).

{(z +1,7),(i,j £ 1)} otherwise (other variations).

where for (w y) € {(i£1,), (1 }THI_} “&fé—p@f?r-ﬁ} D wfy) = Ino(@,y) = I3, (2, y).

If k=1, we set §, = 2; O.tIhErmse v:;'e“s/et 0 —_iWe furthefp@rform w(i—1,7) =

1

1+ Zk 0 9% AI (2—’%‘7

and w, (1,7 + l)h 1¢5{’E2 : A ;;i
After prese\ﬁng our PW emosaici g algori;; m, experi-
= o T
e . : = ‘ i
mental results h_1111} néxt s i age of %2{ proposed
new edge—sensirg;'g- dexg_os 0T . _:'.:::II'L;' i:'f:.
,ii! X L I_?:..
| 0 - 2, ;
C a, it :l- v 4 :.: A5
3.4 Exp erlrﬂe;nt ai ne ‘“i*ﬁ 4 ol
-': ;-{.— - Ff-‘-; 'i'

In this section, based on twent'ff—f !jh' _[:?pular testu.:'g mpsa’c images, some experimen-
tal results are demonstrated to show that our proposed new demosaicing algorithm
has better image quality performance when compared with the previous seven algo-
rithms by Pei and Tam [62], Lu and Tan [41|, Lukac and Plataniotis [48], Dubois
[20], Lukac et al. [53], Chung and Chan [13], and Tsai and Song [78], respectively.
The concerned algorithms are implemented on the IBM compatible computer with
Intel Core 2 Duo CPU 1.6GHz and 1GB RAM. The operating system used is MS-
Windows XP and the program developing environment is Borland C++ Builder 6.0.
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Fig. 3.10: The twenty- foui tpﬁ@i&hfg@.ﬁfg? Kodak PhotoCD [85].
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image are deal't: Wlth u a%ppt two objective

'ul- e

image quality rigéasdres, c

rqa‘.

SNRB’ ahd S-CIELAB

BT,
|§E .' [ "

AFEY, metric [33, Zﬂf}- a‘fd one | J ctive ﬁ e quality’meastre, c:)\br artifacts, to
e .l ﬂ ‘1] I".'-;"b.!l;:_“ !\

justify the better quahﬂﬂgf-.pe'rf“oﬁ‘r'naniﬂéuq‘f our progg:;__ed n@vel |(i:h;:,losauc1ng algorithm.

LAY = “"
The CPSNR of a color 1mage"""vvi;ﬁi"tE sgpm o >< pay ﬁgﬁr_é-d

S

2552
CPSNR = 1010g10M—SE
X-1Y-1
MSE = &X—YZZZ om (7’7])]2
1=0 j=0 ceC

where C = {r,g,b}; I".(i,5), I2.(i, ), and I° ,(i,7) denote the three color compo-
nents of the pixel at location (7, 7) in the original full color image; I7, (7, 7), I3 (i, 7),

and I4 (i, ) denote the three color components of the pixel at location (i, j) in the

demosaiced image. The S-CIELAB AE?, of a color image with size X x Y is defined
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-1Y-1

1
AE;b = —Y Z LABgrz LABC ( )]2

)

Il
o

7=0 ceL

where £ = {L,a,b}; LABL .(i,5), LAB%,(i,7), and LAB? .(i,7) denote the three

CIELAB color components of the pixel at location (i, ) in the original full color
image; LABY (i,7), LABS, (i,7), and LABS (i,j) denote the three CIELAB color
components of the pixel at location (7, j) in the demosaiced image.
For fairness, among the eight concerned demosamlng algorithms, the three ex-
isting algorithms [13, 20‘53] sia11|1 uapp;},y thelr eg_nl Teﬁﬂ‘ément schemes; the other
- e

_‘i: i ‘-. .'"-.

roposed a,lgorlthm utilize the post-

'l“_

-

four existing algor1thm~$r[4‘1r‘748 62, 17.-

processing approé’kh by Luk . [46] to enhan

B, 7 LT
Based on twen@.z—foﬁ testing mo@%ﬁs, ble'3.1 and ‘Tdrﬁle'?) 2 demonstrate
lity come 11 ’ ) o
{the other seve icing algorithms, respec-
?F ‘ ‘ .__:'-EL_. r‘ﬁl
tively. In Table"3 1i'and 3.2 the ‘entries wi t CPSNR' or the least

ALY, are h1gh11gE’E—g1 bﬁ- bold ack. It i

emosaiced'image quality.

the demosalceﬁélmage q
.

H
among our proposed alg

t in a\zerag(;"' our proposed

“I = 1.| o 3 L 11\lj:|l' "‘
demosaicing algonthm—‘has the;-'f)estr'ﬁemosalced I;rnage:ﬁl lultf’ﬁn terms of CPSNR
-"' —T*‘:-_' L --:r' Al o B
Loy oy o Lol

Next, we adopt the subjective image visual measure, color artifacts, to demon-
strate the quality advantage of our proposed demosaicing algorithm. After per-
forming the demosaicing processing, some degree of color artifacts may happen on
edges or textures of the demosaiced image. We first take the magnified subimages
cut from the testing image No. 19 as shown in Fig. 3.11 to compare the visual
effect among the concerned eight algorithms. Figs. 3.11(a)—(i) illustrate the nine
magnified subimages cut from the original testing image No. 19, the demosaiced
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Table 3.1: CPSNR quality comparison for twenty-four testing images.

Method | [62] [41] [48] [20] [53] [13] [78] | Proposed
Image01 | 36.119 | 39.134 | 37.647 | 38.017 | 37.414 | 37.995 | 39.128 | 39.879
Tmage02 | 38.155 | 38.737 | 39.701 | 39.319 | 40.012 | 39.028 | 39.553 | 39.790
Tmage03 | 40.769 | 41.092 | 41.964 | 41.693 | 42.393 | 41.492 | 42.084 | 42.314
Image04 | 39.402 | 39.466 | 40.451 | 40.515 | 40.786 | 39.735 | 40.042 | 40.147
Tmage05 | 36.795 | 35.830 | 36.983+| 87875 | 37.778 | 36.962 | 37.779 | 37.955
Image06 | 37.160 | 37.838{138.066 | 39.959 -37.445 {39,435 | 40.292 | 40.754
Image07 | 40.516 | 40.713 | 41.899 | 41.973 -[42:478 | 40.89-| 41.51 | 41.668
Image08 | 32.578/34.805 [*35.487 | 35.272 | 3Mp72+! 35:723 | 87.067 | 37.558
Tmage09 | 40.743 | 41.363 [ 42.024 | 42.174 | 42,320 [42.030 | 42.683 | 42.914
Tmagel0 | 41.338 | /415026 | 41.582+042.166 | 42188 | 41,495 1141.979 | 42.323
Imagell | 38.278 | 38.406 | 39.3674.39.805 | 89.139 | 39.331 | 40.160 | 40.556
Imagel2 | 40.755 | 41.819 | 42.415 45.79;7‘: 42,974 | 42.669 | 43.300 | 43.541
Tmagel3 | 34:358 | 33.189, | 34.160 | 357127 | 34292 | 34651 | 35.595 | 36.224
Imagel4 | 35425+ 35.013 [ 36.556 | 36.035 | 37,066 | 35.747:{'36.199 | 36.244
Imagel5 | 38.203 |38.461 | 30.264 | 30:265 | 39245 | 38.808 | 39.008 | 39.326
Imagel6 | 39.907 | 41:697 | 41.547 | 43.705 | 40452 ['43293"| 43,926 | 44.314
Tmagel7 | 41.068 | 40.587 [40:991=(udl.706 |ndil=5854| 41.244 [ 41.752 | 42.050
Imagel8 | 37.020 | 35.747. | 36.668 |"-37.266 | 37,089 | 36.688 | 37.262 | 37.683
Tmagel9 | 37.284 | 39.940 | 40:160 | “40.416 | 39.335 [ 40.399 | 41.310 | 41.752
Tmage20 | 40.075 | 40.266 | 41.006 | 40.386 | 41.175 | 40.345 | 41.263 | 41.580
Image21 | 37.886 | 38.236 | 38.736 | 38.857 | 38.735 | 38.517 | 39.711 | 40.165
Image22 | 37.514 | 37.521 | 38.219 | 38.223 | 38.518 | 37.650 | 38.139 | 38.445
Image23 | 41.055 | 41.219 | 42.007 | 42.193 | 42.928 | 41.526 | 41.776 | 42.069
Tmage24 | 34.986 | 33.569 | 34.389 | 35.338 | 34.89 | 34.778 | 34.779 | 35.291
Average | 38.228 | 38.491 | 39.220 | 39.594 | 39.338 | 39.185 | 39.846 | 40.189
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Table 3.2: S-CIELAB AE?, quality comparison for twenty-four testing images.

Method | [62] [41] [48] [20] [53] [13] [78] | Proposed
Image01 | 1.7773 | 1.4103 | 1.6251 | 1.5592 | 1.5948 | 1.5276 | 1.3680 | 1.2739
Tmage02 | 1.7874 | 1.6021 | 1.5501 | 1.7603 | 1.5337 | 1.6490 | 1.5584 | 1.5327
Image03 | 1.0050 | 0.9238 | 0.9311 | 0.9465 | 0.8761 | 0.9562 | 0.8897 | 0.8939
Image04 | 1.2817 | 1.1987 | 1.1788 | 1.2177 | 1.1507 | 1.2702 | 1.2119 | 1.1950
Tmage05 | 2.2565 | 2.1473 | 2.229812:0353" | 1:9759 | 2.2026 | 1.9745 | 1.9432
Image06 | 1.3383 | 1.1518 {11.2577 | 1.0926 --1.2867 [ 1.0883 | 1.0131 | 0.9750
Image07 | 1.2586 | 14609 | 1.1060 10755 -f1:0107 | 1.2080.| 1.1252 | 1.1213
Image08 | 2.1716:1.6341 ["177945 | 1.7774 | 118203+ 17101 | 1.4984 | 1.4329
Tmage09 | 0.8860 | 0.8208 [0.8419 | 0.8078 | 0.7935 [.0.8205 | 0.7796 | 0.7736
Tmagel0 | 0.8452 |[0.8195 | 0.8558+0.8170 |.0:7911 | 0:8475:110.8005 | 0.7902
Imagell | 1.5881 | 1.3496 | 1.4200,4. 113677 || 43768 | 1.4086 | 1.2814 | 1.2508
Imagel2 | 0.7489 | 0.6641 | 0.6823 06%{@9 0.6663 | 0.6649 | 0.6261 | 0.6202
Tmagel3 | 2.3043 | 2.2976,| 2.5256 | 24274 | 2.4413 | 2.4568 | 2.2369 | 2.0849
Imagel4 | 2.0050+.1.8286 [ 1.7552 | 1.87B5 | 1.6659 [ 1.892844.7252 | 1.7157
Tmagel5 | 1.4960 |'1.3949 | 1.3969 | 14358 | 1.3592 | 14729 | 1.4038 | 1.3785
Tmagel6 | 1.1752-} 0.9422 | 1,0296 | 0.8828 | 1.0934 {0.8922"| 0.8472 | 0.8306
Tmagel7 | 1.4391 | 1:3341 [1:3937+[u3296 [n1:2998| 1.3934 [ 1.3269 | 1.3160
Imagel8 | 2.3071 | 2:332L. | 203421 172.2634 | 2:2438 ' 2.4106 | 2.2796 | 2.2193
Tmagel9 | 1.4089 | 1.1726 | 1.2415 | “1.2176 | 1.2403 [ 1.2341 | 1.1383 | 1.0986
Tmage20 | 1.0446 | 0.9674 | 0.9880 | 1.0351 | 0.9467 | 1.0340 | 0.9456 | 0.9229
Image2l | 1.3317 | 1.2030 | 1.2934 | 1.2943 | 1.2460 | 1.3000 | 1.1681 | 1.1197
Image22 | 1.4972 | 1.4718 | 1.4323 | 1.3643 | 1.4096 | 1.5187 | 1.4541 | 1.4219
Tmage23 | 1.0353 | 0.9821 | 0.9564 | 0.9263 | 0.9045 | 1.0153 | 0.9854 | 0.9741
Image24 | 1.4904 | 1.5017 | 1.5346 | 1.4323 | 1.4187 | 1.5077 | 1.4201 | 1.3697
Average | 1.4821 | 1.3463 | 1.3901 | 1.3583 | 1.3392 | 1.3951 | 1.2941 | 1.2606
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Table 3.3: The average execution-time of eight demosaicing algorithms for twenty-

four testing mosaic images.

Method | [62] | [41] | [48] | [20] | [53] | [13] | [78] | Proposed
Time(s) | 0.607 | 1.704 | 1.303 | 1.406 | 1.492 | 1.052 | 1.469 1.442

image obtained by Pei and Tam’s demosaicing algorithm, the one obtained by Lu
and Tan’s demosaicing algorithm, the one obtained by Lukac and Plataniotis’ al-
gorithm, the one obtained by Dubois’ demosaicing algorithm, the one obtained by

Lukac et al.’s algorithm, the one pb‘t&meﬁ b‘y Chtftrgﬁnd Chan’s algorithm, the one

r F i. =-} . ’,_.m

obtained by Tsai and §or§g S dem0§ajcmg algo.ﬁhm and i'rhe “ne obtained by our
A" A '

proposed demosalcmg algorithm

ectively. C q:'??g&the v1éual effect between

the original full_‘sr')lol_g_i:;lz;q:a he.one in Figs. is abs&ved that our
- i 1 ' e o
s | Tl
proposed demosaicing al orithm ﬂ r artifacts when compared with the
bt :

i ‘ ; & g
other seven dgﬂrﬂr_;oszﬁcin i ] en ified subimages cut
from the testiﬁg-"]ir'frage | : [ or_;j'.i';ﬁlig'sm."“3.12(a)f(i)
R R N
illustrate the magmﬁed :Fﬁ,im ut from the original c:p"l.or tei’flng image No.
8 and the eight dem@sa,}ced M@eéﬁaﬁgn, it ":s abserved that our
'-._ I.l_'l-JI v :_- A

proposed demosaicing alg’t')rrlt};m prod'uces less co‘l%'r arm{act'l% when compared with

the other seven demosaicing algorlthms

Furthermore, the average execution-time of the eight concerned demosaicing al-
gorithms for the twenty-four testing mosaic images are shown in Table 3.3. It is
observed that the average execution-time of our proposed demosaicing algorithm is
moderate when compared with the other seven algorithms. However, our proposed
algorithm has the best demosaiced image quality performance among the eight al-

gorithms.
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Finally, in order to demonstrate the advantage of our proposed adaptive heterogeneity-

projection, the mask-use ratio ¥y for demosaicing a mosaic image with size X x Y
is defined as Ry T(N) x 100% where T(ny denotes the number of times which the
mask with size N is adopted during the demosaicing processing. Based on twenty-
four testing mosaic images, in average, the four mask-use ratios for N in {5,7,9,11}
are (5 = 28.58%, N7y = 5.30%, N = 4.28%, and R(11) = 61.84%, respectively.
According to the above statistical data, N = 11 could be set for about 62% cases,

but for the other 38% cases, smaller E;aqtglz?sﬁ .{uld be more suitable for obtaining
(S o

| L]
i 1 h q - fh!.
the heterogeneity-projecti lues.i 1-l'|.' e eA 1_‘}_
i E‘IFB .I 'I—-' é.l E;‘:D“

with proper mask_blze- 1!' e

dient /edge mformat"iﬁhand, t‘_h;e‘ adaT
L <5 A ‘ -. 4

edge-sensing demosaicing " aflgmtlp m Is presented _S m,é'l_gxperlmental results have

-
bt
e

| ‘l i 2
STy (o) ]

been carried out to demonstrate the quality advantage in terms of CPSNR and S—

) mmg--"thé\extracted gra-
Trr'. _'r.;_:-
Jgﬁﬂ(‘)n values, a new

CIELAB AE?}, of our proposed new demosaicing algorithm when compared with

several recently published algorithms.
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Fig. 3.11: The magniﬁ'édf:?%gi{r}agt_aé%gfm fr(!)‘m tE_e:ag"esting:él:i%iage No. 19. (a) Orig-
r.._!.rt.'u o P - :i.': L
inal full color image and the demos '_ﬁq};q@:@”g_g'ﬁb'&ihed from (b) Pei and Tam’s
algorithm. (c¢) Lu and Tan’s algorithm. (d) Lukac and Plataniotis’ algorithm. (e)
Dubois’ algorithm. (f) Lukac et al.’s algorithm. (g) Chung and Chan’s algorithm.

(h) Tsai and Song’s algorithm. (i) our proposed algorithm.
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..'r-
Fig. 3.12: The magnlﬁeﬁ sub'l;lj(agqs-eut rom the‘{est
l'

F@‘ 1md§p No 8. (a) Origi-
"" m":-' (2
nal full color image and the 'ﬂelg]asamed images :?)bt:imeml;l from (b) Pei and Tam’s
- llljl' e ijl
algorithm. (c¢) Lu and Tan’s algorithm. (d) Lukac and Plataniotis’ algorithm. (e)
Dubois’ algorithm. (f) Lukac et al.’s algorithm. (g) Chung and Chan’s algorithm.

(h) Tsai and Song’s algorithm. (i) our proposed algorithm.
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Chapter 4

Joint Demosaicing and
1 h y...ﬂ u":-.,lﬁ:_ﬂd_l

Arbltrary-\Rﬂ 7:101 Resizi ng ngorlthm

for Ba&é

.d"
Jﬂ k1
The purpose of mosaic image reémyalgqrrtjy_m?suté-resme a mosaic image. Since

using the optical hardware resizing approach costs too much, camera manufacturers
have adopted the software resizing approach. Here, the terms “resize” and “zoom”
are used exchangeably. Previously, several resizing algorithms on mosaic images
have been developed. The previously developed zooming algorithms can be roughly
classified into three approaches. Based on the local adaptive zooming concept, Bat-

tiato et al. [6] presented the first zooming algorithm. Based on the adaptive edge-
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sensing mechanism, Lukac et al. [44, 50| presented two better zooming algorithms
to improve the zoomed image quality. Later, Lukac and Plataniotis [52] proposed a
computation-saving interpolation method to meet the real-time surveillance require-
ment. Recently, the approach using joint demosaicing process and zooming process
was proposed by Chung and Chen [14] and Zhang and Zhang [83] independently.
Unfortunately, all of them only focus on the quad-zooming process. The motivation

of this research is to develop a new joint demosaicing and arbitrary-ratio resizing

algorithm for mosaic images. -
g g f ic r -"'l
e o i e
In this chapter, a JOH'it demosmcﬂg and ar!:bitbary I*a,tlg.resmmg algorithm for
A Lo e

mosaic images is pr_@énfed}lﬁ‘iﬁs’c, e in\f’%‘fnatidqj,s extracted from

the mosaic imagrg“l;)y ojec ion ‘masks and SL-
\: L |_| |
based masks [L.ZL Next, fhe fulls

g
|

plane is ébﬁ_struc?;ed by using

the edge—sensmg approa ‘ inf@rp:')-ra‘ting the R

e T
and B color planes direc ar;.d grgen blue color

. T
[

difference plane'-a're ‘theref

n'

gtLeen—red mr diffi rence

olaté‘é%'orde t0 re

\ | "'-.
Then, based on the coﬁlposm “len | e [59] the three constructed

- 2
& u|. |'l- l" .|l'a::.i

planes can be resized to olataln arﬂijtrary—ratlo sazid ones. E‘m‘élly, the resized red

inter

[ --.—i_

and blue color planes are gotten"" by . jlmg,g -tye L’J!vo iesmled color difference planes
and the resided green color plane, and then the arbitrary-ratio resided full color
image is followed. The flowchart of the proposed resizing algorithm is illustrated in
Fig. 4.1. This is the first time that such a joint demosaicing and arbitrary-ratio
resizing algorithm for mosaic images is presented. Based on twenty-four popular
testing mosaic images, the proposed algorithm has better image quality performance

in terms of two objective color image quality measures, the CPSNR and the S-
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Stage 1: Interpolating the mosaic G plane

I ; Determine direction of variation by adaptive Edge-sensing l
Mosaic heterogeneity projection interpolation
image estimation for
I N Extract gradient information by using SL- mosaic G I
based masks plane
]
P — L]
* -l II Resizing fully
Edge-sens_mg populated G plane 1 Resizd G plane Resized
nterpolation full color
His);gincag?% f;id I Resizing fully image
G-R color populated G-B *@_> Resizd B and R
difference planes r and G-R color planes
difference planes J
Stage 2: Interpolating S a I&
: ge B: Resizi th@"thr planes
the mosaic G-R and G-B . i - s‘; 5
color difference plane F |' 3l L = _*: Y
7 I . g _i : .I iy r
- o {

¥ s
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Fig. 4.1: The‘ﬂowchart'of

e
when compared with t

well-know demﬁs_aiging

4.2 Proposedf]ouit. "h@.ﬂééb_i&rary-ratio

r -(. 4 . 1'
" : 1-_4- i
L2 i‘ -
resizing algoﬁtl;m}or mosalp lirnages

Our proposed algorithm consists of the following three stages: (1) interpolating
the mosaic G plane to construct the fully populated G plane by using the edge-
sensing interpolation estimation; (2) interpolating the mosaic G-R and G-B color
difference planes to construct the fully populated G-R and G-B color difference
planes, respectively; (3) resizing the three constructed planes mentioned above to

obtain the arbitrary-ratio sized ones, and then based on the three resided planes,
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recovering the resized R and B planes to obtain arbitrary-ratio resided full color

image.

4.2.1 Stage 1: Interpolating the mosaic G plane

In this subsection, the interpolation for the mosaic G plane 19 to construct the fully
populated G plane I by using the edge-sensing approach and color difference idea
is presented. For exposition, let us take the central pixel at position (i,7) in Fig.

1.1 as the representative to explam hﬂf)w-'ﬁq esﬂmg‘te the G color value I (i, 7) from
.:-""

its four neighboring plxelﬂlm!*h moVem'.’ént Q, iﬁiﬁ )| ?L' *_lﬁ}- z (1+1,7),(,j£1)}.
\I - I l._‘F
First, according to. 'd;he tuﬂﬁ;l-zho i

r ecthln-avalue HP(i,9)

and the tuned Ver}ical-hﬁter i Q.-ef the,vcurrent pixel,

L‘
E-.e

|[_;

projection val

variation as shown in Fig. 3. ] s shown in Fig. 3.8(c),
e ‘ -2

are considered ﬂl_!'thf int ) .Th.e arrows in Fig.
e
3.8 denote the I;E'l'évz;nt dat Hﬁ"

Further, in order ___'l;ofestl

[ '.I " .‘. ._l',,-.
terms of the gradient mag_r_ﬁtu(fe are ﬁSSlgIled to f-h?_correspo?dlng four pixels in the

IJ ! 1
interpolation estimation phase. Cf\z'ej' &) F;xey.at b@sﬁmon (x,y), based on the hori-

zontal and vertical gradient magnitudes, its horizontal and vertical weights can be

1

determined by wy(H, z,y) = and wy(V, z,y) =

1
135 Sk ATH (2,y+k)
respectively, where 0, = 3 if K = 0; J;, = 1, otherwise. Considering the neighboring
pixel located at position (i — 1,j), if the vertical gradient magnitude is large, i.e.

there is a horizontal edge passing through it, based on the color difference assump-

tion [41, 62], it reveals that the G component of this pixel makes less contribution to
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estimate that of the current pixel; otherwise, it reveals that the G component of this

pixel makes more contribution to estimate that of the current pixel. According to the

above analysis, the vertical weight w,(V,i—1,j) = 1+A1;/m(i—2,j)+3A11;/m(i—laj)+AIXm(i,j)
is selected for the pixel at position (¢ — 1, 7). By the same argument, the weights
of the other three neighbors are selected by w,(V,i + 1,7), wy(H,4,j — 1), and

wy(H,i,j + 1), respectively. Consequently, the value of I9 (i,7) can be estimated

by
r 2 (agacgs Vo (d ©Y) D@, y)
dm B, tﬁy@(di.m, y)
b
< z L'-'l
a@i g ﬁi‘-‘
o =19 NG
l__l\: | T , fla;:::a:." I:-L'.l-..:"
where &, = { t'{g#i 1,7 ) €&, Egb(xl ) =
)

= o.
fﬁw(xlayl)—%&:ke{ﬂ}f
3 D ke{1} Iﬁw('l?‘,yz-ffk)

Finally, a new"-@ropoé;e:d

| "j 1 .L - .| 'L::u

local color ratios [46‘].'%_1|d the.)-"erxtnac e e(@f‘ninfomaﬁon is addressed
. s ] gid

to refine the fully populated ﬂ_plaﬁ'(;’ For the c}:i'ent p:liiﬁ'i "at position (i, j), its G

Cs

: i
value 19 (i,7) can be refined by the ?'ITOZi‘n 1l

Z(d,x,y)e% wg (d7 Z, y)Rgb(.fU, y)
Z(d,x,y)es’g wy(d, x,y)

-Ih.ﬂ

Igm(lhj) = _ﬂ + (Irl:zo(laj) + 6)

& ift HPy(i,5) < oH Py (i, )

&=19 ¢ if HP}(i,5) < aHP}(i,j)

&L U, otherwise
\
where & = {(V,i +k, j)|k € {0, £2}}; & = {(H, 4, + k)|k € {0, £2} }; Rg(z,y) =

g
14D the parameter 3 is set to 3 = 256 empirically,
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-3 j2.4-1,j j+1j+2j+3
i-3| Dgr Bl Dy Dyr
i-2

i-1| Dy Dyr Dy Dyr

i+1{Dyr| |Dg| (Dg| |Dyr

i+2

i+3Dy| (Dg| |Dg| |Dgr

Fig. 4.2: The pattern of the mosaic G-R color difference plane.

After performing the above the edge-sensing interpolation estimation, the fully
|-'IIL Hi-ﬂj Eﬂ f:."

In gFext SLIbSEﬁ_l

populated G plane is constr Se(! 5,‘-.‘#!!; fully populated G plane

-—-r

e}F‘lerpolét

will be utilized to assllsel,gh )saic G nﬂ‘jt_:}ﬂi—B color difference
‘ha...
L=

"
A

lanes. -
planes \ - ﬁ:'.,

& =

4.2.2 Sta% 2: I‘terpol and G-B color
& . «
diﬂ‘;ﬂence ?’
W, WOy, A

Instead of interpﬁﬁatlng the : n.terpola,ga'%he G-R and

G-B color dlfferencejﬂaaf;s b

'%a.:xe is mt}é-h smoother than
ok, L -_.|- '

-
the original color plane & it Wou'l ﬁllewate am 'hﬁ tlon of the estimation
. plane anid. Vg ild 7 i eq

.'

error in the later resizing stage"?&ﬂ_nyﬁuﬂéﬁltlon f-or G-R color difference
plane is the same as that for G-B color difference plane, we only present it for G-R
color difference plane consisting of three steps.

In Step 1, according to the mosaic image I, (see Fig. 1.1) and the fully
populated G plane I . the mosaic G-R plane can be obtained by Dy, (i, j.) =
IS (i, 3r) — I (ir, Jr) where (i, j,) € {(i £2m+ 1,7 £ 2n+1)}. After performing

Step 1, Fig. 4.2 illustrates the pattern of the obtained mosaic G-R color difference
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plane for the positions depicted in in gray cells. The G-R color difference plane
interpolation estimation for the other positions consists of two steps: Step 2: inter-
polating the G-R color difference values of the pixels at positions (i £+ 2m, j £ 2n)
in Fig. 4.2; Step 3: interpolating the G-R color difference values of the pixels at
positions (i +2m,j +2n+ 1) and (i £ 2m + 1, j £+ 2n). For simplicity, the central
pixel at position (7, ) in Fig. 4.2 is taken as the representative to explain the G-R
color difference plane interpolation performed in Step 2. The G-R color difference
value Dy, (i,7) can be estlmateci fro;:P Ifquf n?}ghbormg pixels, which have been

interpolated in last subseqlthoJ; Wlt-h._mﬁf)vement .,_EF,—E {'(:19 yﬁ,{x y)=0G0x1j£1)}.
J l-_“F —i_. :E"'
( ; 1,91'1"1'9 magg;tudes of four di-

E-

In order to est1mat%DgT z‘,.-ﬁ nor

LT WAL (imk,j4k)
Zk—_1 k. I,dm(_ J+k)

[ _t,he for],E weights of

I l

( ) a‘ﬁ; denoted by

'r

current pixel

respectively. Based on- t,henfouf Wefg’m’s the G- E.?blor d1ﬁe{e‘%e value at position

(i,7) can be estimated by -":;" j“_.l'l j-j 1

Z(d7x7y)efgr wgr(d’ ‘/1/‘7 y)Dgrr (.T, y)

D T(ia j) -
’ Z(d,l‘,y)éfgr wg'r (d7 ZE, y)

where &, = {(F,i—1,j—1),(},i — 1,7+ 1), (§,i+1,5—1),(F,i+1,j+ 1)}
After performing Step 2, the current pattern of the G-R color difference plane
is illustrated in Fig. 4.3(a). For easy exposition, the central pixel at position (7', j')
in Fig. 4.3(b), which is obtained by shifting Fig. 4.3(a) one pixel down, is taken
as the representative to explain the G-R color difference plane interpolation in Step

I6)



-3 j2.4-1,j j+1j+2j+3 i3 j-2,0-1, " j'+1j'+2j'+3

i-3/Dgr| |Dg| [Dy| |[Dg| -3 |Dg| |Dg| |Dy
i-2|  |Dg| [Dg| |Dy i2|Dy| |Dy| |Dg| |Der
i-1/Dg| |Dg| [Dg| |Dg| -1 |Dg| [Dg| |Der
i Dy| |Dgr| |Dgr i |Dg| |Dg| |Dg| |Dyr
i+1Dy| |Dgr| |Dgr| |Dg| i+1 [Dg| [Dg| |Dgr
i+2|  |Dy| |Dg| [Dg i+2Dg| |Dgr| |Dgr| |Dyr
i+3Dy| |Dg| |[Dg| |[Dy| i+3 |Dy| [Dy| |Dg

Fig. 4.3: Two patterns of the G-R color difference plane. (a) The pattern of the

G-R color difference plane after performing Step 1. (b) The pattern shifting (a) one
i3] E&“EC‘.{Q{;

-!"%E:-

B M -
2. Referring to Fi '-2.'4'.3 b), it 1 'h ' pattei’ﬁ— “the G-R color
ﬁ.,.

pixel down.

difference planq-tl;!? Erﬁsgnt S

as shown in Fpg.. 1.1. T i | st1mat10 approa'“eh described
= — , =
in last subsec‘g-fﬂn' can beidi , olor difference value
hgs 1 ] ‘ ﬁ.;%
wkl ' 1
at position (7, ﬁ | i e _,di“ 'ﬁ'hel}mrrent pixel
e |
-t

'é'r:-:.:h _?‘M e %{'d 2 '«e-: ;'

o R b ﬁ‘*ﬂéﬁ )

§r =19 & it HP,(i',7") < aHP{(i,7)

&1 U, otherwise
\

_ . . o . . . . 1
where & = {(V,i'1,§)} and & = {(H,#" /£1)}; wye(H,2.3) = prsor—smr s

and wy,.(V, z,y) = where 6, = 3 if k = 0; §,, = 1, otherwise; the

1
Y0 Sk ALY (z+k,y)
parameter « is set to a = 0.55 empirically.

After constructing the fully populated G plane, G-R color difference plane, and

G-B color difference plane, in next subsection, the three constructed planes will be
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resized to the arbitrary-ratio sized ones by using the DCT approach, and then the

arbitrary-ratio resided full color image is followed.

4.2.3 Stage 3: Resizing the fully populated G plane, G-R
color difference plane, and G-B color difference plane

Based on the composite length DCT [59], this subsection presents the arbitrary-ratio
resizing stage for constructing the fully populated G plane I , G-R color difference
plane D, and G-B color dlffe-rfng:é' ﬁlfhe 'ngb,-"'i Si Jp:ce the resizing stage for I9

% -
is the same as that f0{ v and Df,gu_g(e onlz‘ﬂesent it ftar.“:lﬂm Let DCT(B@)

'L'- ‘.

ck set is denoted by
™
tes‘the‘(&% +n)-th

(e_:',l:t;-l“@ﬁ'ék'__'ﬁ; obtain the

,mg .% —{" 1} If we want

%‘j qN tl'i'e resizing ratio is

to resize the M x N"ﬁ{ Plane.l‘ .to

i'r.

said to q According to th{rgs;zmgTﬁmo 4 dfirst .]%é-:l'f)locks in lfllg are collected to be
an active unit which are surro.un:;;’d ‘gy—a-dlsheﬁ hxlles in F1g 4.4. In order to achieve
resizing ratio %, the p? blocks in each active unit should be increased or decreased
to ¢* blocks.

For the active unit W4, = {Bf,??nm < m,n < p—1}, the Z-fold resizing procedure

consists of the following four steps and the resizing procedure is depicted in Fig. 4.5.

Step 1: Each 8 x 8 DCT coefficient block B,(ff)n in the active unit is expanded to a
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p blocks 19

dm

. L
(8) 8) (8) (8)
Bo‘o BOJ 8 - Bo pil 7 BO‘N/S
8
o] -~ ~ ~
) ®) ) ()
O BLO Bm e B1 1y 7 BLN/E
o
(@)
~
(%]
5 (8) ®) T 510 ... |p®
Bp 1,0 Bp 11 Bp -1p-4 Bp LN/
36 [ge | ... |g® .. B®
BM/E 0 BM/Bl BM/E p- BM/B,N/

Fig. 4.4: An example of the active unit in i)]g .

(84 2) X (8+ 2) bl

DCT cé%ci@%‘;ﬁo ; <
._r-'}; A ."'- ¥ ] ‘ b
" .-".-.-:-,l . @;&"
Step 2: For each B, cg%%j Act, Eﬁén-{8 + Z) i&h ) 1D

93’42@19:‘1"5‘ =

B = IDCT(BSr*)), 0<m,n<p-1.

~;:-!L i
ﬂ"i ‘performed on it to

Ii,}'—

obtain the upsized 1

After performing the (8 4+ z) x (8 4+ z)-sample IDCT’s on all the zero
padded DCT coefficient blocks in 0/ Act; the upsized subimage I, (=

U0<m n<p—1 Bl(8+z)) is constructed.

Step 3: Then, the upsized subimage I, is divided into ¢* blocks, each block with
size B(8+2) x E(8+2), and the set of the resampled image blocks is denoted
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p-(8+2) p-(8+2)

5(8) lo..0 é(s) Ic...ol 2 (8) lo..0 !(8+Z) I(8+Z)CD I(8+Z)
0.0 'o..0f Pox o c_f ees |P0pdoo B B T eee |B
__l — ] 0,0 01l 0,p-1
s 5o o5 oN s 5o
o o 95 o @ Q+7 5 o @ 8+Z
p blocks BY \"°|g® o Be o 1(8+2)| pr(8+2) 1(8+2)
. uS _1_0 lo..n__l_ln..u eee _;p;llu...o 5 BlO Bll cee -1
BY | B8 - |BO |22 %22 % EL% @
+ +
N ~ R N =
8] 8 . . . . . 3
g— (,0) Bﬁ) B1(,p)—1 . . %e . . . e .
=3 . . . . . . b .
o
5 é(ﬂl lo..0 2 (8) lo..0 3(8) lo..0
—— o100, Bploo| o, Botedeo B&I|BED| oee |BEY,
® 1B® | ... gE s s S5 s -1,0 -1, -
Bp—l‘O Bpfl‘l 3}(,,)1,;’71 oz %0 £ %0 22 %o P P Ll
~ ~
y —Step1—» ' —Step 22— |
Act Act up
p:(8+2)
Qo(v%/a(ﬁﬂ)ﬁég/q(mz)i{gz/q(ﬂﬂg cee F}é:/j@ﬂ)
q blocks Sp/q@+2)
~ N PN ~ ~ ~ B . .
B R [Rgs - |RY, RER A U P
Q.
A~ ~ ~ © ~ o
R1(8) Rl(a) Rl(a) R1(8) ’o?) R R N . Step 3
4 0 1 2 .01 < Ré‘é/“(“‘z) Rz(llw/urﬁﬂ)RK(g/q(Eu) eee Ra(:/:(s‘n)
I ; , X
ol - ~ ~ ~ s =
S| rR® ®) @1 ... (8) i P
S| Rao | Rar | Rsz Rsa-f .._"HLI;_J . . R .
Y X 1 e . . . .
L] L] . L4 L]
ROROLIRE| - RO Retie R IR o o e R
i i i — =¥

by ‘I{@& = ¥ 1 =_AN CTis p:(i;formed on

each %gf@)
,-. ' i I

Qi‘éoéﬂgcient block
Y, A

-:'-l- .'-.;F ) .
B

a

Wi, e . A (2(842
We thus have the set bf?gs@@ﬁ_l@?.@fi‘[f_-ékém@ie%t blocks Up, = { R(q (8+2)) 0 <

m,n

m,n <q—1}.

Step 4: Finally, the high-frequency DCT coefficients of each block in d g, are trun-

cated by the following rule:

Ve,y €{0,1,...,7}; Vm,n € {0,1,...,q — 1}

(5 (8+2))
Rng’n (‘CE7 y)

(2(8+2)
m,n )

where R;%SL denotes the left-upper 8 x8 subblock of R

79



and R,,(zszl(x y) denote the DCT coefficients of the pixels at position (z,y)

. pE(B+2) ~/(8) . . . .
in Rpin and Ry, respectively. Consequently, the resized active unit

= {R'(8 |0 <m,n < q— 1} is constructed.

After performing the above resizing procedure on all the active units in I9 . a set

dm>
- 5 _h® oM N

of 8 x 8 DCT coefficient blocks Pys = {Bmn|V0 <m < 2= — 1,0 <n < 2 — 1}

can be obtained. Consequently, the %M X %N sized G plane Zj  can be obtained

by performing the IDCT on each 8 x 8 DCT coefficient blocks in CiDZg . By the

L 1@@&5‘,{'@@@&01@ difference planes, which

et F

F .'.“' : - -{u'-

are denoted by ZD,, a ﬁ'a';' Dy, rje%ﬁe;tlvelygv be alsd%ﬁtamed Finally, the
|'r' . d

qM X qN sized Rlau'l B pl nes

same argument, the qM X qN-

&

=i

Fe
L3

By "

IS

15' -
where Z)_( zz,jjﬁ-’}.de _z_!* mponents of
=Y
the pixel at pos1t1ot1 Z_f]:)l‘lnl"th‘ QlM N siz co OJ;‘ 1mage.-' ﬁ,'n, respectively;

i"fh!l

E{"“r not_ljfh'ﬁ G- R ar@ B col ‘_."‘

E erence value of the
- :l.ﬂ'
I'-ﬁl

pixel at position (i,,7,) in ZD 'E '&E‘%’Cxﬁ@ﬂﬁ;ﬂy'

ZDgy(iz,7-) and Zng

After presenting the proposed arbitrary-ratio resizing algorithm for mosaic im-
ages, in next section, some experimental results are demonstrated to show the quality

advantage of the proposed algorithm.
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4.3 Experimental results

In this section, based on twenty-four popular testing mosaic images, some experi-
mental results are demonstrated to show the applicability and quality advantages
of the proposed algorithm. Fig. 3.10 illustrates the twenty-four testing images from
Kodak PhotoCD [85]. In our experiments, the twenty-four testing images, each with
size 512 x 728, are first downsized to the g - 512 x g - 728 sized ones by using the
resizing method proposed in [59], and then the downsized images are down-sampled

to the mosaic images. g i 11! i W J,r
‘ l 'i- Ei= "r

In order to evaluat, E-}llie perfor a_n.,ee of t noposed JOlﬂt demosalcmg and re-
| VR

sizing algorithm, th}ee natiye r

e
cp'hoerngﬁd demosaicing

cessing approach _Eroposé'gd 1 s adopted to t 6 th

)

methods to enhancé‘frh,e demosmce F@t«ggnveﬁ‘:eﬁbe the three na-

u, .' I.l_'l-JI v ;_ A

tive algorithms based on ‘ﬁle ;iemosalcmg Methodf propi)se(!! in [62], [48], and [13]
are called A, Ay, and As, respecﬂ:llve( T'ilé c’oncé?netl algorithms are implemented
on the IBM compatible computer with Intel Core 2 Duo CPU 1.83GHz and 2GB
RAM. The operating system used is MS-Windows XP and the program developing
environment is Borland C-++ Builder 6.0. Further, the concerned four programs
and results are available in [87].

Here, we adopt two objective color image quality measures, the CPSNR and the

S-CIELAB AFE?, [33, 41], and one subjective color image quality measure, the color
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artifacts, to justify the the quality advantage of of the proposed algorithm. The

CPSNR for a color image with size M x N is defined by

2552
3]\}N Z Z ZcGC[ orz( ) - ng(m7 H)P

where I7 .(m,n), I? .(m,n), and I% (m,n) denote the three color components of the

Y C:{r7g7b}

color pixel at position (m, n) in the original full color image; Z}, (m,n), Z (m,n),

and Z;;s(m,n) denote the three color components of the color pixel at position
(m,n) in the resized full color image. The greater the CPSNR is, the better the

image quality is. The S- CIELAB!AH ol;’a co“lorrim‘age Wlth size M x N is defined
ph_: ”m gy -.’I' s

]
- S

by Al
M- 11\(“1'Ir -r"';:-

AE?, = ( 5 , D'={L,a,b}
- MN”%;““, , rﬁf‘.m':f':..a

where Eljﬂz(m 'nj B 'E;'“ ' - enote th tk_Er-ee CIELAB color

components o:f;ishe color pixel a the original fullh!glor image
= .

EZL (m.n). BZ - (m, IELAB 'c'glor compo-

nents of the colo"r' 1 pixel at
L} '.'“'

the S-CIELAB AEY, % lsf..the better fhe im o i"*'
ul = .| ’I.| 4 l-.-ﬁ";_:i y - "‘
Based on twenty—f@ﬂr tes‘ti.;fg 1mag,es amongzaf ‘the fou con"@erned resizing algo-
lf. _*r. - 3" ’-'h-

rithms, Table 4.1 and Table 4"ll 2 dem }\stmte the i J}naﬂe q’lahty comparison in terms
of the average CPSNR and the average S—CIELAB AFEY,, respectively. In Table
4.1 and Table 4.2, the entries with the largest CPSNR and the smallest S-CIELAB
AFE?, are highlighted by boldface. From Table 4.1 and Table 4.2, it is observed that
the proposed resizing algorithm produces the best image quality in terms of CPSNR
and S-CIELAB AFE?, among the four algorithms.

Next, the subjective image visual measure, color artifacts, is adopted to demon-
strate the visual quality advantage of the proposed resizing algorithm. Some color
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Table 4.1: Average CPSNR, comparison for the four concerned algorithms.

Resizing ratio %

Algorithm 2 % % % Average
Ay 28.4051  30.2171  32.1575  34.1260 31.2264
A 28.4107  30.1089  31.8667  33.6307 31.0043
. s | 'L 1.1'-1‘ /
As 28.6069 ¢ 443 31.5820

Ows  20.1714 31. Ijé 33&'-
A i )F'

oy

R

] i oty

Table 4.2: Aver 1 ou@cd algorithms.
&

‘-j., 4’:@
Re!};im}lg rati
il

0 W
i
Algorithm 9 A 4 H'i-".f o Average

1._:' i 5y el |

Ay 3.52927  3.05053  2.62441  2.17526 2.84487
A, 3.50429  3.09378  2.74100  2.35818 2.92431
As 3.41551  2.92146  2.50336  2.07863 2.72974

Ours 3.17182 2.70866 2.32772 2.00323 2.55286
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g.gifeufuﬁpiﬁufiuu

Fig. 4.6: The magnified subimage cut from the original testing image No. 8.

artifacts may appear on nonsmooth regions of the full color image after demosicing
and resizing the mosaic image. In order to examine the color artifacts among the

%%ﬁﬂtammg nonsmooth contents in

entee'rﬁ m@gmﬁed subimages cut

concerned algorithms, the magnlﬁe
1|-|-"l

e cuﬂ, fF. F1rst_,

j l."—'F

the resized full color ima; '_%@irr

%‘.ﬂffect among the
.'-‘I

ﬁ.lg-mage cut from

from the testing 1n;1ﬂ:$é o;ﬁ.a adopt , thlsu
JET 4 ‘ e\‘%

four concerned

the original tept;pg 1mag No. 8.

illustrate magﬁﬁedsub1 ages cu

cerned resized@gorithm t based on
- o

i ‘ By

the same resmﬂs_‘ﬂlatlo the propose 'C les ifacts when
tah, FJ‘ ' ‘ 4 > } !I,!'\_“

compared with the o _shf fhree alg g"mﬁéﬂ subimages cut

W, LY - Z
from the testing 1mage‘ﬂf§p'~_23?%or E_ili.'é v1sual comﬁzlson aH %gs 4.11-4.15 illus-
- f-| - e o L‘.

LR

trate the concerned magnified sﬁmﬁgﬁ?ﬁﬁﬁilﬂrﬂhe color artifact examination
for image No. 19, it is observed that the proposed resizing algorithm produces the
least color artifacts, i.e. the best visual effect. More visual results of the concerned

algorithms are available in [87].
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l;‘“"mr’" m_e_u lntlf i .ﬁlTl'Ph i

(a) (b)

‘N"‘hﬁ“ Tmuh mtnhﬁu ‘im’?h i

L IH

4.4 Su
In this chapte al orlt@for mosaic
images has be > &tlon masks

and SL-based mas urate edge on. extrﬁ’ rst. Next, the

fully populated green d%;r ag %sm %h e—sensmg approach

":_} =
and color difference idea. 7-.: nte d B color planes directly,

the green-red color difference plane and green-blue color difference plane are there-
fore interpolated in order to reduce the estimation error. Next, based on the DCT
technique, the above three constructed planes are resized to the arbitrary sized
ones. Finally, the resized red and blue color planes are constructed by using the
three resized planes, and then the arbitrary sized full color image is obtained. To

the best of our knowledge, this is the first time that such a joint demosaicing and
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e

method.
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(c) (d)

Fig. 4.10: For image No. 8, when the resizing ratio % is %, four magnified subimages
cut from the resized images obtained by (a) Ay, (b) As, (¢) As, and (d) the proposed

algorithm.
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Fig. 4.11: The magnified subimage cut from the original testing image No. 23.

Fig. 4.13: For image No. 23, when the resizing ratio ¢ is &, four magnified subimages
D 5

cut from the resized images obtained by (a) Ay, (b) As, (¢) As, and (d) the proposed

algorithm.
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Fig. 4.15: For image No. 23, when the resizing ratio £ is %, four magnified subimages
p

cut from the resized images obtained by (a) Ay, (b) As, (¢) As, and (d) the proposed

algorithm.
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Chapter 5

Conclusions
G 1'-JIL7’£‘:'"£”!¢3£' e
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In this thesis, we B{l@ t an_efficientye : ing alx‘('fr__ltfﬁ;i'f r color contrast
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k‘i nd efficient

c

, & N0V

-

ill:“ A |'|'.'w
i h,

a,‘ﬂw ment in the
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effort of the proposed algontﬁlﬂ?ﬁ?@%j@ﬂﬁgﬂﬂ also been given. To the

best of our knowledge, this is the first edge-preserving algorithm for color contrast
enhancement in color space.

Further, a new color image segmentation has been presented to justify the edge-
preservation effect. Some experimental results have been carried out to demonstrate
that our proposed color contrast enhancement algorithm has a good compromise

between the edge-preservation effect and the color contrast enhancement effect when
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compared to the previous algorithm. Besides, experimental results also confirms that
the edge-preserving effect of our proposed color contrast enhancement improves the
segmentation quality. It is an interesting research topic to apply the results of this
thesis to the field of color image retrieval issue [10, 31, 32, 61] when the relevant
retrieval techniques include the consideration of edge information.

In the color demosaicing issue, without demosaicing processing, we first proposes
a new approach to extract more accurate gradient/edge information on mosaic im-
ages directly. Next, based onr. :pecfraljspa’?al_ orrelatlon [78], a novel adaptive
heterogeneity-projection vlntl! pro.perﬁlask sufz !;GI:' each pg.el is presented. Com-
I i .F - i"'

d thne adap’tize heterogeneity-

<

d =
bining the extracted gfa(_l;!fﬁh,led
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demosaicing performance. :-";' J'":'. P ]Iu 5 J:'.‘?i r '1'

In mosaic image resizing issue, a joint demosaicing and arbitrary-ratio resizing
algorithm for mosaic images has been presented. Based on the color difference
concept and the composite length DCT, the mosaic image can be demosaiced and
resized to an arbitrary-ratio sized full color image. To the best of our knowledge, this

is the first time that such a joint demosaicing and arbitrary-ratio resizing algorithm

for mosaic images is presented. Based on twenty-four popular testing mosaic images,
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the proposed new resizing algorithm has better image quality performance when
compared with three native algorithms which are the combinations of three well-

know demosaicing methods and one existing resizing method.

92



Appendix A

Derivation of the S—based
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following derivation:

[Lt—1,7+1)+2L%i,j+ 1)+ L(i+ 1,5+ 1)]

ALY (i,5) =

—[L(i—1,7—1)+2L(i,j — 1)+ L(i+ 1,5 —1)]

.

IC (i — 2,5 +2)+ IS (i +2,7 +2)

_Irgz’o(i - 27] - 2) - Incqjo(z + 2;] - 2)

+2 x

mo(
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IC (i —2,5+ 1)+ IS, (i+2,5+1)

i—2,j—1)—IS(i+2,j—1)




v [L(i+1,j—1)+2L(E+1,5) + L(i + 1,5+ 1)]
AIdm(Zij) =

—LGi—1,j—1)+2L(Gi—1,5)+ L(i — 1,5 + 1)]

IC (i+2,7—2)+ IS (i +2,7+2)

_Igo(l - 2)] - 2) - Igo(l - 27.] + 2)

IS (i+1,j—2)+ IS, (i+1,5+2)
+2 %
_Igo(i - 17] - 2) - Igo(z - 17] + 2)
1 IS (i+2,j— 1)+ I, (i+2,j+1)
= — +4 % I
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= [L(i—1,j)+2L(t — 1,7+ 1)+ L(z,5 + 1)]
AId‘lm(Z,j) =

—[L(i4+1,5)+2L(i+ 1,5 — 1)+ L(4,5 — 1)]

Ioo(i— 2,5 — 1) + I (i + 1,7 +2)
_Igo(l - 17.] - 2) - Igo(l + 2)] + 1)
+2X 120(2_273—1_2)_[7%’0(1—1_27]_2):|

Ir%’o(i - 2;]) + Incqjo(iaj + 2)
+4 x
1 _Incw(i + 2) ) - Incw(iaj - 2)
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L (LG —1,5) 4+ 200 —1,j — 1) + L(i,j — 1)]
AId:;m (Z’]) =
—[LG+1,j)+2L(+ 1,5+ 1)+ L(i, 5 + 1)]

IS (i =2, + 1) + IS, (i+ 1,5 —2)
—I5, (i =1, +2) = IS, (i +2,j = 1)

w2 | Io(i—= 2,5 = 2) = I, (i + 2,5+ 2) ]

I5o(i = 2,5) + 15, (1,5 — 2)

+4 %
1 —IC(i42,7) = IS, (4,5 +2)
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Appendix B

Determination of threshold 73 and
@‘E‘EE é?{*

parameters
&

W) .’:h,'i.
Since the 1magﬁquaht’y o : [l ‘ ed dem081 af 1thm is in-
F‘\ :
fluenced by thﬁhreﬁhol T3, and p lecgthrﬁest choices

of Ty, 8 and alr,_%gould be discusse y > . il QI ﬁﬁ,l that the

CPSNR surface?ipci the

20,
and Fig. B.1(b), | '*.'B t1vzl)l_ Ba @“and the valley
L e
, the be's}

}mé‘@g of:ﬁ—:{and.a aﬁ;@iectéd Cﬁgﬂ =7 and a = 0.5.
ﬁﬁh?r%t'er a = 0.5, by the same

of Fig. B.1(b
After determining the thresl%l 7 and the
argument, the best choice of the parameter (3 is selected as [ = 1 based on the peak

of Fig. B.2(a) and the valley of Fig. B.2(b).
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(a) (b)

Fig. B.2: Two demosaiced image quality curves in terms of  for T, = 7 and o« = 0.5.

(a) The CPSNR curve. (b) The S-CIELAB AE?, curve.
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