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ABSTRACT

The importance of tradeoffs between spatial resolution andquan-
tization noise has been examined in our previous work. Subjec-
tive experiments indicate that as the bitrate decreases, human ob-
servers generally prefer to reduce image resolution in order to
maintain image quality, but the amount of distortion they are will-
ing to accept increases with decreasing resolution. In thispaper,
we conducted further experiments with several images, different
encoders, and a finer set of bitrates to determine the preferred res-
olution at each bitrate, and also the resolution at which there are
no visible coding artifacts. Analysis of the subjective results using
a wavelet-based perceptual quality metric verifies our earlier con-
clusion that human observers tend to reduce resolution in order to
maintain image quality, but are willing to accept more artifacts as
image size decreases.

1. INTRODUCTION

The proliferation of display and capture devices with varying char-
acteristics and spatiotemporal resolution necessitates ascalable ap-
proach to image/video communication. The spatiotemporal reso-
lution of the signal should depend on the transmission bandwidth
and display device of each user, and should be determined with
the help of an objective measure of image quality that takes into
account the visibility of both the compression artifacts and the im-
age/video signal. To gain an understanding of the tradeoffsbe-
tween spatial resolution and quantization noise, we conducted sub-
jective experiments [1]. We found that as the bitrate decreases,
human observers generally prefer to reduce image resolution in
order to maintain image quality, but the amount of distortion they
are willing to accept increases with decreasing resolution. In this
paper, we conducted further experiments with several images, dif-
ferent encoders, and a finer set of bitrates to obtain more precise
results across image resolutions and bitrates. Four test images are
employed in these experiments, two of which contain complicated
image details. For the JPEG encoding, we introduced the per-
ceptually tuned visibility threshold for the discrete cosine trans-
form (DCT) at six image heights, which was proposed by Wat-
son [2]. Also, we carefully determined a wider and finer set of
bitrates for image coders so as to avoid remarkable difference of
perceived quality between each bitrate. In our previous work, the
absolute perceived quality assessment was designed to obtain both
numeric expression of the subjective image quality and the percep-
tually transparent noise level, then the highest level of subjective
quality was compared to the most preferable spatial resolution. In
this work, we designed a new experiment named the critical noise

perception assessment. Throughout the experiments, the subjects
were asked to distinguish the original image from the coded one
at various resolutions and bitrates for the four images. We pre-
cisely drew the critical bitrates at which the human eye cannot
or can recognize compression artifacts, then compared it toresult
of the relative perceived quality assessment. For obvious under-
standing of the tendency of the most preferable resolutions, we
selected an image quality metric different from the previous one,
the wavelet-based metric by Watsonet al. [3], which gives a nu-
meric expression of image quality computed at the same spatial
resolution. Several viewing conditions were also refined inthe ex-
perimental environment.

Analysis of the subjective results using perceptual quality met-
rics verifies our earlier conclusion that human observers tend to re-
duce resolution in order to maintain image quality, but are willing
to accept more artifacts as image size decreases. We are in progress
of development of image quality metric incorporating both signal
visibility and noise visibility.

2. IMAGE QUALITY METRICS

Media signal processing inevitably involves distortion onthe sig-
nal. A measure that provides an evaluation of the incurred distor-
tion finds many applications in compression, transmission,and en-
hancement. The measure is conventionally termed a quality met-
ric or a quality measure and can be formulated within two extreme
perspectives. On the one end of the spectrum is the subjective
measure, in which the evaluation is accomplished through a pro-
cess that reflects the human assessment. On the other end of the
spectrum is the objective measure(s), which are customarily de-
fined on the mean squared error between corresponding signals.
In between, there are a number of hybrids that attempt to estab-
lish a measure, which can be computed from the signal directly
and yet draw a very close approximation of the subjective result
without any cumbersome procedure in administering the human
assessment process.

It is important to note that these conventional measures arede-
signed to quantify the error sensitivity between the original signal
and the distorted one, while keeping most of the signal characteris-
tics intact. For example, in image processing, conventional quality
metrics are mostly defined over a squared difference betweencor-
responding pixel values; the sampling rate of the image remains
the same. Since the human visual system (HVS) involves per-
ception along several dimensions (i.e. visual area, viewing angle,
viewing distance, etc.), a new class of quality measures should in-
volve the various perceptions as well in order to incorporate these



(a) Critical noise perception assessment

(b) Relative perceived quality assessment

Fig. 1. Test images presented to observer at each test. Bank
coded by JPEG at0.2 bits/pixel (a), Lena by JPEG2000 at0.1
bits/pixel (b)

additional factors.
To obtain a better understanding of the displaying and viewing

parameters with an ultimate goal of designing image qualitymet-
rics for scalable image coding applications, we conducted various
subjective experiments upon tradeoffs between compression arti-
facts and spatial resolution. First, a series of compressedimages
at different bitrates, which are carefully chosen for covering wider
perceptual quality then the previous results [1], are generated and
then downsampled by optimal sinc-function. The subject tests are
designed along two aspects:critical noise perception assessment
andrelative perceived quality assessment. The first aspect is mea-
surement of the critical compression noise level at which human
cannot or barely recognize compression artifact. The second one
is measurement of the most preferable resolution.

3. SUBJECTIVE TEST SETUP

One of psychophysical experiments for analyzing the effectof spa-
tial resolution in image quality assessment is [4], which formed
a basis of modern image quality analysis. However, the specific
tradeoffs we examine in this work were not addressed in the paper.
Exploring tradeoffs between spatial resolution and image com-
pression artifacts to obtain the perceptually optimal compression
conditions at a given coding algorithm and a bitrate is our goal.
As we discussed above, two subjective tests were designed asfol-
lows: The critical noise perception assessment aims at pointing
the noise transparent bitrate at every image and its spatialresolu-
tion. We showed an observer two images, the original image and
the decoded one, then asked to differentiate the original one. A
combination of two images are randomly ordered when displayed
as shown in Figure 1 (a). Basically if the answer is correct, it
indicates that noise at a combination of given image, codingbi-
trate, and spatial resolution is visible to human eyes. Otherwise, it

(a) Bank (b) Lena (c) Bike (d) Woman

Fig. 2. Images for subjective tests.

Image Coder Bitrates (unit: bits/pixel)

JPEG 1.0, 0.8, 0.7, 0.6, 0.5, 0.45, 0.4, 0.3, 0.25, 0.2Bank
JPEG 2000 1.0, 0.75, 0.6, 0.5, 0.3, 0.2, 0.18, 0.15, 0.12, 0.1, 0.05

JPEG 1.0, 0.8, 0.6, 0.5, 0.4, 0.3, 0.27, 0.23Bike
JPEG 2000 1.0, 0.75, 0.5, 0.4, 0.3, 0.2, 0.1, 0.08, 0.05, 0.04, 0.03

JPEG 1.0, 0.5, 0.4, 0.35, 0.3, 0.27, 0.25, 0.23, 0.2Lena
JPEG 2000 1.0, 0.5, 0.4, 0.35, 0.3, 0.2, 0.1, 0.08, 0.05, 0.03

JPEG 1.0, 0.6, 0.5, 0.4, 0.35, 0.3, 0.25, 0.2, 0.15, 0.14Woman
JPEG 2000 1.0, 0.5, 0.3, 0.2, 0.1, 0.08, 0.06, 0.04

Table 1. Coding bitrates for the image coders

means that noise at given conditions is invisible to human eyes. If
the two images cannot be distinguished or narrowly distinguished,
the coding bitrate is equivalent to the critical bitrate of the given
conditions. For validation of the measurement, each question is
given ten times repeatedly. If they are correct over eight times out
of ten repetitions, the current bitrate is finally set todistinguish-
able level and another test at higher bitrate are given. On the other
hand, if they are incorrect over three times out of ten repetitions,
the current bitrate is set toindistinguishable level. Although the
desired level is reached, another test at lower bitrate is given for
making sure that the previous critical level is guaranteed.The rep-
etition process provides us an active assessment which can abridge
a number of unnecessary measurements. Mid-level bitrate, which
is initially specified, also helps the efficient assessment process.

In the relative perceived quality assessment, which is the main
goal of this paper, we presented image in seven different spatial
resolutions, and asked to make a choice of the most preferredim-
age at a fixed bitrate in terms of overall image quality, i.e.,includ-
ing both distortion artifacts and image size. The test environment
is in Figure 1 (b).

We used four test images: Lena, Bank, cropped Bike, cropped
Woman, shown in Figure 2. For the JPEG encoding, we used
a visibility model presented by Watson [2], which computes the
visibility thresholds for the discrete cosine transform (DCT) co-
efficients at six image heights. For the JPEG2000 encoding, the
number of DWT decomposition levels is set to5, codeblock size is
set to32. The images are first compressed by JPEG or JPEG2000
at a number of bitrates which are previously selected as shown in
Table 1. Since the coders have different coding efficiencies, the
bitrate table was carefully designed in consideration of noremark-
able difference of perceived quality between bitrates. Foreach
coder and bitrate, the reconstructed images were then downsam-
pled to obtain seven different resolutions:512, 384, 256, 192,
128, 96 and 64, using sinc-function upsampling and downsam-
pling in integer ratios. Three observers, rsmk, jwk and shb,took
part in the experiments. All are corrected myope and binocular.
The images were viewed in a darkened room on flat panel liquid-
crystal display (LCD) screen with blue background. Observers’
eyes are to the center of the display device. The viewing distance
for all six images is fixed to six image heights of the 512×512 im-
age, so that the viewing angle for the highest resolution image is
2 arctan(1/12) ≃ 9.53◦. In the actual test, the observers were
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(c) Woman by JPEG
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(d) Woman by JPEG2000

Fig. 3. Analysis of the result of the critical noise perception assessment. The solid lines are corresponding to the medians ofall votes.

allowed enough time to make their decisions and to view the orig-
inal test images before and during the test. The ordering of images
and coders are randomized to avoid any biases, but the bitrates in
the relative perceived quality assessment decreases at every test.
Again, the bitrates in the critical noise perception assessment be-
gin at the mid-level bitrates and remaining bitrates are actively de-
termined according to the observers’ answers in order to abridge a
number of unnecessary measurements.

Quantitative expressions of image quality are computed be-
tween the originals and the decoded images at the same resolution
by the Wavelet-based metric developed by Watsonet al. [3]. The
linear-phase9/7 biorthogonal filters are used for signal decompo-
sition, then the baseline sensitivity thresholds,τi,k, for the wavelet
decomposition were measured. Herek denotes the subband index
and i the coefficient location in the subband image. The overall
image distortion “Perceptual Masked Error (PME)” is then com-
puted with

Dp =
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wherebi,k is the subband coefficient of the reference image,b̂i,k

is corresponding coefficient of the distorted image, andτi,k is the
visibility threshold. Here we will useQ = 2. In order to be-
come PME comparable to traditional error metrics, we define the
“masked peak signal-to-noise ratio (MPSNR)” as

MPSNR = 10 log
10

2552

D2
p

. (2)

A detailed description of this metric can be found in [5].

4. EXPERIMENTAL RESULTS

For the analysis of the result of the critical noise perception as-
sessment, the median of all votes were employed. The resultsof
images, bank and woman, are given in Figure 3. At a given reso-
lution, images coded over the bitrates above each median value
are perceptually noise-transparent. Obviously, the images gen-
erated by JPEG2000 have lower critical bitrates than imagesby
JPEG. Note that the bank image contains complicated detailsand
the woman image has comparatively less details. The bank image
thus has higher critical bitrates than woman image does. There-
fore, in the woman coded by JPEG 2000, the images with resolu-
tions lower than128×128 are nearly noise transparent even at 0.1
bpp. For comparison of the result to an objective image quality, the
critical bitrates are drawn (with shaded cells) in Table 2. Similar
to the results in the subjective test, the objective qualitydecreases

as bitrate decreases or spatial resolution increases; conversely, it
increases as bitrate increases or spatial resolution decreases. In
particular, at low resolution, the bitrate, which is closely related
to quantization level in the encoder, does not seriously affect the
subjective and objective quality. It explains two important find-
ings that people are able to accept more distortion for low resolu-
tion images and bitrate needs to be determined not only by a target
quality but by other parameters, e.g. spatial resolution and viewing
distance.

To analyze the results of the relative perceived quality assess-
ment, the median values of the most preferable resolution are ob-
tained. Figure 4 shows all the votes of observers and the median
values for the image bike. On top of the human eye’s basic prefer-
ence to a higher resolution and less distorted image, Figure4 also
depicts their tradeoffs substantially.

Comparison of the two sets of tests leads us to another result
that people tends to maintain perceptual quality at every spatial
resolution as presented in bold numbers in Table 2. A tendency
to maintain quality around59.00 dB over various bitrates can be
found in both (a) and (b) of Table 2. Comparison of the noise-
transparent level and the most preferable resolution at a fixed reso-
lution implies that people are willing to accept more distortion. For
example, at128×128 of Bank JPEG2000, the bitrates can be low-
ered from0.5 bpp down to0.18 bpp. Therefore, the level differ-
ence at a fixed resolution, i.e. the resolution at a noise transparent
bitrate and most preferable resolutions, is equivalent to perceptual
tolerance over noise-transparent condition. In this example, 3.69
dB of noise can be more added over the noise-transparent condi-
tion without sacrifice of perceptual quality.

5. CONCLUSION

Noise visibility of the compressed image over various spatial res-
olutions and bitrates in various types of images is studied for a
framework of image quality metric. Since most of the image qual-
ity metric incorporate just the visibility of noise, not thevisibility
of signal itself, analysis of tradeoff between the spatial resolution
and the quantization noise is highly necessary in the scalable im-
age compression application.

We designed subjective tests along two aspects, the critical
noise perception and the relative perceived quality to explore such
tradeoffs. A series of compressed images at different bitrates,
which are carefully determined for covering wide perceptual qual-
ity, is generated. Lower resolution images were then produced
by optimal sinc-function upsampling and downsampling in integer
ratios. The critical noise perception assessment is to obtain noise
transparent bitrate at every image and spatial resolution.The rel-



(a) Bank JPEG2000

Resolution/bpp 1 0.75 0.6 0.5 0.3 0.2 0.18 0.15 0.12 0.1 0.05

512x512 60.97 59.88 58.60 58.22 56.31 55.53 55.17 54.90 54.69 54.56 53.78
384x384 61.45 60.36 59.11 58.61 56.89 55.82 55.31 55.00 54.57 54.29 53.13
256x256 63.79 62.92 61.36 60.75 58.60 57.85 56.92 56.49 56.01 55.67 54.23
192x192 64.26 63.46 61.91 61.25 59.31 58.42 57.55 57.16 56.38 55.99 54.26
128x128 65.72 65.62 64.08 63.00 60.82 60.22 59.31 58.80 57.56 57.52 55.26
96x96 66.33 66.10 64.77 63.67 61.50 61.00 60.20 59.71 58.20 58.02 55.74
64x64 67.94 67.80 67.34 65.30 62.85 62.69 62.28 62.07 59.90 59.83 57.10

(b) Lena JPEG

Resolution/bpp 1 0.5 0.4 0.35 0.3 0.27 0.25 0.23 0.2

512x512 61.87 58.87 57.94 57.42 56.74 56.31 56.01 55.65 55.04
384x384 63.35 59.85 58.82 58.23 57.43 56.91 56.54 56.15 55.39
256x256 66.49 62.56 61.22 60.49 59.54 58.89 58.47 57.85 57.02
192x192 67.11 63.30 61.89 61.09 60.00 59.27 58.74 58.20 57.21
128x128 68.64 64.92 63.54 62.74 61.57 60.76 60.28 59.55 58.58
96x96 68.84 65.47 63.98 63.13 61.96 61.06 60.65 59.83 58.79
64x64 69.57 66.95 65.71 64.97 63.84 62.71 62.29 61.47 60.32

Table 2. MPSNR values over different coding rates and spatial resolutions. The critical bitrates are in shaded cells, and the most preferable
resolutions are specified in bold numbers. (unit: decibels)

ative perceived quality assessment is to gain the most preferable
resolution of each image with consideration of distortion artifacts
and image size. Conducting the subjective tests with observers,we
have found how image characteristic affects the critical bitrates,
and the most preferable resolution at each noise level of every im-
age.

By the comparison of two different levels, a tendency that hu-
man eyes try to maintain the subjective quality as image sizede-
creases is observed. We have also gained that when various view-
ing parameters are considered, there exists perceptual noise toler-
ance so that observers are willing to accept more artifacts as image
size decreases. Estimation of the two results obtained by the sub-
jective tests will provide a more important framework for image
quality metric yielding objective perceptual quality overspatial
resolution and quantization noise, which will be essentialto the
scalable image compression. We are in progress of developing the
image quality metric incorporating signal visibility as well as noise
visibility.
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(b) JPEG2000

Fig. 4. Tradeoffs between spatial resolution and compression artifacts.
Image is bike.


