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Abstract. An improvement of the Chen’s method has been provided through
the calculation of a more accurate H map. The H map is the pixel’s contextual
inhomogeneity value reflecting its proximity position with respect to an edge
feature, and a more accurate H value leads to the more accurate smoothing
speed for the pixel. While experiments on 5 real images show slight improve-
ments in SNRs of our method over that of the Chen method, edge features pre-
serving capability has been enhanced with low FARs (false alarm rates) for
edge feature extracted from applying the Sobel filter to the image. Furthermore,
parameter values have been determined through an exhaustive searching
process resulting in the suggestions of h=0.4 and T=4 for practical applications
where the original noise free image is not available and/or no viewer to visually
make a selection of the final smoothed image as the output.

1 Introduction

Image smoothing is an image enhancement method with the objective of reducing
and/or removing image noise. In a general case, it is impossible to completely remove
image noise and recover the original noise free image. Generally, the image smooth-
ing algorithm will blur the image edge features while removing the image noise [3].
In smoothing operations, images are assumed to have an approximately piecewise
constant gray level distribution [2,3]. Based on this widely adopted assumption,
an image can be viewed as the combination of many local regions with constant in-
tensity. The separations of these local regions are edge features comprised of con-
nected edge pixels. These edge features are of great importance in characterizing
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image content. Therefore, a desirable quality of an image smoothing algorithm is to
preserve image edge features while removing the image noise. Most of the current
image smoothing algorithms do not incorporate edge feature preservation in their
designs and cannot effectively separate edge pixels from other image pixels in their
smoothing processes. Thus, either the smoothing result blurs out edge features or the
image noise is not effectively removed. The contextual based smoothing algorithms in
general have better performance over non-contextual ones with respect to edge pre-
servation and noise removal and the scale based algorithms are superior in perfor-
mance over the non-scale based algorithms [1,3]. It has been shown in [2] that Chen’s
algorithm can effectively remove noise while preserving image features. There are
three parameters, h, S, and T that are needed to be selected in the algorithm. Parame-
ters h and S control the impact of inhomogeneity value H and the gradient on the
smoothing speed respectively and parameter T is the total number of iterations. While
S is not sensitive to the final results and can set between 10 and 20, h and T have to be
carefully selected in order to give quality smoothing results. In many of our simula-
tions, SNR drops off rather rapid after T number of iterations. In this paper, an im-
proved algorithm is proposed to further improve edge feature preservation feature and
also provide a practical way to select values of parameter h and T.
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Fig. 1. A functional flowchart of chen’s smoothing algorithm

2 Problem Statement

As discussed in the introduction section, Chen adaptive smoothing algorithm is con-
ceptually attractive. Our aim is to improve upon his algorithm. Here a brief presenta-
tion of Chen’s algorithm is provided. It is a pixel based adaptive smoothing algorithm
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where pixels with smoother neighborhood have larger smoothing actions while pixels
with rougher neighborhood have smaller smoothing actions. The iterative smoothing
action for a pixel (x,y) is defined as.

15 =10, +AI(H

(x,y)

Vl(tx,.v)’Af(.tx.y))zx,.v) M
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The Al (')Ex,y) determines the amount of smoothing action in a given iteration, and it
is jointly determined by inhomogeneity H(y.,y, gradient VI(tx’y), and which is the in-
tensity difference of pixel (x,y) and its 8 adjacent neighbors. The Hy ) is a measure-
ment of pixel (x,y)’s contextual discontinuity, and VI(tx‘y) is a measurement of its local
discontinuity. Both discontinuity measurements are combined to determine the appro-
priate smoothing action or speed for the pixel. H is calculated by averaging the dis-
connectedness values among a pixel and its 8 adjacent pixels where the disconnected-
ness value between the pixel and one of its neighbors is calculated using a square
shape homogeneous neighborhood (HN). Since HN is restricted to a square shape and
often does not represent the actual homogenous area around the pixel. For a smaller
neighborhood, the size and shape errors may lead to error in H. The smallest HN of 3
by 3 may not reflect the true size and shape of the homogeneous area when the adja-
cent pixel is an edge pixel. Furthermore, H does not reflect the direction of the edge
which may be important when the pixel under consideration is adjacent to an edge
feature pixel rather than a noisy pixel. It is rather important that we have a correct H
map to reflect the real contextual discontinuity value of the pixel. In addition, our
numerous experiments on real images (5 in number) have indicated that the SNR of
the resulting image is rather sensitive to the value of parameter h and T. The fact that
the SNR drops off rather rapidly as the number of iteration increases is rather impor-
tant. These difficulties are limiting the practical applicability of the algorithm to any
noise contaminated image where the original image is not available.

It is obvious that a correct H map is the key in getting a good smoothing result
since the algorithm aggressively smoothing out homogenous regions of an image
while at the same time limiting the smoothing operation in edge feature rich regions.
In this paper, a modified procedure to compute the H map is provided. Parameter
settings are to be estimated through an experimental searching operation.

3 Approach

A good H map depends on a correct HN and correct HN depends on having a correct
shape of homogeneity neighborhood which is not a square in general. Here, we pro-
pose the following two improvements:

3.1 Generation of a Correct Homogeneity Neighborhood(HN)

A correct neighborhood has the following properties: it takes the shape of homogene-
ous neighborhood and is not necessarily a square one, meets a selected smoothness
criterion, and finally, has the largest neighborhood area (larger than 3 by3). The larger
is the HN size the better (more accurate) is the statistics on the intensity calculations.
The level set method is used to search for the HN since the method is an iterative
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process derived from a selected smoothness criterion and guarantees a connected
region from an initial starting local region around a pixel. The smoothness criterion is
embedded in the deforming speed function in deforming the HN. The speed function
used in our implementation is the commonly adopted inverse of a gradient function.
The initial contour is placed around the interested pixel and consists of its 4 neigh-
bors. To reduce the computation time, the maximum number of iterations is set to be
5, and the maximum size of HN is set to be 150 pixels. A morphological erosion
operation is applied to the resulting close region to produce a smoother HN. H value
of each pixel is the average brightness of the pixels in its HN. Obviously, with this
modification, the problem of having 3 by 3 HN in Chen’s algorithm is overcome.

3.2 Incorporation of the Directional Information in the H Map Computation

The H map is derived from the HN map to extract the inhomogeneity (context discon-
tinuity) of a pixel and its 8 neighboring pixels. As stated earlier, it reflects whether a
pixel is adjacent to an edge element or not. The directional information is an impor-
tant knowledge needed in the adaptive method to identify the neighboring edge pixels
as illustrated in Fig. 2. A large average intensity difference between two adjacent
pixels’ HNs in a particular direction is an indication of either the presence of a large
noise pixel or an adjacent edge segment. To distinguish these two situations, a thre-
shold value is used to compare with these directional differences. If three or more
adjacent pixels differences exceed this threshold, then the present of an edge segment
is declared and smoothing weights are changed accordingly. To accomplish this,
AHN() is computed as the average intensity difference of the center pixel’s HN and
the HN of its ith adjacent pixel with i being from 1 to 8.

H(*) = 2oAHN(); Yo = 1;i=1~8;. @)

The AHN(i) indicates the directional intensity difference. As illustrated in Fig.2,
the AHN(i) in the diagonal direction will be larger than all other directions. The
weight wi will be set larger to emphasize the directional discontinuity.

R _A'J Fan I .
S

Fig. 2. An illustration of two HN neighborhoods of the edge
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All the improvements are concentrated in producing an improved H map so that a
better smoothing result can be obtained with edge features being properly preserved.
The rest of the adaptive iterative smoothing algorithm stays the same as Chen original
algorithm.

4 Experimental Results

Experiments are designed to show comparisons of performances of our proposed
method and Chen method based on SNR, DR(edge feature detection rate) and
FAR(edge feature false alarm rate) on a set of 5 real images (shown in Fig.3) conta-
minated with various degrees of additive noise. In addition, parameter settings of h
and T are experimentally determined using the 5 real images.

4.1 Performance Comparison between Our Algorithm and Chen’s Algorithm

Chen’s algorithm has been considered to give better performance in terms of SNR
than most other adaptive methods. Chen’s algorithm is implemented and verified per
[3] by us to produce more experiment results beyond reported results. In our experi-
ments, Gaussian noise with zero mean and different standard deviations (Std) is added
to an original image. The comparisons are based on two key objectives — high SNR
and edge preservation. For edge preservation evaluation, we have devised the follow-
ing procedure:

i) Use the Sobel edge operator with a threshold to extract all edge pixels from an
image.

ii) Use the resulting edge pixels from an original image as the ground truth.

iii) Calculate detection rate (DR) and false-alarm rate (FAR) as measures of the edge
preservation capability.

DR and FAR are defined as:

DR = (Total number of edge pixels matched between the smoothed image and the
original image) / (Total number of edge pixels of the original image).

FAR = (Total number of edge pixels found in the smoothed image and not in the
original image) / (Total number of edge pixels of the original image).

It is desirable that a good smoothing method will have a high DR together with a
very low FAR. It is possible for the FAR to be much larger than 1 when the total
number of true edge pixels is much smaller than the image size under noisy condition.
The main reason of selecting Sobel operator is that it is a simple and non-smoothing
edging method. Although different threshold values give different sets of edges, it has
been shown in our experiments that the results are consistent when comparing the
performances of the two methods using different threshold values (In comparison
different threshold values, one same threshold value will be applied in both methods
each time).

The 5 images in Fig. 3 are selected to reflect a broader class of images to provide a
more critical comparison of performance. These images are carefully selected to re-
flect different image data collection situations from an object with a smooth to a



762 X. Hu et al.

Fig. 3. Images: a) Lena; b) Cameraman; c) Scene; d) Human face; e) Peppers

highly texture image, from a single person image to a very dense crowd, and from an
in-door image to an out-door scene. It is expected that the experimental results de-
rived from these images can provide a preliminary and practical conclusion on the
applicability of the two algorithms. Additive Gaussian noise of STD of 10 and 20 are
considered like most others reported in the literature.

The ground truth edge pixels are extracted using the Sobel operator with a thre-
shold on the original image. Note that different threshold settings give different total
number of edge pixels. Our experiments have indicated that the comparison results of
performances are consistence using different threshold values(Applying the same
threshold value to generate comparing result each time and changing the threshold
value to produce a set of comparison results). Be noted that Sobel operator preserves
high frequency texture edge features. The results are presented in Table 1 and 2. The
results show slight improvements on SNRs and significant improvements on FARs in
all 5 cases when comparing the two methods. While our method provides lower DRs
when compared to that of original images, they are consistently higher than using the
Chen method. Furthermore, the DRs are reduced by 10% to 20% due to the smooth-
ing operation with the order of magnitude improvements in the FARs which maybe
significant to any further image segmentation operations. Note that some high fre-
quency texture pixels are also eliminated in the process in producing lower DRs, and
therefore, the DRs are even lower for more complicated or busy images like Fig.3d
and 3e. These Low DR numbers should not affect the true edge pixels for most object
segmentation applications since they are non-texture data. We also have the results on
an MRI brain image with various degrees of added noise with significant improve-
ments in SNR. We do not have DR and FAR figures in this case.
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Table 1. Smoothing results comparison for 5 real images (without small region removal
process)

Image Fig. 3a Fig. 3b
Test Setting *EE *
A | SNR [125 32 185 | 48 63 17 170 | 43 272 | 71
DR 093 1091 (085 | 083 | 083 |0.84 [ 0.89 | 0.84 | 095 | 0.92
FAR 1.7 |2.17 |0.07 | 065 | 0.12 | 0.74 | 0.17 | 0.24 | 0.0 1.1
B | SNR 220 | 139 | 456 | 185 | 121 | 82 224 | 117 | 443 | 267
DR 0.68 [0.58 | 0.69 | 0.58 | 0.68 | 0.5 0.68 | 0.63 | 0.81 | 0.73
FAR [0.11 [0.14 | 0.05 | 0.13 | 0.1 0.08 | 0.08 | 0.1 0.12 | 0.32
C | SNR 248 149 [ 462 | 199 | 128 | 87 243 | 129 | 454 | 281
DR 0.79 1063 | 0.75 | 0.62 | 0.7 0.52 1 0.73 | 0.69 | 0.86 | 0.74
FAR 0.09 10.10 ] 0.02 | 0.03 | 0.04 | 0.05 | 0.03 | 0.04 | 0.06 | 0.09
*: Gaussian noise with 0 mean and std 10; **: Gaussian noise with 0 mean and std 20.

A: Noisy image; B: Smoothed image with Chen’s method; C: Smoothed Image with our me-
thod.

Fig. 3¢ Fig. 3d Fig. 3e
*

Table 2. Smoothing results comparison for 5 real images (with small region removal process)

Image Fig. 3a Fig. 3b Fig. 3c Fig. 3d Fig. 3e
Test Settmg % skk % skek * skek * sk % kk
A | SNR 125 | 32 185 | 48 63 17 170 | 43 272 | 71
DR 0.94 {093 | 093 | 088 | 0.8 |0.86 | 093 | 0.88 [ 096 | 0.93
FAR 1.76 | 1.9 0.17 1 0.82 | 025 | 1.04 | 0.17 | 0.37 | 0.81 | 0.98
B | SNR 220 | 139 | 456 | 185 | 121 | 82 224 | 117 | 443 | 267
DR 0.73 | 0.6 0.8 0.64 1077 | 0.56 | 0.75 | 0.70 | 0.84 | 0.75
FAR 0.09 | 0.11 | 0.11 | 0.2 0.09 | 0.12 | 0.1 0.2 0.1 0.21
C | SNR 248 | 149 | 462 | 199 | 128 | 87 243 | 129 | 454 | 281
DR 0.81 | 0.67 | 0.86 | 0.72 | 0.79 | 0.58 | 0.79 | 0.74 | 0.88 | 0.77
FAR 0.07 | 0.08 | 0.06 | 0.06 | 0.08 | 0.1 0.04 | 0.09 | 0.05 | 0.08
*: Gaussian noise with 0 mean and std 10; **: Gaussian noise with 0 mean and std 20.

A: Noisy image; B: Smoothed image with Chen’s method; C: Smoothed Image with our me-
thod.

4.2 Experimental Determination of h and T Parameter Values

The main purpose of the experiment is to enhance the applicability of our proposed
smoothing method and Chen method. Both methods require the selections of two
significant parameter values — “h” and “T” (the total iteration number). Experiments
have shown the resulting smoothed image is not sensitive to selection of S value as
long as it stays within the range between 10 and 40. If we can show experimentally
that the smoothing results do not change very much in SNRs, i.e., SNR figures are
within a narrow band, for ranges of h and T will improve the applicability of our pro-
posed method. Be noted that on real images, the SNRs drop off rather rapidly after T
iterations. Our experimental approach is to do an exhaustive search of h and T in
obtaining the best SNR figures of all 5 images under the contamination of an additive
Gaussian noise.
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Fig. 4. Our algorithm, (a): besting stopping iteration number versus h; (b): obtained SNR/best
SNR versus h
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Fig. 5. Chen’s algorithm, (a): besting stopping iternation number versus h; (b): obtained
SNR/best SNR versus h

For all 5 images in Fig.3, SNRs are computed for different values of h and T with
each incoming image being contaminated with Gaussian noise of standard deviation of
20. Our experiments show that the SNR peaks for higher h values with smaller T val-
ues, and they drop off rather rapidly for larger h and larger T. For parameter value
range selection results, we have Fig.4a and Fig.4b. Fig.4a shows the plots of the T
(number of iterations for the best SNR) versus the h. One can see that T is less than 8
iterations in all 5 images for h ranging from 0.2 to 0.6. Fig.4b shows the plot ratios of
the obtained SNR versus best SNR figure (maximum of 1) for each image versus h
ranging from 0.3 to 0.5. There is only one best SNR for each image. While the result-
ing SNRs are better than 80% of the best SNR, and they stay rather close range the
SNR performances for the whole range of h. Therefore, one can draw a conclusion that
for these 5 images, and for T ranges from 3 to 6 and h ranges from 0.3 to 0.5, our
smoothing method will provide SNRs of over 80% of the best SNRs. After the compu-
tation of the H map, one needs only a very few iterations to obtain a smoothed image
in practice as shown in these 5 images. We also conduct the same experiments using
Chen’s algorithm and very similar results for h and T are shown in Fig.5a and 5b.
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5 Conclusion

Our modified algorithm shows slight improvements in SNR when compared to that
of Chen’s algorithm as can be seen in Tables 1 and 2 for 5 selected images shown in
Fig. 3 with different degrees of added noise. These tables show also large improve-
ments in preserving edge features when comparing the same two algorithms. Fur-
thermore, experimental results shown in Fig. 4 and 5 allow us to select the two key
parameters of h ranging from 0.3 to 0.5 and T ranging from 3 to 6 that provide com-
parable smoothing results (higher than 80% from the best SNR) in all 5 images
shown in Fig. 3 for both our algorithm and Chen’s algorithm. The best combination
set for any specific application can visually be determined experimentally using a
small number of combinations of different h and T. For practical applications with-
out the knowledge of the noise free image and/or a viewer, we suggest the set of
h=0.4 and T=4.
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