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ABSTRACT

In this paper, an intelligent self-adjusting weighted medi-
an filter for removing impulsive noise in images is present-
ed. Three main techniques are developed to implement this
self-adjusting weighted median filter : an intelligent classifi-
cation to divide the image data into the ”corrupted” pixels
and the "uncorrupted” pixels, an efficient algorithm to find
the median output of any weight set, and a realistic training
procedure without the noise free image to obtain the proper
weights. Our simulations on some test images demonstrate
that the proposed filter has less smoothing effect and small-
et MAE or MSE measurement than the standard median
filter. At the same time, the quality of filter output has en-
hanced significantly. Finally, a demonstration chip of this
weighted median filter for the 5 X 5 window size is also
presented in this paper.

1. INTRODUCTION

The Weighted Order Statistic Filter(WOSF), which is an
extension of the Standard Median (SM) filter gives more
weight to some values within the window so as to include
both the spatial and rank information. The Weighted Me-
dian Filter(WMF)is a special example of the Weighted Or-
der Statistic (WOS) filter. The WMF was first introduced
by Justusson[1], and further discussed by Brownrigg[2] and
others[3, 5, 7, 9, 10]. With a proper weights set, the WMF
has an efficient impulsive noise suppression and an excellent
image detail-preserving capability. It has been successfully
applied in various areas such as noise reduction[4], image
restoration, field interpolation, and image DPCM coding.
Many theories about WMF's are being developed and focus
on their deterministic and statistical properties[5].

There are two main items in the implementation of
WMF: an algorithm to find the proper weight, and an ef-
ficlent algorithm to find its output. The first attempt to
implement the WM filter was made by Y1. Harji et. al[5]
based on the Positive Boolean Function(PBF) and thresh-
old decomposition. Then, the weighted order statistic filters
based on the back-propagation algorithm[7] and the percep-
tion algorithm[9] have been proposed to obtain the optimal
weight set. They adjust the weights to minimize the mean
square error (MSE) or mean absolute error (MAE) between
the filter’s output and the desired noise free image. The ex-
isting designs, however, require a large memory and heavy
computation during the filter training processing and dur-
ing the actual filtering processing. These existing designs
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are too complex to implement on VLSI. In addition, the
convergence rate is very slow. Another drawback is that
these approaches always assume the desired signal is known
during the training procedure.

There are three architectures{12] for the weighted order
statistic filters : 1)stack-based WOS filter, 2)rank-order s-
tate machine architecture, and 3)sorting network architec-
ture. The stack-based WOS filter requires N comparators
as threshold level prior to the PBF implementation. Gener-
ally, a filter of 5 X 5 window size requires about 32M bytes
of ROM to implement the PBF function[11]. In addition, it
needs at least 8 times of memory access to generate 8 bits
output. The processing speed of such a system is rather
limited. Although the adder-tree[12] is alternative method
to replace the PBF implementation, it is unefficient design
because of N comparators. Although the rank-order state
machine architecture can find the rank of each samples, it
requires a long cyel time to extract the WMF’s output.
On the other hand, the bandwidth of the sorting networks
are extended to contained the input samples and the corre-
sponding weights. Recently, an alternative efficient method.
without threshold circuits for the weighted median filter is
proposed in[15, 14].

In this paper, we propose an intelligent self-adjusting
weighted median filter suitable for VLSI implementation.
The weight of the filters is obtained by using the noise im-
age. Then, the final output of the proposed filter is obtained
by combining the ”central” pixels and the weighted median
filter’s output at the filtering operation. Based on our sim-
ulations, the proposed filter has less smoothing effect and
smaller MAE or MSE measurement than the standard me-
dian filter. At the same time, the quality of the filter output
has enhanced significantly. We also construct a WMF demo
chip with 5 X 5 window size in this paper.

2. THE ALGORITHM OF A SELF-ADJUSTING
WMF

In this section, we propose a system block of the intelli-
gent Self-Adjusting Weighted Median Filter (SAWMF) as
shown in Fig. 1. We propose three main techniques to solve
the optimal filtering problem : an intelligent classification
to divide the image data into the ”corrupted” pixels and
the "uncorrupted” pixels, an efficient algorithm to find the
median output of any weight set, and a realistic training
procedure to obtain the proper weights. The final output’
is obtained by combining the "uncorrupted” pixels and the
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Figure 1: The system block of the self-adjusting weighted
median filter.
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Figure 2: An intelligent classification with four neighboring
pixels.

weighted median filter’s output of the "corrupted” ones.

2.1. An Intelligent Classification

We propose a simple classification based on the correlation
of the image data in order to divide the central pixels in-
to "corrupted” and "uncorrupted” ones. Fig. 2 shows the
central pixel and four neighboring pixels used to extract the
spatial information. In the reconstructed image, the gray
value of a0”, ”al1”,”a2”, and ”a3” will have only a slight
difference with that of N(x,y). Hence, this spatial infor-
mation can be used directly to classify the central pixels
into the "uncorrupted” or ”corrupted” omnes. A similarity
function is derived to extract the spatial information. The
formula is : '

SF = {(lg(N(z,)) = 9(a0)])+ £(|g(N (=,)) — 9(a1)])

+ (lg(N (2, v)) — 9(a2)]) + £(|g(N(z,y)) ~ g(a3)})

if |g(N(z,y)) — g(a.)] < Vin then f(.)=1, otherwise 0,
where g(.) means the gray value.

The threshold value, Vi, 1s used to control the toler-
ance of the similarity function. Based on the result of the
similarity function, the central pixels can be exactly clas-
sified into the "corrupted” or "uncorrupted” ones. Since
the correlation of the image data has much the same, the
threshold value V};, can be directly assigned as 40 without a
histogram evaluation in our experiment. It should be noted
that this classification uses only the noisy image to extract
the spatial information.

2.2. A Hardware-Oriented Algorithm
A hardware-oriented algorithm has been proposed in our

previous works[14], which has a fixed input and constant
iterations independent of the weight value defined.
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ing applied to the training algorithm.

2.3. The SAWMF Training Procedure

In the self-adjusting weighted median filter, the weight should
be adjustable depending on the characteristics of the input
data. To reduce the computation during the training pro-
cedure, a class of weighted median filters whose weights are
symimetric about the window center is discussed. The num-
ber of the parameter to be adjusted is reduced to almost
1/4 of the unsymmetric weighted median filters. The pa-
rameter of the filter design is given in Fig. 3. Since the
desired signal is directly obtained from the natural noisy
image, the previous training algorithm in[5, 9] can not be
used to find the optimal solution. Let’s assume that the-
cost function (MAS or MSE) is convex and has a unique
minimum value with multiple parameters. The initial value
of the weighted median filter is set to 1 like that of standard
median filter. Thus, the performance of this filter will be
superior to the standard median filter. This training algo-
rithm is summarized in the following :

Step 1: Cut a filtering window with an n*n size and its
central pixel is N(x,y).

Step 2: Obtaln "al”, "al”,"a2”, and ”a3” from the recon-
structed frame. Evaluate the similarity function, SF.

Step 3: IF SF-> 3 then GOTO Step 4, otherwise GOTO
Step 1.

Step 4: In this case, the central pixel of the filtering win-
dow 1s uncorrupted. We adjust the weightst, s, w, v, and u
in sequence {o minimize the MSE. That is because the filter
output must be very close to the central pixels to reduce the
smearing effect.

Step 5: If there is no further improvement, then EXIT,
otherwise GOTO Step 1.

It should be noted that the central weight is always set to
1 without any adjustment in the training procedure. Al-
though this procedure does not give us the exact weight
set, it 1s easy. to implement with VLSI technology.

3. EXPERIMENTAL RESULTS AND

COMPARISONS

The Lena image consists of 512 X 512 pixels with 8 bit-
s of resolution. The impulsive noise may have positive
and negative impulse value 100 or -100, respectively. The
proposed SAWMTF, the standard median filter(MF), CWM
filter[4], RCRS filter[16], the previous Weighted Order S-
tatistic Filters[7], and the WMF are all applied to these
test images. The criteria of the Signal-to-Noise Ration (S-
NR) is evaluated. The performance improvement of these
filters over the standard median filter are summarized in
Table 1. Since the noise model and the image data are
different, this table only shows that the proposed design
can perform very well in respect to the previous designs.



Table 1: Summary of the performance improvement over
the standard median filter for the proposed SAWMF,
CWMF, RCRSF, WMF, and WOS. The window size is 5X5.

[ Prob. | CWM [ RCRS | WMF | SAWMF |
5% 4.66 1.88 6.38 6.18
25% 1.41 1.16 2.36 2.30
For the other WOS filters[7]
Prob. LMA LMS Nonadaptivel Adaptive
WOS WOS
| N | 3.97 [ 1.6 [ 2.0 |
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Figure 4: The convergence curve of the proposed SAWMF
algorithm and the WMF algorithm under the MSE criteri-
on,

The proposed SAWME design has enhanced significantly in
SNR. The convergence curve of the proposed SAWMF al-
gorithm and the WMF algorithm under the MSE criterion
is shown in Fig. 4. It needs about 25 iterations to find the
proper weights. Fig. 5(a) shows a clear Lena image. Fig.
5(b) shows the Lena image corrupted by 10% of impulsive
noise. Fig. 5(c) and 5(d) present the images reconstructed
by the standard median filter and the proposed SAWMF
respectively for subjective evaluations. These object obser-
vation results agree with the SNR measurements as given

in Table. 1.

Figure 5: a) The original Lena image. b) The noisy image.
c) The median filter’s output. d) The proposed SAWMF
ocutput.
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Table 2: Evaluation of proposed design and the stack-based
PBF implementation[8,12].

Algorithm Stack-based Our

WOS(8, 12] algorithm
Filter Design WOS WMF
Threshold ciz- [| 25 comparators 0
cuits
No. of PBF 1 PBF(25 adders) 0
No. of Adders || 0 24 adders

| Area | 32M Bit ROM T 11.67 mm? )

Pipeline Cy- }} larger than 20 ns 6ns (3.5V)
cle(5*5)

4. VLSI OF SELF-ADJUSTING WEIGHTED
MEDIAN FILTER

The layout of the chip is displayed in Fig. 6 for the 5 X 5 |
window size. And the sum of the weights is limited to 255.
It takes 36 pins and about 2,500 standard cells. The active
area of the weighted median finding is about 4.3X3.Tmm?.
The function of this chip is verified by Verilog Simulator.
And the latency of the critical path or pipeline cycleis about
6ns for 0.8 um standard cell library. The proposed chip can
support weighted median filters, standard median filters,
and order statistic filters, since the weights can down-loaded
from the outside of the chip.

Table 2 summarizes the hardware resources for the stack-
based WOS filter[8, 12] and the proposed architectures.
Although the PBF function can be replaced by an adder
tree[12], the previous designs require N comparators as the
threshold circuits. In addition, the cycle time is very long.
However, an adaptive WOS filter algorithm[6] without thresh-
old decomposition has been developed. It requires the use of
a sequence operation to find the WOS filter output. In con-
tract, the proposed design can directly evaluate the weight-
ed median output without threshold circuit and pipeline in-
bit-level with task interleaving processing. Therefore, the
proposed architecture is very efficient in area and improves
the throughput rate.

5. CONCLUSIONS

An original VLSI design of the Self-Adjusting Weighted Me-
dian Filter is presented in this paper. The main innovations
are: an intelligent classification, an efficient algorithm to



Figure 6: The final layout of the weighted median filter.

find the median output of any weight set, and a realistic
training procedure to obtain the proper weights’ value. At
the training procedure, the characteristics of the image da-
ta are analyzed and used to "train” the Weighted Median
Filter. Based on the intelligent classification, the ”uncor-
rupted” pixels are extracted and used to adjust the weights
in the filters. The final output is obtained by combining
the "uncorrupted” pixels and those of the weighted median
filter output. Our experiments on some test images demon-
strate that the proposed filter has less smoothing effect and
smaller MAE or MSE measurement than the standard me-
dian filter has. At the same time, the quality of the filter
output has enhanced significantly. Finally, we suggest an
efficient VLSI implementation of this weighted median fil-
ter, whose weights are adjustable. A demonstrate chip of
this weighted median filter for the 5 X 5 window size is also
presented in this paper. Some experimental results, com-
plexity analysis, and VLSI system design are provided to
demonstrate the advantages of the proposed SAWMF.
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