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ABSTRACT

A method is proposed for reducing the visibility of “band-
ing artifacts,” i.e. false contours resulting from color quanti-
zation in digital images. The method performs a multi-scale
analysis on the neighborhood of each pixel, determines the
presence and scale of banding artifacts, and probabilistically
dithers (perturbs) the color of the pixel. The overall effect
is to “break down” the false contours making them less vis-
ible. The proposed method may be used to reduce banding
artifacts at the same bit depth as the input image or at higher
bit depths. The banding detection mechanism ensures that
artifact-free regions remain unaffected during the process.

Index Terms— Banding artifact removal, false contour
removal, debanding, decontouring

1. INTRODUCTION

Depending on the application, digital images are represented
at various bit depths, e.g. 8 bits per pixel (bpp), 10 bpp, and so
on. A higher bit depth allows more colors to be represented
and therefore a higher visual quality. Often however, the col-
ors in digital images are quantized in order to reduce the bit
depth, e.g. when a 10 bpp image needs to be shown on an 8
bpp display. In areas with smooth gradients, color quantiza-
tion may produce “bands” each of which is mostly constant in
color, with a small color difference between adjacent bands.
Boundaries between such bands may be visible as false con-
tours, also referred to as “banding artifacts.”

There are two main approaches for reducing visible false
contours as a result of bit depth reduction in digital images.
The first one affects the images before or during the quan-
tization process. This may involve adding noise to the im-
age prior to quantization [1], diffusing the quantization error
among neighboring pixels [2, 3], or a feedback-based quan-
tization strategy [4]. The second approach affects the image
after quantization. This becomes necessary in order to reduce
the visibility of banding artifacts that have already appeared
as a result of bit depth reduction. The proposed method be-
longs to the latter category of post-quantization methods.
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Post-quantization methods take an input image at a bit
depth N containing false contours and output an image at a bit
depth M (> N) wherein false contours are visibly reduced.
The two major problems to be tackled by post-quantization
methods are the detection of regions containing banding ar-
tifacts, and the reduction of banding artifacts. Lee et al. [5]
proposed a two-stage false contour detection algorithm that
first eliminates smooth regions and then separates false con-
tours from edges and texture using directional contrast fea-
tures. The false contours are reduced by applying 1-D di-
rectional smoothing filters whose directions are orthogonal to
that determined by the directional contrast features.

Ahn et al. [6] detect flat regions, or regions of low fre-
quency content, since these have a higher likelihood of con-
taining banding artifacts. A random shuffle is then applied
to each pixel in the flat regions. This process exchanges the
color of the pixel with that of a random pixel in its neighbor-
hood. The downside of the shuffle is that small details in al-
most flat regions (e.g. stars in a sky region) may be spread out
or lost. This is a possibility since regions that are mostly flat
except for small details may be misdetected as flat regions.

Daly et al. [7] propose a “decontouring” method that pre-
dicts where false contours will occur by low pass filtering the
input image (resulting in image A at bit depth P > N) and
then quantizing the filtered image (resulting in image B at bit
depth N). The difference between image A and image B (at
bit depth P), containing the predicted contours, is then sub-
tracted from the input image. This results in an output image
(at bit depth M = P) with fewer false contours. Daly et al. try
to remove false contours without adding noise or dither to the
image. This is useful for noise-free images, such as images
generated by computer graphics and line art with gradients.
Daly et al. point out that white noise is ineffective in masking
false contours at admissible noise levels. In this paper, we
show that a low amplitude signal-dependent dithering is quite
effective in masking false contours.

Smoothing filters can be used for reducing false contours
only when the bit depth of the output is greater than that of
the input (i.e. M > N), so that the output image can rep-
resent the intermediate colors created by the smoothing pro-

ICIP 2007



cess. Therefore, the methods of Lee et al. [5] and Daly et
al. [7] are not applicable when the output image has to be of
the same bit depth as the input image (which is a requirement
in some applications). Furthermore, the prior methods do not
address the issue of the scale of banding artifacts. The scale
of banding refers to the proximity between adjacent false con-
tours. This issue is important since false contours which are
closely bunched together will need to be handled differently
from those which are far apart. In [5] and [7], closer contours
will necessitate smoothing filters with smaller supports, and
in [6], closer contours will necessitate a smaller neighborhood
for the random shuffler. However, the scale of banding is not
determined in any of the above methods.

The method we propose performs a multi-scale analysis
on the neighborhood of each pixel, and determines the pres-
ence and scale of banding artifacts around that pixel. There-
after, the color of each pixel is probabilistically dithered based
on the distribution of colors in its neighborhood (of appropri-
ate scale). The overall effect is to “break down” the false
contours making them less visible. The proposed method has
the following advantages:

e Effective suppression of banding artifacts of different
scales;

e Banding artifacts can be reduced at the same bit depth
as the input image or at higher bit depths;

e Low amplitude signal-dependent dithering reduces the
visibility of false contours with a relatively low level of
noise addition; and

e Preserves fine detail in the image, including small de-
tails occurring in almost flat regions.

2. BANDING ARTIFACT REDUCTION

The method comprises two main steps: multi-scale banding
detection and banding reduction by probabilistic dithering.
We shall now describe these steps in detail.

2.1. Multi-scale banding detection

With regard to reducing banding artifacts, it is in general de-
sirable to alter only regions where such artifacts occur. Fur-
thermore, banding artifacts may occur at various scales and
estimating the scale helps in effectively reducing such arti-
facts. We propose a method for detecting the presence and
scale of banding in the neighborhood of each pixel. The me-
thod involves a multi-scale analysis of the color distribution
in the neighborhood of a pixel.

The input to the method is an image /. The symbol,
I(z,y), denotes the value or color of the pixel with coordi-
nates (x, y). At each pixel location, we first estimate the most
likely scale of banding around it and then decide whether

or not significant banding is present at that scale. This pro-
cess is as follows. Let us consider a number of scales, s =
1,2,...,.5, each of which corresponds to a neighborhood,
Ny(z,y), around the pixel (x,y). As the scale index s in-
creases, so does the size of the neighborhood V.

At each scale s, a confidence score, ¢(s), for the likeli-
hood of banding is computed as follows.

p(=1,5) p(1,s) ’

e(s) = (0. ) X MAX | S P 1,8)" pl0s) 1 p(1,5) }

where p(k, s) refers to the fraction (or probability) of pixels
in N (z,y) having the value I(z,y)+k. The term MAX]a, b]
refers to the greater of a and b. The second term in the RHS of
(1) gives a measure of the likelihood of banding being present.
Since banding is the result of quantizing a smooth gradient,
the pixels in adjacent bands differ by a value of 1. If N, (z,y)
overlaps two or more bands, the second term in the RHS of
(1) has a high value due to a relatively high number of pixels
differing by 1 from the center pixel value. The first term in
the RHS of (1) measures how significant the banding effect
is. If the fraction of affected pixels, p(0, s), is low, then it is
likely to be visually insignificant.

It is desirable to avoid affecting regions with low like-
lihood of banding artifacts. To this end, before we choose
the best scale of banding, we eliminate scales which have a
low likelihood of representing bands. This is done by ap-
plying some criteria on the probabilities p(k, s) where k €
{—1,0,1}. In our implementation, we detect the presence of
banding at pixel (x,y) at scale s if

p(0,s) > T and [p(—1,s) > T or p(1,s) > T, ?2)

where 7' is a preset threshold. If none of the scales, s, obey
the criteria in (2), we assume that the pixel (z,y) is not part
of a banding artifact. If banding is detected at one or more
scales at (z,y), we choose the scale, s*, with the highest con-
fidence score among all scales at which banding is detected,
ie. ¢ = c(s*), as the most likely scale of banding. Proba-
bilistic dithering is then applied to reduce the visibility of the
artifact.

2.2. Banding reduction by probabilistic dithering

At each pixel where banding has been detected, a probabilistic
dithering is applied in order to break down the false contours
and reduce the visibility of banding. Our approach is supe-
rior to adding white noise since, from a distance, white noise
is averaged out by the human visual system resulting in the
reappearance of the banding pattern. The proposed method
exploits the local properties of banding artifacts in order to
effectively mask its appearance.

Let J be the output of the banding reduction process, i.e.
the “debanded” image. Let (z,y) be a pixel location where
banding of scale s* has been detected. The output value,
J(x,y), is obtained by dithering or perturbing the input pixel
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value, I(z,y), according to certain probabilities. We compute
the expected mean value in the local neighborhood, N+ (x, y),
as follows:

m=p(-1,5)(z=1)+p'(0,s)z+p'(1,s")(z+1), @A)

where p/(k, S*) = p(k, 5*)/@(_1’ S*) +p(0, 5*) +p(17 5*)}’
and z = I(z,y). The probabilities, p(k, s*), are defined in the
previous section. Ideally, the output value, J(z, y), should be
equal to m. However, since a pixel can only take discrete
values, a dithering strategy is devised as follows in order to
make the neighborhood mean value approach m.

Let us define a lower value as |m] and an upper value as
|m| + 1, where |m] refers to the largest integer not greater
than m. Let us then define a probability ¢ = m — |m]. In
order to obtain a neighborhood mean close to m, the output
value, J(z,y) is assigned the upper value with probability ¢
and the lower value with probability (1 — ¢). In practice, a
uniform random number, r € [0, 1], may be generated and
the following rule may be used.

J(fﬂ,y)={ &JJA

After applying probabilistic dithering at all pixel locations
where banding is detected, the debanded image, .JJ, may then
be sent to the next stage, e.g. encoder, display. Note that
the upper value is clipped at the maximum allowed value of
201 — 1 (where by is the bit depth of I) and the lower value is
clipped at zero.

In the above described banding detection and reduction
methods, the input and output may be grayscale images or one
component of color images. In general, color images are rep-
resented by multiple components, e.g. YUV, RGB. Bit depth
reduction of such images involves separately quantizing each
component of the image. Conversely, in order to reduce band-
ing artifacts, we may apply the proposed method separately to
each component of the quantized image.

ifr<gq
ifr>gq )

3. BIT DEPTH EXTENSION

Bit depth extension is the reverse process of bit depth reduc-
tion, wherein the bit depth of an image is increased, e.g. from
8 bpp to 10 bpp. The additional bits may be used effectively
to further suppress the visibility of existing banding artifacts.
The method proposed in the previous section may be modified
to further reduce the visibility of banding artifacts during bit
depth extension. The banding detection mechanism remains
the same and is performed at the input bit depth. Let the bit
depth of the input image, I, be by, and that of the output im-
age, J, be by (> by). The smallest non-zero difference of 1
between pixels in the input now translates to a difference of
dmin = 277 in the output.

The probabilistic dithering method of Sec. 2.2 is modified
thus. Consider the pixel at (x,y). If no banding is detected
at (z,y), we set the output value J(x,y) = dminl(z,y). If

banding of scale s* is detected at (x,y), the expected mean
value in the local neighborhood, N« (z,y), is computed by
modifying (3) as follows:

m = dmin [p'(—1,5")(z — 1) +p'(0,5")z + p'(1,s")(z + 1)] .

5)
Based on the above value of m, the upper and lower values,
and the probability ¢ are computed in the same way as de-
scribed in the previous section. The dithering step is also
identical to that described earlier. Since by > b, the up-
per and lower values are closer in color space at bit depth by
than at bit depth b;. Thus, at higher bit depths, the dithered
result appears less noisy while still effectively reducing the
visibility of banding artifacts.

4. EXPERIMENTAL RESULTS

In this section, we compare the proposed method of banding
artifact reduction with the “decontouring” method proposed
in Daly et al. [7], which we consider to be a prominent me-
thod in the recent literature. Fig. 1(a) shows a 6 bits-per-pixel
(bpp) grayscale image of size 256 x 256 with a set of intensity
bands of varying width or scale. Each band differs from its ad-
jacent bands by one intensity level, thus simulating banding
artifacts arising from a quantization process. The two white
dots represent small details which should ideally be preserved
during the banding artifact reduction process.

Fig. 1(b) shows the 8 bpp result after applying the method
of Daly et al. Note that this method always outputs an image
at a higher bit depth than that of the input image. The quality
of the result depends on the scale of the low pass filter used.
We experimented with filters of different scales and chose a
20 x 20 averaging filter, since it seems to be the most effective
scale for this example. From Fig. 1(b), it can be observed that
(i) although the method is effective in reducing existing false
contours, it could introduce new ones; and (ii) the low pass
filter could blur small details (the white dots).

Fig. 1(c) shows the result of applying our proposed me-
thod. The dithering is performed at the same bit depth as
the input image, i.e. 6 bpp. In our method, banding artifacts
can be reduced at the same bit depth as the input image or at
higher bit depths. The former cannot be done using the me-
thod of Daly et al. From Fig. 1(c), it can be seen that the pro-
posed method is effective in breaking down the contours be-
tween bands making the artifacts less visible. The multi-scale
banding detection mechanism is effective in tackling bands
of different sizes. It also ensures that artifact-free regions,
including small details (the white dots), mostly remain unaf-
fected during the dithering process. Note that, in our imple-
mentation, Ng(z,y) (in Sec. 2.1) is a square neighborhood!

1At the borders of the image, Ns(z,y) may not lie entirely inside the
image. Ways of handling this problem include truncating the neighborhood
to only the portion that lies inside the image, mirroring a band of border
pixels, and ignoring a band of border pixels so that the neighborhood always
stays inside the image.
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Fig. 1. (a) Input 6 bpp image with bands and small details (white dots); (b) Result of the “decontouring” method of Daly et al. [7] at 8 bpp;
(c) Result of the proposed method at 6 bpp; and (d) Result of the proposed method at 8 bpp. (Note that these images are best viewed in the

electronic pdf version.)

centered at (z,y), and T = 0.2 in (2).

In applications where the bit depth of the output can be
higher than that of the input, the bit depth extension method
(Sec. 3) may be applied. This helps us to suppress banding ar-
tifacts while introducing less perceivable noise than at lower
bit depths. Fig. 1(d) shows the result after extending the bit
depth from 6 bpp to 8 bpp. The result at 8 bpp has less per-
ceivable noise than the result at 6 bpp (see Fig. 1(c)).

Since banding artifacts arise from quantization of smooth
gradients, the banding reduction process should result in the
reintroduction of smooth gradients. We now compare the pro-
posed method with that of Daly et al. in terms of the smooth-
ness of the output intensity gradients. Fig. 2(a) plots the inten-
sity average of each row of the 6 bpp input and 8 bpp output
image after applying the proposed method. The two interme-
diate peaks in the curves are due to the white dots in Fig. 1(a).
Note that the staircase profile of the input image is smoothed
out effectively by applying the proposed method. In compari-
son, Fig. 2(b) shows the row averages for the method of Daly
et al. The resulting image also has a staircase profile, although
the “stairs” are of smaller scale than in the input.

5. CONCLUSION

In this paper, we have proposed a method for reducing the
visibility of banding artifacts, i.e. false contours arising from
color quantization in digital images. The method comprises
two steps, multi-scale banding detection and probabilistic di-
thering. The former enables the effective handling of bands
of various scales. It also ensures that artifact-free regions and
small details remain unaffected during the dithering process.
The probabilistic dithering step breaks down false contours,
reducing the visibility of banding artifacts. This step can be
performed at the same bit depth as the input or at higher bit
depths. We have provided experimental results demonstrating
the effectiveness of the proposed method and its advantages
over a prominent previous method.
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Fig. 2. Row averages of intensities for (a) the proposed method; and
(b) the method of Daly et al. [7].
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