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Abstract

The study of the Human Visual System (HVS) is very inter-
esting to quantify the quality of a picture, to predict which in-
Sformation will be perceived on it, to apply adapted tools ... The
Contrast Sensitivity Function (CSF) is one of the major ways to
integrate the HVS properties into an imaging system. It charac-
terizes the sensitivity of the visual system to spatial and tempo-
ral frequencies and predicts the behavior for the three channels.
Common constructions of the CSF have been performed by esti-
mating the detection threshold beyond which it is possible to per-
ceive a stimulus. In this work, we developed a novel approach for
spatio-chromatic construction based on matching experiments to
estimate the perception threshold in a large range of orienta-
tions. It consists in matching the contrast of a test stimulus with
that of a reference one. The obtained results are quite different in
comparison with the standard approaches as the chromatic CSFs
have band-pass behavior and not low pass. The obtained model
has been integrated in a perceptual color difference metric. The
metric is then evaluated.

Introduction

Various processings can be performed on an image and af-
fect the image quality. To quantify the quality or at least the level
of impairment, subjective evaluations must be conducted on a
panel of observers. However the installation of such tests is tire-
some because it must respect established standards. In order to
avoid this kind of approach, objective tools have been proposed.

An objective metric is a mathematical model, one of the
most known is MSE which. These measures give good results in
term of mathematic but it is not always correlated to the results
of an observer.

Some objective criteria are based on the study of the Human
Visual System (HVS). Their aim is to simulate the behavior of
the HVS to know what will be seen or not in an image. A most
common way used to characterize HVS is the construction of
its Contrast Sensitivity Function (CSF). The construction of this
function needs normalized condition and is in general based on
the estimation of the detection threshold above which contrast is
perceived at a given spatial frequency. The way we have chosen
is based on the estimation of perception threshold (discrimination
threshold) that is more adapted to quality comparison and match-
ing. So, we have developed a new approach for achromatic and
chromatic channels based on matching for a range of orientations
and its application into a perceptual colour difference metric.

Contrast Sensitivity Function

In literature, there are four methods to construct CSF[1] : by
appearance, by disappearance, by double-alternative or by fitting.
Numbers of psychophysical experiments have been managed fol-
lowing the previously mentioned approaches.

The evidence supports a description of color vision in terms
of the responses of an achromatic channel and two chromatic

channels, one tuned to a red/green dimension and the other to
a yellow/blue dimension[2] . For the construction of chromatic
CSF, monochromatic or opponent-color approaches can be used.
In the first approach, the contrast is measured between a color
and the black, and the obtained shape is band-pass. The sec-
ond approach is based on chromatic opposition. As shown by
Mullen[3] , the chromatic CSF has a low-pass shape.

The classical methods for the CSF construction are based on
the concept of detection threshold. This threshold is the bound-
ary beyond which the stimulus is perceived. Our method is based
on the concept of discrimination threshold (perception thresh-
old). The perception boundary of the difference between two
stimuli is measured. This is of a big interest for the evaluation of
the fidelity between an image and its impaired version.

For the experimentation of our approach, two stimuli are
presented to the observer. The reference stimulus is fixed for the
experimentations at a given spatial frequency and the maximum
contrast level. The test stimulus has a spatial frequency but its
contrast increases progressively from 0 to 1. The observer must
tell when he thinks that the contrasts of both stimuli are similar.
It can be formalized by:

ep(f) = ¢, (frep): (1)

where ¢j, and c;, are the contrast perceived by the observer for
the two stimuli, f the spatial frequency of the test stimulus and
frey the spatial frequency of the reference stimulus. Equation 1
could be written:

Cm (f) *CSF (f) = Cref * CSF (fref)v ()

where ¢,;, is the measured contrast of the test stimulus for which
the observer notices that the two stimuli have a similar contrast
level ; cyr is the displayed contrast of the reference stimulus.
We thus obtain by this method a relative CSF (noted rCSF) at a
given frequency and contrast:

CSF(f) Cref

"SFU) = esr (ref) — em(f) ®

The values of the measurable CSF lie between:

Cref Cref
rCSF = € ;oo 4)
Cm (f ) {Cmax {
Experimental Process

According to Wandell[4] , sine-waves stimuli are best per-
ceived because only one frequency is contained in it. Then the
grating must have a vertical orientation[5] . The eye is more
sensitive to it than to other orientations. However, in this study,
several orientations are assessed to increase the accuracy of the
future application.

As mentioned above, two stimuli have to be displayed, one
beside the other with a significant space between them. But the
observer must be able to see them both. To respect the optimal
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cone of binocular vision, which is about 10° of visual angle, the
viewing distance is fixed to 1,5 meter. And the size of the stimu-
lus is about 4,7° of visual angle (cf. fig.1).
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Figure 1. Position and size of the stimuli on the display

The quality of the stimulus must be optimal to obtain stable
results. We assume that the HVS needs at least two periods to
estimate the contrast[1] . This restricts low frequencies. The dis-
play and its characteristics restrict the high frequencies. Cosine-
wave gratings are preferred because they allow more measuring
points.

For each channel, 9 frequencies have been selected. More-
over, 8 orientations in a range of 180 representing in the same
time the other opposed orientations are evaluated (cf fig 2). This
choice was made to not exceed the fifteen minutes to twenty min-
utes of assessment[6] . Beyond this duration, the observer starts
to lose his attention. Figure 3 gives the diagram that we have
developed for the definition of the usable frequencies. This di-
agram is of a big interest because it integrates both the display
and the observer characteristics. It is also adaptable to any type
of conditions (cinematographic conditions for example).

270°

180°

Figure 2. Selected orientation for the construction of the anisotropic CSF.
Gray part represents the equivalent opposed directions.

The psychophysical tests take place in a psychophysical
room, built in our lab with respect to the ITU recommendations.
The ambient lightings is about 65 [ux and there is no direct illu-
mination of the display. parameters were important for this latter
: the temperature and the luminance of the white point. To have
better and more consistent results, the set-up of the illumination
and the display parameters has been made precisely before each
experiment.

Results

Due to the huge amount of collected data, a statistical study
was carried out in order to keep the useful results (coherent) and
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Figure 3. Displayable frequencies

to avoid the random observations that could be made by an ob-
server. We have run the test of Kurtosis[6] .
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(b) Red-Green rCSF (c) Blue-Yellow rCSF
Figure 4. Experimental results of an orientation

Figure 4 shows the validated results for each opposition for
one orientation. For the achromatic CSF, the results are very
encouraging since the amplification effect of the contrast for av-
erage frequencies is quite present as well as the decrease of the
sensitivity to contrast beyond the peak of the CSF.

We reported previously that the chromatic CSFs have low-
pass behaviors. However, the ones constructed in this study (us-
ing discrimination threshold) are band-pass as the achromatic
CSF. Starting for those results, we wanted to confirm that the ex-
perimental conditions are correct and that the effect is not related
to them. We made a cross campaign in which we have removed
the reference stimulus and only kept the best viewed orientation
in order to reach the detection threshold experiments (by appear-
ance).

The figure 5 gathers the obtained results, whose are comply-
ing with those from the literature. The achromatic CSF is band-
pass and the chromatic CSFs are low-pass. This confirm on the
one hand that our experimental protocol is correct and does not
influence the results and on the other hand, that this interesting
effect is due to the discrimination threshold on which is based
our approach.

In other words, when we are stimulated with chromatic
stimuli, the fact of matching two stimuli gives us the same shape
of sensitivity to contrast than the achromatic. This aspect is very
interesting to use in application using image difference such as
VDPI[5].
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Figure 5.  Cross-experiment for achromatic and chromatic channels by
appearance
Analytical model

An analytical model allows to obtain, by identification of
its parameters with the measurement points, a characteristic us-
able in other systems requiring a model of CSF. The one used
in our experiments is an adaptation of the Mannos and Sakrison
model[7] . It consists in the insertion of the orientation notion
with the parameter 6 and a normalization of their model at the
reference point so that the value of the CSF relating to the refer-
ence frequency will be equal to 1. Thus, the analytical expression
of this model is as follows:

()"
(a0) + 7fay ) eso 77

(%)
FOR

CSFR(f,0) =

. B G,
(a(O) + f%)) exp \ 7

where f is the test frequency in cycle per degree (cpd) and 6 the
angle in degree. a(0) and ¢(0) influence the curve slope respec-
tively for low and high frequencies for the 8 orientation. f,(6)
and f.r are respectively the peak position of the CSF for the 6
angle and the selected reference frequency.

Figure 6. Black-White anisotropic rCSF

Figure 7. Red-Green anisotropic rCSF

Figure 8. Blue-Yellow anisotropic rCSF

Perceptual color difference metric
Our approach

The introduced CSF is constructed by matching, this means
that it is based on the subjective comparison concept. This leads
directly to the definition of a perceptual color difference metric.

This is a metric belongs to the full-reference family of met-
rics meaning that the original image is used in comparison with
the impaired one.

The image is firstly separated in an opponent representation
using the AC1C2 color space. Because of the definition of the
CSF, each channel is filtered in the Fourrier domain. Back to
the spatial domain, the color space of the image is changed to
the L*a*b* space. The process is run on the original image and
its impaired copy. The AE5poo[8] is then computed to obtain the
perceptual color difference error image.

The figure 9 summarizes the described process.

The reason to use the AE5ngy metric is that the AE»ygg is
particularly adapted to the evaluation of natural images. It in-
cludes the AEy, coefficients for natural images with the addition
of a weighting factor.

Experimentation

In this section, we present the experiments performed in
order to demonstrate the efficiency of the proposed model. To
do that, we have used 40 images representing landscapes, nat-
ural images, portrait, ...and selected 6 compression formats
(H264, HDPhoto, JPEG2000, JPEG2000 with visual optimisa-
tions, JPEG and JPEG QM) and 4 bit-rates (0.3bpp, 0.5bpp, 1bpp
and 1.3bpp).

In a first time, a psychophysical campaign is purchased. For
an image and a bit-rate, the original image is dispayed in the
center of the screen with its 6 impaired copies around, placed
in a random order (double-blind conditions). The task of the
observers is to classify, in order of preference (from the worst to
the nicest), the impaired copies. The figure 10 shows a snapshot
of the test.

In a second time, the same test is done by our metric and 4
others (AE»p00, MSE, SSIM and VDP). In the case of the metrics,
the mean errors of the compressed copies, in comparison with the
original one, are used to classify the coders.

The aim of the experimentation is to study the correlation
between the results of the observers, with the Mean Opinion
Score (MOS), and the ones from the metrics. And, by exten-
sion, we wanted to rank the objective metrics and saw where our
is placed.

As the results are from a classification task, the Spearman
correlation is chosen. The table gathers those correlations.

As the bit-rate increases, the correlation factor of most of
the metrics decreases . This phenomenon can be explained by
the fact that it was harder for the observers to classify images.
Especialy for 1bpp and 1.3bppp : the answers were often made
randomly.
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Figure 9. flowchart of the proposed model

If we only focus on the 0.3bpp and 0.5bpp bit-rates, we can
see that our model is well correlated with the MOS.

As it was said in the proccess description, the AE5gqg is used
to compute the error between the images but the correlation of
our metric with the MOS is better than its. This means that the
choice of pre-proccessing images with our rCSF is revelant.

Conclusions

In this work, we have presented a perceptual color differ-
ence metric including a new approach for the construction of
anisotropic spatio-chromatic CSF to model a part of the human
visual system properties. The novelty of the construction lies in
the estimation of the perception threshold (discrimination thresh-
old) instead of the detection threshold used intensively in litera-
ture and which is well adapted for fidelity estimation.

The obtained results are very encouraging and shows a
promising way to estimate the fidelity of color image tools. This
study has been based on both objective and subjective evaluation
procedures allowing to take into account the human perception
in the loop.
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Figure 10. Disposition of the images during the psychophysics tests
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