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Abstract

The Image Quality Circle, introduced by P. Engeldrum [1,2],
is a useful framework for modeling image quality of TV-systems.
Line-up experiments with high-end 2D TVs show that for naive
viewers the most important attributes in the assessment of overall
image quality are brightness, contrast, color rendering and
sharpness. When evaluating 3D TV-systems, however, recent
research showed that the added value of displaying stereoscopic
depth is hardly accounted for in the assessment of image quality.
Hence, the Image Quality Circle model needs expansion to cover
the full visual experience of 3D-TV. Alternative concepts, such as
naturalness and viewing experience, are evaluated on their ability
to include both image quality and perceived depth.

Introduction

The Image Quality Circle [1,2], first introduced by P.
Engeldrum to conceptually describe image quality for printed
image material, is meanwhile a commonly accepted framework to
model the relation between technological variables of an imaging
system and its resulting image quality. As such, it is also
applicable to the description of quality in display systems,
including quality related to the display characteristics as well as to
the characteristics of the incoming signal.

The Image Quality Circle tries to bypass the problem of
determining the relation between the technological variables of a
display system and the resulting image quality rating as an endless
workflow of changing the variables, making samples and
collecting judgments; even more, since knowing the optimal
settings of the variables for one imaging system has (almost) no
predictive value for the optimization of another imaging system.
The model approaches the prediction of image quality for a given
set of technological variables as a three-steps process: (1) the
overall image quality rating is an often unconsciously weighted
sum of image quality attributes, (2) these attributes are determined
by the physical characteristics of the light output, and (3) the light
output is related to the technological variables of the imaging
system (for those who are not familiar with the model, see the first
part of figure 6, which is copied from [1,2]). Although this model
is conceptually very clear and simple, it is far from trivial in its
application. Indeed, the issue of predicting image quality is now
translated into two issues: (1) defining the image quality attributes,
and how they are weighted in the overall assessment, and (2)
determining how each attribute is linked to the physical light
output coming from the display screen. In next chapter on 2D
quality some first results on the relative importance of attributes
are presented.

Recent developments in TV-systems try to go beyond
optimizing the reproduction quality of the video material. They
rather attempt to enrich the total visual experience. Ambilight TV
and 3D-TV are two examples in this direction. In an Ambilight TV
(see figure 1), LEDs are mounted around the TV panel,
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illuminating the wall surrounding the TV. The induced extension
of the field of view enhances the feeling of being involved in the
displayed video material and creates an atmosphere in the room. In
a 3D-TV (see figure 2), the total visual experience is enriched by
displaying stereoscopic depth, such that part of the video content
lies behind or in front of the display screen. First experiments have
indicated that the total visual experience with these enriched TV
systems is not fully captured with the concept of image quality.
Hence, to be able to predict the performance of these systems in
terms of their technological variables, the Image Quality Circle
model needs expansion. For a 3D-TV, this observation is further
discussed in the chapter on 3D quality.

Figure 2: Picture illustrating the concept of a 3D-TV

2D Quality

For the Image Quality Circle, the relation between the overall
quality rating and the underlying attributes is needed. This relation
is far from trivial, since it is expected to depend on image content,
application context, ambient environment, etc. The relative
importance of brightness and color saturation, for example, might
be different for a computer monitor display (mainly showing data
and text) than for a television display (mainly showing video).
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This balance might also be different for a television display,
viewed in a relatively dark environment, than for a mobile display,
viewed in a sun-lit environment.

In a first attempt to model the relation between image quality
and the underlying attributes, we focus on the assessment of high-
end TVs, which implies that we neglect the occurrence of artifacts,
and hence also their effect on image quality. Line-up experiments
are used to find out what the most important quality attributes are
for relatively naive viewers [3]. In these experiments four
television sets are put on a line (as shown in figure 3) and all
display the same image material. The four television sets are
hidden behind black boards, such that only the screen area is
visible, while the design of the set is covered. The video content
displayed on the sets is changed over experimental session. In
total, 12 SD and 5 HD video sequences are used. Each sequence is
assessed on the four displays by on average 50 participants. They
are requested to rank the four displays in order of overall
preference, and to explain in their own words why they prefer one
set above the other. Assuming that the preference ranking reflects
image quality, the comments given by the participants indicate the
most relevant image quality attributes for naive viewers assessing
high-end television sets.

Figure 3: Picture bf the experimental set-up of a television line-up

For one of the line-up experiments (experiment 1, described
in more detail in [3]) the comments of the participants are
categorized along attributes by the test leaders. The results per
video sequence are given in table 1 for the most important
attributes. It should be noted that some participants motivate their
choice with more than one comment, belonging to different
attributes. That explains why the sum of the cells of a row in table
1 differs from 100%. The main conclusion from table 1 is not
surprising: for naive viewers assessing high-end television sets
color rendering in general is the most important attribute, closely
followed by brightness, contrast and sharpness. Table 1 also
clearly shows that the relative importance of the attributes depends
on the image content. For the scene “Ninjas”, which is a dark
grayish night scene, the attributes brightness and contrast are more
important than color rendering. For the scenes “Windmill” and
“Eagle”, which are highly detailed with mainly natural (hence
rather unsaturated) colors, sharpness is the most important
attribute.
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Of course, these line-up experiments only provide some first
qualitative indications of the relative importance of the attributes.
To model the relation more quantitatively, the attributes should be
independently varied in a controlled way. Then, the first issue is
that these four most important attributes are not independent. E.g.,
any change in the gamma characteristic of the display affects
perceived brightness, contrast and color. Hence, a new set of
“attributes” has to be defined that can be independently varied.
The second issue is related to varying the attributes in a controlled
way. To make changes in the attributes comparable in extent, just-
noticeable differences (jnds) can be used. But, these jnds are not
known yet for natural images viewed under common viewing
conditions. First attempts to tackle these issues are described in

(4].

Table 1: Number of times (in % of participants) per sequence
that a given attribute was decisive in the image quality
assessment.

sequence brightness contrast color sharpness
Horse riding 29 14 77 37
Ferriswheel 45 13 36 36
Shrek 30 19 70 16
Ninjas 67 59 30 33
Windmill 45 33 31 55
Eagle 33 42 44 60
Gladiator 33 33 63 45
Newsreader 22 30 67 45
Beach 39 33 84 43
Stairs 35 9 48 26
Soccer 23 14 52 45
Bathing 59 8 58 24

3D Quality

3D display systems contribute to an enriched visual
experience by displaying objects in front of and behind the screen.
To optimize this visual experience, it is necessary to know its
relation with the technological variables of the 3D display. The
visual experience is expected to include “2D quality” aspects
(brightness, contrast, spatial and temporal resolution, etc.), “3D
quality” aspects (depth resolution, inter-eye crosstalk, etc.) and
aspects reflecting the “enrichment” of rendering stereoscopic
depth. Understanding the balance between these aspects is
particularly relevant for autostereoscopic 3D displays (i.e. systems
that reproduce stereoscopic depth without the need of additional
means, such as glasses), since in such systems stereoscopic depth
can only be rendered at the expense of “2D quality” aspects, as e.g.
the spatial and temporal resolution.

Again, the concept of the Image Quality Circle model seems
appropriate for the optimization of a 3D display system in terms of
its technological variables. Earlier experiments [5,6], however,
have shown that image quality ratings hardly account for the added
value of having stereoscopic depth in a 3D display. In one of the
experiments, two natural scenes are displayed on a mirror
stereoscope with different camera base distances, i.e. 0, 4 and 8
cm. A difference in camera base distance implies a difference in
the amount of reproduced depth with 0 cm being a 2D
reproduction of the displayed content. The images for the left and
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right eye are then compressed at five different levels (orig, Q30,
Q20, Q15 and Q10) using JPEG coding. Ten participants are
requested to score the image quality of the stimuli on a 5-points
adjective scale. For one of the two images the results are depicted
in figure 4 (reproduced from [6]). It clearly shows that the
decrease in image quality rating as a function of increased
compression level is fully independent of the camera base distance.
At any compression level the image quality ratings are equal for
the 2D and 3D displayed content. Apparently, the observers base
their quality judgment on the visibility of compression artifacts,
not accounting for the fact of having stereoscopic depth. This
suggests that the term “image quality” is too limited to cover the
full assessment of the visual experience of a 3D display.
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Figure 4: Image quality rating as a function of the JPEG compression level
for different camera base distances B. Note that B=0cm corresponds to a 2D
display.

Based on this observation, alternative concepts for the
assessment of 3D displays are evaluated, such as presence,
naturalness and viewing experience. Presence is extensively
discussed in relation to 3D and Virtual Reality (VR) displays in
[7]. It is shown to be a useful concept measuring the performance
of a 3D or VR display, but mainly when using moving image
content. Presence ratings are considerably lower when using still
image content. Naturalness was first used in relation to the
reproduction of colors in natural image content [8,9]. Later, it is
also applied in research on stereoscopic displays [6,10]. These
studies show a high correlation between the naturalness and image
quality ratings, but with a systematic shift between the optima:
images with the highest quality are not necessarily the most natural
ones. To our knowledge, viewing experience is not used in
performance assessments yet, but we expect it to reflect an overall
experience, including more than only image quality.

In a series of experiments the terms naturalness and viewing
experience in addition to the terms image quality and perceived
depth are used to evaluate the performance of 3D displays. Note
that presence is not included, mainly since we also use still image
content. In these experiments we vary the amount of reproduced
depth (by varying the camera base distance), and introduce “2D”
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artifacts (by adding controlled amounts of white Gaussian noise)
and/or “3D” artifacts (by assigning inappropriate depth values to
(parts of) objects) to the natural image content. Twenty observers
are requested to judge for this image material image quality,
perceived depth, naturalness and viewing experience, each on a 5-
points adjective scale. One of the results is shown in figure 5, in
which the naturalness and viewing experience ratings are given as
a function of the level of noise for a 2D and 3D display (for more
details see [11]). It clearly shows that both the naturalness and
viewing experience ratings decrease as a function of increasing
noise level. In addition, both ratings are systematically higher for
the 3D mode than for the 2D mode. Hence, both terms apparently
incorporate the added value of having stereoscopic depth; and,
naturalness does that to a larger extent than viewing experience.
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Figure 5: Naturalness and viewing experience ratings as a function of the
level of noise in a 2D and 3D display.

This conclusion drawn from one experiment is representative
for what we found in the other experiments. In general, our
experimental results suggest that the overall visual experience of a
3D display can be modeled as a weighted combination of the
assessed image quality (accounting mainly for the
visibility/annoyance of artifacts) and the perceived depth.
Assuming linear relations as:
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Naturalness = O, [Q + By, depth,
Viewing Experience = @, IQ + ,. depth,

typical results for o and 8 are given in table 2. They indicate that
the perceived depth is more accounted for in naturalness than in
viewing experience. The high value of a, however, also suggests
that for both terms the correlation with image quality is high.

Table 2: Typical values for the relative importance of image
quality (a) and perceived depth (B) when assessing naturalness
and viewing experience of a 3D display, including the R*-value of
the linear fit.

a B R?
Naturalness 0.88 0.21 0.98
Viewing experience 0.92 0.12 0.98

Based on these observations, we propose a model that extends
the Image Quality Circle as depicted in figure 6. The total visual
experience of a 3D display can be assessed by naturalness ratings,
which are a weighted sum of image quality ratings and perceived
depth ratings. The image quality ratings can be predicted from the
technological variables by using the Image Quality Circle as
presented in literature [1,2]. This Image Quality Circle does not
only account for “2D quality” aspects, such as e.g. noise,
compression artifacts, spatial and temporal resolution, but also for
“3D quality” aspects, such as e.g. inter-eye crosstalk and depth
resolution. An additional block, however, is needed in the overall
visual experience model to account for the added value of

stereoscopic depth.
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Figure 6: Model proposed for the evaluation of the visual performance of a
3D display

Conclusions

The Image Quality Circle is a useful framework for
optimizing the quality of imaging systems, including displays.
Knowledge on the relative importance of the image quality
attributes is an essential, but not trivial step in this model. Line-up
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experiments have shown that for naive viewers assessing the
quality of high-end TVs, brightness, contrast, color rendering and
sharpness are the most important quality aspects. For a further
quantification of the relative importance more controlled
experiments are needed.

For the performance evaluation of a 3D display system, the
Image Quality Circle needs expansion, mainly because the added
value of having stereoscopic depth is not included in the image
quality evaluation. A series of experiments has shown that
naturalness accounts for both the perceived image quality and the
perceived depth. Hence, it is a more balanced concept for the
evaluation of the visual performance of 3D displays.
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