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Abstract

The paper elaborates on understanding, measuring and op-
timizing perceived color quality of natural images. We in-
troduce a model for optimal color reproduction of natural
scenes which is based on the assumption that color quality
of natural images is constrained by perceived naturalness
and colorfulness of these images. To verify the model, a
few experimentswere carried out where subjects estimated
the perceived ‘ naturalness’, ‘ colorfulness’ and ‘ quality’ of
images of natural scenes. The judgments were related to
statistical parameters of the color point distribution across
the imagesin the CIELUV color space. It was found that
the perceptually optimal color reproduction can be derived
from this statistic within the framework of our model. We
specify naturalness, colorfulness and quality indices, de-
scribing the observer’s judgments. Finally, an algorithm
for optimizing perceived quality of color reproduction of
natural scenes is discussed.

1. Introduction

Within the recent past, the quantity of images produced by
color devices (e.g. displays, cameras, printers, etc.) has
been increasing rapidly. Yet, the perceived quality of im-
ages has been improving more slowly and still is often far
from perfect. There usualy is no problem in obtaining a
desirable image, but there often is a problem in obtaining
the image of a desirable quality. Conceptually, the basic
ideain obtaining images of optimal quality issimple: im-
age quality has to be measured by the technical devicesin
away similar to observer’s judgments, and (if necessary)
optimized before presenting theimage to the observer. The
implementation of thisideais much more difficult, and re-
quires elaboration upon an objective criterion correlating
with subjective strengths of image quality, and a robust
agorithm for image quality enhancement. But first and
foremosgt, it requires a fundamental understanding of the
Visuo-cognitive process that underlies an evaluation of im-
age quality. This paper subsequently focuses on a) under-
standing, b) measuring, and c¢) optimizing perceived color
quality of natural images.

Theblock diagramin Figure 1 specifiesthe process un-
derlying color appreciation of natural images. Natural im-
agesrefer to any hard or soft-copy representing natural, i.e.
real-life, scenes by means of a color device such as CRT
displays, printers, etc. Theimagesareperceivedintermsof
color attributes (e.g. hue, colorfulness, and lightness). The
perceived color attributes are assumed to be compared with
color attributes recalled from memory in association with
similar categories of objects. The object categories are ex-
tracted from the population of apparent object colors seen
in the past and can be represented by the prototype, or the
most typical category member. Similarity of the perceived
and recalled attributes determines perceived natural ness of
reproduced colors.
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Figure 1. Diagramof the processthat underliesthe subjectiveim-
pression of color image quality. Rectangles denote representation
of theinput and output of the visuo-cognitive processing; ellipses
denote transformation of the input to the output.

Perceived naturalness of color imagesis assumed to be
the first principal constraint imposed on perceptua image
quality. However, apictureisunlikely to be judged of high
quality if theitems it contains are not distinguishable. We
argue that the high degree of discrimination is the second
principal constraint imposed on perceptua image quality.
Recent studies ! —® have shown small but systematic differ-
ences between perceived naturalness and quality of images
when chroma varies: in general, subjects prefer slightly
more colorful images, despite the fact that they realize that
these images look somewhat unnatural. In line with these
findings, we assume that when people ook at images con-
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taining familiar categories of objects, two primary factors
shapetheir subjectiveimpression of how optimal colorsare
reproduced: colors should be perceived both realistically
(naturalnessconstraint), and distinctly (discriminationcon-
straint). Since the two constraints might conflict with each
other, perceived color quality is suggested to be modeled
as a compromise between them.

At present, the effect of the discrimination constraint
is confined to the impact of colorfulness, and the qual-
ity model is tested for displayed images. The model can
be adopted for other domains (e.g. lightness, hue) and
color devices (photocameras, printers, etc.). In the follow-
ing research, we conducted several experiments in which
subjects estimated perceived naturalness, colorfulness and
quality of natural images. Subsequently, we specify nat-
uralness and col orfulness indices, describing these assess-
ments. The two indices are used to obtain the color quality
index and optimize color reproduction of natural images.

2. Naturalnessindex

2.1. Basic assumptions

Theessential problemin devel opinganaturalnessindex for
CRT displayscanbeformulated asfollows: Giventhemon-
itor's RGB measurements of an image only, how can the
perceived naturalness of thisimage be computed? To solve
the problem, weintroduce here three main assumptionsthat
can be used for computation of a naturalness index.
Assumption 1: Digitized images of natural scenes are
represented as color statistics, i.e. color point distributions,
in some perceptual and approximately uniform color space.
Theconsequenceof thisassumptionisthat a) spatial in-
formation is disregarded; b) RGB values of the displayed
images are transformed into a psychometrical color space,
e.g. theCIELUV color space; and ¢) imagesare considered
as an ensemble of color points in this space, where each
point represents one pixel of a corresponding image. Al-
though the CIELUV space is not an appearance space, the
basic statistical parameters(e.g. mean, spread) of the color
point distribution across the images in the CIELUV color
space correlate positively with apparent colorfulness?,
lightness? and hue! of images of natural scenes.
Assumption 2: Different segmentsinthe CIELUV color
space, particularly in the CIE u'v’ chromaticity diagram,
have different probabilities of being occupied by the color
point distribution of imagesthat are perceivedto benatural.
The validity of this assumption was investigated ® on
the basis of color distribution of 78 imagesfrom two Photo
CDs. It was shown that the distribution is not spread uni-
formly in the CIE u'v’ plane and can be roughly divided
into four regions. achromatic, orange-yellow, yellow-
green, and blue parts of the diagram. The areas have no
distinct bordersand form a sort of triangle with the orange,
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green and blue colors in the corners. For the present, we
dividethe CIE u'v’ diagraminto three crucial sections (see
Figure2), for conveniencereferredtoas‘ skin’, ‘grass’, and
‘sky’ segments, that were determined from a research on
natural ness judgments of these colors®. The segments are
crucial, or privileged, in the sense that they cover areas of
possiblevariationfor thethree most familiar and frequently
reproduced categories of colors. Human faces, grass, and
sky can be found in an absolute majority of images of nat-
ural scenes. However, the names of the segments should
not be understood literally, because colors of other object
categories(e.g. orange, foliage, water) fall withintheir bor-
dersaswell. A consequence of dividingthe CIE UV’ dia
graminto the privileged segmentsisthat the perceived nat-
uralness of any color reproduction can be estimated locally
within these segments.
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Figure2: The‘skin' (circle), ‘grass (square), and ‘sky’ (triangle)
segments for calculation of the naturalness index. Ellipses: the
best-fitting Gaussian o-contour €llipses representing the natural-
ness judgments of these colors.

Assumption 3: Thedifferencesbetween averageand so-
calledprototypical’ saturation valueswithin theprivileged
segments are represented by means of a Gaussian function.

The color statistic of image i containing n;; pixelsina
privileged segment j has a certain average saturation, S;.
A dtatistic of S;; for images that are perceived to be nat-
ural can be represented by a probability density function
with the mean, denoted as 1.5, and the standard deviation,
denoted as ;. The mean, p;, is defined as the expected
value of S;;, and can be understood as some * prototypical’
color, or the most typical saturation value, within a priv-
ileged segment ;. It was shown® that the perceived natur-
alness of areproduced object color can be characterized by
amonotonically decreasing function (e.g. aGaussian dens-
ity function) of the distancein the CIELUV space between
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the apparent color of the object and the prototypical color
of that object category. Similarly, we propose that the nat-
uralnessindex IV;; for an image ¢ within a privileged seg-
ment 5 can bedefined by a Gaussian density function of the
differences between S;; and p; values:

Ny = eap(~0.5(2L 1 y2) (D)
gj
Then the total naturalness index N; for an image i can be
defined as a sum of the naturalness indices per segment
weighted with the number of pixelsn;; withinaprivileged
segment j:
Ny = 22y @
> Mij
Notethat N; variesfrom O (the most unnatural image) to 1
(the most natural image).

2.2. Verification: Experiment 1

Theaim of thisexperimental study wasto examinethe per-
ceived naturalness of 30 images of real-life scenes by mul-
tiplying CIE saturation values of every pixel intheimages
with a scaling factor.

2.2.1. Method

Eight subjects, 4 females and 4 males, with no deficiencies
in color vision took part in the experiment. Their age var-
ied between 20 and 27. They were students at Eindhoven
University of Technology and had little or no knowledge of
color reproduction technology.

Thirty digitized pictures from two Photo CDs were
chosen for theexperiment. Thepicturesrepresented typical
categories of photographs: portraits, landscapes, peoplein
nature, natural objects (flowers, animalsetc.), and artificial
objects (planes, boats, etc.). Theimageswere described by
their color point distributionsin the CIELUV color space.
Thetransformationinto the CIELUV color spacewas made
by using standard formulae”. A new set of imageswas pre-
pared by changing the CIELUV saturation value for each
pixel whilethe CIELUV lightness and hue-anglewere kept
constant. Every picture was manipulated twice. The satur-
ation values of the master (unprocessed) images were mul-
tiplied by two randomly taken scaling factors: thefirst con-
stant ranging from 0.0 to 0.9, and the second constant ran-
gingfrom1.1t0 2.0. Theresulting 60 imagesplus12 of the
30 original images composed atotal set of 72 pictures. The
pictures were displayed by an Image Sequence Processor
ISP500 of a Digital Video System on a high-resolution 50
Hz non-interlaced BARCO col or monitor driven by a SUN-
3/260 workstation.

The experiments were run in a dark room with awhite
dimly lit 2.5 cd/m? background behind the monitor. The

Copyright 1998, IS&T

subjects were seated approximately 1.5 m in front of the
screen. The images were displayed with a flexible timing
until the subjects gave aresponse. During a 5-min period
of adaptation to the room illumination and screen lumin-
ance, the subjects studied instructions and then did atrain-
ing series of 10 stimuli. The observers estimated the nat-
uralness of the displayed images, defined as ‘ the degree of
correspondencewith reality’. The observerswere asked to
make their judgments using an eleven-point numerical cat-
egory scale ranging from O (the lowest degree of perceived
naturalness) to 10 (the highest degree of perceived natural -
ness). All 72 imageswere randomly shown two times dur-
ing the experiment.

2.2.2. Results

Thenaturalnessindex wasderived by fitting the naturalness
judgments with Equation 1 and Equation 2 using a least-
squares fitting procedure. The correlation between the ob-
tained naturalnessindex and natural ness scoresreported by
observersisr = 0.87 (F = 212,p < 0.001) and ex-
plains the major variability in the experimental data. As
can be seen in Figure 3, the naturalness of some imagesis
predicted better than that of others. In general, the predic-
tion deteriorates for images containing objects, whose sat-
uration values might deviate considerably from the proto-
typical mean values without destroying the impression of
naturalness. For example, some building materials, an an-
imal’s hide, and the color of the sun may fall in the ‘skin’
segment, have avery low or high saturation value, and still
appear to be ‘natural’. But considering that even for these
objectsthe predictionisnot extremely bad, and the fact that
we only used a first-order model, the performance of the
naturalness index is quite good.
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Figure 3: Naturalness judgments derived from Experiment 1
ver sus the natural ness index.
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3. Colorfulnessindex

3.1. Basic assumptions

The problem in developing a colorfulness index for CRT
displayscan beformulated asfollows: Given the monitor’s
RGB measurements of an image only, how can perceived
colorfulness of thisimage be computed?

Colorfulness has been defined as the attribute of a
visual sensation according to which the perceived color
of an area appears to be more or less chromatic”. Not
much is known about what determines perceived colorful-
ness of displayed imagesof natural scenes. Recently, some
progress has been made in modeling the relation between
colorfulnessjudgments of displayed images and statistical
parametersof the CIELUV chromadistributions acrossthe
images®. It was proposed that colorfulness depends on
two factors. The first factor is the distance of the image
colors from a neutral gray; this factor might be modeled
as the mean of the distribution of the chroma values of
all individual image colors. The second factor is the dis-
tance between individual image colors; this factor might
be modeled as the spread of the average chroma expressed
in, for instance, the standard deviation of the distribution
of chromavalues. Indeed, experimental data have shown
that direct-scaling and difference-scaling of the perceived
strength of colorfulnessislinearly related in good approx-
imation to the weighted sum of the average chromaand the
standard deviation of the chroma when those parameters
are varied®8,

At present, weignorethelightness differencesbetween
images. In this case, chroma can be replaced by satura-
tion, sincefor the CIELUYV space saturation equals chroma
divided by lightness. We assume that the average satura-
tion S; of image ¢ and its standard deviation o; arelinearly
related with the same weight to colorfulness judgments.
Then, the colorfulnessindex C; is assumed to be defined
by the expression:

C;i=8S;+0; (3)

Note that C; varies from 0 (achromatic image) to C,, 4.
(most colorful image).

3.2. Verification: Experiment 2
3.2.1. Method

Eight subjects estimated the colorfulness of the displayed
images, defined as ‘presence and vividness of colors in
the image'. The observers were asked to make their judg-
ments using an eleven-point numerical category scale ran-
gingfrom O (thelowest degreeof perceived colorfulness) to
10 (the highest degree of perceived colorfulness). Images
and experimental conditions were identical to the ones of
Experiment 1.
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3.2.2. Results

The colorfulness judgments as a function of the colorful-
ness index are shown in Figure 4. Every point repres-
ents averaged scores over 16 trials (2 repetitions x 8 sub-
jects). A linear regression analysis demonstrates that the
correlation between these two variablesis high (r = 0.91,
F =327,p < 0.001).
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Figure 4: Colorfulness judgments derived from Experiment 2
versus the colorfulness index.

4. Color quality index

4.1. Basic assumptions

The problem in developing a color quality index for CRT
displayscan beformulated asfollows. Given the monitor’s
RGB measurements of an image only, how can the per-
ceived quality of thisimage be calculated?

Resultsof previousinvestigations** have shown that
the quality judgments of images of natural scenes can be
modeled as a linear combination of the colorfulness and
natural nessjudgmentsof theseimageswhen saturation var-
ies. Therefore, the color quality index @; for image ¢ may
be calculated as a linear combination of the colorfulness
and naturalnessindices:

Qi = wgN; + (1 —wy)(Ci/Crnaz) 4)

where C; /C,q. isthenormalized colorfulnessindex. The
weighting parameter, w, describes a compromise between
thenaturalness and colorfulnesscongtraints: whenw, = 1,
perceived quality is exclusively determined by perceived
natural ness of the image, when w, = 0, quality is determ-
ined by perceived colorfulnessof theimageonly. Notethat
Q; variesfrom 0 (imageof theworst color quality) to 1 (im-
age of the best color quality).
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4.2. Verification: Experiment 3
4.2.1. Method

Eight subjects estimated the color quality of the displayed
images, defined as ‘ the degree to which you like the repro-
duction of colorsin theimage'. The observerswere asked
to make their judgments using an eleven-point numerical
category scale ranging from O (the lowest degree of per-
ceived quality) to 10 (the highest degree of perceived qual-
ity). Images and experimental conditionswere identical to
the ones of Experiment 1.

4.2.2. Results

The quality judgmentsas afunction of the color quality in-
dex areshownin Figure5. Every point representsaveraged
scores over 16 trials (2 repetitions x 8 subjects). Appar-
ently, the proposed color quality index evaluates the per-
ceived quality of the images in close accordance with the
observer’s assessments (r = 0.90, F = 290,p < 0.001).
Throughtheleast-squaresfit of the quality judgmentsusing
Equation 4 we have found that the weighting parameter w
describes a compromise between the naturalness and col-
orfulness constraints equals0.75.
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Figure 5: Quality judgments derived from Experiment 3 versus
the color quality index.

5. An algorithm for optimizing color quality
of natural images

The proposed quality index is an attempt to develop a per-
ceptual criterionto estimate whether thereproductionisop-
timal. This criterion can further be used to optimize the
quality of this reproduction. Basically, the optimization
should be performed in two stages: 1) computation of the
‘naturalness-index’ of the image under investigation, and
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2) computation of the direction and magnitude for the col-
orfulness enhancement. Below we present an example of
such an algorithm.

Thefirst two steps of the algorithm are the same as for
calculating the naturalness index. The third step is based
on a comparison of the average, .S;;, and prototypical, y;,
saturation values:

kij = g—J ©)
1]

The results of the comparison are weighted per segment:

ijkij

ki — Z Nij Rij (6)
2. nij

wheren,; denotesanumber of pixelswithin the segments.

The ‘naturalness’ constraint is implemented as following:

Si = kiS; M

where S; isthe saturation value of the master image, and S’
isthe new saturation valueafter the processing. Dueto pos-
sible discrepancies between perceived naturalnessand val -
uesof the naturalnessinde, it isnecessary to restrict multi-
plicationswith very small/big constants k; that might cause
prohibitive color artifacts. For this, we propose to use an
additional ‘original’ constraint:

S = w,S! + (1 —w,)S; (8)
where S!" isthe new saturation value, and

1

Ttk ©

wO

A colorfulness enhancement is performed in the final
stage of the algorithm. The enhancement is based on color
transformations that slightly increase colorfulness of pro-
cessed images, for instance by multiplication of theimages
saturation values by constant 1.2 (seeresearch’ for details).

5.1. Verification: Experiment 4
5.1.1. Method

Theproposed algorithmwastested for imagesfromthe TV-
net. The pictures represented typical categories of scenes:
out and in-door footage, advertising, movies, news, sport,
and music clips. New images were prepared by changing
the CIELUV saturation valuesfor each pixel in accordance
with the algorithm of the color quality optimization. The
resulting 20 processed and 20 master images were assessed
in quality twice by 10 observers. The subjects judged per-
ceived quality of thedisplayedimages, using ascalefrom 0
to 10. The quality description and other experimental con-
ditionswere similar to the ones of Experiment 3.
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5.1.2. Results

Resultsof theaveraged quality judgementsare summarized
in Figure 6. The algorithm should optimize images of low
quality and retain unchanged images of high color quality
(solid curve). In general, the differences between quality
estimations of images processed by the algorithm and un-
processed images follow this curve. In 16 of the 20 cases
the subjects gave higher quality scoresto the processed im-

ages.

Quality (proc.) - Quality (orig.)
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Figure 6. Relative quality judgements of images processed by
the color quality optimization algorithm versus absolute quality
judgements of the unprocessed images. The vertical bar indicates
twice the average standard error of the mean.

6. Discussion and conclusions

We present a model for optimal color reproduction of nat-
ural scenesand propose natural ness, colorfulnessand qual -
ity indices that evaluate these perceived attributes in ac-
cordance with observer’s judgments. The naturalness in-
dex can be estimated locally within the ‘skin’, ‘sky’, and
‘grass segments in the CIE u'v’ chromaticity diagram.
The colorfulness index is defined as a sum of the average
saturation value and its standard deviation. The color qual-
ity index can be calculated as a weighted sum of the color-
fulness and natural ness indices.

One of the main consequences of our model is that the
original, i.e. ‘asitwasinnature’, reproductionof area-life
scene might not always be the perceptually optimal one. It
has long been noted that a colorimetrically precise repro-
duction of object colorsis usually not judged as the most
desirable reproduction. The proposed color quality index
is an attempt to develop a perceptual criterion to estimate
whether the reproductionis optimal.
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