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Abstract 
Digital Image Processing (DIP) is a technology that has 

widespread applications. However, the use of images for 

different applications requires efficient noise removal, image 

enhancement and image restoration. Rank order filtering is a 

non-linear method by which these tasks are accomplished. These 

filters can remove noise from an image while preserving edge 

information. Rank order filters work by sorting a window of 

input pixels and selecting the input with a certain rank as output 

pixel. In this paper, FPGA based hardware design of an efficient 

pixel sorter is presented which can be used for rank order filters 

and implemented in real-time for image processing systems. The 

hardware has been tested with sample grayscale images and its 

performance has been evaluated. Lastly, an analysis has been 

done on the use of the proposed hardware for image based 

biometric authentication systems.      
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1. Introduction 

Manipulation of images using computers is referred to as 

Digital Image Processing (DIP) and as a technology has 

widespread applications. Sometimes, the images are also 

processed using specialized hardware mainly for high 

speed operation suitable for real-time applications. 

However, the use of images for different applications 

requires efficient noise removal, image enhancement and 

image restoration [1] [2]. 

 

Rank order filters are non-linear filters which are used for 

the above mentioned purposes. It can be used to remove 

noise from the images while still preserving edge 

information which is impossible for linear filters to achieve 

[1]. This is the reason why rank order filters are 

increasingly being used in speech and image processing 

applications. 

 

Nevertheless, there is one drawback of rank order filters 

which is its processing time. The processing time of rank 

order filters is quite large which is mainly dependent on 

the complexity and implementation of the sorting 

algorithm used.  

 

In this paper, we have presented the FPGA based hardware 

realization of a sorting scheme and have called it Pixel 

Sorter. The performance of the designed hardware is tested 

with sample grayscale images for three filters viz. median, 

maximum and minimum and is compared with software 

based filters. The hardware has been designed using 

Impulse C and have been synthesized in Xilinx‟s Virtex 6 

FPGA. 

 

We have also analyzed the possible implementation of the 

designed hardware within an image based biometric 

authentication system to highlight the feasibility of the use 

of this hardware for real-time applications. 

2. Review of Rank Order Filters 

A device that computes the nth order value of a set of 

signals arranged usually in ascending order is called a rank 

order filter [3] [4].  However, major interest in signal 

processing activity lies in finding out the maximum, 

minimum and median values of a set of signals. 

Accordingly, the filters are referred to as maximum filter, 

minimum filter and median filter respectively. An 

important role of median filters in image processing is in 

the removal of impulse noise.  

 

In computation of the rank of a signal, sorting of the input 

signals is a mandatory task. Typically, an odd number of 

signal values are sorted and the output is the median value, 

maximum value or the minimum value depending on the 
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application. In Fig. 1, a diagrammatic representation of the 

working of a rank order filter is shown. 

 

 
 

Fig. 1   Working of Rank Order Filter for Rank 5 (Median) 

 

The filter works by analyzing a neighbourhood of pixels 

around an origin pixel for every valid pixel in an image. 

Often a 3X3 window is chosen as shown in Fig. 1, 

although window of any size can be chosen. However, the 

complexity of computation grows with the size of the 

window. All the pixels in the window are arranged in 

ascending order and then the origin pixel (40) is replaced 

with the pixel value as obtained from the rank order filter 

(25). This operation is performed for all the pixels in an 

image.  

3. The Merge Sort Algorithm 

As evident from above, sorting the pixels in a window is a 

key step in the operation of a rank order filter. Generally, 

rank order filtering has always been used in image 

processing through software which is run on general 

purpose hardware such as a PC. But, the process is quite 

slow and not efficient enough to be used in real-time 

applications, hence the need of having dedicated hardware 

implementation.  Consequently, the hardware 

implementation of rank order filters both in analog and 

digital domain have been researched in the past [5 – 12]. 

However, the present work focuses on developing the 

hardware in a manner that makes it suitable for 

implementation in a real-time environment such as in a 

digital biometric image based authentication system. 

 

For implementation of a practical sorting scheme, it has 

been realized that oblivious sorting algorithms are more 

suitable [13]. Oblivious sorting algorithms always perform 

the same number of operations in the same order 

regardless of the data that has to be sorted. Furthermore, 

the advantage of having oblivious sorting algorithm for 

hardware implementation lies in reduced circuitry as there 

is no overhead in the form of control logic. 

 

The algorithm chosen for the Pixel Sorter is the Merge 

Sort algorithm which is an oblivious sorting scheme. The 

choice of this algorithm is basically due to its robust time 

complexity and quite manageable space complexity if 

properly designed.  

 

In Fig. 2 and 3, the algorithm is represented with a sample 

array of data. 

 

 
 

Fig. 2    Splitting of an array of data in groups of two 

 

 

 

 
 

Fig. 3   Merge operation leading to the sorted array 

 

The algorithm works by recursively splitting the array into 

two parts until only single elements are left which are 

shown above as the end nodes of the tree. Once the 

splitting is over, the data elements are merged successively 

after comparison and in this way sorting is achieved level 

by level until the final array is fully sorted.  

3. Hardware Implementation 

The above merge sort algorithm has been implemented in 

hardware to sort an array of 9 elements which are the 

contents of a 3X3 window sliding over each pixel in a 

target image. The pixel values are in the range of 0 to 255 

as in a typical grayscale image. The splitting operation as 

shown in Fig. 2 is carried out by the hardware structure as 

shown in Fig. 4.  

Starting with the original unsorted array consisting of 9 

elements, the array is divided into two parts by passing it 

through the (N+1)/2 splitter. This splitter divides the 9 

element array into two arrays one being 5 element wide 

and the other 4 element wide. 
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Fig. 4   Hardware structure of the splitter 

 

These two sub-arrays are then again passed through (N/2) 

and (N+1)/2 splitters to obtain smaller sub-arrays and in 

this manner the process is continued until we have the 

individual elements of the original array which by 

definition are already sorted.  

 

The individual elements are then merged together 

repeatedly after comparison to form sorted arrays until 

finally we have the final sorted array with us. The 

hardware structure of the merging operation is shown in 

Fig. 6.   

4. Simulation Results 

The proposed hardware has been designed using Impulse C 

within the CoDeveloper 3.60 IDE and implemented in 

Xilinx Virtex6 FPGA. Impulse C is a subset of standard 

ANSI C language which is specifically used for Hardware 

Software co-design. It is basically used for embedded and 

high performance computing applications. The greatest 

advantage in designing DSP hardware using Impulse C is 

the fine grain parallelism that it provides by virtue of 

system level pipelining and instruction scheduling which 

saves the number of clock cycles for computation and thus 

accelerates performance [14]. Once the Impulse C code for 

the hardware is written, one can directly obtain the 

equivalent VHDL code which can be used for synthesis or 

use it within the CoDeveloper IDE for hardware software 

co-simulation. The complete design flow using Impulse C 

is shown in Fig. 5 

 

 
Fig. 5  Design flow using Impulse C 

 

The output of the designed pixel sorter was used in a 

software based rank order filter to process images and the 

result was compared with completely software based filters. 

The Pixel Sorter takes about 0.209 seconds to output the 

sorted array for a 100 MHz clock. Depending on the 

chosen rank, the target pixel is then replaced with the rank 

pixel in the original image by simply overwriting it. 

 

 
 

Fig. 6   Hardware structure of the merge operation 

 

 

As can be seen in Fig. 7 the original image having salt and 

pepper noise has been processed with a median filter. 

 

 
 

Fig. 7   Processing with Median filter 
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Image „a‟ shows the corrupted image having salt and 

pepper noise. Image „b‟ is the rectified image processed 

using MATLAB. Image „c‟ is the rectified image that uses 

Pixel Sorter in the median filtering process. Image „c‟ is 

very slightly blurred compared to „b‟ which may have been 

due to the fixed number of bits used to represent the pixel 

values in the image as against the precise integer values in 

MATLAB. However, the number of resolution bits can 

always be changed according to the application after a 

careful analysis of number of bits v/s processing time 

trade-off. This ability to change system parameter 

according to the application is the major advantage of 

FPGA based approach which is referred to as 

reconfigurable computing.  

 

In Fig. 7, results of the minimum filter are shown while in 

Fig. 8 results of maximum filter are shown.  

 

 
 

Fig. 7   Processing with Minimum filter 

 

 

 
 

Fig. 8   Processing with Maximum filter 

5. Use in Biometric Authentication System 

It can be observed above that the performance of the 

designed hardware is quite robust and hence can be used in 

real-time application. We studied the possible 

implementation of this design in an image based biometric 

authentication system. 

 

In such systems, robustness in performance is a key 

criterion for determining the efficiency of the biometric 

system. In general templates of the user are collected in 

database and are then used for comparison in real-time. 

However, for maintaining high levels of accuracy one has 

to use very high resolution image processing modules 

which escalate the cost of the biometric solution. 

 

One possible alternative can be to use relatively modest 

image processing modules that have low but accepted level 

of resolution. These hardwares would cost less. One can 

significantly improve the resolution of the gathered image 

as pre-processing function before it is stored in database or 

used for real-time comparison. The design of our hardware 

is flexible enough to allow this modification and because 

of our implementation in FPGA we can do this 

modification in real-time as per our changing needs from 

time to time. 

 

 

6. Conclusion 

 

Hence the design of efficient pixel sorter for rank order 

filters has been achieved in this paper. We have shown the 

robust performance of this device through hardware 

software co-simulation and have discussed how it can be 

used for real-time applications. Future work in this 

direction can be done to develop a high speed pipelined 

comparator array that can do fast comparisons in sync with 

the pre-processing done by the above designed hardware. 

The complete biometric system can also be implemented 

within a single FPGA platform for better hardware 

integration.  
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