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ABSTRACT 
 
Median filtering and convolution operations constitute a significant portion of the preprocessing operations 
performed on digital images. Software implementations of 3D filters in standard general-purpose microprocessors 
do not match the speed requirements for real-time performance. Field Programmable Gate Arrays (FPGAs) allow 
implementing reconfigurable architectures that are sufficiently flexible to implement more than one operation in the 
existing hardware, yielding higher speed for real-time execution without compromising flexibility. We present an 
FPGA-based 3D image processor that allows real-time median and convolution filtering of 3D images. It includes a 
linear systolic array architecture for median filtering, which implements an algorithm based on bit-serial searching 
and majority voting, and a convolution pipeline, based on the fast embedded multiplier units in the FPGA and an 
optimized carry-save adders. The application of the above designs to 3D image preprocessing is described. A 
prototype implementation achieved voxel rates in excess of 220MHz. 
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1. INTRODUCTION 
 
The emergence of real-time 3D imaging techniques such as 3D ultrasound has created a need for systems capable of 
performing three-dimensional filtering operations in real time. Current 3D ultrasound systems achieve frame rates of 
about 12 frames per second, with typical image sizes between 128×128×128 and 256×256×256 voxels. Filtering of 
3D ultrasound images is important to reduce their high levels of speckle noise, but cannot be performed at 
acquisition rates using software implementations in general-purpose microprocessors. Field Programmable Gate 
Arrays (FPGAs) support reconfigurable architectures that are sufficiently fast and flexible to implement 3D image 
processing algorithms, yielding higher speed for real-time execution. We present an FPGA-based 3D image 
processor capable of performing median or convolution filtering of 3D images at acquisition rates. Data is fed into 
the pipelines using a brick buffering system devised to sustain the data rate for real-time processing. The input and 
output images are stored using two external DDR SDRAM memory modules with independent data and address 
busses. The direction of the data flow can be selected, thus enabling consecutive filtering operations without 
transferring data between the external memories. 
 
One of the most common applications of median filtering in 3D image processing is to mitigate speckle noise in 
ultrasound images. Several different hardware implementations of median filters have been previously reported in 
the literature. However, with the exception of [1], all of them are focused on 1D or 2D architectures with relatively 
small kernel sizes. The systolic array architecture for 3D median filtering presented in [1] had a voxel throughput 
proportional to the kernel size. One of the design objectives of the architecture we present in this paper was to 
achieve a voxel throughput of one voxel per clock cycle, independent of the kernel size. For our application we 
focused particularly on bit-level methods, since they allow efficient implementation of the large kernel sizes used in 
3D image processing. Bit-level methods for median filtering can be classified into bit-serial sorting methods, bit-
serial searching methods, threshold decomposition methods and majority voting-based methods. Bit-serial sorting is 
performed using sorting networks such as the odd-even exchange network, reduced bubble sort network and others. 
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