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Abstract 

In this paper, an efficient pipelined VLSI 
implementation of rank order filter based 
on the ordering property is proposed. In 
the previous works, it requires many itera- 
tions in bit-serial implementation of Positive 
Boolean Function[l] and have large number 
of counters, comparators and many inputs 
of AND-OR logic array in parallel architec- 
ture[2,3] to output M-th order, which is lim- 
ited in real-time applications for large win- 
dow size. Based on the ordering property of 
values of elements in m-array, we proposed 
a pipeline architecture to fold the parallel 
data flow in order to reduce hardware com- 
plexity without loss performance. The pro- 
posed design can also realize the concurrent 
search method for PBF to output M-th order 
sample. Compared with previous works, the 
hardware complexity is reduced from O(2') 
to 0(2'/') area-time complexity and the l a  
tency approaches to parallel implementation. 

1 Introduction 

Rank order filtering is a non-linear filtering technique 
which is used to preserve sharp edges in signal and re- 
move impulsive noise efficiently. They are robust and 
well suitable for filtering data when the noise char- 
acteristic are not known. In recent years, there has 
been a strong tendency towards the applications of 
non-linear filtering to digital signal and image process- 
ing, for example, advance television systems. Several 
methods[l-101 have been presented to improve the ef- 
ficiency of the algorithm on hardware implementation. 
A good survey of these architectures is found in [4]. 

Median filter is a special case of rank order filter. 
The existing architectures for these filters are either 
sorting algorithm or selection algorithm. The former 
one means the samples in every window must be sorted 
or its rank of every sample must be evaluated by linear 
array architecture or sort-network[4]. The latter one 
means the sample is first decomposed into a stack of 
binary signals. Then, the M-th larger value is found 
from this stack by positive boolean function[5,6,7]. 
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Stack filters, introduced by Wendt etal[2], are a class 
of nonlinear filter based on a "stack" of binary process- 
ing circuits. In a stack filter, each of the r-bit binary- 
weight multilevel signals is decomposed into a 2'-1 
bit unit-weight signal. A "stack" of Positive Boolean 
Function (PBF's), which performs binary signal pro- 
cessing, is applied to each level of the unit-weighted 
data to create 2'-1 unit-weighted binary data. The 
final output is obtained by converting the unit-weight 
signal to a binary-weighted signal. The area-time com- 
plexity for this stack filter is O(2'). Chen[l] proposed 
bit-serial tree-search method to reduce the hardware 
complexity to only one PBF. Gu[8] also proposed a re- 
cursive scheme to generate k output bits by an array 
of k processors. An alternative approach to realize a 
PBF is to use a counter and a comparator. We count 
the number of "1" in the input binary data and the 
output of the counter goes to a comparator. If it is 
greater than or equal to M, the output of the M-th 
rank-order will be "l", otherwise "0". This filter can 
be used as programmable rank-order filter, when the 
parameter M is variable. Based on this idea, N. Rama 
Murthy and M. N. S. Swamy [3] used many counters 
and comparators in highly parallel architecture to re- 
alized PBF. The area-time complexity for this stack 
filter is also O(2'). Recently, Lucke and Parhi [7] pro- 
posed a rank state machine using only one PBF unit 
for rank update logic circuit. The sample periods of [l] 
and [8] are bound by the latency of PBF units. How- 
ever, if the window size is larger, direct realization of 
the PBF will be difficult. The main drawback of par- 
allel implementation is that it requires large number of 
comparators, counters, and many inputs of AND-OR 
array. 

In this paper, an efficient pipelined VLSI implemen- 
tation of rank order filter based on ordering property 
is proposed. The conventional parallel implementation 
is folded into two pipelined stages based on the order- 
ing property. The concurrent search method is also 
realized to output M-th order sample from stack effi- 
ciently. An alternative implementation is to fold the 
1-D counters array in the parallel implementation[3] 
into 2-D counter array based on this ordering prop- 
erty. The wire connection of updating m-array is be- 
come simpler. Using the concurrent search method, 
the extraction circuit is also reduce. The deletion , in- 
sertion and extraction is executed concurrently in two 
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pipelined stages. The proposed design can be used as 
a basic building block for other form of nonlinear filter 
implementation. 

2 An Efficient Pipelined Algorithm 
for Rank Order Filter 

For one dimensional rank order filter, the running al- 
gorithm based on the threshold decomposition with 
m-array have been proposed [3,5,10]. There are two 
basic operations after each move of window. The first 
operation is to update some elements of m-array after 
the decomposition the insertion (deletion) sample val- 
ue into binary weight signal. The second operation is 
to select or extract M-th order output from updated 
m-array. The k-th element of m-array is used to count 
the number of element of input window greater or e- 
qual to (k-l). Thus, the values of element of m-array 
must be in descending order. And the step between 
every neighbor elements is same. 

In other words, there is no new element will be cre- 
ated when new sample date is input. And any element 
of m-array will not be deleted when old sample data 
is deleted. Therefore, the shift operation to create or 
delete element is not required. We c a n  fold the m- 
array to P segments to reduce updating circuit from 
0 ( 2 r )  to 0(2 ' ) /P area-time complexity. The update 
procedure of each segment is pipelined independently. 
And the latency of updating m-array will be increased 
by P times. 

There are only three different types of segment: 
up/down segment, restored segment, and mixed seg- 
ment. In the up/down segment, each element is in- 
creased(decreased) by unity. The element in restored 
segment remains no change. There is only one mixed 
segment for each update cycle. And in the mixed seg- 
ment, we need more computation to determine which 
element must be increment. Since the update proce- 
dure of up/down segment is uniform, these update da- 
ta  is stored in temporary registers until the insertion 
(deletion) segment occurred. To simply the proposed 
algorithm, the segments number P is set equal to 2'1. 
Therefore, the first q bits (most significant bit) of input 
value is used to determine the types of the segments. 
The remain part of input value are used to determine 
which should be increased or not. The operation to 
determine segment type and accumulate in register is 
similar to construct of smaller m-array with scanning 
the first q bits (most significant bit) of sample in the 
window. 

Obviously, this is two steps process. The first stage 
is used to determine the type of segment and store 
data. The second stage is to update the m-array of 
mixed segments. The latency for insertion or deletion 
can therefore be reduced from P cycles to 2 cycles. 

At 1-D case, the extraction is performed after a pairs 
of deletion and insertion. In the parallel implementa- 

Figure 1: The procedure of deletion, insertion, and 
extraction are shown in (a), (b), (c), and (d), where 
the input stream 2,9,8,10,10,12,6,7,5,13 ,... for window 
size N=9. 

tion, adders and comparators are used to  evaluate the 
values of each element and the PBF unit is used to ex- 
tract M-th order respectively. Here, the levelof them- 
array is labeled from 0 to 2' - 1 in label registers. This 
label register is used to replace the PBF unit. Hence, 
we can also fold this operation into two pipeline stages 
as the same manner in insertion or deletion. The M-th 
order output is achieved by combining the first stage 
label output and the second stage label output. When 
the value of M is variable, this extraction procedure 
can be extended to output any order of sample. 

To furtherly improve the performance, a concurren- 
t search method is developed to output M-th order. 
The initial values of each element in m-array is equal 
to 0. The 2'complement of constant value M is added 
to the smaller m-array in the first stage. The carry 
out bits of these parallel row of adders are used to de- 
termine the extraction segment. The extract segment 
is occurred when the carry bits of segment is 1 and 
its descending neighbor segment is 0. Similarly, this 
extraction segment is used in the second stage to de- 
termine extraction element. The m-array data  must 
be updated before extraction. Since there is no new 
data in extraction, the insertion(de1etion) of new (old) 
pixel is executed immediately without waiting the ex- 
traction. The extraction operation is embed in the 
insertion(de1etion) cycle. Therefore, the operation of 
second stage is reduced to only one pass of accumu- 
lation. Since there is no feedback loop, the operation 
of insertion, deletion and extraction are pipelined in 
this algorithm. The latency of the proposed algorithm 
can also reduce to half. It only requires 4 cycles to 
complete insertion, deletion and extraction operation 
for 1-D case. 

Fig. 1 shows the executing sequences of our pro- 
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Figure 2: The block diagram of the efficient pipelined 
stage rank order filter, where X means input sample, 
M means the M-th order output, (00,01,10,11) means 
the label of segments or elements, q is set equal to r/Z, 
and r=4 for this example. 

pose method, by consider the median filtering of the 
followinginput stream {2,9,8,10,10,12,6,7,5,13,..} with 
window size N=9. 

3 Architecture for Efficient Pipelined 
Rank Order Filter 

The block diagram of the proposed design is shown 
in Fig. 2. In the first stage, it contains one thresh- 
old circuit with q number of inputs and 2 9  number of 
concurrent search circuit (CSC) modules. In the sec- 
ond stage, it contains one threshold circuit with (r-q) 
number of input and T - 9  number of concurrent search 
circuit with RAM (CSCM) modules. 

In the CSC module, it also contains one up/down 
counter to accumulated the temporal results and an 
accumulator to store segment result as shown in Fig. 
3(a). The result in counter will be reset to 0 when it 
is sent to the second stage for m-array updating. The 
mixed segment for insertion or deletion is selected by 
the combinational logic operation of the threshold cir- 
cuit output. Similarly, there is one accumulator and 
RAM in the CSCM module as shown in Fig. 3(b). The 
mixed segment for insertion, deletion or extraction in 
RAM is selected by the output of first stage. The de- 
tail of this mixed segment is updated by accumulator 
depending on the threshold output. When the updat- 
ing of extraction segment is completed, it is ready to 
process the new RAM data. The comparison opera- 
tion for extraction is realized by adder with checker 
bit. Hence, the parallel row of adders in Fig. 3(c) is 
used to extract M-th order output. 

The q (most significant bit) bits of M-th order are 
determined at  the first stage. At the same time the 
mixed segment for extraction is determined. Then, 
using this segment in the second stage, the remain part 

Threshold Decomposition (2'nd Stage) 
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Figure 3: The detail of block diagram of proposed de- 
sign. (a) The block diagram of the CSC module. (b) 
The block diagram of the CSCM module. (c) The 
block of the concurrent search circuit. 
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Table 1: The hardware complexity of the proposed de- 
sign with parallel implementation in [3], where max(T) 
means the maX(Tpbf, T.d&). The complexity of adder 
and comparator is equal. 

of M-th is also determined after the adding operations. 

The module design of CSC or CSCM aids in VLSI 
design. The extraction, insertion or deletions opera- 
tion is performed by many CSC modules or CSCM 
modules in parallelism. In the first stage, the extrac- 
tion procedure is easily modified and shared with the 
existing hardware. We need extra concurrent search 
circuit t o  embed the extraction cycle in the insertion 
cycle in the second stage. The operation of insertion, 
deletion and extraction can be pipelined in this archi- 
tecture. To further improvement, three segments of 
RAM updating operation(insertion, deletion, and ex- 
traction) are concurrently executed by three adders in 
the second stage. The throughput rate approachs the 
parallel design[3]. 

An alternative implementation is used many counter 
in 2-D array to store the value of m-array. The thresh- 
old decomposition output of the first stage and the 
second stage is combined to  determine which counter 
need count up  or down for insertion or deletion con- 
currently. The proposed concurrent search circuit is 
adopted to  output M-th order output. The benefit of 
this 2-D realization is the output load of threshold cir- 
cuit is reduced. The wire of connection is also saved. 
The latency of this design is reduce to only two cycle 
time of adder. And the throughput rate is increased 
to l(median output)/(adder cycle) for 1-D case. 

The comparison of the hardware complexity of the 
proposed design with parallel implementation in [3] is 
summary in the Table 1. Here, the delay time(Td) 
and pipeline period (Tp) are the evaluation criteria. 
The output of the parallel implementation is used PBF 
AND-OR array with 2' inputs. In the proposed design, 
we used 2*2'/' number of label registers. 

4 Conclusions 

In this paper, an  efficient pipelined VLSI implementa- 
tion of rank order filter based on the ordering property 
is proposed. Based on the ordering property of values 
of elements in m-array, the parallel implementation is 

decomposed into two pipeline stages to  reduce hard- 
ware complexity without loss performance. To share 
the same hardware, we proposed a concurrent search 
method based on a parallel row of adders for extrac- 
tion operation. In this way, the operation of insertion, 
deletion and extraction can be executed pipeline on 
same hardware. This configuration can support vari- 
ations in filter size, rank order and word size. The 
latency of the proposed design is approach t o  highly 
parallel architecture. The area-time complexity is re- 
duced to only 0 ( 2 ' j 2 ) .  The proposed design can also 
be used for 2-D median filter. The ordering property 
can be extend to  reduce the number of AND and OR 
items in the PBF implementation. 
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