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ABSTRACT

Most full-reference quality metrics compare the original image to
a distorted image at the same level of resolution assuming a fixed
viewing distance. In video streaming applications, however, the
transmitted or received signal may differ from the original in com-
pression as well as spatiotemporal resolution. For example, at low
bitrate coding applications the compressed image may be too dis-
torted, and hence the observer may prefer to reduce the resolution
or increase the viewing distance in order to reduce the visibility
of the compression artifacts. The selection of the best tradeoff
between resolution/viewing distance and visibility of compression
artifacts requires a quality metric that accounts for both image dis-
tortions and image size. Such tradeoffs are not reflected in existing
quality metrics, which ignore the signal visibility and only mea-
sure the visibility of compression distortions, which decrease with
image size. In order to better understand such tradeoffs, with the
goal of developing better quality metrics, we conducted subjective
tests using a number of existing still image coders (JPEG2000,
SPIHT, and JPEG). Our results indicate that the objective quality
(perceptually weighted PSNR) of the images that the viewers se-
lect decreases with resolution, that is, the viewers are willing to
accept more artifacts as image size decreases.

1. INTRODUCTION

Recent advances in display and video capture technologies and
digital communications have led to the development of a variety of
video services. The spatiotemporal resolution of the video signals
that these services provide depends on the video capture device,
transmission bandwidth, and display. However, in many cases, a
video sequence may be transmitted to a variety of users with differ-
ent bandwidths and display devices. In such cases, each transmit-
ted video bitstream should be adjusted according to the channel
bandwidth and display device of the user. Thus, a video content
provider may be required to transmit a variety of bitstreams with
different signal-to-noise ratios (SNR) and spatiotemporal resolu-
tions. Alternatively, it may employ a scalable video stream. In
order to obtain sensible tradeoffs between bitrates, spatiotempo-
ral resolutions, and compression artifacts, it is necessary to have a
metric that predicts the perceived quality of each alternative.
Assuming a fixed viewing distance most full-reference qual-
ity metrics compare the original image to a distorted image at the
same level of resolution. That may be sufficient for a traditional
digital display setup. With the diversity in displays and image cap-
turing devices, the displayed image may differ from the original in
compression and spatiotemporal resolution. For example, at low
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bitrate coding applications the compressed image may be too dis-
torted, and hence the observer may prefer to reduce the resolution
or increase the viewing distance in order to reduce the visibility of
the compression artifacts. The selection of the most desirable res-
olution/viewing distance will then depend on a tradeoff between
visibility of compression artifacts and picture size. Such tradeofts
are not reflected in existing quality metrics, which ignore the sig-
nal visibility and only measure the visibility of compression dis-
tortions, which decrease with image size.

To gain a better understanding of the different tradeoffs, and
with an ultimate goal of developing quality metrics for scalable
video coding applications, we conducted a number of subjective
experiments. The subjective experiments described in this paper
explore tradeoffs between compression artifacts and spatial reso-
lution. We used a number of images coders, including JPEG2000,
SPIHT [1], and JPEG. The first two are SNR-scalable, while the
last is not. We generated a series of compressed images at differ-
ent bitrates, and for each of the compressed images, obtained seven
different resolutions by optimal sinc-function downsampling. We
fixed the viewing distance, and asked the viewers to select the res-
olution that they prefer at each coding rate. Analysis of the sub-
jective results using perceptual image quality metrics indicate that
the viewers tend to maintain the subjective quality as image size
decreases. We are currently trying to develop performance met-
rics that incorporate both signal and compression noise visibility
in order to predict the user preferences.

2. OBJECTIVE QUALITY METRICS

Media signal processing (speech, image and video) inevitably in-
volves signal distortion, and this creates a need for quality eval-
uation metrics. These can be subjective or objective, but as the
ultimate user is usually a human observer, they should reflect per-
ceptual preferences. The most commonly used objective metric
is mean squared error (MSE), but a number of perceptual metrics
have been proposed. For a review, see [2].

In most of the existing metrics, the sampling rate of the refer-
ence and the distorted image is the same, and the metrics provide
a measure of the degree of image distortion. However, the human
visual system (HVS) perceives image quality along several dimen-
sions, including image distortion, image size, sharpness, and col-
orfulness. Thus, a new class of quality metrics is needed in order
to incorporate these additional dimensions. In particular, we are
interested in exploring tradeoffs between visibility of compression
artifacts and image size. For a given compression algorithm and
bit rate, the compression distortion can be reduced by filtering and
downsampling the image. Thus, the smaller the image, the less
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visible the compression artifacts will be. On the other hand, as the
image size decreases, so does the amount of signal information.
In this paper, we propose and conduct subjective experiments in
order to explore this tradeoff.

Most of the existing perceptually based image quality metrics
incorporate models of human perception that account for the spa-
tial (and temporal for video) contrast sensitivity function, contrast
masking, and luminance masking. As mentioned above, they as-
sume that the reference and distorted image are given, have the
same resolution, and are viewed at a given distance. They are
based on a multiscale frequency decomposition such as a discrete
wavelet transform (DWT), subband decomposition or discrete co-
sine transform (DCT). For each coefficient of the decomposition,
they derive a noise visibility threshold 7; , which indicates the
amount of invisible noise that can be added to the subband. Here
k denotes the subband index and ¢ the coefficient location in the
(possibly downsampled) subband image. The overall image dis-
tortion is then computed as follows:

1 )]

where b; j, is the subband coefficient of the reference image, IA)L k
is corresponding coefficient of the distorted image, and 7; j is the
visibility threshold. The value of @, is determined from psy-
chophysical experiments. Here we will use Qs = 2. Note that
when the difference of two coefficients is below the visibility thresh-
old, the noise is invisible and the actual value of the difference does
not matter. In order to be consistent with traditional error metrics,
we express the perceptual metric in terms of “visual decibels (dB).”
We define the “masked peak signal-to-noise ratio (MPSNR)” as

2552
Note that the maximum value MPSNR is 48.13 dB. Here, we will
use the DCT-based metric by Watson [3]. A detailed description
of the metrics can be found in [2].

@

3. SUBJECTIVE TESTS

To investigate the subjective sensitivity to coding noise in the con-
text of spatial resolution, we conducted subjective image quality
evaluation experiments. Early psychophysical experiments for an-
alyzing the effect of spatial resolution in image quality assessment
were conducted by Westerink and Roufs in [4], and these have
formed the basis of modern image quality analysis. However, the
specific tradeoffs we examine in this paper were not addressed in
that early paper.

As we discussed above, our goal is to exploit tradeoffs be-
tween spatial resolution and image compression noise in order to
obtain the optimal display conditions for an image that has been
compressed by a given algorithm at a given bitrate. The experi-
ments were designed along two aspects of quality assessment: ab-
solute perceived quality and relative perceived quality. In the ab-
solute assessment, subjects were shown images independently and
were asked to assign a score among 1 to 5 (corresponding to “very
poor,” “poor,” “tolerable,” “good,” and “very good,” respectively)
to each image, on the basis of quality, independent of image size.
This experiment was conducted as a calibration of the predictions

Fig. 1. Test images presented to the viewer for JPEG2000 encoded
at 0.3 bits/pixel. The viewer is asked to select the most preferable
image for the given viewing distance.

(a) Bank ’

(b) Lena
Fig. 2. Images for subjective test.

of the objective quality metric that we used. In the relative assess-
ment, which is the main goal of this paper, each subject was shown
the same image in seven different spatial resolutions and asked to
select one that they most preferred in terms of overall image qual-
ity, that is, including both distortion artifacts and image size (i.e.,
signal visibility). We used three test images: Lena, Bank, and
cropped Bike, shown in Figure 2.

These images were compressed at different bitrates using three
coding algorithms (JPEG2000, SPIHT, and JPEG). For each coder
and bitrate, the reconstructed images were then downsampled to
obtain seven different resolutions: 512, 384, 256, 192, 128, 96,
and 64, using sinc-function upsampling and downsampling in in-
teger ratios. Since these coders have different coding efficiencies
at low bitrates, the bitrates were carefully selected at 1.0, 0.75,
0.5, 0.3, 0.2 bits per pixel (bpp) for JPEG2000 and SPIHT and
1.0, 0.70, 0.5, 0.4, 0.35 bpp for JPEG. Seven subjects took part
in the subjective experiments. Viewing was binocular, and all sub-
jects had normal or corrected normal vision.

In addition to the subject ratings/orderings, numeric expres-
sions of image quality were computed between the originals and
the decoded images at the same resolution by different perceptual
metrics. Watson’s DCT-based metric is the one we chose to present
here. A comparison of the relative performance of the different
metrics is beyond the scope of this paper. The viewing distance is
fixed to six image heights of the 512 x 512 image, so that the num-
ber pixels per viewing angle is the same at all resolutions (53.73
pixels per degree). As shown in Figure 1, for each compression al-
gorithm and rate, all seven resolutions were presented to a subject
at the same time, and the subject was asked to select one among
seven images. The images were ordered according to size in order
to facilitate pair comparisons between adjacent scales. In the ac-
tual test, the images were gray-scale and were shown in blue back-
ground. The subjects were allowed enough time to make their de-
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Fig. 3. Tradeoffs between spatial resolution and subjective quality. Images are coded by SPIHT.

cisions. Before the beginning of the test, they were presented with
the original images and typical examples at selected compression
rates, in order to become familiar with the test environment. The
ordering of image coders and bitrates were randomized to avoid
any biases. Again, the subjects were asked to select the image that
they most preferred (as a representation of the original full resolu-
tion image) on the basis of both spatial resolution and subjective
quality. The subjects were also allowed to periodically view the
original test images.

4. DISCUSSION OF THE RESULTS

We begin discussion of the first test result. For the absolute per-
ceived quality of the set of images, the median of all votes for
each test condition was obtained. The results of images coded by
SPIHT are given in Figure 3. It is shown that no matter what the
image quality at the highest resolution, the subjective quality goes
up to the highest score at the smallest resolution. This observa-
tion can be explained by the contrast sensitivity function, which is
function of spatial frequency in cycles per degree of viewing angle.
As spatial resolution decreases, the spatial frequency increases,
hence the contrast sensitivity of the HVS decreases. When spa-
tial frequency is infinite (infinite distance or zero resolution) the
noise becomes invisible, but so does the image. Thus, the con-
ventional description of noise visibility cannot fully incorporate
the perceived image quality, making it necessary to include signal
visibility in a metric that measures image quality across different
viewing distances or image resolutions. Due to the nonlinearity
of resolutions, we cannot obtain a formula for this relationship as
a function of resolution, quantization level, and objective quality.
But, there exists evidence of a strong relationship between these
parameters. We note that, strictly speaking, increasing of view-
ing distance is not equivalent to decreasing the spatial resolution
since there is an effect of the point spread function of the dis-
play device. However, we assume that this effect can be neglected
in a well-calibrated display device. Selected results of computed
MPSNR over bitrates and resolutions are shown in Table 1. Note
that, in agreement with the results of the absolute perceived qual-
ity test, the objective quality decreases as the bitrate decreases or
spatial resolution increases; conversely, it increases as the bitrate
increases or spatial resolution decreases. In addition, as the res-
olution decreases beyond a certain level, the distortion visibility
(both objective and subjective) saturates at the perceptually trans-
parent level. Similarly, at a given (low) resolution, as the bitrate in-

creases, the distortion visibility saturates at the perceptually trans-
parent level. It should be obvious that, as the HVS is able to accept
more distortion for low resolution or longer viewing distance, the
coding bitrate should be a function of spatial resolution and view-
ing distance.

The shaded cells in the table indicate the resolution at which
the evaluation score 5 is first assigned to the decoded image as
the resolution decreases at a given bitrate. Recall that, in the ab-
solute perceived quality test, 5 corresponds to “very good,” which
is presumably noise-transparent. The results of the relative per-
ceived quality test are also marked on the table: The cells in which
numbers are written in bold represent the preferred resolution for
a given bitrate. Observe that the resolution of both the shaded
and bold blocks decreases as the bitrate decreases, an indication
that there is a need to maintain perceptual quality as the bitrate
decreases. For example, in Table 1(a), the quality hovers around
47.3 dB over the various bitrates. However, there is also a notable
difference between the results of the two tests. In most cases, there
is a (vertical) gap between the transparent resolution and the most
preferred resolution at a given bitrate. This gap indicates that the
observers are willing to accept some distortion for a bigger image,
and can be thought of as the perceptual tolerance over the noise-
transparent condition. Our results also indicate that this gap de-
pends on bitrate, image compression scheme, and image content.

5. TOWARD IMAGE QUALITY METRIC FRAMEWORK

This subjective test result indicates the need for a new image qual-
ity metric that accounts for viewing and display parameters as well
as input signal. We believe that the first step towards deriving such
a metric is is a model for image distortion as a function of resolu-
tion or viewing distance. The pseudo curves in Figure 4 show that
signal distortion D increases as the viewing distance increases
(or equivalently, image resolution decreases) while the perceptual
distortion D, decreases until it reaches the perceptual threshold
(Just-Noticeable-Distortion or JND) at d.

The perceptual distortion Dy is in general a function of the
difference between the reference image x € R™ and the decoded
image & € R

Dy = Hy{x — 1}, 3)

where Hg(-) is a transfer function that incorporates models of the
HVS and display system. Here we assume that spatial resolution
and target bitrate are fixed. Several such models can be found in
the literature [2] that can be used to obtain estimates of the distance
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[ Resolution/bpp | 1.00 | 0.75 | 0.50 | 0.30 [ 0.20 |

[ Resolution/bpp | 1.00 | 0.75 | 0.50 | 0.30 | 0.20 ]

512 x 512 47.24 | 46.74 | 45.66 | 44.17 | 43.21 512 x 512 47.10 | 46.72 | 45.55 | 44.41 | 43.24
384 x 384 47.63 | 47.32 | 46.44 | 45.17 | 44.23 384 x 384 47.47 | 47.23 | 46.29 | 45.37 | 44.23
256 x 256 47.99 | 4791 | 47.46 | 46.65 | 45.88 256 x 256 47.81 | 47.76 | 47.27 | 46.74 | 45.87
192 x 192 48.06 | 48.03 | 47.75 | 47.19 | 46.49 192 x 192 47.88 | 47.86 | 47.57 | 47.21 | 46.44
128 x 128 48.11 | 48.11 | 48.00 | 47.79 | 47.27 128 x 128 47.95 | 47.94 | 4779 | 47.66 | 47.20
96 x 96 48.12 | 48.12 | 48.08 | 47.98 | 47.69 96 x 96 47.98 | 47.97 | 47.92 | 47.86 | 47.51
64 x 64 48.13 | 48.13 | 48.12 | 48.12 | 48.05 64 x 64 48.00 | 47.99 | 47.96 | 47.96 | 47.85
(2) ®)

[ Resolution/bpp | 1.00 | 0.70 | 0.50 | 0.40 | 0.35 | [ Resolution/bpp | 1.00 | 0.75 [ 0.50 [ 0.30 | 0.20 |
512 x 512 | 47.60 | 47.17 | 45.95 | 45.03 | 44.40 512 x 512 | 47.73 | 47.58 | 47.18 | 46.20 | 45.54
384 x 334 | 4778 | 47.15 | 46.02 | 44.98 | 44.38 384 x 334 | 47.86 | 47.76 | 47.46 | 47.67 | 46.16
956 x 256 | 48.04 | 47.84 | 47.26 | 46.74 | 46.06 256 x 256 | 47.07 | 47.904 | 47.80 | 47.38 | 47.08
192 x 192 48.09 | 48.01 | 47.59 | 47.19 | 46.68 192 x 192 47.99 | 4798 | 47.89 | 47.61 | 47.40
128 x 128 48.12 | 48.08 | 47.93 | 47.73 | 47.39 128 x 128 48.00 | 48.00 | 47.96 | 47.81 | 47.70

96 x 96 48.12 | 48.10 | 48.02 | 47.94 | 47.71 96 x 96 48.01 | 48.01 | 47.99 | 47.92 | 47.89
64 x 64 48.13 | 48.13 | 48.09 | 48.09 | 48.00 64 x 64 48.01 | 48.01 | 48.00 | 47.95 | 47.97

(d)

(c)
Table 1. MPSNR computed by DCT-based metric above threshold from images over different coding bit rates and spatial resolutions. Bike
by JPEG2000 (a), Bike by SPIHT (b), Bank by JPEG (c), Lena by SPIHT (d) (unit:decibels)

JND

LIND R

Fig. 4. The effect of scale change on processing/compression dis-
tortion and signal distortion. The x-axis is viewing distance, and
the y-axis is JND. D, is amount of signal loss with spatial resolu-
tion, D, is perceptual distortion according to an objective metric,
and D, is an ideal measure of perceptual distortion.

ds that corresponds to 1 JND.

The signal distortion D is the amount of signal loss with
viewing distance or spatial resolution, and should primarily be a
function of the reference image x € R™

Dy :Hs{x}7 “4)
where H(-) should also depend on models of the HVS and the
display device.

Depending on the accuracy of the underlying models, the ob-
jective perceptual distortion function D, may not agree with the
subjective experiments (absolute test). The ideal perceptual distor-
tion D’ is shown in dashed lines in Figure 4, and in this particular
case, is below the curve obtained by the objective metric.

The total distortion is

Dt:W(Ds(%ﬁ):Dq’ ('r_jjvm) (5)

where W(-) is an arbitrary function and p'is a parameter vector.
Given the two distortion curves, for each spatial resolution and
bitrate, there exists an optimal distance d, (see Figure 4) that pro-
vides the optimal distortion D,

do = argmin W (Ds, Dy/). (6)
d

6. CONCLUSION

The perceptual visibility of compression distortions over different
resolutions and bitrates is investigated for a framework of image
quality metrics. Since viewer selection of the most desirable res-
olution/viewing distance depends not only on the visibility of dis-
tortions but also on the visibility of the signal (i.e., image size), an
analysis of the tradeoff between the two considerations plays an
important role in scalable image compression. We conducted an
experiment involving subjective assessment of images, which ex-
plored such tradeoffs using three image coders, JPEG2000, SPIHT
and JPEG at seven resolutions and five bitrates. The experiment
was designed along two aspects of quality assessment, absolute
perceived quality and relative perceived quality. Our results indi-
cate that there is a need to decrease image size or increase viewing
distance as the bitrate decreases in order to maintain the subjective
quality. At the same time, we found that as the bitrate decreases,
viewers are willing to tradeoff some visible distortion for larger
image size. Our current efforts are focused in development of im-
age quality metrics that incorporating signal visibility as well as
noise visibility.

7. REFERENCES

[1] A. Said and W. A. Pearlman, “A new, fast, and efficient image
codec based on set partitioning in hiearchical trees,” IEEE
Trans. Circuits Syst. Video Technol., vol. 6, no. 3, pp. 243—
250, June 1996.

[2] T. N. Pappas, R. J. Safranek, and J. Chen, “Perceptual crite-
ria for image quality evaluation,” in Handbook of Image and
Video Processing, Alan C. Bovik, Ed., pp. 939-959. Academic
Press, second edition, 2005.

[3] A.B. Watson, “DCT quantization matrices visually optimized
for individual images,” in Proc. SPIE, Human Vision, Visual
Proc., and Digital Display 1V, Jan P. Allebach and Bernice E.
Rogowitz, Eds., San Jose, CA, Feb. 1993, vol. 1913, pp. 202—
216.

[4] J. H. D. M. Westerink and J. A. J. Roufs, “Subjective image
quality as a function of viewing distance, resolution, and pic-
ture size,” SMPTE Journal, vol. 98, pp. 113-119, Feb. 1989.

IT - 948



