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Abstract Design of Systems-on-Chip has become very common especially with
the remarkable advances in the field of high-level system modeling. In recent years,
Matlab also offers a Simulink interface for the design of hardware systems. From a
high-level specification,Matlab provides self-generation ofHDLcodes and/or FPGA
configuration codes while providing other benefits of easy simulation. In addition, a
large part of the Systems-on-Chip use at least one image processing algorithm and at
the same time border detection is one of themost used algorithms. This paper presents
a study and a hardware implementation of various algorithms of borders detection
realized under Xilinx System-Generator. The various algorithms are implemented
using Xilinx FPGA device, the simulation and synthesis results are also compared.
We use the Xilinx Zed-Board for physical implementations in-the-loop.

Keywords Edge detection · Hardware implementation · Image processing ·
VHDL · Xilinx system generator · Xilinx Z-Board

1 Introduction

In recent years andwith the remarkable advances of powerful and low-cost processing
chips, applications of signal processing (and in particular image processing) have
grown dramatically in importance [1]. In-fact, media information such as audio,
images, and video have come to be necessary for various computer applications [2]
such as medical, video surveillance, target recognition, robotics application, etc…
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Image processing has a strong mathematical basis where the quality is enhanced by
using various processing techniques. The main objective of image processing is to
improve the quality of the images for human interpretation and analysis [3].

Several basic processes are applied to a digital image defined in a digital computer
as being a matrix of pixels. Acquisition, Enhancement, Restoration, Segmentation
and Analysis are the steps needed by just about every application which involves
image processing [4]. Edges are one of the most significant features for image
processing and many computer vision applications. In various image processing
algorithms, the filtering operation (and in particular the edge detection) is gener-
ally the first step used in order to eliminate noises and to reduce the amount of
data. In digital image, the edge defines the object boundaries within the image and
occurs when discontinuities present in the pixel values. Edge detection is a pre-
processing step for many image processing algorithms such as image enhancement,
image segmentation, object tracking, object recognition and image/video coding [3].

Currently, Matlab-Simulink is enriched with features and templates that simul-
taneously enable data processing (using fixed-point precision) and ensure self-
generation of synthesizable VHDL codes for FPGA targets. In addition to the
easy simulation provided by Matlab-Simulink and using the new Xilinx System-
Generator (XSG tool), we can directly implement the proposed Simulink models
on FPGA through the various simulation and co-simulation steps, the Input/Output
(I/O) assignment, the temporary and spatial constraints and at the synthesis and
implementation.

This paper presents a studywith hardware implementations of edge detection algo-
rithms using theXSG tool. The idea is to compareMatlab-Simulink image processing
results (using floating point precision) with XSG image processing results (using
fixed-point precision). The idea is also to implement advanced image processing
algorithms and in particular edge detection methods. Using the new “in the loop”
technique, a first part of the proposed model is simulated under Simulink using
the main processor and a second part is implemented in real time on FPGA device.
Matlab-Simulinkwill provide real-time communication and links between both parts.

The rest of this paper is organized as follows: we first define image processing
and edge detection in Sect. 2. The XSG design flow is presented and discussed in
Sect. 3. In Sect. 4, we present and detailed the proposed hardware implementation
of edge detection algorithms. Simulation and synthesizes results are discussed in
Sect. 5. Finally, we present the conclusions and outline future work in Sect. 6.

2 Image Processing and Edge Detection

Image processing is a very vast field that has known, and still knows, an important
development for a few decades. By digital image processing is meant all the tech-
niques enabling a digital image to be modified in order to improve the visual quality
or to extract the relevant information from it.
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Image processing is a discipline widely used in several fields namely: medicine,
military field, target detection, robotics, etc. This discipline is highly sought also in
the field of automation and robotics where important decisions are often taken from
the images processed by various algorithms.

There are number of well defined processes which go to make up a typical image
application. Acquisition, Enhancement, Restoration, Segmentation and Analysis are
the steps needed by just about every application which involves image processing
[2]. Edges are one of the most significant features for image processing and many
computer vision applications. Edge detection is one of the classical studies since it
is perquisite thing prior to perform any image processing operation. It has provoked
interest among research fraternity since several years [3].

A. Edge detection

Edge detection is used as a pre-processing step formany image processing algorithms
such as image enhancement, image segmentation, tracking and image/video coding.
This is a basic operation in image processing, and refers to the process identifying
and locating sharp discontinuities in an image; the discontinuities are abrupt changes
in pixel intensity which characterize boundaries of objects in a scene [5].

In the literature, various gradient based edge detection algorithms are proposed
such as Robert, Prewitt, Sobel and Canny (as example). These operators are firstly
linear and secondly use simple convolution masks. The elements of these masks are
often in the set {−2, −1, 0, 1, 2} which makes easier the convolution operations
in the mathematical expressions of the filters. Indeed, in a mathematical operation
the multiplication by (−1, 0 and 1) can be suppressed and the multiplications by
2 and by −2 can be realized using additions or more simply by left offsets. This
is an advantage in a software and/or hardware implementation generally to avoid
the expensive multiplication operations (hardware resources and computing time).
The ultimate goal is to speed up calculations of mathematical expressions in filters
especially with larger amounts of data in the images.

B. Hardware implementation of edge detection algorithms

Most implementations of image processing algorithms are software and run on
personnel computer and generally do not respect real-time. The purpose of these
software implementations is to verify the effectiveness of the proposed algorithms
by simulations on synthetic images or real images. These images are extracted from
known databases to compare the simulation results.

In the literature, various hardware implementations are proposed for edge detec-
tion algorithms in order to ensure real time processing of different tools and applica-
tions. In [1, 3, 6], various hardware implementations of gradient based edge detec-
tion algorithms (such as Robert, Prewitt, Sobel and Canny) using Xilinx System
Generator tool have been proposed. These edge detection algorithms are firstly
designed and simulated in Matlab-Simulink and then reproduced using only Xilinx
modules (these modules are recently added inMatlab-Simulink). Traditional simula-
tionmodules are used to read anddisplay images inMatlab-Simulink (co-simulation).
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Designed algorithms are efficiently compiled, synthesized and implemented using
FPGA devices.

In this paper, we propose a real-time hardware implementation of some image
processing algorithms. In fact, the basic idea of the proposed implementations
consists in the realization of a platform of acquisition and display of images while
adding software and/or hardware modules. This platform can be used in multiple and
varied applications of automatic and industrial computing.

3 XSG Design Flot

Currently, FPGA devices are widely used either to realize prototypes or hardware
and real-time implementations of processing algorithms. In the industrial and espe-
cially in the real-time control of systems field FPGA devices are also used [7].
Moreover, a new tool called Xilinx System Generator (XSG) is added recently under
Matlab-Simulink. XSG is a new design tool that enables the model-based Simulink
design environment for hardware implementation (VHDLandRTL levels) andFPGA
design. Using the XSG tool, previous experience on hardware implementations and
RTL design methodologies are not required. XSG maintains a very harmonious
level with Simulink Blockset, but at the same time allows automatic translation
of models to synthesizable and efficient hardware implementations using a Xilinx
specific Blockset.

The use of Matlab-Simulink allows the easy creation of testbench for simula-
tion and co-simulation of Simulink models and Xilinx models at the same time.
In a hardware implementation under Simulink and System Generator various steps
are necessary from Description of the algorithm in mathematical terms to the auto
generation of HDL code and the synthesis of results.

Figure 1 shows the System Generator design flow. System Generator works
within the Simulink model-based design methodology [7]. Firstly, the algorithm
of the application can be developed and implemented using the standard Simulink
Blockset.Matlab-Simulink uses floating-point numerical precision andwithout hard-
ware detail. This software implementation can be verified using Simulink simulation
results. SystemGenerator can be used to specify the hardware implementation details
for the FPGA devices using Xilinx DSP Blockset. The hardware implementation can
be verified both using Simulink simulation and System Generator simulation. Simu-
lation results can be compared to propose necessary modifications. System Gener-
ator invokes Xilinx Core Generator to generate VHDL code, the NGC file or the
Bitstream for the specified FPGA device. Several steps are required before and after
the generation of synthesizable codes.
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Fig. 1 System-Generator design flow [7]

4 Hardware Implementation of Edge Detection Algorithms

In this section, we will present some hardware implementations of some image
processing algorithms using the XSG tool. First, we change the image format (bi-
dimensional matrix of pixels) into a one-dimensional signal manipulated by the
processing modules provided by Xilinx. Then, we implement the image processing
algorithms using the Matlab-Simulink modules. After that, we cross-refer to the
implementation of the same algorithms using Xilinx processing modules.

In the second implementation, we copied the same Simulink model of the image
processing algorithm using only the Xilinx Blockset. Several tests are carried out for:
(i) the good resizing of various variables, (ii) the synchronization of the operating
frequencies of the Simulink blocks and (iii) theXilinx blocks. The purpose of this part
is to ensure the transition from floating-point precision (used by Simulink blocks)
to fixed-point precision (used by Xilinx blocks) to make the results comparable.
Figure 2 shows the flowchart of the proposed main idea.
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Fig. 2 In-the-loop implementation of the proposed idea

A co-simulation is necessary in order to compare simulation results and to correct
errors in the proposed models. Therefore, several adaptations and configurations are
necessary for each Xilinx processing module. The advantage of these Xilinx-based
models is the automatic transition to synthesizable HDL codes, which are used. We
use these HDL codes for FPGA configuration. In addition, for rapid implementation
and physical verification [7], these HDL codes are combined with the “in-the-loop”
technique.

A. The processing platform

Matlab® is software mainly adapted to matrix calculation. A simple scalar number
is considered under Matlab as a matrix of size 1 × 1. An image in Matlab is saved as
an N × Mmatrix (N × M pixels, where N and M represent the number of rows and
columns, respectively). All operations used in Matlab are applicable on the image
matrix. In hardware implementations using an HDL, the details of the operations
applied to the simple data are necessary for optimizing the implementations. In order,
to manipulate an image, it is necessary to convert the matrix into a vector of pixels. In
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this section, we will take advantage of the reading and display tools available in the
Matlab-Simulink libraries while taking advantage of the Xilinx System Generator
tool for the realization of hardware accelerators in HDL.

The proposed models combined with the image reading and display modules are
used for checking the software implementations of the processing algorithms. Then,
we propose models based only on Xilinx modules (the XSG library). For the reading
and the display of the images for these last models we use the same Matlab modules
and we compare the results.

a. Pre-processing Matlab model
An image in Matlab is defined as a two-dimensional (2D) arrangement. To meet
the requirement of hardware implementations, the image should be pretreated and
given as a one-dimensional (1D) vector. The Matlab-Simulink implementation
based on a model used for image preprocessing is shown in Fig. 3. In order, to
process a 2D image, it is first necessary to calculate the transposed image and
then, it is necessary to convert the 2D matrix into a 1D vector using the “convert
2D to 1D” module. Next, we use the “to frame” and “Unbuffer” modules to read
the vector with one pixel every time with a predefined scalar data format and at
a higher sampling rate.

b. Post-processing model
As shown in Fig. 4, the post-processing module is used to convert the output of
the image result to the original format. This module is used before the display
of the processed image and to compare simulation results. The element modules
are practically the inverse modules of the first chain, we start with the conversion
of the floating point data using “Data type conversion” then, the “Buffer” and
the “Convert 1-D to 2-D” modules for the conversion of pixels in the form of a
matrix. Finally, we calculate the transposed matrix with the display of the image
(Fig. 4).

B. The proposed hardware implementations

Fig. 3 The used pre-processing model in the proposed implementation

Fig. 4 The used post-processing model in the proposed implementation
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In this section, we propose hardware implementations for several filters using Xilinx
Blockset.Wecompare simulation results (co-simulation) andwediscuss the synthesis
results. Then, we show the “in the loop” execution of the proposed implementations.
In order, to optimize these implementations, two large parts are proposed:

• The first part concerning the memory management: this part is utilized for the
preparation of pixels concerned by the treatment at each time. In fact, the filtering
operation is adapted to a window of size 3 × 3 or 5 × 5 pixels over the entire
image matrix.

• The second part is used to define the architecture of the used filter in order to
calculate resulting pixel according to the coefficients of the filter window.

a. Memory management for the used filters

To ensure the continuity of the pixels subject of processing, we used three (or
five) rows of flip-flops according to the number of pixels in the image. If we
process an image of size N × M, we use M flip-flops in each line [8]. We have
configured these three rows of flip-flops as a FIFO or a shift register.
At the output of this block, we can recover 3 × 3 pixels being processed and
each rising edge of the clock a pixel shift is made to recover the 3 × 3 pixels
subject of the next processing. By shifting the pixels, we can recover the 3 × 3
pixels processing subjects in the same position, which implies a significant gain
in hardware implementations. Indeed, instead of shifting the window of the 3 ×
3 pixels in the NxM size image, it is sufficient to shift the pixels of the image and
recover the 3 × 3 pixels in the same place (Fig. 5).

b. The processing module architecture

This part starts with the point-by-point multiplication of the two windows (the
window of 3 × 3 pixels and the window of coefficients). This multiplication is
followed by a sum and in some cases by a division. The mathematical formula
is given by:

Fig. 5 Block diagram of the memory management strategy used for the implemented filters
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The pixel result =
3∑

i=1

3∑

j=1

coefficient(i, j) ∗ pixel(i, j) (1)

In order to avoidmultiplication and division operations (which are costly in terms
of FPGA resources consumption) and since most filters have simple coefficients
(−1, 0, and 1), this formula is replaced by another formula based on addition,
subtraction and shifting operations. At the end of this part, we use a block for the
adjustment of data (the value of the pixel to be in the domain 0–255).

C. The proposed implementation for the 3 × 3 Sobel filter

Figure 6 shows the proposed hardware implementation under System-Generator for
the 3 × 3 Sobel filter. We also notice the presence of the main module (System-
Generator) to ensure the automatic conversion of models in HDL level. Several
adaptations and data processing’s are also necessary to ensure simulation results
comparable with the initial filter and to ensure the self-generation of a correct and
synthesizable HDL codes.

5 Results and Discussions

A. Simulation results

The proposed implementation based on Xilinx Blockset operates using fixed-point
precision. The processing results are different from the results of the Matlab filter
that operates using floating-point precision. Figures 7 and 8 show the simulation
results of the proposed implementations for the Sobel and Prewitt filters applied on
two images extracted from Matlab library.

B. Synthesis results

After self-generation operation of the HDL code using System-Generator from a
Matlab-Simulink model, a synthesis step is required using one of the Xilinx tools.
In this work, we use the Xilinx-ISE tool. This software allows editing, verification,
behavioral and functional simulation aswell as the synthesis and generation of FPGA
configuration files.

In this work, several filters were made under Matlab-Simulink we have subse-
quently converted these models into VHDL. The synthesis results of these codes are
shown in Tables 1. Two options are possible for the synthesis operation: synthesis
using RAM blocks or without use of the RAM blocks. These results show the use
around 300 slices registers and around 270 slice LUTs as well as the use of 2 RAM
block. The number of resources consumed depends on the filter used and the size of
the processed image.
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Original image (ball.gif)
320x250pixels

Matlab function
Sobel 3x3

The proposed filter
Sobel 3x3

Matlab function
Prewitt 3x3

The proposed filter
Prewitt 3x3

Fig. 7 Simulation results of filters using Matlab-Simulink (the image mri.tif)

6 Conclusion

In this paper we have proposed hardware implementations of image processing algo-
rithms using Xilinx System Generator. It is in the context of rapid prototyping of
real-time implementation of image processing applications using FPGAdevices with
ever greater integration. As processing algorithms, we have chosen the border detec-
tion filters (High-Pass Filters) because of theirs utilizations in several domains and
applications. For each filter, we start with a high-level implementation underMatlab-
Simulink. Subsequently,we implement the samefilter always underMatlab-Simulink
but using the Xilinx Blockset. The advantage of this second implementation is that it
is automatically convertible into HDL level and synthesizable for an FPGA device.
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Original image (mri.tif)
128x128pixels

Matlab function 
Sobel 3x3

The proposed filter
Sobel 3x3

The proposed filter
Prewitt 3x3

Fig. 8 Simulation results of filters using Matlab-Simulink (the image mri.tif)

Table 1 Synthesis results

Filter & size Image & size Slice registers Slice luts Block RAM/FIFO

Available on used FPGA device 106400 53200 140

Sobel 3 × 3 football.jpg 320 ×
256pixels

343 264 2

Sobel 3 × 3 mri.jpg 128 ×
128pixels

355 275 2

Prewitt 3 × 3 football.jpg 320 ×
256pixels

249 227 2

Prewitt 3 × 3 Mri.jpg 128 ×
128pixels

343 264 2

The use of both implementations allows the co-simulation as well as the compar-
ison of the simulation results. The co-simulation results show the effectiveness of
the proposed implementations despite the operation with fixed-point precision. The
synthesis results show the consumption of less than 1% of FPGA resources using
the Xilinx Zed-Board. As perspectives of this work, we propose to implement other
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filters that require more computing time as well as the transition to other types of
image processing.
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