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Abstract

Using an “information-processing” approachwe givea
semantic description of image quality. Experimental evid-
encefor thisdescription, which allows one to meaningfully
characterize the quality of an image as the degreeto which
the image can be successfully exploited by the observer,
will be discussed.

1. Introduction

At present, research concerning objective image qual-
ity metrics is mostly based upon an approach which can
be characterized as a “signal evaluation” approach. In
this approach, the image is regarded as a complex signal
which deviates to a certain extent from the complex sig-
nal that represents the “ideal” or “origina” image. Im-
ages are defined in the physical or perceptual domain—in
the latter case using models of the earliest stages of visual
perception—and quality measures are defined as distances
in an appropriate function space, e.g., Euclidian distance
between actual and original image.

In contrast, we regard the processing of images by the
visuo-cognitive system not as the evaluation of complex
signals but instead as the processing of visual informa-
tion. This"information-processing” approach enablesusto
characterize the quality of an image in a more meaningful
manner as the degree to which the image can be success-
fully exploited by the observer.

2. Subject of research

The subject of research is the quality of images of natural
scenes as perceived by observers. Specifically, we want to
understand the fundamental processes that underly image
quality. Our aimisto usethisknowledgein order to arrive
at a computational theory for image quality. Algorithms
based on thistheory will enable usto evaluate and optimize
the quality of reproduced images.

3. Approach

We adopt the general viewpoint in computational
cognition' that, first, the visuo-cognitive system can
be considered to be an information-processing system
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and, second, information-processing systems can only
be completely understood when they are understood
a three digtinct levels. These levels are the semantic
level, which is the level describing the system in terms
of computational goals and strategies, the algorithmic
level, which is the level describing the implementation of
the computational theory into algorithms and associated
representations, and the level of physical implementation,
which is the level describing the physical implementation
of these algorithms and representations.

In this research we use the above mentioned structure
in a strict top—down approach in which we first try to for-
mulate atheory of image quality at the semanticlevel. Ina
second stage, we will implement this semantic theory into
algorithms for the evaluation and optimization of image
quality. Theseimplementationswill allow usto thoroughly
test the semantic theory in experiments.

4. Theory

Animportant ingredient of thetheory of image quality out-
lined here is the notion that visual processing serves the
higher goal of a proper interaction between an observer
and his environment. In the interaction between observer
and environment three main processes can be distinguished
(figure1): perception, the acquirement of informationfrom
the outside world and the construction of an internal rep-
resentation from it, cognition, the interpretation of thisin-
ternal representation, and action, an appropriate response
according to this interpretation. It quite directly follows
from this description that in order to ensure a proper re-
sponse to outside world occurrences, the observer’s inter-
pretation of what is “there” in the outside world should
under no circumstance conflict with what really is there.
Within this context, we characterize the quality of an im-
age as the degree to which this image can be successfully
exploited by an observer.

Looking more closely at the visua processing of im-
ages (figure 2) one quite directly arrives at the conclusion
that an image of “good” quality should alow for a proper
interpretation of the scene represented in it, and should
therefore satisfy two main criteria: first, the visual repres-
entation of the image should be precise and, second, the
visua representation of the image should correspond to
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Figure 1: The interaction between an observer and his environ-
ment consists of acquiring information fromthe outside world and
constructing an internal representation from it (perception), in-
terpreting the obtained internal representation (cognition), and
responding appropriately according to this interpretation (ac-
tion). A proper interaction between observer and environment re-
quires that the observer’'s interpretation of what is* there” in the
outside world should under no circumstance conflict with what
really isthere.
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Figure 2: Visuo-cognitive processing of images. Ellipses denote
representation of information, and rectangles denote processes
transforming one representation into another. Ensuring a proper
interpretation of scene content imposes two requirements upon
the image: its visual representation should be precise, and its
visual representation should correspond to “ knowledge of real-
ity” asstored in memory.
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knowledge of reality as stored in memory. These require-
ments can be related to the attributes “ usefulness” (i.e., the
internal signal—to—noise ratio) and “naturalness’ (i.e., the
degree of correspondence to knowledge of reality) of the
visual representation of the image.

In general, the sets of requirements maximizing either
usefulness or naturalness will not coincide. Detection or
discrimination of objects or details in an image, for ex-
ample, may require enhancement of certain featuresin this
image, which would then be reproduced in a somewhat un-
natural way. The quality of animagewill hence be determ-
ined by the degree to which both sets of requirements are
satisfied simultaneously. Based on thisobservation, we de-
scribeimagequality intermsof acompromisebetween par-
tially conflicting demands maximizing either usefulness or
natural ness.

5. Applicationsin the colour domain

Results of preliminary research involving global colour
manipulations of natural scenes’® have shown that the per-
ceived quality of animage correlateswell with the natural-
ness of that image. Nevertheless, small but systematic de-
viationsbetween optimal parameter settingsfor naturalness
and quality were found. Specifically, subjects’ judgments
of image quality peaked at dlightly higher values of average
chromathan judgments of image natural ness.

Recently, aseries of experimentswas performed to test
the above definition of image quality in terms of a com-
promise between partially conflicting demands maximiz-
ing either usefulnessor naturalness®. Tothisend, two kinds
of global colour transformations were selected to increase
or decrease the colourfulness of images of natural scenes.
Thesemanipulations, i.e., scaling chroma(C', ) by afactor
ranging from 0.5 to 2.0 and varying the col our temperature
(T.) of thereferencewhitefrom 4650K to 10300K in seven
steps of perceptually equal size, were expected to affect the
naturalness and the usefulness of the images in distinctly
different ways. Specifically, scaling chroma was expected
toinfluenceboth natural nessand useful ness, whereaschan-
ging the colour temperature of the reference white was ex-
pected to influence only the naturalness of the images.

In separate sessions subjects were asked to judge the
quality*, colourfulness’ or naturalness’ of the manipulated
imageson an eleven-point numerical scale(i.e., 0-10). The
results, after z-correction and averaging over three repeti-
tions, seven subjectsand four scenes, areshowninfigures3
and 4. These results show that subjects’ judgments of im-
age quality are shifted with respect to subjects’ judgments
of image natural ness towards higher values of judged col-

“The degree to which you like the colours in the image.”
“The presence and vividness of the colours in the image.”
“The degree to which the colours in the image seem redlistic to you.”
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Figure 3: Quality judgments (plusses) and naturalness judg-
ments (circles) versus colourfulness judgments for the conditions
chroma (solid lines) and colour temperature of the reference
white (dashed lines). The arrows denote theimages with smallest
chroma multiplier and lowest colour temperature of the reference
white, and the error cross denotes twice the standard error of the
mean.

ourfulness only for the condition chroma. A similar shift
does not occur for the condition colour temperature of the
reference white.

The shift between quality judgments and naturalness
judgments for the condition chroma can be explained by
viewing the image as a cloud of dots in the CIELUV col-
our space. In CIELUV, changing chroma can be thought
of asaradia expansion or contraction of this cloud of dots
away from or towards the reference white, while chan-
ging the colour temperature of the reference white can be
thought of as a displacement of the entire cloud along the
yellow-bluedirection. Hence, changing chromawill influ-
encedistancesbetween thedotsin the cloud, whereaschan-
ging the col our temperatureof thereferencewhitedoesnot.
Since changing distances between points in a perceptu-
ally uniform space is—at a presumed, constant level of in-
ternal noise—equivalent to changing a perceptual “ signal—
to—noise” ratio, only the first manipulation will influence
the usefulness of the image. The resulting variation in
usefulness manifestsitself as a shift between quality judg-
ments and naturalness judgments, which would otherwise
have coincided.

In an analogous series of experiments, results resem-
bling those for the condition chromawere found when the
brightness contrast of monochromatic images of natura
scenes was varied by means of applying a sigmoid-shaped
transformation to lightness (L*; figure 5). Here, too, the
applied transformation is influencing both the naturalness
and the usefulness of the resulting images.
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Figure4: Quality judgments ver sus naturalness judgmentsfor the
conditions chroma (plusses) and colour temperature of the ref-
erence white (circles). For the first condition a U-formed shape
results from the shift between quality judgments and naturalness
judgments. The arrows dencte the images with smallest chroma
multiplier and lowest colour temperature of the reference white,
and the error cross denotes twice the standard error of the mean.
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Figure5: Quality judgments (plusses) and natural ness judgments
(circles) versus contrast judgments. The arrow denotes the im-
age with smallest steepness of the inflexion point of the sigmoid-
shaped transformation, which varied from 0.5 to 2.0. The error
cross denotes twice the standard error of the mean.
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6. Naturalness of colour reproduction

A successful definition of the naturalness of object col-
ours has been given in terms of “closeness to memory
prototypes’. Using this definition, the naturalness of the
reproduction of an object colour can be described by a
monotonically decreasing function (e.g., aGaussian) of the
distance in CIELUV colour space between the perceived
object colour and the prototypical object colour stored in
memory.

Within the theoretical concept aready presented, the
prototypical object colour can be viewed as a probability-
density function of how the object’s colour appeared to the
observer in the past. Hence, the naturalness of an object
colour as reproduced in an image can be described as the
probability of the object colour appearing asit doesin the
image. Since the appearances of the object colour in the
past and of the object colour in the image are subject to
random fluctuations in, e.g., object reflectance properties,
light source properties, and noise in the visual pathway,
a Gaussian relation between naturalness of object colour
and locationin CIELUV colour spaceis expected for most
object colours. Nevertheless, deviations from this general
shape can be expected for objects showing arange of col-
ours (e.g., rock) and objects showing multiple “discrete’
colours (e.g., peppers).

7. Colourfulness

A question which we try to answer, and which is related
to the above mentioned research, is whether the attribute
colourfulness of an imageis a scene-independent attribute,
i.e., adtatistic of the image which is judged independently
from (cognitive) scene content, or arelative attribute, i.e.,
adtatistic of theimage which is judged relative to the stat-
istic of the memory prototype of the displayed scene. To
this end, two series of pairwise-comparison experiments
have been conducted in which eight subjects were asked to
judge the colourfulness difference, on a five-point numer-
ical scale(i.e., -2—2), between twelveoriginal, unprocessed
scenes (first experiment) and between spatialy scrambled
versions of those scenes (second experiment) in which al
coghitive scene content is eliminated but colour statistics
are preserved®. A third experiment aimed at identifying
the memory prototype of the scenes represented in thefirst
experiment by means of scaling chroma and asking sub-
jects to judge the naturalness of the manipulated images
on an eleven-point numerical scale. From subjects’ natur-
alness judgments, chroma multipliers maximizing natural -
ness were obtained by means of interpolating the data and
determining the chromamultipliers for which the interpol-
ation was maximal.

Difscal analysis® of subjects’ judgmentsin thefirst two
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Figure 6: Colourfulness judgments of the original scenes versus
colourfulness judgments of the scrambled versions. Correlation
r = 0.93. Theerror cross denotes twice the standard error of the
mean.

experiments showed that, first, subjects’ judgments of col-
ourfulness for the original, unscrambled images correlate
highly (r = 0.93) with subjects’ judgments of colourful-
ness for the scrambled images (see figure 6) and, second,
subjects’ judgments of colourfulness judgments correlate
well (r = 0.89) with a root—-mean—square measure of sat-
uration (s..; figure 7). Thesefindings seemto indicatethat
colourfulnessisjudged primarily independent of cognitive
scene content.

The above conclusion is confirmed by the results from
the third experiment, where a negligibly small correlation
(r = 0.26) between chroma multipliers maximizing nat-
uralness and subjects judgments of colourfulness for the
original, unscrambled imageswas found. Accordingto the
hypothesis of colourfulnessbeing a“relative” attribute, an
image should be judged as colourful when chroma values
of its prototype are small compared with chroma values of
theimagewhichisbeing judged. Hence, the chromamulti-
plier which maximizesthe naturalness of that imageis ex-
pected to be relatively small. In general, therefore, a sig-
nificant negative correlation between chroma multipliers
maximizing naturalnessand subjects’ judgmentsof colour-
fulness would then have been expected.

8. Concluding remarks

We havearguedthat image quality is, tothe observer, ause-
ful attribute of an image; an attribute which expresses how
well the observer is able to employ the image as a source
of information about the outside world. This view of im-
age quality is strikingly different from the “ perceived dis-
tanceto the original” —phil osophy often employedin image
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Figure 7: Colourfulness judgments of the original scenes versus
the root—mean—square of saturation (s...,). Correlation» = 0.89.
Theerror bar denotes twice the standard error of the mean.

quality research.

The results of the experiments we discussed, support
the concept that the quality of an image can be described
in terms of a compromise between the naturalness and the
usefulnessof that image. Thenext stepto proceed fromthis
point onwards is to more thoroughly specify the natural-
ness and useful ness requirements imposed upon an image,
e.g., by meansof formulating a gorithms. |mplementations
of such agorithms will enable the development of instru-
mental measuresfor the prediction of imagequality andthe
estimation of parameter settingswhich optimizethe quality
of images.
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