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 Abstract— Smoothing filters have been widely used in image and video analysis. Also directional smoothers useful in motion 

analysis, edge detection, line parameter estimtion, and texture analysis. Such particular applications require the use of several 

different angles oriented directional filters.  For real time applications, hardware devices having capability of parallel processing 

can be used. The steerability is the property, in which several filtering operations outputs are linearly combined to achieve output 

of a directional filter which is arbitrarily oriented.  Smoothing filters has a property of steerability, which implies that the outputs 

of several filtering operations can be linearly combined in order to produce the output of a directional filter at an arbitrary 

orientation. There are several efficient FPGA implementations of the convolution operation for non-separable and separable have 

been presented in the literature, research on steerable filter implementations on FPGA is limited. In this paper, we present 

implementations of steerable Gaussian smoothers using VHDL and simulation is carried out using Model SIM software. 
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I. INTRODUCTION 

Directional or orientation filters [1] are widely used 

for motion analysis, edge detection and texture analysis[9]. 

The image components, such as edges and lines, can be 

characterized by a set of parameters including position, 

orientation, width or size. One method for obtaining the 

response of a filter at any arbitrary position and orientation is 

to tune the filter to all possible positions and orientations. 

However, such an approach requires a large number of 

computations, and is thus not easily implementable in real 

time. An alternative, more efficient way, is to design a family 

of basis filters [2] [3], so that a filter tuned at an arbitrary 

position or orientation can be represented as a linear 

combination of these basis filters. Therefore, the output of the 

steerable filter can be expressed as a weighted sum of the basis 

filter outputs.  Directional filters having these properties are 

called “Steerable Filters”. This project work emphasis is on 

the implementation of proposed computationally efficient 

separable and steerable Gaussian smoothers on a FPGA 

platform.  

The aim of this project is to design and implement a 

Steerable (or directional) Gaussian Smoothers using VHDL 

The main objective of this project is to develop an efficient 

architecture for Steerable Gaussian smoothers simulated in 

VHDL. 

The main contribution in this work is the design of 

directional Gaussian smoothers [2] using VHDL and 

implemented on FPGA.  A VHDL model is developed for a 

test image of 7×7 and a Gaussian mask of 3×3. Based on the 

simulation results and logic utilization, we implemented the 

convolution operation similar to the techniques presented in 

[7], [8 ]. All the hardware architectural models are prototyped, 

a device technology of Xilinx FPGA platform 

 

II. LITERATURE SURVEY 

In [8], Area-Efficient 2-D shift-variant convolvers for 

FPGA-based digital image processing are proposed. They 

proposed several novel FPGA-efficient architectures for 

generating a moving window over a row-wise print path, and 

provided a criteria to choose the optimum one for any design 

point. Hui Zhang et. al. proposed a Multiwindow Partial 

Buffering Scheme for FPGA Based 2-D Convolvers [7]. Erke 

Shang et. al. in [9] puts forth about Architectures for 

Generalized 2D FIR Filtering using Separable Filter 

Structures. The problem of generalized 2D FIR filtering for 

large filter kernel sizes can be computationally prohibitive 

when required in real-time In [4], C.S Bouganis et. al. 

emphasized on steerable. pyramid wavelet construction for 

image decomposition and feature detection, and its 

implementation on FPGA. Erke Shang et.al. used steerable 

filters for lane detection and implemented it on FPGA[5]. If 

the approach presented in [4] and [5] are used then large 

number of basis filters would be required. Instead, regardless 

of the desired angular resolution, Gaussian smoothers can be 

steered via the application of three 1D filtering operations 

[16]. 

III. PROPOSED WORK  

In this paper, we propose to simulate steerable 

filtering techniques using VHDL and it is implemented on 

FPGA efficiently. The design is divided into steps, first the 

Image smoothing is done by convolving the original image 

with a Gaussian mask and at second stage Optimizing and 

pipelining is done which improves the implementation 

efficiency. In this work, both separable simulation and 

implementations, unpipelined and pipelined were used. The 

Gaussian mask can be rotated in different directions to obtain 

steerable output at different directions. The two different 
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separable techniques for the purpose of implementing the filter 

mask are unpipelined and a pipelined. The block diagram 

representation of unpipelined separable convolution method is 

shown in Fig. 1. 

 

 
 

Fig.1. Block diagram representation of unpipelined separable              

convolution 

 In this method, the image is first convolved with the vertical 

1D Gaussian mask and second with the horizontal Gassian 

mask. At each adder stage rescaling is performed to ensure 

that the intensity value of the output pixels does not exceed 

255 (8 bits). Using this method, 2 clock cycles are required to 

obtain the required output pixel, independent of image and 

mask sizes. 

 

 
Fig.2. Block diagram representation of pipelined separable 

             Convolution 

 A pipelining technique can be used to obtain higher 

throughput. Partial intermediate convolution results i.e. N rows 

and P columns of the image are stored in a FIFO or 2D array. 

This method requires only 1 clock cycle per pixel, regardless 

of the image and filter sizes. Fig.2 shows the block diagram 

representation of this method. The two separable techniques 

were implemented on Xilinx Spartan 2 Pro [12] for an input 

image of 158×158 and a Gaussian mask of 7×7. 

The block diagram representation of the steerable 

implementation is shown in Fig. 3. The images smoothing is 

done using unpipepined and pipepined separable methods and 

smoothen images are stored in BRAMs. The controller read 

pixels in horizontal and vertical directions from the smoothed 

image. A pixel and mask controller gives the pixels to the 

multiplier and adder blocks. At the adder stage  a rescaling 

step is performed to ensure that the intensity value of the 

output pixels remains between 0 and 255. First, a small test 

image of 7×7 and a Gaussian mask of 3×3 were chosen for 

performing the convolution operation. The two dimensional 

convolution operation was implemented using three different 

approaches which are listed below:-  

1) General two dimensional convolution Method 

2) Separable convolution method 1 (using multiple BRAMs) 

3) Separable convolution method 2 (using FIFO) 

 

 
 

Fig.3.Block diagram representation of steerable 

mplementation in horizontal and vertical directions. 

 

For all methods explained below, a test 7×7 image 

and a 3×3 Gaussian mas  with mean = 0 and standard 

deviation = 1and normalizing factor N = 0.0016 are 

considered. Each test image pixel is represented using 16 bits 

and each mask value is also represented using 16 bits. A 7×7 

test image and a 3×3 Gaussian mask are shown below:- 

 

IV. SIMULATION RESULTS & DISCUSSIONS 

 

In this section we describe details of simulation 

results are obtained for an image of size 158 × 158, and a 

separable Gaussian mask of 7 × 7 using the steerable filter 

implementation using Xilinx tools.  The Fig.4 shows the input 

image taken for simulation. In this simulation two separable 

methods are used. The isotropic filtering, which is equivalent 

to two 1D filtering operations (a horizontal and a vertical), and 

a directional 1D filtering operation represents an efficient 

steerable filtering implementation. In this project work, results 

are obtained for directional Gaussian smoothers with standard 

deviation σx = 3 and σy = 5. These two standard deviations 

represent the filter extent with respect to the direction of filter 

(σy) and the angle vertical to it (σx), which can be arbitrary. On 

the bases of two standard deviation values, the directional 1D 

Gaussian mask is of size 1 × 9, and the 1D masks associated to 

the isotropic Gaussian mask are of size 1 × 7 and 7 × 1. The 

design is implemented and simulated on Xilinx Spartan 2 

FPGA for maximum clock frequency of 100MHz, in VHDL 

language using Xilinx ISE 14.7 Software. Fig.5, Fig.6 Fig.7 

and Fig.8 shows the simulations outputs. 
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Fig.4 shows input image  

•  

 
Fig.5 shows Gaussian filter output  

 

Steerable implementation in horizontal and vertical directions 

using the unpipelined separable convolution method requires 

fewer resources and a throughput of 3 clocks cycles per pixel 

is achieved.  

• Steerable implementation in horizontal and vertical direction 

using the pipelined separable convolution method requires 

huge resources and increase with the size of the input image. 

However an optimum performance of 2 clocks cycles per pixel 

is achieved. Through this comparison, it can be observed that 

there is a trade-off among resource utilization and processing 

time. Hence the architecture selection can be done depending 

on the user constraints on whether to go with less resources 

and more processing time or more resources and less 

processing time. 

It can be seen that the pipelined steerable implementation 

utilizes almost all the resources available on the board. This 

can be avoided by storing the original and intermediate 

processed images in the SDRAM or Flash Memory, which is 

part of our future work 

 
Fig.6 shows Gaussian synthesis report 

 

Fig.7 shows Gaussian filter port diagram  

The RTL schematic that was obtained using ISE10.1 

is shown in Fig. 5 for two steerable filter directions. 
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Fig.8 shows Gaussian RTL schematic  

 

V. CONCLUSION AND FUTURE WORK 

In this paper, an efficient steerable Gaussian filter 

implementation using VHDL on FPGA has been design. 

Similarly to previous techniques, the proposed approach takes 

advantage of the separable nature of isotropic Gaussian filters. 

Simulation results confirm that the pipelined steerable filter 

implementation on FPGA (100MHz clock) is significantly 

faster compared to a C implementation [1] executed on a PC 

with significantly higher clock speed (Dual Core 2 2.33-GHz). 

In future work, the technique will be modified to 

reduce the number of clock cycles per pixel down to 1, by 

pipelining the pass of the third 1D filter. 
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