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Image Quality Semantics

T. J. W. M. Janssen and F. J. J. Blommaert
IPO, Center for Research on User-System Interaction, PO. Box 513, 5600 MB Eindhoven, The Netherlands

In this contribution we discuss image quality in the context of the visuo-cognitive system as an information-processing system. To this
end, we subdivide the information-processing as performed by the visuo-cognitive system into three distinct processes: (1) the con-
struction of a visual representation of the image, (2) the interpretation of this representation by means of a confrontation with memory,
and (3) task-directed semantic processing of the interpreted scene to formulate a proper response.

A successful completion of these processes can be ensured only when two main requirements are satisfied: (1) the visual represen-
tation of the image should be sufficiently precise, and (2) the degree of correspondence between the visual representation and “knowl-
edge of reality” as stored in memory should be high.

We then relate these requirements to the attributes “usefulness” and “naturalness” of the image and give a functional description of
image quality in terms of naturalness and usefulness. To conclude, experimental results supporting this description of image quality

will be discussed.

Journal of Imaging Science and Technology 41: 555560 (1997)

Introduction

A major part of research activity in the field of image qual-
ity is directed toward the development of reliable, widely
applicable, instrumental image quality measures. There
are two important reasons for developing instrumental
measures: (1) quality evaluation by means of subjective
assessment tests is quite expensive and time consuming,
and (2) a posteriori assessing of the image quality of a
given design does not allow for an a priori optimization of
this design, thus condemning the design of image (re-)pro-
duction systems to remain an iterative procedure.

At present, much of the research concerning instrumen-
tal image quality measures is based on an approach that
can be characterized as a “signal evaluation” approach. In
this approach, the image is regarded as a complex signal
that deviates more or less from the complex signal that
represents the “ideal” or “original” image. Images are de-
fined in the physical or perceptual domain—in the latter
case using models of the earliest stages of visual percep-
tion—and quality measures are defined as distances in
an appropriate function space, e.g., Euclidian distance
between actual and original image.

In contrast to this approach, 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
information. Realizing that this information processing is
an essential part of an observer’s interaction with his envi-
ronment, we characterize the quality of an image in a more
meaningful manner as the degree to which the image can
be successfully exploited by the observer. We therefore con-
sider the visuo-cognitive system (1) as an information-pro-
cessing system'™, and (2) as an integral part of an observer’s
interaction with his environment.”®
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Quality and Information Processing

Understanding Information-Processing Systems.
We adopt the general viewpoint in computational cogni-
tion®!° that (1) the visuo-cognitive system can be consid-
ered to be an information-processing system, and (2)
information-processing systems can be completely under-
stood only when they are understood at three distinct
levels. These levels are (1) the semantic level, i.e., the
level describing the system in terms of computational
goals and strategies, (2) the algorithmic level, i.e., the
level describing the implementation of the computational
theory into algorithms and associated representations,
and (3) the level of physical implementation, i.e., the level
describing the physical implementation of these algo-
rithms and representations.

As stated above, any information-processing system can
be completely understood only when it can be appropri-
ately described at all three levels, which for reasons of sim-
plicity may be designated as the levels of “what and why,”
“how,” and “where.” The approach we choose to pursue here
is strictly top-down, i.e., we first try to gain a fundamen-
tal understanding of the “what and why” of the process-
ing of images by the visuo-cognitive system to arrive at an
understanding of what image quality is, and then proceed
with the “how” and “where.” Our present purposes there-
fore are served best with a description of visuo-cognitive
information-processing at the semantic level.

Quality of Information. At a semantic level, the in-
teraction of an observer with his environment can be de-
scribed by a cycle consisting of three activities: (1)
perception, i.e., acquiring information from the environ-
ment and constructing an internal representation from it,
(2) cognition, i.e., interpreting the obtained internal rep-
resentation, and (3) action, i.e., responding appropriately
to this interpretation.

At this point, we may already infer that to ensure a
proper response to occurrences in the outside world, cer-
tain requirements must be imposed upon the information
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Figure 1. A diagrammatical depiction of visuo-cognitive process-
ing of images. In this diagram, ellipses denote representations of
information, and rectangles denote processes transforming one
representation into another. Note that we consider the “response”
to be a formulated sequence of actions, not its manifestation in
terms of motoric events.

that is acquired from the environment. When the quality
of information is considered to be the degree to which these
requirements are satisfied, we arrive at two important con-
clusions: (1) the quality of information can be defined only
within the context of an observer interacting with his en-
vironment, and (2) the quality of information refers to the
appropriateness of this information as a basis for a proper
response to outside world occurrences.

Quality of Images. Realizing that images are the me-
dium for visual information, we now focus our attention
on the question of what requirements should be imposed
upon an image. At first thought, the requirements that a
“good” image should satisfy would seem to be precision
and reliability. The above outlined ideas, however, lead to
a somewhat more complicated requirement: for an image
to be of “good” quality, the observer’s interpretation of this
image should be successful, i.e., should with high prob-
ability be correct. The imposition of this requirement is
justified by realizing that it is of vital importance that there
is no discrepancy between “what really is there” and what
the observer assumes is there. The next section will focus
on the question of how this optimally can be secured.

Image Quality Semantics

Image Processing by the Visuo-Cognitive System.
‘We subdivide the processing of images by the visuo-cogni-
tive system in three distinct processes (see, e.g., Refs. 1
and 2): (1) perception, i.e., the construction of a visual rep-
resentation of the image using primarily low-level knowl-
edge of the visual world, (2) interpretation, i.e., the
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confrontation (“matching”) of this visual representation
with memory representations, and (3) task-directed se-
mantic processing of the interpreted scene to formulate a
response. A diagrammatical depiction of the processing of
images by the visuo-cognitive system is shown in Fig. 1.
The collection of memory representations of the outside
world, which from this point onward we refer to as “knowl-
edge of reality,” we regard as well defined but nevertheless
fuzzy. As an example of this, consider that although observ-
ers “know” what the prototypical characteristics of a cer-
tain object are, they usually are unable to define a clear
distinction between prototypical and nonprototypical object
characteristics. Knowledge of reality therefore may be
thought of as accumulated knowledge of (the behavior of)
outside world statistics. Instead of referring to a match be-
tween the visual representation and a memory representa-
tion, henceforth we more appropriately refer to a match
between the visual representation and knowledge of reality.

Naturalness, Usefulness, and Quality. Given the
visuo-cognitive processes outlined above, we now ask how
a successful interpretation of an image best can be secured.
Returning to Fig. 1, we readily may conclude that for a
successful interpretation of an image, the interpretation
process should result in a satisfactory match between the
visual representation and knowledge of reality. We there-
fore quite directly arrive at two principal requirements
that an image of “good” quality should satisfy: (1) the vi-
sual representation of the image should be sufficiently pre-
cise, and (2) the degree of correspondence between the
visual representation and knowledge of reality as stored
in memory should be high. )

‘We now are able to formalize the preceding discussion
by defining (1) the usefulness of an image to be the preci-
sion of the visual representation of the image, and (2) the
naturalness of an image to be the degree of correspondence
between the visual representation of the image and knowl-
edge of reality as stored in memory. Using these defini-
tions, we define the quality of an image to be the degree to
which the image is both useful and natural.

The sets of requirements that one needs to impose on
an image to maximize its usefulness or its naturalness in
general will not coincide; e.g., detection or discrimination
of objects in an image may require “exaggeration” of cer-
tain features of this image, resulting in a less natural re-
production of the image. Therefore, given the above
definition of image quality, we postulate that the quality
of an image will be given by a compromise resulting from
simultaneously evaluating to what degree the image sat-
isfies the sets of requirements that lead to maximizing
the usefulness or the naturalness of the image.

Experiments

Experiment 1: Influences of Naturalness and Use-
fulness on Image Quality. Aim. To test the semantic de-
scription of image quality as given above, we performed an
experiment allowing us to measure the influences of natu-
ralness and usefulness on image quality. To this end, we
selected two kinds of manipulation, i.e., varying the color
temperature of the reference white and varying chroma,!

* Defined as “the temperature of a Planckian radiator whose radiation has
the same chromaticity as that of a given stimulus.” Unit: kelvin (K).

t Defined as “the colorfulness of an area judged as a proportion of the bright-
ness of a similarly illuminated area that appears to be white or highly trans-
mitting” In the experiments C',,, a correlate of chroma in the CIELUV color
space, was scaled.
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Figure 2. Colorfulness judgments (averaged over subjects and
scenes) for the conditions chroma (diamonds) and color tempera-
ture of the reference white (triangles). The error bar denotes a
distance of two average standard errors in the mean. The num-
bers 1-7 on the horizontal axis denote, for chroma, scaling by,
respectively, 0.50, 0.63, 0.79, 1.00, 1.26, 1.59, and 2.00, and for
the reference white a color temperature of, respectively, 4650K,
5150K, 5800K, 6500K, 7400K, 8650K, and 10,300 K.

which we expected to affect naturalness and usefulness in
distinctly different ways. The first manipulation was ex-
pected to influence only the naturalness of the image,
whereas the second manipulation was expected to influ-
ence both the naturalness and the usefulness of the image.

Description. The experiment, similar to experiments
described in Refs 12, 13, and 14, was performed using four
color images of natural scenes taken from a Kodak Photo
CD test disk. The color temperature of the reference white
was varied between 4650 K and 10,300 K, 6500 K being
the original, in seven steps of perceptually equal size, and
chroma was scaled by a constant ranging from 0.5 to 2.0
in seven steps.

Seven subjects participated in the experiment. In three
separate sessions they were shown on a CRT the complete
set of images, in random order, with three replications. In
the first session, the subjects’ task was to judge the qual-
ity® of the images, in the second session to judge the color-
fulness® of the images, and in the third session to judge
the naturalness? of the images. Subjects were instructed
to use an 11-point numerical scale ranging from 0 (“bad”
or “weak”) to 10 (“excellent” or “strong”).

Results. Figure 2 shows colorfulness judgments (aver-
aged over subjects and scenes) versus chroma (diamonds)
and color temperature of the reference white (triangles).
The effect of scaling chroma on judged colorfulness is
clearly visible. Less clear, although still significant, is the
influence of color temperature of the reference white on
judged colorfulness; images are judged less colorful for
higher temperatures of the reference white.

Figure 3 shows quality judgments (diamonds) and natu-
ralness judgments (triangles) versus colorfulness judg-

} Defined as “the degree to which you like the colors in the image.”

§ Defined as “the presence and vividness of the colors in the image.”

1 Defined as “the degree to which the colors in the image seem realistic to you.”
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Figure 3. Quality judgments (diamonds) and naturalness judg-
ments (triangles) versus colorfulness judgments (all averaged over
subjects and scenes) for the conditions chroma (solid lines) and
color temperature of the reference white (dashed curves). The
error cross denotes a distance of two average standard errors in
the mean, and the arrows denote the images with lowest chroma
and the lowest color temperature of the reference white.
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Figure 4. Quality judgments (averaged over subjects and scenes)
versus naturalness judgments (also averaged) for the conditions
chroma (diamonds) and color temperature of the reference white
(triangles). The error cross denotes a distance of two average stan-
dard errors in the mean, and the arrows denote the images with
lowest chroma and the lowest color temperature of the reference
white.

ments, all averaged over subjects and scenes, for the con-
ditions chroma (solid curves) and color temperature of
the reference white (dashed curves). The figure shows
that, as expected, quality correlates well with natural-
ness, although for the condition chroma the curve for
quality is shifted with respect to the curve for natural-
ness toward higher values of colorfulness (and hence to-
ward higher values of chroma). Note that a similar shift
does not occur for the condition color temperature of the
reference white. This seems to dismiss the possibility of
a straightforward “preference” for images with higher
colorfulness.

Quality judgments versus naturalness judgments, de-
picted in Fig. 4, again show that the quality—naturalness
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curve for the condition chroma deviates significantly from
a linear relation. The curve has a U shape resulting from
the abovementioned shift between quality judgments and
naturalness judgments.

Interpretation. The first-order effect, i.e., the high cor-
relation (» = 0.93) between naturalness judgments and
quality judgments for both conditions, can readily be in-
terpreted in terms of the outlined semantic theory of im-
age quality. To interpret the second-order effect, i.e., the
shift between naturalness judgments and quality judg-
ments for the condition chroma, we adopt the CIELUV
color space (recommended in 1979 by the Commission
Internationale de I’ Eclairage) as an appropriate, percep-
tually uniform color space.

In CIELUYV, the image can be thought of as a “cloud of
dots,” each dot corresponding to one pixel in the image.
Scaling chroma can be described as a radial contraction
or expansion of the cloud of dots toward or away from the
reference white, while changing the color temperature of
the reference white can be described by a displacement of
the entire cloud along the yellow—blue direction. The rel-
evant difference between the two manipulations follows
quite directly from their descriptions in CIELUV: chang-
ing chroma results in increased or decreased distances in
color space between any pair of dots of which the mem-
bers do not represent exactly the same color, while chang-
ing the color temperature of the reference white has no
effect on these distances.

Contrary to manipulations that preserve distances in
color space, manipulations that do affect distances in color
space also will affect the precision with which the image
can be represented internally (since at a presumed, con-
stant level of internal noise, affecting distances in a per-
ceptually uniform space is equivalent to affecting an
internal “signal-to-noise ratio”), and hence the usefulness
of the image. The above discussion therefore can be con-
cluded as follows: manipulations that do not affect the use-
fulness of an image, e.g., changing the color temperature
of the reference white, will have approximately identical
parameter settings for optimizing the naturalness and the
quality of the image. Manipulations that do affect the use-
fulness of an image, e.g., changing chroma, will have dif-
ferent parameter settings for optimizing the naturalness
or the quality of an image. In the latter situation, the pa-
rameter settings optimizing quality will tend to deviate
with respect to those optimizing naturalness toward val-
ues that increase the usefulness of the image.

Experiment 2: Image Quality Regarded as a Com-
promise Between Naturalness and Usefulness. Aim.
To test the description of image quality in terms of a com-
promise between naturalness and usefulness, we devised
an experiment in which we manipulated the brightness
contrast of black-and-white images of natural scenes. As-
suming that (1) usefulness is linearly related to perceived
brightness contrast and (2) the compromise can be ad-
equately described by a linear combination of naturalness
and usefulness, we may write image quality (@) in terms
of naturalness (N) and brightness contrast (C) as

Q=MN+1,C+hy

and fit the vector A to subjects’ judgmenfs of quality, natu-
ralness, and contrast as obtained in the experiment.

¢y

Description. The experiment was performed using four
black-and-white images of natural scenes, obtained by
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Figure 5. Contrast judgments (averaged over subjects and scenes)
versus the parameter v. The error bar denotes a distance of two
average standard errors in the mean.

transforming images from a Kodak Photo CD test disk to
the CIELUV color space and setting u* and v* at zero. We
then applied the global, pixel-wise transformation

* * 14
L -L; * * *
(L*_—T?LJ (Lave - me) + Ly
L* = av i

min

(%](L L)L (Eaw <L S L)
max ave
2

(where L* represents the original lightness value of a pixel,
L* its new value, and the subscripts “min,” “max,” and
“ave” indicate the minimum, maximum and average light-
ness values of the original image) on the image using for y
the values 0.25, 0.35, 0.50, 0.71, 1.00, 1.41, 2.00, 2.82, and
4.00. Applying this transformation will, for y < 1, decrease
and, for y > 1, increase the brightness contrast of the im-
age. The minimum and maximum lightness of the image
are not affected, while in general the average lightness
will remain at approximately the same lightness value.

Eight subjects participated in the experiment. In three
separate sessions they were shown on a CRT the complete
set of images, in random order, with three replications. In
the first session, the subjects’ task was to judge the qual-
ity!! of the image, in the second to judge the brightness
contrast” of the images, and in the third session to judge
the naturalness™ of the images. Subjects were instructed
to use an 11-point numerical scale ranging from 0 (“bad”
or “low”) to 10 (“excellent” or “high”).

Results. Contrast judgments (averaged over subjects
and scenes) versus the parameter y are shown in Fig. 5.
The figure shows that, as expected, contrast increases
for increasing values of v. Figure 6 shows quality judg-
ments (diamonds, averaged over subjects and scenes) and
naturalness judgments (triangles, also averaged) versus

!I' Defined as “the degree to which you like the image.”

# Defined as “apparent light-density differences’”

** Defined as “the degree to which the image seems realistic to you.”
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Figure 6. Quality judgments (diamonds) and naturalness judg-
ments (triangles) versus contrast judgments (all averaged over
subjects and scenes). The error cross denotes a distance of two
average standard errors in the mean, and the arrow denotes the
image with lowest y.
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Figure 7. Quality judgments (averaged over subjects and scenes)
versus naturalness judgments (also averaged). The error cross
denotes a distance of two average standard errors in the mean,
and the arrow denotes the image with lowest y.

contrast judgments (also averaged). The curve for qual-
ity is shifted with respect to the curve for naturalness
toward higher values of contrast, a result similar to the
results for the condition chroma in experiment 1. To con-
clude, Fig. 7 shows quality judgments versus natural-
ness judgments. The U shape already found in experiment
1is clearly visible.

Interpretation. We again find a high (r = 0.95) correla-
tion between naturalness judgments and quality judg-
ments, confirming that naturalness is a principal factor
constituting image quality. The shift of the curve for qual-
ity with respect to the curve for naturalness toward higher
values of contrast can readily be interpreted when realiz-
ing that higher contrast allows for more accurate detec-
tion and localization of edges in the image, and thus for a
more precise internal representation of the image.

The least-squares fit of our model to the quality judg-
ments obtained in the experiment is given by

Image Quality Semantics
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Figure 8. Quality judgments (diamonds) and naturalness judg-
ments (triangles) versus contrast judgments (all averaged over
subjects and scenes). The figure also shows the model fit (squares).
The error cross denotes a distance of two average standard er-
rors in the mean, and the arrow denotes the image with lowest y.

R=MN+LC+A,,
4 =1(0.90, 0.25, -1.08).

3

Figure 8 shows this fit (squares), together with the qual-
ity (diamonds) and naturalness (triangles) judgments. The
correlation between the fit and the quality judgments is
very high (r = 0.99). Considering (1) the primitive nature
of the model and (2) the strong nonlinearity of the correla-
tion coefficient as a measure for goodness-of-fit (i.e., good-
ness-of-fit increases strongly for r approaching one), we
may conclude that our description of image quality in terms
of a compromise between naturalness and usefulness fits
the data very well.

Concluding Remarks

In pursuing a top-down, analytical approach, we have
achieved a fundamental interpretation of the processes
that play a role in the estimation of the attribute “qual-
ity” of an image. We have argued that image quality is, to
the observer, a useful attribute of an image, expressing
how well the observer is able to employ the image as a
source of information about the outside world—a view of
image quality that is strikingly different from the “per-
ceived distance to the original” philosophy often employed
in image quality research.

The results of the experiments discussed in the previ-
ous sections support the concept developed here that the
quality of an image can be described in terms of a compro-
mise between the naturalness and the usefulness of that
image. A logical next step from this point would be to more
thoroughly specify the naturalness and usefulness require-
ments imposed on an image, e.g., by means of formulating
algorithms. Implementations of such algorithms will en-
able (1) the development of instrumental measures for the
prediction of image quality; and (2) estimation of param-
eter settings optimizing the quality of images.

At this point, two generalizations of the ideas discussed
here may be interesting to note. First, our description of
quality is essentially formulated independently of modal-
ity, suggesting the possibility of (1) simply applying the same
ideas to, for example, the fields of sound or speech quality
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and (2) of generalizing the current description of image
quality to a multimodal semantic description of perceived
quality of information presentation. It is highly likely that
such a description will prove valuable in the design and
evaluation of applications in which a multimodal presen-
tation of information plays a central role.

Second, in our description of image quality we have con-
centrated on the requirements imposed on the informa-
tion acquired from the environment. However,
requirements ensuring a proper interaction between ob-
server and environment should necessarily include re-
quirements that ensure the ability to adequately respond
to the environment. These requirements then, in general,
may be imposed on the means the observer is employing
to control his environment. Such an approach is likely to
result in a general theory of the quality of man-machine
interaction. /A
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