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ABSTRACT

One @mmon visual optimizdion strategy for image
compresson is to exploit the visual masking effed where
artifads are locdly masked by the image ading as a
badkground signal. In this paper, we present a point-wise
extended visual masking approach that nonlinealy maps
the wavelet coefficients to a perceptualy uniform domain
prior to quantization by taking advantages of both self-
contrast masking and neighborhood masking effeds, thus
adhieving very good visual quality. It is esentially a
coefficient-wise aaptive quantizaton without any
overhead. It alows bitstream scdability, as oppcsed to
many previous works. The proposed scheme has been
adopted into the working draft of JPEG-2000Part 11.

1. INTRODUCTION

One major goal of image cmpresson is to remove the
statisticd redundancy in the image data. Given a target bit
rate, image wmpresson techniques try to minimize the
distortion (usually measured in mean square aror (MSE)).
Another goal of image compresson isto try to remove the
perceptual irrelevancy. It is well known that MSE is
usualy not a good measure for visua quality. It is
therefore important that the cmpresson scheme takes into
acount the properties of the human visua systems (HVS)
in the optimization process

One mnmon visua optimizaion strategy for
compression is to make use of the ntrast sensitivity
function (CSH that charaderizes the varying sensitivity of
the visual system to 2D spatial frequency [1][2][3]. The
advantage of this technique, however, becmes less
noticeable for lower resolution display and closer viewing
distance, since the CSF curve tends to be flat under those
viewing conditions.

Visual masking is a perceptual phenomenon where
artifads are locdly masked by the image ading as a
badground signal. Early work [4] scded the overal
guantization values as a function of locd image variance
Such adaptive methods required overhead to tell the
decoder what quantizer was used to encode alocd region.

To avoid excess overhead, these schemes often
significantly restrict locd adaptation [4][5].

It is understood nowadays that the masking property of
human vision primarily occurs within spatial frequency
channels that are eat limited in radia frequency as well
as orientation. It is then posshble to exploit the masking
effeds by nonuniform quantization which quantizes more
coarsely as a function of the adivity in spatial frequency
and spatial locaion, as oppced to overtly adaptive
techniques [4]. Since these masking effeds are
approximately the same in ead channel, once normali zed,
the same masking procedure could be used in ead channel
without incurring any overhead [6]. One way [6] to
exploit this masking effea (we will refer to this as sif-
contrast masking effed) is to let the CSFnormalized
transform coefficients go through a point-wise nonlinea
transducer function such as a power function, prior to
uniform quantization. This effedively results in a non-
uniform quantization of the original coefficients where
coefficients with larger amplitude ae more marsely
guantized.

In [7], an agorithm that locdly adapts the quantizer
step size a ead coefficient acording to an estimate of the
masking measure is presented. To eliminate the overhead,
it exploits the self-contrast masking based on an estimate
of the arrent coefficient from neighboring already coded
coefficients. The estimate, however, may not be acarate
given that the wefficients are pretty much de-correlated. It
is not amenable to scdable cding.

Another way of exploiting visua masking in the
context of JPEG-2000 [8] - an emerging wavelet-based
standard for still i mage compresson, is through control of
individual code-block contribution [9]. This approac
takes advantage of the structure of JPEG-2000 -
coefficients in eath wavelet subband are divided into
blocks of same size (cdled code-block) and ead code-
block is embedded coded independently. In this approad,
the embedded coding of ead code-block (usualy with
size no lessthan 32x32) is performed without considering
visual masking effed. However, in the past-compresson
optimization process where sub-bitstreans from ead
code-block are @smbled in a rate-distortion (R-D)
optimized order to form the final bitstream, the distortion



metric is modified to take into ac@unt the visual masking
effed. More spedficdly, the distortion of ead coefficient
is weighted by a visual masking fador that isin general a
function of the neighboring coefficients in the same
subband (we will refer to this type of masking as block-
based neighborhood masking). The wedness of this
block-based neighborhood masking approach is that it can
only adjust the truncation points of the bit-stream of eadt
code-block, which is a spatialy coarser adjustment than
the sample-by-sample mmpensation offered by the self-
masking approach [6].

In this paper, we present a point-wise extended
masking approach [10] that has been recently adopted into
the working draft of JPEG-2000 Part 1l. The proposed
masking approach ronlinealy maps the wavelet
coefficients to a perceptualy uniform domain prior to
guantization by taking advantages of both self-contrast
masking and neighborhood masking effeds, thus
achieving very good visual quality. It is esentialy a
coefficient-wise aaptive quantizaton without any
overhead. It alows bitstream scdability, as oppcsed to
many previous works [4][5][7]. Furthermore, our approach
allows optimally distributing avail able bits acoss ace
and spatial frequency to minimize visual distortion, as
oppased to many previous works that generally focus on
perceptualy losdesscompression.

2. POINT-WISE “EXTENDED NON-LINEARITY”

In this ®dion, we describe our proposed padnt-wise
extended masking approach [10] that exploits both self-
contrast-masking and neighborhood-masking. We develop
a visual masking model that extends the point-wise “non-
lineaity” of [6] to a point-wise “extended non-lineaity”
that also takes care of the masking effed contributed from
spatialy neighboring coefficients. Thisis to overcome the
over-masking problem of the self-masking approach [6]
that occurs at diagonal edges. The main advantage of this
strategy is its ability to dstingush between large
amplitude wefficients that lie in a region of simple edge
structure and those in a complex region. This feaure will
asaure the goodvisua quality of simple aelges in a smooth
badcground, which is often criticd to the overall perceved
quality.

The proposed pant-wise extended masking approach
treds visual masking as a mmbination of two separate
processs, i.e., self-contrast masking and neighborhood
masking. The first step is to apply a point-wise non-linea
transducer function f(.) such as a power function to the
original coefficient x;, i.e.,

% — i =f(x) D
This gep asumes eat signal with which a mefficient is
asciated is lying on a common flat background.  Under
this assumption, {y;} are perceptualy uniform. In a red

image, however, thisis usualy not the cae. Each signd is
superimposed on other spatialy neighboring signals.
There is me masking effed contributed from spatially
neighboring signals due to the phase uncertainty, receptive
field sizes, as well as possble longer range dfeds
(“poding”). To further exploit this neighborhood masking
effed, the second step normalizes y; by a neighborhood
masking weighting fador w;, which is a function of the
amplitudes of the neighboring signals, i.e.,
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where w; is a function g(.) of the neighboring signals
denoted in a vedor form as N({x}). The neighboring
coefficients are in the same subband. They could also be
coefficients around the same spatial locdion but in other
frequency bands. This, however, is not in current
implementation. As discussed above, the second step is
espedaly important for wavelet based systems where
over-masking may result from the first step.

Fig. 1 shows the system diagram for the point-wise
extended masking approach. To avoid overhead and to
make sure the inverse process is feasible, quantized
versions of the neighboring coefficients that are dso
available & the decoder will be used, and the
neighborhood has to be causal in the sense that eath
coefficient x, in this neighborhood has to be recovered
before the aurrent one x; so that the decoder can perform
exadly the same operation to reconstruct w;.. A good
model we have developed and has been adopted by JPEG
2000isto use the non-linea transform
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where |@| denotes the size of the causal neighborhood, a is

O
a normalizdtion fador, Xk denotes the quantized
neighboring coefficients, and the neighborhood contains
coefficients in the same band that lie within an NxN
window centered at the aurrent coefficient and also appea
ealier than the aurrent coefficient in the raster scan order
(see Fig. 2 for an example). The neighborhood daes not
include the arrent coefficient itself so that an explicit
solution for the inverse processis available. o assimes a
value between 0 and 1, and is used to control the degree of
self-masking. A typicd value of a is 0.7. B asuumes a
positive value, and, together with N, are used to control
the degree of neighborhood masking. 3 and N play
important roles in differentiating coefficients around
simple adge from those in the cmplex area N controls the
degree of averaging, [ controls the influence of the
amplitude of ead coefficient. It is important that 3 be
chosen as a value much smaller than 1. A goodvalue of 3
is 0.2. This is quite different from some previously
proposed variance-based neighborhood adivity measure
[4][7]. It helps to proted coefficients around simple sharp
edges, since the wefficients around sharp edges usualy



have high values. A variance-based measure may not be
able to distinguish alocd sharp edge aea(with few large
coefficients and all the rest close to zero) from a locd
complex area (with many mid-amplitude efficients).
This is becaise the large efficients, although few, in a
locd sharp edge aea ould contribute significantly to the
overall variance due to the square operation. Note that
masking is lower than expeded nea sharp edges (as
oppased to textures) due to “poding’. A small value of 3
suppresses the mntribution of a few large wefficients
around sharp edges to the masking fador, thus implicitly
distinguishing coefficients around sharp edges from
coefficients in a cmplex region. For example, two
neighborhood sets of {5, -5, 5, -5, 5, -5, 5, -5} and {0, 0,
0, 10, -10, 0, 0, 0} have the same variance of 5. But their
“0.2-norms” are 1.38 and 0.40, respedively.
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Fig. 2: Causa neighborhood (N=5, |@|=12). “0": current
coefficient; “x”: coefficientsin the caisal neighborhood

Note that quantized neighboring coefficients will be
used at the encoder to ensure the invertibility at the
dewder.. For non-scdable ading, the encoder will just
use the final quantized neighboring coefficients to
cdculate the neighborhood masking fador. For embedded
coding, unfortunately, this is not feasible becaise the
nonlinea transform is performed prior to scdable
compresson, and the decoder can have awy bitstrean that
has a lower rate than the fina rate. Nevertheless the
discrepancy of the values of w; cdculated at the encoder
and the decoder can be cmpletely eliminated or reduced
by a mnservative strategy (“worst case” consideration)
where only the same very coarsely quantized coefficients
are used to cdculate w; at both the encoder and the
decoder. For example, after z is quantized (for bit-plane
coding), the n most significant bits of the quantization
index will be retained (the rest replaced with 0). This
modified quantization index is then dequantized and used
for cdculating w;, As long as n is snal enough (with
resped to the available bits at the decoder), the deaoder
will be ale to get exadly the same quantized version of
the neighboring coefficients. The mmpromise here is a
coarser granularity of w; which may dightly affed the
acarracy of the masking model. But our experiments $ow
that the performance usualy is not very sensitive to the
acarracy of the quantized neighboring coefficients.

3. EXPERIMENTAL RESULTS

The point-wise extended masking approach has been
implemented in the JPEG-2000 VM software [11]. The
power functions in the “extended non-lineaity” are
redized using look-up-tables to reduce the mmplexity. To
compare the performance of different visual masking
approaches, no CSFweighting is used in the testing. This
is reasonable for monitor display condition where the
viewers are dlowed to zoom in to seethe detail s.

We tested on a set of 14 test images, among which
“bike” and “woman” are in the JPEG-2000 standard test
image set, whil e the rest are high quality photographic face
images. The image size ranges from 512640 to
20482560 We compare the performances of no masking,
self-masking (with a=0.7), block-based neighborhood
masking [9] (with p=0.5), and the proposed padnt-wise
extended masking (with a=0.7, 3=0.2, N=13, n=9). For all
four approadies, scdable wding based on deadzone
quantizer [11] is tested, i.e., the bitstrean is encoded at 2
bpp, and truncated to get decoded images at 0.25, 0.5,
0.75 and 1 bpp. Note that for all three masking methods,
the parameters used are the default or recommended
parameters. Different choices of the parameters may result
in dlightly different performances.

The independent visual evaluation [10] suggests that
for all test images at different bit rates, the proposed pant-
wise extended masking provides the best overal visua
quality. The difference is sgnificant in many cases. For
amost al test images, self-masking provides dightly
better visual quality than the block-based neighborhood
masking for middle to high range bit rates (=0.75 bpp).
For relatively low rates (0.25-0.5 bpp), there ae some
artifads generated by self-masking that make it often
inferior to block-based neighborhood masking. The self-
masking approach wsually proteds the fine texture well,
but has problems with sharp edges, espedally at low bit
rates. The block-based neighborhood masking approach
tends to smocth out the fine texture, but proteds the aeas
immediately surrounding the high contrast edges well. It
also does not sean to work well on relatively small
images, mainly due to its block-based nature. However, it
has siccessul performance for large images with diverse
content. The point-wise etended masking approac
combines the strength of bath, thus resulting in mutual
synergism. Fig. 3 shows ome eamples for the
performance @mparisons. The performance of the point-
wise extended masking method is quite mnsistent, and is
much better for this particular case. For some @mplex
images with diverse @ntent such as “woman”, the visual



improvement over no masking case cal be euivalent to a
saving of up to 50% in bit-rate. For more detail s about the
performance of diff erent masking methods for diff erent bit
rates and diff erent images, see[10].

The proposed padnt-wise extended masking can also be
used in conjunction with other quantizaion schemes sich
as TCQ. Our preliminary study showed that TCQ alone
can achieve similar fedure as <lf-masking (proted fine
texture). In light of this property, the neighborhood
masking component is more important than the self-
masking when TCQ is used (thus a could be set to 1to de-
emphasize self-masking).
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Fig. 1: System diagram for the point-wise extended masking approach.
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Fig. 3: Comparison of different masking methods at 0.25 bpp. Foreheads of the 512x640image “face guy_down2”



