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bstract. Mobile displays such as personal digital assistants and
ellular phones encounter various illumination levels, different from
he flat panel displays mainly used in indoor environment. In particu-
ar, in the daylight condition, the displayed images or text on a mo-
ile display can be darkly perceived, which results in the degrada-

ion of sun readability in a mobile display. To overcome this problem,
e proposed an illumination level adaptive color reproduction
ethod with a lightness adaptation model and flare compensation.
ightness adaptation is a physiological mechanism to shift the pho-

oreceptor response curve according to the illumination level. Thus,
s a mobile phone is carried from an indoor to outdoor environment,

he photoreceptor response curve automatically shifts toward a
igher luminance to adapt to daylight intensity. Consequently, for a

ower intensity emitted from the mobile display, the photoreceptor
esponse curve becomes less sensitive, thereby decreasing the per-
eived brightness of the displayed image. Moreover, colors pro-
uced by mobile display can also be influenced by the flare, defined
s ambient light reflected from the display panel, which reduces the
aximum chroma of the mobile display gamut. Based on these
hysiological and physical phenomena, the lightness values of the

nput image are enhanced by making a linear relation between input
uminance value estimated by device characterization and photore-
eptor response value calculated from the lightness adaptation
odel. For the chroma component of the lightness-enhanced input

mage, chroma compensation is conducted by adding the chroma
alues of the flare multiplied by the enhancement parameter, de-
ending on the hue plane of the gamut boundary. Throughout the
xperiment, the proposed algorithm not only reproduces bright and
olorful images in the mobile display under daylight conditions, but
lso produces a solution to improve sunlight readability.
2007 Society for Imaging Science and Technology.

DOI: 10.2352/J.ImagingSci.Technol.�2007�51:1�44��

NTRODUCTION
isplay devices such as liquid crystal displays (LCDs) and
lasma display panels (PDPs) etc., are generally used in the
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ndoor environment. As such, many display manufacturers
ave mainly focused on developing the contrast ratio, screen
ize, backlight source, and viewing angles. Even though mo-
ile displays have achieved high color fidelity and good qual-

ty, changes in viewing conditions, i.e., the intensity or color
emperature of the illumination considerably influences the
riginal colors produced by mobile displays. Thus, viewing
onditions have recently become a hot issue in the field of
mage quality and it has drawn considerable interest from
isplay manufacturers.1,2 One of the viewing conditions, the
olor temperature of the illumination, can make the dis-
layed image appear more blue or reddish given the function
f chromatic adaptation in a human visual system. Yet, the

nfluence of color temperature is not as significant for a
uminous body as for a reflector. In daily life, there is little
pportunity to be in a room with incandescent or ultraviolet

ight. On the contrary, we frequently encounter various illu-
ination levels between the office and the outdoor environ-
ent, which makes it possible to decrease the sunlight read-

bility, gamut size, lightness and colorfulness of the mobile
isplay. In particular, under daylight conditions, the dis-
layed image on the mobile screen is perceived to be darker
nd image quality significantly deteriorates. On that account,
arious algorithms have been suggested or a new type of
obile display has been developed to solve this problem.

One of the algorithms, logarithmic or power function,
as been used to enhance the lightness of mobile phone.3

ince this method can simply increase the lightness of the
isplayed image, the logarithm or power curve have been
odified based on a visual evaluation and various subject

xperiments. Yet, these have a disadvantage in that they wash
ut the color of the displayed image. Meanwhile, Monobe
roposed a method for preserving the local contrast to
aintain the same contrast as seen in a dark room.4 Al-
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hough this method can effectively preserve the whole con-
rast of an original image, the computational complexity is
igh and noise artifacts such as white points emerge in the
etail region. There is another method to control the backlit
nit, according to the ambient illumination levels by using a

ux sensor.5 This method requires a considerable amount of
ower even though a higher performance may be achieved.
urthermore, many display manufacturers have developed
ew types of mobile displays such as a transflective LCD to
tilize both ambient light and backlight for displaying

mages.6 Under dark ambient conditions, the backlight is
urned on to illuminate, while the backlight is turned off to
ave power and utilize the ambient light under the bright
mbient circumstance. Nevertheless, it cannot completely es-
ape the influence of the daylight intensity in the outdoor
nvironment.

In this paper, we try to overcome the sunlight-
eadability problem by developing an illumination level
daptive reproduction algorithm and applying it to the
ransflective mobile display. The proposed method is com-
osed of two steps; lightness enhancement and chroma
ompensation. To find a solution for the lightness enhance-
ent, it is first analyzed why the displayed image on a mo-

ile LCD is significantly perceived as dark and readability
roblems occur in daylight condition. The main cause is
egarded as the function of the lightness adaptation in daily
ife. In general, the intensity of the daylight covers a huge
ange of about 108 cd/m2, and human eyes are capable of
eeing about 105 cd/m2.7,8 Nonetheless, the human eye can
ope with a high dynamic range without much strain due to
ightness adaptation, which is an ability to slide the photo-
eceptor response curve along the illumination level for a
iven viewing condition. Thus, as a mobile phone is carried
utdoors, the photoreceptor response curve automatically
dapts to the outdoor environment and becomes more sen-
itive for the daylight intensity. However, the displayed image
s perceived as dark because the photoreceptor response
urve becomes less sensitive to the lower intensity emitted
rom the mobile display. Based on this kind of physiological

echanism, lightness enhancement is proposed by conduct-
ng a linearization process between the input luminance and
hotoreceptor response to obtain a smooth tone reproduc-
ion. However, after doing the lightness enhancement, satis-
actory results cannot be obtained because lightness en-
ancement only washes out the color of the displayed image.
oreover, the flare, some of ambient light that is reflected to

he front glass plate of the display, physically decreases the
olor gamut through desaturation.9,10 Accordingly, in this
aper, chroma compensation will be considered together
ith the lightness enhancement to obtain a better displayed

mage on the mobile display
The remainder of this paper is organized as follows. The

ollowing section provides an outline of the proposed algo-
ithm, followed by detailed explanations of the proposed

ethod consisting of four subsections, i.e., Flare Calcula-
ion, Lightness Enhancement, Chroma Compensation, and

he Construction of the Three-dimensional (3D) Lookup

. Imaging Sci. Technol. 51�1�/Jan.-Feb. 2007
able. In the Flare Calculation subsection the physical effect
f flare will be investigated to determine the changes in the
obile gamut, and flare estimation will be described based

n the CIE 122-1966. In the Lightness Enhancement and
hroma Compensation subsections the main cause of dete-

iorating sunlight readability will be analyzed based on the
uman visual system and the illumination level adaptive
olor reproduction method will be proposed. Subsequently,

method for the design of the 3D lookup table will be
xplained briefly in the next subsection. In the Experiments
nd Results section, subjective experiments will be con-
ucted under daylight condition, and the performance of
arious algorithms will be compared and analyzed using
-score evaluation. From these results, the conclusions will
e presented in the final section.

ROPOSED METHOD
igure 1 shows the flowchart of the proposed algorithm that
chieves illumination level adaptive color reproduction.
irst, the TSL 2550 lux sensor is built into a mobile phone to
etect ambient light intensity. According to the measured

ntensity level, the amount of flare expressed as the CIEXYZ
alue is calculated on the basis of CIE 122-1966, which is
dded to the CIEXYZ values of the original image estimated
y using a conventional monitor characterization such as the
ain offset gamma (GOG) model, S-curve model, or piece-
ise linear interpolation. Then, for luminance component of
IXYZ values, lightness enhancement is implemented by es-

ablishing a linear relationship between the luminance values
nd the cone response values to obtain perceived tone repro-
uction, where the cone response values corresponding to

he luminance value are simply calculated from the lightness
daptation model. Following the lightness enhancement, the
amut boundary description was established by the moun-
ain range segment method and chroma compensation was
uccessively executed by adding the chroma values reduced
y the flare to those of original image, yielding a colorful

mage.11 However, since this kind of serial-based procedure
Figure 1. Flowchart for the proposed algorithm.
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s not appropriate for real-time processing, a lookup table
epresenting daylight intensity is designed based on the
ampled RGB data.

lare Calculation
efore calculating the amount of the flare, mobile LCD char-
cterization is performed by piecewise linear interpolation to
stablish a relationship between the RGB values and tris-
imulus values (CIEXYZ or CIELAB). Model-based charac-
erization, such as the GOG or S-curve models, is not well
uited for a mobile phone because of the behavior imposed
y the system design.12 In the CIE 122-1996, flare is defined
s the portion of the ambient light reflected from the display
anel and is added to the colors produced by the mobile
CD10

�X

Y

Z
�

Display

= �X

Y

Z
�

LCD

+ �X

Y

Z
�

Flare

. �1�

olor appearance on a mobile LCD is very much affected by
mbient lighting, since the human visual system changes its
ensitivity according to the surroundings. However, the col-
rs produced by a mobile LCD are physically affected by
mbient light. When ambient light illuminates a mobile
CD, the LCD screen reflects some of this light. This reflec-
ion is added to the colors that are produced by the mobile
CD. The amount of the flare is expressed as

�X

Y

Z
�

Flare

= R ·
M

�

1

yAmbient�
xAmbient

yAmbient

1 − xAmbient − yAmbient
� , �2�

here R is the reflection ratio of the display screen and
xAmbient ,yAmbient� is the chromatic diagram of the ambient
ight; M is the intensity of the ambient light (lux) taken from
he TSL2550 lux-sensor. To estimate the reflection ratio of
he mobile LCD, the CIEXYZ values of the black patch are

easured using a colorimeter in a dark room and in the
utdoor environment. The amount of flare in Eq. (2) is then
btained by calculating the difference for each measured
IEXYZ value, and the �xAmbient ,yAmbient� is given as D65

0.3127, 0.3290). By substituting these values into Eq. (2),
he reflection ratio is acquired as seen in Table I. The results
how that the reflection ratio for a mobile LCD is generally
etween 0.5% and 2%, and it is lower than that of the cath-
de ray tube (CRT) monitor which is between 3% and 5%.
rom the reflection ratio, the gamut of the mobile LCD is

nvestigated as to how the flare influences the gamut size of
mobile LCD. Figure 2 shows the gamuts that correspond to
aylight amount of 5000 and 10 000 lux, compared with the
amut measured in a dark room. As the level of daylight
ncreases from 5000 to 10 000 lux, it can be observed that
he chroma values decrease depending on the hue plane,

hile the lightness values increase. l

6

ightness Enhancement Method Based on the Lightness-
daptation Model
ne of the problems of mobile LCDs is that displayed im-

ges are perceived as dark under the outdoor environment
ue to lightness adaptation. Lightness adaptation is a physi-
logical mechanism to displace the visual response curve
ccording to the ambient level, analogous to automatic ex-
osure control in a digital camera. Figure 3 shows visual
esponse shifting to adapt to ambient intensity, and it illus-
rates why the displayed image is perceived dark in the out-
oor environment. In Fig. 3, if the indoor environment
200 cd/m2� changes to an outdoor environment
2000 cd/m2�, the visual response curve shifts toward a
igher luminance to adapt ambient level, i.e., automatic
DR function. However, the maximum luminance of the
obile LCD is limited to about 100 cd/m2. Thus, it can be

bserved that a relative cone response of 0.6 under indoor
nvironment is reduced to 0.22 at the maximum luminance.
his is why the quality of the displayed image or text in a
obile phone significantly deteriorates in the outdoor envi-

onment.
Based on this kind of physiological mechanism, light-

ess enhancement is carried out by following the procedure
n Fig. 4. An input RGB value is converted into a CIEXYZ
alue by using the piecewise linear interpolation. Lightness
nhancement is executed only for the luminance component
f the XYZ value, while the remainder of the components
ne left intact. First, the flare is added with an input lumi-
ance value, which is then mapped to a cone response by
sing the lightness adaptation model

Y = Yimage + Yflare, �3�

Rcone = f�Y� =
Yn

Yn + �n
� = IA

� � � , �4�

here Yimage and Yflare are the luminance values of the input
mage and flare, respectively. In general, the parameters
� ,� ,n� are variables, not constant values. However, since
he range of parameters is extensive, it is necessary to fix the
alues of the parameters to simulate the lightness adaptation
odel. In Ref. 7, Ledda suggested a method to compute the

Table I. Measured black patch and estimated reflection ratio.

X Y Z R

0 lux 0.52 0.47 0.77

500 lux 1.78 1.91 2.63 0.008

4000 lux 12.76 13.5 14.63 0.01

9000 lux 29.20 30.4 39.73 0.01

15 000 lux 47.92 49.5 59.7 0.011
ocalized adaptation intensity �M� in Eq. (5) and to set the

J. Imaging Sci. Technol. 51�1�/Jan.-Feb. 2007
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ange of the parameters’ values �� ,��. Therefore, we
dapted the parameter �� ,�� values and set the range of
-accuphy to the lightness enhancement experiment, which
ill be referred to at the end of this section; � is the half-

aturation parameter, and IA is the adaptation level calcu-
ated by dividing the ambient intensity (lux) with � on the

13

Figure 2. Comparison of the gamut under an outd
�wire frame�: �a� 5000 lux �side�, �b� 10 000 lux

igure 3. Cone response curve according to the intensity of the ambient
ight.
ssumption of Lamberitian reflection c

. Imaging Sci. Technol. 51�1�/Jan.-Feb. 2007
IA =
M

�
, �5�

here M is the ambient intensity (lux) acquired by the lux
ensor.

Second, the corresponding luminance �Y�� for the cone
esponse �Rcone� is found through linearization of the input
uminance �Y� to establish a linear relation between input
uminance and cone response for the lightness enhancement.
inearized cone response can be acquired by exchanging the
one response with the input luminance using a piecewise
inear interpolation because the inverse cone response curve
n Eq. (4) is not directly calculated.14 Figure 5 shows the
eneral linearization method used to calculate the inverse

ironment �solid frame� and an indoor environment
�c� 5000 lux �top�, and �d� 10 000 lux �top�.

igure 4. Procedure for lightness enhancement using the lightness adap-
ation model.
oor env
one response. The sampled input luminance values

47
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y0 ,y1 , . . . ,yn� are transformed to a cone response value
Rcone,0 ,Rcone,1 , . . . ,Rcone,n� using Eq. (4). These cone re-
ponse values are normalized to an amount of one and are
tored in one-dimensional (1D) lookup table (LUT). For an
rbitrary input luminance value, piecewise linear interpola-
ion is applied to the 1D lookup table, thus creating the
utput cone response curve in Fig. 5(a). Then, inverse cone
esponse curve in Fig. 5(b) is simply obtained by switching
he cone response value with the luminance value stored in
he 1D LUT. Therefore, a new input value �Rcone� � for the
nverse cone response can be calculated as follows:

Rcone� = � Ymax − Ymin

Rmax − Rmax
� � �Rcone − Rmin� , �6�

igure 5. Linearization method: �a� construction of the cone response
urve using piecewise linear interpolation and �b� construction of the lin-

arized cone response curve using piecewise linear interpolation.

8

here Ymax and Ymin are the maximum and minimum lu-
inance values, respectively while Rmax and Rmin are maxi-
um and minimum cone response values.

Finally, the corresponding luminance �Y�� for the input
alue �Rcone� � is obtained by applying the piecewise linear
nterpolation to the 1D LUT in Fig. 5(b). This value is then
ombined with the intact color components and is trans-
ormed into the CIELCH color space for the subsequent
pplication of the chroma compensation.2 At this point, to
onvert the CIEXYZ values into CIELCH values, the refer-
nce CIEXYZ value is defined as the amount of ambient
ight that represents a white object in the scene. On the other
and, the result of the proposed lightness enhancement de-
ends on the values of parameter n. Thus, to find the ap-
ropriate parameter value, the observer should select the
est results of the lightness enhanced images under the out-
oor environment. Table II shows the appropriate parameter
alues corresponding to daylight intensity. From the subjec-
ive experiment, the parameter value becomes higher as the
aylight intensity rises; because a large value of the param-
ter increases the degree of the lightness enhancement. Fig-
re 6 shows the cone response curve according to the pa-
ameter values for 1000 and 10 000 lux.

hroma Compensation Using the Flare
hen only lightness enhancement is applied to the input

mage, the color of the enhanced image is washed out due to
he influence of the flare. Therefore, to compensate for the
educed chroma physically, the chroma difference between
wo types of environment, i.e., darkroom and outdoors, is
dded to the CIELCH value acquired from lightness en-
ancement as shown in Fig. 7. However, since the chroma
ifference depends on the hue value as seen in Fig. 4,
hroma compensation should be applied considering each
ue value individually

Cdiff = C − Cflare,

C� = C + � · Cdiff, �7�

here C and Cflare are the chroma values from the darkroom
nd outdoor environment, respectively. Cdiff is the chroma
ifference between C and Cflare. The compensated chroma
alue �C�� is adjusted according to with the enhancement
arameter �. If the chroma value of input image �C� is close

o the gamut boundary of mobile display and is added with

Table II. Appropriate parameter values according to the daylight intensity.

ux 1000 5000 10 000 20 000

2.0 2.0 2.5 3.5
J. Imaging Sci. Technol. 51�1�/Jan.-Feb. 2007
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diff, the compensated chroma value �C�� can get outside the
amut boundary that the mobile display is capable of repro-
ucing. Thus, the enhancement parameter is modified in

igure 6. Cone response curve according to various parameter values
or 1000 and 10 000 lux.

igure 7. Concept of chroma compensation based on chroma
ifference.
onsideration of the gamut boundary, as seen in Fig. 8 t

. Imaging Sci. Technol. 51�1�/Jan.-Feb. 2007
� = �1 if C � �Cgamut − � � Cdiff�

�Cgamut − C�

� � Cdiff

, otherwise � , �8�

here � is the compression starting point parameter and

gamut is the gamut boundary calculated by using the moun-
ain range method developed by Braun and Fairchild.11 This

ethod uses griddling and interpolation to arrive at a data
tructure consisting of a uniform grid in terms of lightness
nd hue, and it stores the gamut’s most extreme chroma
alues for each of the grid points. The boundary value has
01 and 360 levels for each grid points. If the input chroma
alue is inside Cgamut−� ·Cdiff, the chroma difference is
dded to the input chroma value without compression. Oth-
rwise, compression compensation is executed by using the
ompression starting point parameter ���, which can be set
exibly values of 1.0, 1.5, and 2.0 are used in this paper. If �

s over 2.0, chroma compensation is not effective through
he experiment, while a clipping artifact is generated if the
alue is less than 1.0.

he Construction of the 3D Lookup Table
3D LUT is constructed to represent the intensity of day-

ight (10 000 lux) for real-time processing. The input RGB
igital values are uniformly sampled by the n�n�n grid
oints, which are processed by the proposed algorithm, thus
esulting in the output RGB values. The sampled input and
utput RGB digital values are stored in the 3D LUT and 3D

nterpolation such as trilinear, pyramid, or tetrahedral is
sed to calculate the output RGB values for the arbitrary

nput RGB values.14 This 3D LUT can be inserted into the
obile phone and functions well in a mobile environment
ithout the difficulties associated with the memory and

omputation.

XPERIMENTS AND RESULTS
o test the sunlight readability of mobile display for various
ethods, Transflective PDA (SPH-M4000) made by Sam-

ung Electronics was used as the testing device, and ten ob-
ervers consisting of five ordinary citizens and five color im-
ging experts participated in the subjective experiment. The
verage age of observers is 29 years old; ages range from
7 to 31 years old and one observer is female. In addition,

Figure 8. Chroma compression around the gamut boundary.
o ensure the changeable viewing conditions of the real

49
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orld, we use lighting equipment supported by Samsung
lectronics to control the intensity of illumination from 0 to
0 000 lux. Thus, the subjective experiment is conducted in a
ark room using this lighting equipment for two light con-
itions, i.e., 2000 and 10 000 lux to represent cloudy and
right days, respectively. Figure 9 shows the original images,
nd Figs. 10 and 11 show the enhanced test images to be
isplayed on the personal digital assistant under two lighting
onditions. Figure 10(a) shows the resulting image when the
ogarithmic function is used. Although this method in-
reases the amount of lightness in the original image, the
olor of the original image is washed out, and thus, color-
ulness is considerably decreased under these conditions.
igure 10(b) shows the resulting image when using
onobe’s method which preserves the local contrast. This
ethod may maintain a contrast ratio similar to the original

mage seen in a darkroom. However, noise artifacts like
hite points appear in the leaf regions due to excessive con-

rast enhancement. In addition, this method has the com-
lex computations that are not suitable for the implementa-
ion of real-time processing. Figure 10(c)–10(e) show the
esulting images of the proposed methods with different �
alues. In Figs. 10(c)–10(e), it is seen that the colorfulness of
he resulting images is significantly enhanced, which im-
roves sunlight readability and provides pleasure to the ob-
ervers under the two lighting conditions, especially at
0 000 lux. Also, the chroma values of the resulting images
re perceived similar to those of the original image in a dark
oom, even though the chrome values are excessively en-
anced. Figure 11 shows other resulting images with five
nhancement methods, and we can find the same effect for
Figure 9. Test images: �a� park, �b� cap, �c� girl, and �d� woman. =

0

igure 11. Enhanced woman images under 10 000 lux: �a� lightness
nhancement using the logarithmic function, �b� Monobe’s method pre-
erving the local contrast, �c� the proposed method with �=2.0, �d� the
roposed method with �=1.5, and �e� the proposed method with �
igure 10. Enhanced park images under 10 000 lux: �a� lightness en-
ancement using the logarithmic function, �b� Monobe’s method preserv-
ng the local contrast, �c� the proposed method with �=2.0, �d� the
roposed method with �=1.5, and �e� the proposed method with �
1.0.
1.0.

J. Imaging Sci. Technol. 51�1�/Jan.-Feb. 2007
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Table III. Z-score values of ordinary citizens: �a� 2000 and �b� 10 000 lux.

�a� Daylight condition: 2000 lux

Image L M LC
��= 2.0�

LC
��= 1.5�

LC
��= 1.0�

Park −12.01
�−12.53�

−2.81
�−2.29�

−3.24
�−3.24�

4.94
�4.94�

13.12
�13.12�

Cap −13.12
�−13.12�

−0.52
�−3.83�

−0.59
�−1.11�

4.35
�1.7�

9.88
�16.36�

Woman −16.36
�−16.36�

−8.18
�−8.18�

0
�3.24�

8.18
�4.94�

16.36
�16.36�

Girl −13.12
�−13.12�

−1.7
�−4.35�

7.07
�3.83�

5.53
�12.01�

2.22
�1.63�

�b� Daylight condition: 10 000 lux

Image L M LC
��= 2.0�

LC
��= 1.5�

LC
��= 1.0�

Park −13.12
�−13.12�

−1.7
�−1.7�

−3.24
�0�

4.94
�1.7�

13.12
�13.12�

Cap −16.36
�−16.36�

−1.7
�−4.94�

−3.24
�−3.24�

4.94
�8.18�

16.36
�16.36�

Woman −16.36
�−16.36�

−1.7
�−8.18�

0
�0�

4.94
�8.18�

13.12
�16.36�

Girl −16.36
�−16.36�

−8.18
�−8.18�

0
�0�

8.18
�8.18�

16.36
�16.36�
Table IV. Z-score values of color imaging experts: �a�2000 and �b� 10 000 lux.

�a� Daylight condition: 2000 lux

Image L M LC
��= 2.0�

LC
��= 1.5�

LC
��= 1.0�

Park −12.01
�−12.01�

−9.29
�−12.53�

−3.24
�0�

8.18
�8.18�

16.36
�16.36�

Cap −16.36
�−16.36�

8.18
�4.35�

−4.94
�−1.7�

0
�0.59�

13.12
�13.12�

Woman −13.12
�−16.36�

−8.18
�−8.18�

3.24
�0�

4.94
�8.18�

13.12
�16.36�

Girl −13.12
�−12.53�

−1.11
�−4.35�

0.59
�3.83�

12.01
�12.01�

1.63
�1.04�

�b� Daylight condition: 10 000 lux

Image L M LC
��= 2.0�

LC
��= 1.5�

LC
��= 1.0�

Park −12.01
�−12.01�

−2.81
�−2.81�

−3.24
�−3.24�

4.94
�4.94�

13.12
�13.12�

Cap −16.36
�−16.36�

4.94
�4.94�

−4.94
�−4.94�

3.83
�3.83�

12.53
�12.53�

Woman −16.36
�−16.36�

−8.18
�−8.18�

0
�0�

8.18
�8.18�

16.36
�16.36�

Girl −16.36
�−16.36�

−8.18
�−8.18�

0
�0�

8.18
�8.18�

16.36
�16.36�
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ach method, with the exception that Monobe’s method
oes not uphold any noise artifacts applied to this image.

To conduct subjective evaluation, four test images and
ve enhanced methods are used and their paired images are
andomly selected to obtain z-score values.15 Tables III and
V show the z-score evaluations of ordinary citizens and
olor imaging experts for two lighting conditions, where L,

, LC��=2.0�, LC��=1.5�, and LC��=1.0� represent the
ightness enhancement using logarithmic function, Monebe’s

ethod preserving the local contrast, proposed methods
ith three different � values, respectively. The numbers in
arentheses represent the z-score values obtained by the sec-
nd experiment under equivalent conditions. In Tables III
nd IV, three differences in the z-score value obtained by five
bservers can be regarded as the same results because the

requency is almost equal which indicates that the ith
ethod is judged better than the jth method. Thus, the re-

ults of z-score values are almost the same at the 10 000 lux,
rrespective of observer type and repeated experiment. How-
ver, small differences occur in the 2000 lux condition, de-
ending on observer type. For the “park” image, ordinary
itizens prefer the image resulting from of Monobe’s method
ore than that of the lightness enhancement method, while

olor imaging experts give better marks to the lightness en-
ancement method because of noise artifacts like white
oints in the leaf region. Similarly, for the “cap” image, the
-score value of the proposed method is lower than that of

onobe’s method due to the sharpness problem. From these
esults, it is seen that the color imaging experts attach im-
ortance to image quality such as noise and sharpness, rela-
ive to a slight increase in readability. In addition, as the
ntensity of illumination changes from 2000 to 10000 lux, we
ound that in the “girl” image, the z-score value of the pro-
osed method with �=1.0 increases considerably. The rea-
on is that the fine clipping artifact in the cloth region is
ndistinguishable due to the influence of higher illumination
evel. Consequently, the proposed method with �=1.0 has
he best performance among the five methods, and we found
hat the noise or clipping artifact is an important factor to
nfluence the z-score evaluation depending on observer type
nd illumination level. However, the results of z-score evalu-
tion are almost the same irrespective of a number of ex-
eriments conducted.

ONCLUSION
his paper suggests and analyzes problems that can occur

or the mobile display in an outdoor environment as a result
f human lightness adaptation and flare phenomena. First,
e explained why readability or image quality of mobile
hones is significantly degraded under daylight condition
ased on lightness adaptation. The lightness enhancement
lgorithm is then proposed to increase the luminance of the
nput RGB image by the linearization process between the
2

nput luminance and cone response. Second, the influence of
he flare is investigated to determine the variations of the

obile gamut, and it can be observed that the maximum
hroma values are reduced differently depending on the hue
lane. From this observation, chroma compensation is ex-
cuted by adding the differentially reduced chroma values
ccording to the hue plane with lightness enhanced input
mage. Finally, a 3D lookup table, composed of RGB grid
oints, is implemented to achieve real-time processing. The
xperiment shows that the lightness enhancement and
hroma compensation algorithm is well suited for mobile
CDs, thus reproducing more colorful and brighter results

n the outdoor environment. Furthermore, we expect that
he proposed algorithm can be applied to other portable
evices.
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