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bstract. A large-scale psychophysical experiment was performed
o establish the important image appearance attributes controlling
he perceived quality of images presented on a large display under
ark surround conditions. Six image appearance attributes were
hosen: Colorfulness, contrast, naturalness, visual information,
harpness, and image quality. A nine-point qualitative category
cale was used to rate these six attributes for eight test images,
ach of which had 22 derivative images which varied in lightness,
hroma, and sharpness. The influences of the three image manipu-

ations on the six attributes, and the psychophysical relations be-
ween image quality and its constituent attributes were investigated.
ultiple regression and factor analysis were conducted to derive an
mpirical image quality model. It was found that there were high
orrelations among the five attributes forming image quality: Be-
ween sharpness and contrast, and between naturalness and visual
nformation. Furthermore, colorfulness, contrast, and naturalness
ere key attributes to have a significant impact on image quality.
2008 Society for Imaging Science and Technology.

DOI: 10.2352/J.ImagingSci.Technol.�2008�52:4�040904��

NTRODUCTION
nderstanding human perception of the quality of images

s necessary for the development of displays, including mak-
ng technical improvements such as gamut extension, in-
reasing luminance, and reducing power consumption and
isplay thickness. This has been one of main research

hemes in imaging industries and many studies have been
onducted to achieve this aim. Most of them, however, fo-
used on individual image appearance attributes which com-
rise image quality. Fedorovskaya and de Ridder1,2 studied

he naturalness-quality relationship of complex images by
anipulating “colorfulness” through chroma and lightness

djustments to the images. They reached two conclusions:
hat high quality images were more colorful than those im-
ges considered as being the most natural, and image quality
as not a monotonic function of colorfulness. Calabria3 per-

ormed a large-scale investigation into image contrast and its
ffect on image preference. It was shown that images having
edium contrast were preferred. All of these studies were

ased on an empirical approach in which subjective impres-
ions of image appearance attributes could be understood by
he results of observers’ assessments on manipulated images.

IS&T Member.

eceived Jan. 22, 2008; accepted for publication Mar. 19, 2008; published
nline Jul. 17, 2008.
a062-3701/2008/52�4�/040904/11/$20.00.
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A different approach was taken by Janssen4 who de-
cribed image quality not by the evaluation of diverse images
ut by understanding the visual-information process in the
ontext of the human visuo-cognitive system. Two attributes
ere found to be the main perceptual constraints determin-

ng image quality. First, observers acquire visual information
rom the outside world via the reproduced scenes on imag-
ng devices from which they construct an internal represen-
ation. Second, this is interpreted by means of a “confronta-
ion” with memory. The first step requires that the
eproduced images have a “usefulness” attribute (i.e., the
mage should be visually representative of the outside world)
nd the second requires a “naturalness” attribute.

The ultimate goal of all this research was to create em-
irical models that can mathematically predict the human
erceptual image appearance. One approach towards this
oal is measuring the perceived image appearance difference
etween an original image and its reproduction, leading to
n image-difference metric such as iCAM.5 Another ap-
roach involves image quality, which is the combination of a
umber of perceptual attributes, often called the “nesses.”6

his concept considers only individual images and not pairs.
he attributes forming image quality are first modeled and

hen combined to determine image quality. Combination
equires information about the psychophysical relationships
etween image quality and its constituent attributes. Color-

ulness and contrast have been shown not to have a linear
elationship with image quality1–3 and so Engeldrum7 has
roposed empirical image quality models using logistic and
aussian-like functions rather than a simple linear function.

As introduced thus far, there have been many research
ctivities to develop models that are capable of predicting
he perceived quality of images, as well as investigations into
iverse image appearance attributes and their relationships.
ost of the studies have, however, concentrated on charac-

eristics of individual attributes. Image quality models have
enerally been developed by combining some of the at-
ributes contributing towards image quality, but without first
stablishing which image appearance attributes were the key
actors affecting image quality. This study was therefore car-
ied out to identify perceptual attributes that have a signifi-
ant impact on image quality using a large display that has
ecently become dominant in our lives. Five attributes which
ad previously individually been investigated were chosen

nd assessed under a dark surround: Colorfulness, contrast,
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aturalness, sharpness, and visual information. In the sec-
nd part of this article, the resulting key image appearance
ttributes will again be evaluated for the final goal of this
ork: The quantification of the surround effect on the color

mage appearance of a large display.

XPERIMENTAL SETUP
sychophysical Experimental Setting
he psychophysical experiment was carried out in a dark-
ned room. Observers consisting of graduate students in
olor and Imaging Group at the Department of Color Sci-

nce in the University of Leeds participated in each assess-
ent for the six image appearance attributes (colorfulness,

ontrast, naturalness, sharpness, visual information, and
uality of color images). All observers undertook the
shihara Test for color blindness to ensure their normal color
ision. Age range of the observers was 24–37. Most observers
ad experiences with psychophysical experiments evaluating
iverse image appearance attributes. Two minutes of adap-

ation time were given to each observer. The viewing dis-
ance was 2 m at which the size of images seen on the dis-
lay subtended a visual field of 26.3° �H��15.2° �V�. Eight

est images were carefully chosen in order to cover a wide
ange of image contents. These are introduced in Figure 1:
wo portraits (Kids and Adults), one fruit (Fruits), and five
atural scenes (Seashore, Sheep, Pier, Harbor, and Park). To
cale observers’ perceptions of the six attributes, a categorical
udgment technique was adopted. Observers were asked to
ate each image using a nine-point verbally labeled category
cale. For example: “9” corresponded to the “highest quality
maginable,” “5” to the “average quality,” and “1” to the
lowest quality imaginable.” Each image was assessed by
0–14 observers. The experiment was divided into six ob-
erving sessions. Each session contained 184 assessments
8 images�23 manipulations�1 image appearance at-
ribute) and lasted for approximately 15–20 min.

A 42 in. plasma display panel (Samsung, PPM42H3)
ith 1024�768 pixel resolution was used to present the

mages. The reference white of this display was 174 cd m−2

ith a correlated color temperature of 8940 K. The colori-
etric characterization model was built using a three-

imensional (3D) LUT (13�13�13 RGB values) and tet-
ahedral interpolation.8 The spectral power distributions of
197 colors were measured using a Minolta CS1000 tele-
pectroradiometer providing XYZ tristimulus values. To test
he accuracy of the characterization model, CIELAB color

*

igure 1. The test images: Adults, Kids, Fruits, Harbor, Park, Sheep, Sea-
hore, and Pier �clockwise�. �Available in color as Supplemental Material
n the IS&T website, www.imaging.org�.
ifferences ��E
ab

� between the measured and predicted f

. Imaging Sci. Technol. 040904-
ristimulus values of the 64 test colors were calculated, giving
verage errors of 1.16 and 1.46 for the forward and reverse
odels, respectively.

ools Providing Variations to Test Images
he eight test images were rendered using 22 methods to
rovide a wide, but realistic, range of variations to observers.
GB values of each pixel in a test image were transformed

nto XYZ tristimulus values using the display characteriza-
ion model developed earlier. The CIECAM02 color appear-
nce model9 was then used to manipulate each original im-
ge in terms of lightness �J� and chroma �C�. Manipulating
in the frequency domain created a sharpness change. Each
ethod was labeled in three parts: First, the attribute ren-

ered; second, the type of manipulating function; and third,
he amount of variation given to the original image. For
xample, LSL is a lightness manipulation (L) by sigmoid
unction (S) with a large variation (L). The 22 methods are
ummarized in Table I using their names and according to
he type of manipulation function. Each of the original eight
est images could therefore produce 22 derivative manipu-
ated images.

ightness �J� manipulations
leven manipulations in the J channel were performed: Four

inear, three sigmoid, three inverse sigmoid functions, and
he local color correction method. For overall darkened im-
ges, four linear functions with four different slopes were
sed. These are expressed in Eq. (1).

Joutput = S � Jinput, �1�

here S values are 0.95, 0.9, 0.85, and 0.8 for LL095, LL09,
L085, and LL08 respectively.

The three sigmoid functions and three inverse sigmoid
unctions are expressed in Eqs. (2) and (3).

Joutput =
100

�1�1 + ME�� � �1 + �M/�0.01 � Jinput��E�
, �2�

here M=1.23 and E=1.45 for LSS, M=0.75 and E=1.9 for
SM, and M=0.63 and E=2.35 for LSL. The “S” in LSS
ictates a small variation, “M” in LSM a medium variation,
nd “L” in LSL a large variation.

Joutput = 100 � M

� � 1 − 0.01 � �1/�L + ME�� � Jinput

0.01 � �1/�1 + ME�� � Jinput
�−1/E

, �3�

here M=1.23 and E=1.45 for LISS, M=0.75 and E=1.9
or LISM, and M=0.63 and E=2.35 for LISL.

The sigmoid function reduced the lightness in the dark
reas of the original image but increased the lightness in
ight areas. This function was controlled by M and E in Eq.
2). As the value of M was smaller and E was larger, there
as more lightness reduction for dark regions and more

ightness increase for light regions. The inverse sigmoid

unction provided an opposite effect on the original image.
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For the local color correction method,10 the background
uminance factor �Yb� in CIECAM02 was computed from
he absolute luminance value of each pixel; Yb in each
ixel=100� luminance in each pixel/luminance of reference
hite. This individual Yb value was used to compute a new

ightness value for each pixel. The original lightness values of
he image could thus be controlled on pixel-by-pixel basis,
o that the original dark pixels were brightened but the
riginal light pixels were darkened.

hroma �C� Manipulations
he chromatic transfer functions used in this study included

our linear, one sigmoid, and one inverse sigmoid functions.
he four linear functions with four different slopes are ex-
ressed in Eq. (4).

Coutput = S � Cinput, �4�

here S values are 0.9, 0.8, 0.7, and 0.6 for CL09, CL08,
L07, and CL06 respectively.

For the sigmoid and inverse sigmoid functions, the
ame Eqs. (2) and (3) as were applied to the lightness ma-
ipulation were used; however “Cinput/Cmax” (maximum
hroma value in an image) was an input instead of
0.01� Jinput” and only M=0.63 and E=2.35 were used. The
igmoid function reduced the chroma of less colorful areas
f the original image, but increased the chroma of more
olorful areas, leading to an increase of chromatic contrast.
he inverse sigmoid function provided the inverse effect on

Table I. Summary of the

unctions
Linear

function
Sigmoid
function

I
S
f

eaning of
he
hird part
n the name
f image
anipulation

Slope in
linear

function

Amount of variation
L �large�

M �medium�
S �small�

ightness LL095 LSL
LSM
LSS

LL09

LL085

LL08

hroma CL09 CS

CL08

CL07

CL06

harpness
he original image. s

. Imaging Sci. Technol. 040904-
Figure 2 illustrates the functions that were used for ma-
ipulating images in the lightness and chroma domains: The

wo linear functions with two slopes (0.95 and 0.6), three
igmoid, and three inverse sigmoid functions. A 45° line is
lso shown to represent no change between
.01� Jinput�Cinput/Cmax� and Joutput�Coutput�.

harpness Manipulations
wo methods were applied to increase sharpness. A con-
tant, 1.1, was multiplied to the amplitude components of
wo frequency ranges: 0.6–9.3 cpd covered the top 50% sen-
itivity according to Barten’s contrast sensitivity function11

nd 23.97–31.96 cpd corresponded to the edge areas. For
ther frequency ranges, a constant, 0.9, was multiplied to
heir amplitude components. Second, a high frequency em-
hasis filter was used and its equation is given in Eq. (5).
ince the cutoff frequency parameter �d� was smaller, the
mage became sharper due to a reduction in low frequency
nformation; function SHFE1/11 produced the sharpest
mage.

Filter = 1 + 1.5 � 	1 − exp� − x2

�2 � d2��
 , �5�

here x is frequency, d=1024�P, cutoff frequency param-
ter. P equals 1/3, 1/5, 1/7, or 1/11 for SHFE1/3, SHFE1/5,
HFE1/7, and SHFE1/11 respectively. The constant, 1024, is
he horizontal resolution of the display in pixels used in this

e-manipulation methods.

Using
HFE

�High-
Frequency
Emphasis�

Filter

Using
LCC

�Local
Color

Correction�
Method

Using
Barten’s

CSF
�Contrast
Sensitivity
Function�

Cutoff
frequency
�1 / 11—

most
sharpened

image�

LLCC

SHFE1 / 3 SCSF

SHFE1 / 5

SHFE1 / 7

SHFE1 / 11
22 imag

nverse-
igmoid
unction

LISL
LISM
LISS

CIS
tudy.
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ESULTS AND DISCUSSIONS
bserver Variations
bserver variation was computed from the coefficient of

ariation (CV) defined in Eq. (6), which is a statistical mea-
ure to represent the agreement between two sets of data.
wo test images (Fruits and Pier) and their manipulated

mages were assessed twice by eight observers in terms of
olorfulness, contrast, and image quality. The CV values
ere computed between the two repeated judgments to rep-

esent intraobserver agreement. To determine inter-observer
greement, the CV values between the individual observer
ata and mean data of all observers were calculated using all
isual results (i.e., eight test images and their manipulated
mages assessed by 10–14 observers in terms of the six at-
ributes).

CV =
100

ȳ
�� �xi − yi�2/n�1/2

, �6�

here n is the number of assessed images. For intra-observer
greement, xi and yi are the first- and second-judgment data,
espectively. When assessing inter-observer agreement, xi

nd yi are individual observer data and average data of all
bservers. The mean value of the yi data set is ȳ.

The mean CV values for intra-observer agreement were
9, 18, and 20 for colorfulness, contrast, and image quality
espectively. Table II summarizes the resulting mean CV val-
es (covering all observers) for inter-observer agreement.
he mean CV values for inter-observer agreement are 17,
nd 18, and 22 for colorfulness, contrast, and image quality,
espectively, which indicate that observers performed simi-
arly in terms of within an individual observer and between
bservers for these three attributes. The largest mean CV

igure 2. Illustration of the two linear, three sigmoid, and three inverse-
igmoid functions. Also shown is a line at 45°.
alue is seen for naturalness in Table II. The three attributes a

. Imaging Sci. Technol. 040904-
aving the smallest mean CV value are colorfulness, con-
rast, and sharpness. It can therefore be assumed that natu-
alness is the most difficult for observers to scale, whereas
olorfulness, contrast, and sharpness are relatively easier to
cale. In other words, observers might use different criteria
n the evaluation of naturalness, whereas similar criteria

ight be used in the assessment of colorfulness, contrast,
nd sharpness.

nfluences of Image Manipulation on the Six Image
ppearance Attributes
he raw experimental data were the category numbers as-

igned by each observer. To convert the category-scaling data
nto equal-interval scale values, Case V of Thurstone’s law of
omparative judgments was adopted.12 These converted data
ere interval scale values of image appearance attributes for

olor images viewed on the display.
The mean scale value of the eight test images is plotted

ith the scale value of each of the eight test images simul-
aneously against each of the 23 image manipulations in
igures 3–8 for each of the six image appearance attributes.
he scale values of the eight test images are expressed using
ifferent symbols. The mean scale values of all test images
re symbolized using a horizontal bar (-) and their 95%
onfidence intervals using error bars. These symbols will be
ommon to the six graphs for the six image appearance
ttributes. There is an arrow pointing to the original image
n each figure.

mage Dependency
o examine whether the visual results for the six attributes
re image independent, 95% confidence intervals, Eq. (7), of
he mean scale values were computed and are shown in Fig-
res 3–8 using error bars.

CI =
1.96

�2 � N
, �7�

here CI is 95% confidence interval, and N represents the
umber of observers who assessed each of the six image
ppearance attributes.

Most of scale values for the eight test images fall within
he 95% confidence interval from the mean of the eight test
mages for most image manipulations and for each of the six

able II. Inter-observer agreement in terms of mean CV values for each of the six
ttributes.

Inter-Observer agreement Mean CV

Colorfulness 17

Contrast 18

Sharpness 17

Naturalness 25

Visual information 20

Image quality 22
ttributes in Figures 3–8. This indicates that the changes in

Jul.-Aug. 20084
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ach of the six attributes affected by the 23 image manipu-
ations are similar regardless of image content. Hence, the
omplete interval scales for each of the six attributes were
ade by averaging scale values across the eight test images.

or the following result parts, comparisons will be made
sing these mean scale values.

Independent samples t-test was conducted to establish
hether each of the six attributes was perceived significantly
ifferently between the particular manipulated image and

he original. This test was constructed on the observed dif-
erences between two mean scale values of the original image
nd each of the 22 manipulated images. The main visual
henomena in the results are discussed in brief below.

Figure 3. Perceived image-colorfulness scale again
fulness to highest colorfulness. Also shown are the
eight test images.

Figure 4. Perceived image-sharpness scale agains
ness to highest sharpness.
. Imaging Sci. Technol. 040904-
mage Colorfulness
he mean (across the eight test images) and individual im-
ge colorfulness scale values are plotted against the 23 image

anipulations in Figure 3. The manipulated images inside
he boxes indicated by broken and solid lines were found to
e statistically less colorful and more colorful than the origi-
al image, respectively.

• The CIS image (in which low chromatic areas appear
more chromatic, but high chromatic areas appear less
chromatic than in the original image) was perceived to
be the most colorful. On the other hand, the CS image
(the opposite effect compared to the CIS image) looked

3 image manipulations in order from lowest color-
nfidence intervals of the mean scale values of the

image manipulations in order from lowest sharp-
st the 2
95% co
t the 23
Jul.-Aug. 20085
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to be significantly less colorful than the original image.
This indicates that increasing chroma for low chromatic
areas in the image is more effective in order to improve
perceived colorfulness compared to increasing chroma
for high chromatic areas in the image.

• Among the five least colorful images, the LISL image
(where dark areas are lighter and light areas are
darker) had very much less lightness contrast while the
other four images had decreased chroma. The LISL im-
age might appear washed out due to the marked de-
crease in lightness-contrast, leading to noticeably less
colorfulness.

• There is a tendency for the sharpened images (SCSF,
SHFE1/3, SHFE1/5, SHFE1/7, and SHFE1/11) to appear
slightly more (but not significantly more) colorful than

Figure 5. Perceived image-contrast scale against th
highest contrast.

Figure 6. Perceived visual-information scale again
information to highest visual information.
the original.

. Imaging Sci. Technol. 040904-
mage Sharpness
he mean (across the eight test images) and individual im-
ge sharpness scale values are plotted against the 23 image
anipulations in Figure 4. The manipulated images inside

he boxes indicated by broken and solid lines were respec-
ively found to be significantly less sharp and sharper than
he original image.

• Apart from the five sharpened images, the CIS image
that appeared the most colorful was also assessed as
being markedly sharper than the original image. This
indicates that an enhanced colorfulness can also cause
images to appear sharper.

• The LISL image that looked to be significantly less col-
orful than the original in Figure 3 was judged the least

age manipulations in order from lowest contrast to

3 image manipulations ranked from lowest visual
e 23 im
st the 2
Jul.-Aug. 20086
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sharp. It is thought that the much decreased lightness-
contrast in the LISL image may cause a lowering in
sharpness due to decreased colorfulness.

• Among the five most sharpened images, it can be seen
that enhancing edge information by cutting the low fre-
quency component (in SHFE images) results in a more
noticeable increase in perceived sharpness. Enhancing
the frequency range covering the top 50% human con-
trast sensitivity (in SCSF image) is less effective.

mage Contrast
he mean (across the eight test images) and individual im-
ge contrast scale values are plotted against the 23 image
anipulations in Figure 5. The manipulated images inside

he boxes indicated by broken and solid lines were respec-
ively judged to have significantly lower contrast and higher
ontrast than the original image.

• The three sharpened images were perceived to have the
highest contrast, followed by the three lightness-based
sigmoid manipulated images (dark areas are darker and
light areas are lighter).

• From the manipulated images in the box represented by
the broken lines, it is seen that perceived contrast di-
minishes as chroma, lightness, and lightness-contrast in
images decrease.

• These two results suggest that the mean image contrast
can be affected not only by lightness but also by chroma
and sharpness changes.

isual Information
he attribute “visual information” was adopted from the

mage quality semantics study by Janssen in which the term
usefulness” was used instead of visual information.4 In the
urrent experiment, observers were instructed to judge vi-

Figure 7. Perceived image-naturalness scale again
ralness to highest naturalness.
ual information as “Does an image provide similar visual

. Imaging Sci. Technol. 040904-
nformation as would be expected from the real scene?” The
ean and individual visual information scale values are

lotted against the 23 image manipulations in Figure 6. The
anipulated images inside the boxes indicated by broken

nd solid lines were estimated to have significantly lower
isual information and higher visual information than the
riginal image, respectively.

• The highest ranking images are all sharpened images.
The sharpest image produced by SHFE1/11 was not,
however, perceived to have the best visual information.
This implies that too much image sharpening can in-
hibit observers from getting enough visual information.

• Images which are lower ranking than the original have a
large reduction in chroma, lightness, or lightness-
contrast. Additionally, three lightness-based sigmoid
functions provided lower scale values than the original
image, due to lack of distinguishability in dark areas of
images.

mage Naturalness
he mean and individual image naturalness scale values are
lotted against the 23 image manipulations in Figure 7. The
anipulated images inside the box indicated by broken lines
ere judged to appear significantly less natural than the
riginal image.

• None of the image manipulations can noticeably im-
prove image naturalness compared to the original
image.

• The images that appeared significantly less natural than
the original image can be categorized according to four
characteristics: Loss in colorfulness, loss of shadow de-
tail, washed-out appearance due to considerably de-
creased lightness-contrast, or too much sharpening.
These are considered to be important factors contribut-

3 image manipulations in order from lowest natu-
st the 2
ing towards the perception of naturalness.

Jul.-Aug. 20087
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mage Quality
he mean and individual image quality scale values are plot-

ed against the 23 image manipulations in Figure 8. The
anipulated images inside the box represented by the bro-

en lines were judged to have significantly lower image qual-
ty than the original image.

• As with the results for image naturalness (Figure 7),
there is no manipulated image having a higher quality
than the original image.

• The manipulations which decrease chroma (CL06 and
CL07), and the two extreme lightness-based sigmoid
(LSL) and inverse sigmoid (LISL) manipulations
showed the poorest image quality, which also looked
most unnatural.

• The lightness-based sigmoid functions produced images
having lower image quality and naturalness than any
others, whereas these functions also resulted in higher
image contrast. Hence, when evaluating image quality,
the two attributes of naturalness and contrast may com-
promise each other.

elationships between Image Quality and Other Image
ppearance Attributes
he psychophysical relationships between image quality and
ach of the five image appearance attributes were investi-
ated. Figures 9(a)–9(g) plot the mean scale values of image
uality against those of each of colorfulness, sharpness, con-
rast, visual information, and naturalness, respectively. The
ata points are plotted with four different symbols (�, �, �
nd �) corresponding, respectively, to lightness, chroma,
nd sharpness manipulations, together with the original im-
ge. A best-fit curve was also given so as to indicate the trend
n the relationship between image quality and each of the
ve attributes.

Figure 9(a) shows that image quality increases with an

Figure 8. Perceived image-quality scale against th
highest quality.
ncrease in colorfulness, and stabilizes when colorfulness a

. Imaging Sci. Technol. 040904-
eaches a certain level. The CIS image (where low chromatic
reas appear more chromatic but high chromatic areas ap-
ear less chromatic than in the original image) is judged to
e more colorful than the original image but with no im-
rovement in image quality. If images look much more col-
rful than CIS images, image quality may begin to decrease
fter its maximum. This was proven by other studies.1,2 The
ame relationship between image quality and image sharp-
ess can be seen in Figure 9(b), and between image quality
nd image contrast in Figure 9(c), i.e., an inverted-U shape.
mage quality increases to a certain sharpness level
SHFE1/3 and SHEF1/5) and contrast level (CIS, SHFE1/3,
/5, 1/7 and SCSF) before falling. The highly sharpened

mage (SHFE1/11) and the image having a loss in shadow
etail (LSL) both have higher image contrast than others,
owever their image quality is lower. Figure 9(d) shows im-
ge quality scale plotted against visual information scale. It is
een that image quality rises and then is slightly saturated
ith an increase in visual information. Overall, sharper im-

ges provided greater texture detail and thus provided more
isual information. Figure 9(e) illustrates a clear positive lin-
ar relationship between image quality and naturalness.

mportant Image Appearance Attributes Affecting Image
uality
ultiple regression and factor analysis using the principal

omponent method were conducted to determine the im-
ortant image appearance attributes affecting image quality.
he five attributes (colorfulness, sharpness, contrast, visual

nformation, and naturalness) were independent variables
sed to predict image quality in these analyses. Multi-
ollinearity can cause problems in multiple regression analy-
is where there are high intercorrelations between indepen-
ent variables.13 Hence, factor analysis was performed to
emove highly intercorrelated variables.

The results of factor analysis are described in Tables III
nd IV. The “Cumulative %” column explains the percent-

age manipulations in order from lowest quality to
e 23 im
ge of variance accounted for by the first n rotated compo-

Jul.-Aug. 20088



n
a
d
t
r
fi
T
w
r
c
l
s
a

f
f

u
a
u
v
i
c
t
h
9
a

T
c

C

1

2

T
c

F
a

C

S

N

V

C

Choi et al.: Investigation of large display color image appearance I: Important factors affecting perceived quality

J

ents in Table III. For example, the first two components
ccount for nearly 81% of the variability in the five indepen-
ent variables used for determining image quality. In order

o know what the first and second components actually rep-
esent, correlation coefficients between the components and
ve independent variables were computed; these are given in
able IV. The first component is the most highly correlated
ith contrast and sharpness. The contrast is, however, better

epresentative, since it is less correlated with the second
omponent. The second component is most highly corre-
ated with naturalness. These two findings suggest that we
hould focus on contrast and naturalness for controlling im-
ge quality.

The results of factor analysis indicate that image color-
ulness does not arise from any single component. There-

able III. Total variance explained by the first component, and the first and second
omponents.

omponent Cumulative %

40.44

80.84

Figure 9. Image quality scale versus �a� image c
visual information, and �e� image naturalness. Also
fitting curves, and �e� fitting line.
ore, to further investigate colorfulness, the mean score val- i

. Imaging Sci. Technol. 040904-
es of contrast, sharpness, naturalness, visual information,
nd quality are plotted against those of colorfulness in Fig-
re 10. Image sharpness does not seem to be affected by
ariation in image colorfulness. Image contrast and visual
nformation are not changed beyond a certain level of image
olorfulness. Image quality has the largest difference between
he least and most colorful images. Although image quality
as a clear linear relationship with image naturalness [Figure
(e)], their relationships with change in image colorfulness
re not identical. That is, as image colorfulness increases,

able IV. The correlation coefficients between each of five attributes and each of two
omponents in the rotated component matrix.

ive perceptual
ttributes

Component

1 2

ontrast 0.94 0.14

harpness 0.89 0.31

aturalness 0.01 0.92
isual information 0.45 0.79
olorfulness 0.37 0.66

ess, �b� image sharpness, �c� image contrast, �d�
n are �a� Weibull fitting curve, �b�–�d� Sinusoidal
olorfuln
show
mage quality tends to flatten out while image naturalness

Jul.-Aug. 20089
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alls after reaching a maximum. This implies that image col-
rfulness also needs to be considered as an important at-
ribute influencing image quality in addition to the at-
ributes of image contrast and image naturalness which were
ound in the earlier factor analysis.

Empirical image quality models were derived using dif-
erent numbers of independent variables by multiple regres-
ion analysis. Table V summarizes coefficients for each inde-
endent variable and R value (multiple correlation
oefficient) for each model. The coefficient for each inde-
endent variable shown in bold is statistically significant.
lthough the model with four independent variables gives

he highest R value, sharpness and contrast were highly cor-
elated (Pearson correlation coefficient=0.8). The model
ith three independent variables having an R of 0.925 may
ive a satisfactory prediction for the quality of images
iewed on large displays. Among the five models using one
ndependent variable, the model derived using naturalness
erforms the best, i.e., it has the largest R value of the five
odels.

In addition, the coefficient of variation (CV) was calcu-
ated in order to evaluate the agreement between observer-

with different independent variables.

Visual
Information Colorfulness Constant R

0.02 0.21 −0.46 0.927

0.21 −0.46 0.927

0.23 −0.42 0.925

−0.26 0.906

1.13 0.532

0.95 0.570

0.32 0.831

0.84 0.40 0.765

0.65 0.83 0.628

xperimental and predicted image quality.

CV

7
7
7
8
15
11
15
16
13
Table V. The empirical image quality models

umber of
ndependent
ariables Contrast Sharpness Naturalness

0.20 0.11 0.68

0.19 0.13 0.69

0.28 0.71

0.35 0.79

0.51
0.59

0.87
Table VI. The CV values computed between the e

Independent variables used to derive image quality models

All five attributes

Contrast, naturalness, colorfulness, and sharpness

Contrast, naturalness, and colorfulness

Contrast and naturalness

Contrast

Naturalness

Colorfulness

Sharpness

Visual information
igure 10. Mean scale values of contrast, sharpness, visual information,
Jul.-Aug. 20080
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udged and predicted data using the empirical image quality
odels derived using different attributes (independent vari-

bles). Table VI shows the CV values for the nine models
escribed in Table V. There is no CV difference for the top

hree models in Table VI, suggesting three attributes (con-
rast, naturalness, and colorfulness) are sufficient to explain
mage quality variations arising from images that differ in
he lightness, contrast, and sharpness domains. Since the
ighest R value was seen for the image quality model derived
sing naturalness, among the single variable models in Table
, the corresponding CV value is the smallest in Table VI.

In summary, colorfulness, contrast, and naturalness
ere chosen as the key image appearance attributes affecting

mage quality. Naturalness is believed to be the most influ-
ntial factor on image quality among them.

ONCLUSION
he psychophysical experiment described here was designed

o investigate which attributes influence the image quality of
large display under a dark surround. The six image appear-

nce attributes were evaluated using a categorical judgment
ethod applied to eight test images: Quality, contrast, sharp-

ess, visual information, naturalness, and colorfulness. The
nfluence of changes in image lightness, chroma, and sharp-
ess on these six attributes was examined. Subsequently, the
sychophysical relationship between image quality and each
f the other five image appearance attributes was investi-
ated. The results revealed a strong positive linear relation-
hip between image quality and naturalness. For colorfulness
nd visual information, image quality first increased and
hen stabilized at the high end. For the two spatial attributes
contrast and sharpness), image quality first rose and then
ell from certain sharpness and contrast levels.

Finally, multiple regression and factor analyses were
onducted to reveal which were the significant image ap-
earance attributes affecting image quality among the five
ttributes studied. From these results, five independent vari-
bles were classified into two components. Contrast and
aturalness were chosen as being representative for the two
omponents in the factor analysis. Sharpness, which was
ighly correlated with contrast, and visual information,
. Imaging Sci. Technol. 040904-1
hich was highly correlated with naturalness, were both re-
oved. Colorfulness, however, did not result from any indi-

idual component. Also, variations in colorfulness affected
mage quality and naturalness differently. The results from

ultiple regression demonstrated that the empirical image
uality model having three independent variables (natural-
ess, contrast, and colorfulness) had a similar performance

o a model having all five independent variables. In conclu-
ion, colorfulness, contrast, and naturalness were found to
e important perceived attributes influencing image quality.

The eventual goal of this work is to quantify the effect
f surround on color image appearance for large displays.
he critical attributes chosen will be evaluated under differ-
nt surround conditions together with image quality in the
ollowing paper.

EFERENCES
1 H. de Ridder, “Progress naturalness and image quality: saturation and

lightness variation in colour images of natural scenes”, J. Imaging Sci.
Technol. 40, 487 (1996).

2 E. A. Fedorovskaya, “Chroma variations and perceived quality of color
images of natural scenes”, Color Res. Appl. 22, 97 (1997).

3 A. J. Calabria and M. D. Fairchild, “Perceived image contrast and
observer preference I. The effects of lightness, chroma, and sharpness
manipulations on contrast perception”, J. Imaging Sci. Technol. 47, 479
(2003).

4 T. J. W. M. Janssen and F. J. J. Blommaert, “Image quality semantics”, J.
Imaging Sci. Technol. 41, 555 (1997).

5 M. D. Fairchild and G. M. Johnson, “The iCAM framework for image
appearance, image difference, and image quality”, J. Electron. Imaging
13, 126 (2004).

6 P. G. Engeldrum, “A framework for image quality models”, J. Imaging
Sci. Technol. 39, 312 (1995).

7 P. G. Engeldrum, “Extending image quality models”, Proc. IS&T’s PICS
Conference (IS&T, Springfield, VA, 2002) pp. 65–69.

8 S. Y. Choi, M. R. Luo, P. A. Rhodes, E. G. Heo and I. S. Choi,
“Colorimetric characterization model for plasma display panel”, J.
Imaging Sci. Technol. 51, 337 (2007).

9 CIE Publication 159:2004, “A color appearance model for color
management systems: CIECAM02”, (Central Bureau of the CIE, Vienna,
2004).

10 N. Moroney, “Local color correction using non-linear masking”, Proc.
IS&T/SID’s Eighth Color Imaging Conference (IS&T, Springfield, VA,
2000) pp. 108–111.

11 P. Barten, “Evaluation of subjective image quality with the square-root
integral method”, J. Opt. Soc. Am. 7, 2024 (1990).

12 P. G. Engeldrum, Psychometric Scaling (Imcotek, Winchester, MA, 2000)
pp. 94–98.

13 D. H. Sanders and R. K. Smidt, Statistics: A First Course (McGraw–Hill,
New York, 2000), p. 566.
Jul.-Aug. 20081


