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Abstract 
 

This thesis proposes a comprehensive machine vision system based on 

Field Programmable Gate Array (FPGA) platform which is capable of 

detection and recognition of road signs. 

This thesis is focused on developing a robust algorithm for recognition 

of road signs including all stages of a machine vision system i.e. image 

acquisition, pre-processing, colour segmentation, labelling and classifi-

cation. Images are acquired by two different imaging systems and noise 

removal is done by applying Mean filter. Furthermore, different colour 

segmentation methods are investigated to find out the most high-

performance approach and after applying dynamic segmentation based 

on blue channel in YCbCr colour space, the obtained binary image is 

transferred to a personal computer through the developed PC software 

using standard serial port and further processing and classification is 

run on the PC. Histogram of Oriented Gradients (HOG) is used as the 

main feature for recognition of road signs and finally the classification 

task is fulfilled by employing hardware efficient Minimum Distance 

Classifier (MDC). 

All these different stages are firstly modelled and simulated in Matlab,  

having verified the simulations by acceptable success rate, the pre-

processing and segmentation parts of the image analysis are imple-

mented on the FPGA using hardware description language VHDL 

whereas the classification step is done on the PC. An experimental 

FPGA board ATLYS from Digilent is selected to interface with both the 

image sensor board as well as UART serial port on the PC side. 

Keywords: FPGA, VHDL, Machine Vision, Image Analysis, Road Sign 

Recognition. 
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1 Introduction 
One of the goals of employing machine vision systems is to assist people 

in observing and monitoring what might have missed or captured not 

clearly by human vision. Automatic recognition of road signs is one of 

those applications that can provide safety for drivers. Disregard of road 

signs or failure to notice, may directly or indirectly contribute to road 

accidents. The occurrence of these accidents can significantly be reduced 

using an automatic road sign recognition system that can warn and alert 

the driver. This thesis work attempts to develop a warning system to 

alert the driver the admissible speed within a particular road by detect-

ing and classifying a single road sign from the background using an 

image sensor to capture images of road signs alongside the streets.  

 

 

Figure 1. Typical Speed Signs in Sweden 

Conventional high-performance computer-based machine vision sys-

tems are not desired for this purpose because of high power consump-

tion rate and due to constraints of space and power on the automobile 

or any other vehicle. Additionally, embedded processors and controllers 

may take advantage of being small and low power consumption, but 

computational power is limited for the sake of mentioned merits. Ac-

cordingly, Filed Programmable Gate Array (FPGA) is introduced in this 

work as a processing platform for machine vision systems and automat-

ic road signs recognition systems that benefits from fast computation 

speed as well as parallel processing which is suitable for image and 

video processing where high density of data must be processed. 
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Figure 2. Field Programmable Gate Array 

The FPGA board is interfaced with the image sensor and PC through 

Universal Asynchronous Receiver Transmitter (UART) serial port. 

Image sensor streams the pixel data to the FPGA, having processed on 

FPGA, the image data are transferred to the PC using the developed 

software and makes the BMP image for further processing in Matlab 

environment. Finally, the output of this machine vision system will be 

the detected and recognized road sign of every single frame. 

 

1.1 Background and Problem Motivation 

Development of an Advanced Driver Assistant System (ADAS) is one of 

the most interesting areas in automotive market. Several driver assisting 

and warning systems have been developed during recent years such as 

Adaptive Cruise Control (ACC), Intelligent Speed Adaption (ISA), 

Pedestrian Protection System (PPS), Parking Assistance System (PAS) 

and so on. These vision-based driver assistance systems encompass 

many features to help the driver. Features like Lane Departure Warning 

(LDW), Forward Collision Warning (FCW), and Traffic Sign Recognition 

(TSR) are some of those properties that are usually embedded in such 

systems. Consequently, automotive market is interested in this sort of 

ADAS. For instance, Volvo Company is using a TSR system on one of its 

products called V40 which alert the driver the admissible speed by 

reading the speed limit signs alongside the streets.  
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Figure 3. TSR on VOLVO V40 

There are also some third-party companies that work within this area 

and release the ADAS systems independent of vehicle type and can be 

installed on the car as assisting device. Mobileye is one of the companies 

which woks in this area and release most of these applications on smart 

phones. 

 

          

Figure 4. ADAS Mobile Applications Developed by Mobileye[1] 

According to this background, research and development on this new 

field is eagerly needed; thus this thesis work has defined to design a 

machine vision system for road sign recognition. 

 Numerous algorithms are developed aiming at detection and recogni-

tion of road signs, but most of them are based on embedded processors 

or conventional computer-based machine vision systems and are not 

suitable for hardware based platforms such as FPGA. These methods 

will be mentioned and considered in following chapters. Thus, a novel 

method must be introduced to be both hardware and computationally 

efficient; furthermore, the algorithm successful performance rate must 

fulfil the needs of an efficient machine vision system for road sign 

recognition.  
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This work introduces a hardware centric algorithm for detection and 

recognition of road signs based on calculation of Histogram of Oriented 

Gradients (HOG) that is hardware efficient regarding the FPGA plat-

form, then the evaluation of HOG feature on road signs will be investi-

gated and after having verified simulation results, the pre-processing 

steps are implemented on FPGA. The output of the hardware phase will 

be the input for the software side through the developed Graphical User 

Interface (GUI) and finally the system recognizes the sign. 

1.2 Scope 

In this thesis an algorithm is proposed which is highly efficient for 

hardware implementation.  It uses angle of gradient as the main feature 

to train the system with.  Two geometrical features namely: eccentricity 

and centroid are added to feature vector in order to make classes more 

unique. Then the minimum distance classifier (MDC) is responsible for 

identifying speed limit within the pre-processed image.   

1.3 Concrete and Verifiable Goals  

The goals to be achieved are briefly summarized as follow: 

1. Developing speed sign recognition algorithm based on color segmen-

tation and minimum distance classifier. 

2. Simulation of developed algorithm and evaluate its performance 

under different situations in Matlab. 

3. Implementation of pre-processing phase on FPGA to introduce a 

hardware centric road sign recognition system. 

4. Implementing VHDL module for communication interface between 

FPGA and PC. 

5. Prepare required setup for implementing the proposed system and 

conclude the system performance by experimental evaluation of system 

with regard to different aspects. 

1.4 Contribution 

Although this is a huge project as a master thesis with respect to the 

time frame and people involved, most of the work is done by the author 

based on the related research in this field, but appreciable assistance of 

the supervisor Dr. Benny Thörnberg by providing preprocessing VHDL 
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module (i.e. color space conversion, segmentation) as project inputs 

must be mentioned. Furthermore, the GUI for making BMP images is a 

common work of Haoming Zeng and the author. 

1.5 Outline 

The rest of the report is organized in different chapters as follows: 

chapter 2 discusses related work in the road sign recognition area and 

recent scientific projects in this field are compared. Chapter 3 describes 

the methodology and design of the thesis. Chapter 4 is divided into two 

sub-sections that talks about the implementation of the proposed system 

on both Matlab simulations and hardware implementation. Experi-

mental results are presented in chapter 5 which is followed by chapter 6 

where the analysis of the work is presented and finally, the project 

achievements are discussed and concluded in chapter 7.
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2 Related Work 
Research in computer vision on traffic sign recognition has been con-

ducted for many years, since the late 1980s. Various methods have been 

proposed, and we cite a few papers representing various techniques 

used so far in the field. There are several algorithms that have been used 

to identify different road signs. These methods can be generally classi-

fied as color-based, shape-based and other recognition approaches[2].  

Dynamic pixel aggregation, template matching and genetic algorithm 

are some sorts of mentioned techniques in each category that will be 

discussed briefly. 

2.1 Color-based Approaches 

In this approaches color configuration of the road signs which is the 

most important and significant visual feature of them, is considered as 

the main feature. Outdoor illumination is a main factor that must be 

considered in these methods and due to this, many researchers try to 

decouple the illumination from the color data and separate the region of 

interest (ROI) (i.e. in this case road sign) from the background based on 

color information. Some of these color-based techniques are summa-

rized below. 

Color Thresholding Segmentation [3] is one of the widely used tech-

niques used for segmenting images. In this technique, a threshold is set 

as a reference color and if after classifying the image into background 

and ROI, if any pixel value is less than the threshold it will be consid-

ered as background; else the pixel belongs to the road sign. The segmen-

tation used in the proposed system can be categorized under this sort of 

approaches. 

Dynamic Pixel Aggregation [4] is another approach of colour segmenta-

tion. This method has been performed by introducing a dynamic 

threshold in the pixel aggregation process on HSV color space. The 

dynamic threshold allows the reduction of hue instability in real scenes 

depending on external brightness variation. The advantage of this 

approach is due to separation of illumination effects hue instability is 

reduced, but its performance drops when the image contain pixels 

whose coordinates fall into HSV unstable areas. 
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In HSI to HSV Transformation method, the image captured by camera 

is represented by its RGB data channels which can be transformed into 

HSI. The HSI system encodes colour information by decoupling an 

overall intensity value from two values encoding hue and saturation to 

make it more immune to lighting variations. Henry X Liu and Bin Ran 

[6] implemented this approach with 9500 of correct detection in HSV 

color space. 

Region Growing is another technique that starts with a seed pixel, then 

expands it and group pixels of similar color affinity together. It can be 

done in HSI color space. As it requires initial seed and ends till a crite-

rion is met, it may run into problem when its initial and ending criterion 

are not satisfied. Refer to [6] and [7] for its actual implementation. 

2.2 Shape-based Approaches 

Different road signs are characterized by their own geometrical shape. 

This particular feature can be used for road sign recognition without 

prior knowledge of color information. However the selection of a 

scheme for the detection of road signs based on their shapes will be 

more complex than their color as described in color-based approaches. 

For example imperfect shape, object occlusion, as well as variance in 

scale and size of the road signs, makes the detection task very challeng-

ing. However, shape detection is more robust to different illumination 

situations as it detects shapes based on their edges or boundaries. Some 

common approaches based on shape are mentioned below. 

Hough transform is a technique, which can be used to find a particular 

shape within an image [8]. The classical Hough transform is most com-

monly used for the detection of regular features such as lines and circles 

and it requires the desired features be specified in some parametric 

form. Its advantage is that if the road sign is not detected as connected 

component the approach it is tolerant to these gaps and is relatively 

unaffected by image noise. Hough transform is however computation-

ally complex and memory hungry [9] that makes it not an ideal choice 

for our hardware centric method where simplicity is important. 

Another widely used technique is Template Matching which is mostly 

used in classification phase. All sign shapes that are needed to be recog-

nised are stored in a databank then each potential sign must be normal-

ised in size and compared with every template of the same shape.  
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Figure 5. Template Matching 

Yves et al. [10] introduced a worth noting template matching encoding 

which allows various templates to be combined based on the embedded 

color information. Using this encoding, a template is constructed for an 

object, and a correlation computation can be defined, which will be a 

measure for computing matches between the templates. This method is 

fast and can be easily modified in order to append new classes of signs 

to the classifier, but if the shape of road sign is imperfect this method 

will introduce some problems in classification.  

Similarity Detection is another approach that classifies under shape-

based techniques. This method is performed by computation of a simi-

larity factor between a segmented region and set of binary image sam-

ples representing each road sign shape. According to this method, both 

sampled and segmented image have the same dimensions. In [11] both 

color and shape analysis for detection has been used, and this similarity 

detection is done in the shape analysis phase. The segmentation hit rate 

is in the range of 86.30% to 95.7° with triangular shape giving the lowest 

hit rate. 

2.3 Other Techniques 

Apart from shape-based and color-based methods there are several 

approaches that are widely used and are described as other techniques 

category. 

Genetic Algorithm: This algorithm can be used to search for traffic sign 

in a scene image. The image is matched by giving the gene information 

[12].The gene of individuals can be represented by expression using a 

set of equation to determine its characteristic. Position and size of road 
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signs are transformed to into number of genes, after required calculation 

high-fitness genes are assumed to be region of interest. This algorithm is 

more immune to illumination conditions. 

 

Figure 6. Genetic Algorithm 

Another powerful classification approach which has been used for 

recognition of road signs is Neural Networks. Neural networks (NN) 

can be trained to recognise road signs within ROI. The most common 

models in road sign recognition are Multilayer Perceptron (MLP) net-

work, Radial Basis Network (RBF), Backpropagation network, etc. 

Neural Networks are being implemented in many research works. For 

instance, in [13] an algorithm is proposed based on diagram in figure 7 

which uses two NNs to extract color and shape of features. 

 

 

Figure 7. Neural Networks 
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Support Vector Machine is another technique for detection and recogni-

tion of road signs. In [14] Linear and non-linear support vector machines 

(SVM) are used for the shape classification and pattern recognition of 

segmented traffic signs respectively and distance to border together 

with edge related pixels of interest serve as the feature vectors to SVM. 

The proposed system based on this algorithm is depicted in figure 8. 

 

 

 
Figure 8. SVM 

According to what discussed so far, most of mentioned approaches are 

not considering the hardware implementation as well as the need of 

resource conservation in terms of memory and computational speed. So, 

in this section thesis work, first a hardware centric approach based on 

histogram of oriented gradients will be simulated, then the algorithm is 

implemented in a hybrid model which pre-processing is implemented 

on FPGA and classification is performed on PC. The methodology of 

this approach is presented in next chapter.
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3 Methodology  
Following diagram depicts the top-to-down stages required for the 

proposed machine vision system. In this work two different outputs are 

going to be compared; one is the output of Matlab simulations which is 

purely done on PC and the other is the outcome of combo Mat-

lab/VHDL which is combination of VHDL programming on FPGA and 

Matlab simulations on PC. In this chapter each of these modules will be 

discussed in details and the experimental setup is further described in 

5.1. 

 

 

 

 

 

 

 

 

 

Figure 9. System Overview 

3.1 Experimental Method 

The proposed machine vision system in this thesis is evaluated and 

investigated by different aspects. First, the whole system is simulated 

and verified by using Matlab scripts, then the pre-processing phase 

including color space transformation, applying mean filter and color 

segmentation steps are implemented on FPGA. Thus, two sorts of ex-

perimental results are presented, one based on images captured by 

system camera and Matlab models which results in output B and the 

other is based on the FPGA camera and color segmentation on hardware 

(output A), then in the results chapter different aspects of these two 

Image Acquisition 

Pre-processing 

Color Segmentation 

Feature Extraction 

Post-processing 

Classification 

On FPGA 

On PC 
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outputs such as the color segmentation performance on both FPGA 

platform and Matlab scripts, readability distance and recognition rate 

will be compared. Moreover, analysis on optical performance as well as 

a power analysis and the ways to optimize the power consumption will 

be discussed in section 5.4 and 5.6 respectively. 

Figure 10 shows how this work is done and various experiments in 

chapter 5 are based on this system configuration. 

 

 

 

 

 

 

 

 

3.2 Image Acquisition 

Two different imaging systems are used for this purpose. One is a 

system camera, Nikon D-70 which is used for capturing images of road 

signs and evaluation of detection and recognition algorithms on PC.  

 

 
Figure 11. System Camera 

 

Images captured by system camera are first acquired in RAW format, 

then for better results are converted to bitmap (BMP) images. Following 

table shows the properties of this camera. 

FPGA camera 

Video 

processing on 

FPGA 

System camera 

Matlab 

image 

processing 

toolbox 

 

 

 

Minimum 

Distance 

Classifier 

UART OutputA 

OutputB 

PC 

 

Figure 10. System Configuration for Experiments 



Machine Vision on FPGA for  

Recognition of Road Signs  

Ashkan Hashemi  

3 Methodology 

2012-09-17 

 

21 

 

 
Max resolution Image ratio Sensor size Sensor type 

3008 x2000 W:h  3:2 23.7 x 15.8 (mm) CCD 

Table 1. System Camera Properties 

Another image sensor from Aptina on Digilent Vmod-CAM is also used 

on FPGA board to capture images and stream pixels to FPGA for further 

processing. 

 

Figure 12. FPGA Camera 

 

Max resolution Optical format Sensor size Sensor type 

1600 x1200 W:h  4:3 3.56 x 2.68 (mm) CMOS 

Table 2. FPGA Camera Properties 

By comparing properties of two imaging system, it can be understood 

that they are completely different and probable divergence in results is 

expected and can be justified due to these differences. 

3.3 Pre-processing 

This step is comprised of two separate tasks; first, applying an average 

filter in order to remove noise then, choosing appropriate color space 

regarding the performance and implementation on hardware logics. 

These two sub-tasks are described as follows: 

3.3.1 Color Space Transformation: 

In order to make the algorithm robust a suitable color space must be 

chosen.  The three primary colors in the visible range of the electromag-

netic spectrum are RED, GREEN and BLUE that form the RGB color 

space which is used for further processing in most applications.  How-
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ever, RGB color space has numbers of constraints.  The main disadvan-

tage of the RGB color space is due to the fact that the luminance infor-

mation is embedded into each layer of the image [15].  Consequently, 

any algorithm based on this color space might be vulnerable to illumina-

tion variations.  

By transforming RGB color space into other color spaces that are not 

illumination dependent, the aforementioned weakness of RGB will be 

removed.  Hue, saturation, value or HSV and YCbCr where Y contains 

luminance information, Cr and Cb represent red and blue difference 

respectively, are two color spaces that the illumination data is decoup-

led from color information.  Considering these two color spaces, YCbCr 

is preferred to HSV since the latter introduces computational complexity 

in hardware implementation.   

 

  

Figure 13. RGB, YCbCr, HSV Color Model 

The color space transformation from RGB to YCbCr can be done using 

following equation.  
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Figure 14. RGB to YCbCr Conversion 

                                                                                            

                                                          

 

By studying different color models finally found out that utilization of 

the chromaticity information obtained from YCbCr representations 

enables more robust algorithm to be developed than based on the grey-

scale and RGB color spaces [16]. 

3.3.2 Noise Removal: 

The first step in pre-processing procedure consists of applying an aver-

age filter in order to reduce noise and to make image more homogene-

ous and easily discernible. A Mean Filter is a filter that takes the average 

of the current pixel and it's neighbours, in this algorithm a 3x3 

neighbourhood is chosen to apply the mean filter and suppress the 

noise. 

The arithmetic mean filtering process computes the average value of the 

input image according to the following equation. The value of the re-

stored image at any point (i, j) is simply the arithmetic mean computed 

using the pixels in the region defined by the window size.  
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Figure 15. Applying Average Filter 

The mean filter simply smoothes local variations in an image and noise 

is reduced as a result of blurring. 

3.4 Color Segmentation 

As will be discussed in section 3.6, Histogram of Oriented Gradients 

(HOG) is going to be used as the main feature in feature vector and 

obviously, using angels of gradients as the main feature requires com-

pletely separate connected image components that contribute in HOG 

calculation.  In order to fulfil this requirement, powerful color segmen-

tation is needed to reveal a segmented image with fine connected num-

bers as well as less image components.   

To acquire best results in color segmentation, different approaches 

investigated that are presented in following. 

3.4.1 RGB Segmentation Using Sobel Operator 

This algorithm consists of convolving each RGB channel with Sobel 

operator in both direction (vertical and horizontal). After normalizing 

and setting threshold, some morphological operations applied to the 

images. 

 

Here are two images after applying this method on input images in RGB 

color space: 

45/9 = 5 

3 
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Figure 16. Performance of Sobel Operator 

As it can be seen, this method makes too many image components in the 

final image which is not suitable in case of hardware resources and 

computation burden. Moreover, this method is highly dependent on 

structuring element used in morphological operations for different 

distances, thus cannot be used in our automatic system. Finally, the 

output image is highly contaminated by noise specially in long dis-

tances. To achieve better result more techniques are considered in fol-

lowing sections. 

3.4.2 RGB Segmentation Using Robert Operator 

This algorithm is applied in the same way as the previous one and 

consists of convolving each RGB channel with Robert operator instead 

of Sobel. Here are the kernels for Robert operator. 

                                                                      

 

Compared to 3.3.1 approach, as far as only four input pixels are needed 

to be examined to determine the value of each output pixel, this method 

4 
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is faster in computation compared to Sobel. Furthermore, Robert opera-

tor responds maximally to edges running at 45° to the pixel grid thus, 

rather better performance is expected. 

 

 

Figure 17. Robert Operator Performance 

As expected, the result is much better that the Sobel operator, but there 

are still some disadvantages: As long as it is in RGB space, this algo-

rithm is sensitive to illumination. Consequently, it is not a good choice 

for different lighting conditions. Robert operator doesn’t perform well in 

weak edges and finally, due to small kernel size, it is very sensitive to 

noise. 

According to the analyses and considering all drawbacks and most 

importantly the dependency of RGB space to illumination, RGB is not a 

good candidate for the purposed system, therefore a more robust meth-

od must be investigated. 
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3.4.3 Segmentation in YCbCr Space by Using Statistical Information 

In order to decouple illumination effects on the system, an alternative 

for RGB color space must be investigated. CIE-LUV and CIE-LAB, 

which are device-independent and are linear spaces for color segmenta-

tion, might be good candidates for this task, but these methods con-

sumes much more hardware resources and computational power to 

perform non-linear transformation from RGB color space to CIE-LUV or 

CIE-LAB. Alternatively, by performing RGB to YCbCr transformation 

and removing Y component, it is feasible to decouple the interference of 

lighting conditions that may affect the performance. This is more effi-

cient and reliable than performing image processing techniques in RGB 

format.  

For color segmentation in YCbCr space, three different algorithms will 

be compared and the best approach will be used as color segmentation 

algorithm.  

First method is based on using training set of road sign images to ac-

quire statistical information of colors that are desired for color segmen-

tation [17].  After converting the input image to YCbCr space, minimum 

and maximum value of both Cb and Cr channel are calculated by using 

equations number (5) to (8). 

 
Figure 18. Statistical Method 

 

Minimum (Cb) = MEAN (Cb) – STD (Cb) 

Maximum (Cb) = MEAN (Cb) + STD (Cb) 

Minimum (Cr)  = MEAN (Cr) –  STD (Cr) 

Maximum (Cr) = MEAN (Cr) + STD (Cr) 

5 

6 

7 

8 
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Where MEAN, calculates the mean value of Cb or Cr channel and STD 

is the standard deviation.  Thus the desired colours for segmentation are 

extracted from the training set of road signs.  Then, by setting these 

values as threshold, segmentation algorithm will be capable of segment-

ing by selected values. 

Figure 18, illustrates an image containing road sign and its correspond-

ing binary image after applying color segmentation using this method.  

 

Figure 19. Statistical Method Performance 

Compared to RGB space segmentation, by decoupling Y component this 

method is invariant to the illumination and also as it can be seen, the 

numbers within the road signs are highly legible, but still suffers from 

some drawbacks; the most significant factor is that there are large num-

ber of image components in the acquired images which will not fulfil the 

requirements of a method based on hardware platforms. Additionally, 

the circular surroundings that can be used for detection part will be 

missed by this method and the system needs to be trained beforehand. 

Finally, this approach is expensive in terms of hardware resources. 
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3.4.4 Static Colour Segmentation by Thresholding Cb Channel 

The second color segmentation approach in YCbCr space is solely based 

on Cb channel, where the blue difference component of YCbCr color 

space (i.e. Cb) is converted to the binary image by thresholding 0.4 of its 

initial maximum value.   

Figure 19 indicates the performance of Cb segmentation on the same 

images that were tested by previous algorithm. 

 

 

Figure 20. Static Cb Segmentation Performance 

It can be clearly seen that the image in figure 19 is more suitable com-

pared to the segmented image in figure 18. Obviously, this algorithm 

seems to be the best segmentation for these particular road signs since it 

works for different distances from near to reasonable far distances as 

well as different angles. In the output images, the numbers have rough-

ly their original shape which is suitable for classification phase. Y com-

ponent is de-embedded from the image which leads to luminance inde-

pendent, but to achieve the best results in segmentation step a more 
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robust segmentation of blue channel is presented in next section where 

dynamic segmentation is introduced based on the color information of 

blue channel. 

3.4.5 Dynamic Colour Segmentation by Thresholding Cb Channel 

This approach is almost the same as the previous except that the color 

information of blue channel is investigated in details. By observing blue 

channel data distribution in YCbCr space, it can be understood that data 

has a normal distribution around 128 and based on this value the seg-

mentation is performed according to following procedure. 

 

 

Figure 21. Static Cb Segmentation 

 

 

 

Briefly, less number of image components, less noise and completely 

connected numbers are the benefits of this method and all these features 

are interested in HOG calculation and hardware resources efficiency.  

Furthermore, the other advantage of this approach is that no 

morphological operation is needed after segmentation which decreases 

the processing time. Moreover, this approach can be used for detection 

of other road signs that might be useful for further project definitions 

and most importantly, it is quick and hardware economic in comparison 

with other methods Thus, colour segmentation based on Cb component 

is preferred to statistical, static and RGB-based approaches. 



Machine Vision on FPGA for  

Recognition of Road Signs  

Ashkan Hashemi  

3 Methodology 

2012-09-17 

 

31 

 

 

Figure 22. Dynamic Cb Segmentation Performance 

Finally, by setting the threshold on the colour segmented image, a 

binary image is obtained that will be the input for gradient calculation. 

3.5 Post-processing 

After colour segmentation based on Cb channel, gradient of the seg-

mented image is calculated using Sobel operator. Then, the obtained 

gradient images are labelled to be recognized as a single image compo-

nent for further processing. So, post-processing consists of gradient 

calculation and labelling. 

3.5.1 Gradient Calculation 

In order to obtain gradient vector for images, Sobel operator matrices 

must be convolved with the image. Mathematically, Sobel operator is a 

discrete differentiation operator which computes an approximation 

gradient of the image.  This is done by convolving a 3x3 matrix with the 

segmented image provided by previous section.  The gradient is calcu-
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lated in both horizontal and vertical directions using following kernels 

indicated in equations (9), (10).  

                                        
         
          
        

                                      

                                                               

                                       
      
   
   

                                   

Then, gradient magnitude (G) and its angle (θ) that represents orienta-

tion of gradient vector, calculated by following formulas to make recog-

nition pattern independent of road sign size. 

 

       
    

         And                    

 
             

 

 

Figure 23. Gradient Images of Road Signs 

Figure 22 depicts gradient images computed from the Cb segmented 

images.  As expected, numbers are a single connected image component 

which is needed for calculation of HOG. 

The angle obtained from Eq. (11), spans from 0 to π radians.  This means 

that there will be no difference between a gradient angle of 120 and 300 

and both will be considered as 120.  This constraint threatens the algo-

rithm uniqueness.  Hence, in order to extend the angle into 3rd and 4th 

quadrants, it is needed to consider the Sin of the angle. 

                                                            

 
                                                         

9 
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Having any angle which its Sin is negative means the angle belongs to 

3rd or 4th quadrant. Finally, by subtracting all the negative angles from 

360,    will span from 0 to 360 degrees.   

 

3.5.2 Connected Components Labeling  

Connected components labeling reads an image in progressive scan 

mode and groups its pixels into components based on pixel 

connectivity. Once all groups have been determined, each pixel is 

labelled with its adjacent neighbours according to the image component 

it was assigned to. 

In figure 23 binary images are labelled so that every single component 

becomes accessible. 

 

 

 

 

 

 

 

 

 

 

Figure 24. Labeled Images 

http://homepages.inf.ed.ac.uk/rbf/HIPR2/pixel.htm
http://homepages.inf.ed.ac.uk/rbf/HIPR2/connect.htm
http://homepages.inf.ed.ac.uk/rbf/HIPR2/connect.htm
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After labelling the binary images, each number within the road sign is 

identified as single image component. 

3.6 Feature Extraction 

In this machine vision system, the feature vector comprises of 18 fea-

tures including 15 bins of HOG and three geometrical properties that 

will be described in details. 

3.6.1 HOG: 

Histogram of Oriented Gradients (HOG) describes the number of gradi-

ent angles occurrence between predefined bins [18]. Histograms of the 

gradient orientations (angle) are built from the gradient image devel-

oped at post-processing and only for those pixels belonging to an image 

component.  

 

 

Figure 25. Orientation of Gradients 

Histogram of the gradient orientations is an efficient description of the 

shape of image objects and in our case the interested image objects are 

the numbers written on a road sign. This concept is illustrated in figure 

24 where the right image shows the orientation of gradients of the image 

in left side. Thus, this step generates one histogram for each segmented 

number on the specific road sign. The particular histogram of each 

numbers is shown in implementation chapter. 

3.6.2 Geometrical Features: 

Clearly, by increasing the uniqueness of feature vector for each machine 

vision system, the rate of correct classifying will go up. To achieve this 

and make the classification phase more robust, three geometrical pa-

rameters added to the feature vector, two for displacement vector and 

one for eccentricity. 
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The first two consist of the horizontal and vertical displacement of 

centroid of each number from geometrical centre of its bounding box.  

To negate dependency of this feature to the size of numbers, it normal-

ized by dividing by the major and minor axis of ellipse that contains the 

number.  This feature is more beneficial for recognition of numbers that 

are not symmetric. 

 

Figure 26.  Centroid (*) and Geometrical Center (+) for Numbers 6 and 9 

By adding displacement parameters to feature vector the classification 

erroneous decreased, but there was misrecognition for some numbers 

yet.  To make the classification more robust we added another geometric 

property called eccentricity.  

The eccentricity (e) is the ratio of the distance between the foci of the 

ellipse and its major axis length which can be given in terms of semi 

major (a) and semi minor (b) [19]. The value is between 0 and 1. 

 

                                                          
 

 
                                  

 

Figure 27. Eccentricity of Ellipse 

After attaching the eccentricity to the feature vector, the classification 

accuracy improved and its final evaluation will be presented in corre-

sponding chapter. 

13 
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Lastly, the feature vector ended up by comprising 15 bins of histogram 

of gradients as the main feature, 2 displacement vector parameters and 

one other geometrical feature, named eccentricity.  Now, this feature 

vector is ready and enough versatile firstly to train the system with and 

then to be used in classification phase.   

3.7 Classification 

The Euclidian Minimum Distance Classifier (MDC) is a classification 

method that is used to classify unknown image data to classes which 

minimize the distance between the image data and the class in multi-

feature space. The distance is defined as an index of similarity so that 

the minimum distance is interpreted as the maximum similarity [20].  

 

 

                                                  

The classifier uses the minimum of “d” to attribute the images to their 

corresponding class.   

This method was chosen because on FPGA, it is needed to economize 

the hardware resources. Furthermore, its simplicity and usability in 

hardware makes this method suitable for the system, but it is limited in 

case of variation in the template since the MDC uses the mean value of 

the data regardless of data distribution, but it will be shown in the 

experimental results that such effect is acceptable and does not make 

any divergence in results.  However, the amended version of MDC is 

proposed in [21]. 

An additional step also added after classifier to increase the robustness 

of algorithm. As indicated in figure 22, all road sign numbers are sur-

rounded by a circle which the speed limits are always inside this circle.  

14 
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Thus, this circular surrounding is used to identify the Region of Interest 

(ROI) and the numbers within this circle are definitely the numbers that 

we are interested in. 

3.8 UART Protocol 

A Universal Asynchronous Receiver/Transmitter, abbreviated UART, is 

a type of "asynchronous receiver/transmitter" which translates data 

between parallel and serial forms. UARTs are mostly used together with 

communication standards such as EIA, RS-232, RS-422 or RS-485. This 

project uses RS232 for communication. Data to be transferred is format-

ted base on  following figure where the first bit is called start-bit then 

the 8-bit data is transferred and the final bit (10th bit) indicates the com-

pletion of data transfer. 

 

Figure 28. Data Format in UART Protocol 

For this project UART communication is implemented as an FPGA 

module using VHDL and consists of two sub-modules namely UART-

RX and UART-TX. One is for receiving data and the other for transfer-

ring. As far as the UART transmission is far slower than reading speed 

for other reading ports a handshaking protocol is needed to be imple-

mented in such a way that after completion of each pixel transfer the 

receiver side informs the complete transmission to the sender and 

consequently the sender side starts transferring new data. Clearly, while 

transmission no data should be generated because in case of generation 

of new data while transferring, those data will be definitely lost. De-

tailed implementation of UART will be described in implementation 

chapter.

http://en.wikipedia.org/wiki/Parallel_communication
http://en.wikipedia.org/wiki/Serial_communication
http://en.wikipedia.org/wiki/Electronic_Industries_Alliance
http://en.wikipedia.org/wiki/RS-232
http://en.wikipedia.org/wiki/RS-422
http://en.wikipedia.org/wiki/RS-485
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4 Implementation 
The proposed machine vision system is firstly verified by simulation of 

the whole algorithm in Matlab and after obtaining successful results, the 

pre-processing part implemented on FPGA using VHDL. Then, the 

segmented image obtained from hardware processing is transferred to 

the PC via serial UART port by using a graphical user interface which 

takes the pixel data serially as input, makes its corresponding BMP 

image and stores the image on a memory location on the PC. This image 

can be used for further processing in Matlab environment. These se-

quential implementations (i.e. Matlab modelling, implementation on 

FPGA and developed software) will be described in this chapter.  

4.1 Matlab Modeling 

4.1.1 Training Sets: 

In order to develop a supervised classification, a set of data is needed to 

train the system with. In this case this set of data corresponds to set of 

images that must include the system interests in it. In feature vector 

construction and classification some prior knowledge of the object that 

we are interested to detect it, is needed. This prior knowledge is provid-

ed to the system by number of images that contain the objects to be 

detected.  

Training sets of images were made by printing every single digit on a 

separate image with the same background that they will appear on a 

road sign. Following pictures are the samples of training sets for pre-

sented system. 



Machine Vision on FPGA for  

Recognition of Road Signs  

Ashkan Hashemi  

4 Implementation 

2012-09-17 

 

40 

 

 

Figure 29. Training Sets 

As illustrated, to make it a robust training set, different scales of the 

same number is printed on each image to ensure the feature vector 

considers all possibilities. After making training sets, the algorithm is 

performed on the images and feature vector is built based on the HOG 

and geometrical features. 

4.1.2 Feature Vector: 

Having applied all the pre-processing steps (i.e. color space transfor-

mation, filtration, and color segmentation and gradient calculation) on 

the training sets, it is needed to calculate HOG for each number and 

build the feature vector for that particular number to be recognized in 

the classification. Based on the theory explained in 3.5.1, histogram of 

oriented gradients must be calculated for the training sets. 

In order to keep the algorithm simple and concerning hardware imple-

mentation, an optimum number of HOG bins should be investigated 

such that the system has the best performance as well as does not con-

sume too much hardware resources. To fulfil this requirement, by trying 
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different numbers of bins, the highest accuracy achieved with 15 bins.  

After calculating magnitudes and angles, gradient magnitudes are used 

as weights when voting for HOG in such a way that gradient vectors 

having stronger magnitude are also given more importance in voting.  

Then, the gradients divided by their sum, to make the histogram prob-

ability. 

Following graphs in the next page show the probability of histogram of 

gradients for numbers in training sets. These 15 bins of HOG together 

with 3 geometrical features (i.e. 2 features for displacement vector and 1 

feature for the eccentricity) make the system feature vector. 
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Figure 30. HOG for Training Sets 
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4.1.3 Road Sign Recognition: 

After training the system with sets of images and building the feature 

vector, the system is ready to take an image as input and by applying 

the described algorithm, first detects the road sign and then based on 

the feature vector, classifies and recognizes the speed limit written in the 

given image as output. 

Following flowchart depicts different steps of the system from getting 

an input image to the final stage speed limit recognition. 

  

 

 

 

The input image can be any kind of captured image by an image sensor, 

practically this camera can be modeled by an image sensor positioning 

on the wind screen of a car. In this work, the input images can be from 

both system camera and FPGA camera and in this project, after color 

segmentation by hardware, the rest of the work is run in Matlab. 

According to the flowchart in figure 30, each stage output is illustrated 

in figure 31 a-g. 

 

 

Figure 31. System Overview 
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Figure 32. Output Images of each Stage. a) input image, b) YCbCr color space,                       

c) filtered image, d) blue channel data, e) image after color segmentation, f) gradient 

image, g) labeled image 

After labeling, the feature vector is calculated for each image 

component.  To detect the road sign, the system compares every single 

component which its area is bigger than a threshold, with the center of 

each class provided by training sets. Once the shortest distance found, 

that image component is assigned to that class and corresponding 

number. As far as the circular surrounding of road signs is segmented 

very well, it will be recognized as “0”. So, the road sign is detected when 

the largest “0” has been recognized. Once road sign is detected, the 

classifier calculated the distances of numbers within the road sign to 

find out the corresponding numbers. Accordingly, both road sign and 

speed limits are detected and recognized respectively. Due to powerful 

color segmentation and pre-processing steps, this simple rule-based 

classifier works well for the proposed system. 

 

 

 

 

 

 

g 
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4.2 VHDL Modeling 

The project is implemented on FPGA Spartan6 from Xilinx using Atlys 

experimental board and Vmodcam camera module from Digilent. For 

the hardware part design of this project, the reference design from 

Digilent© is used as the reference and the required modules is added to 

the design. 

To make the report more efficient, in this section only the newly de-

signed VHDL modules as well as modifications applied on the reference 

design will be discussed. 

4.2.1 Pre-processing Wrapper: 

This module is the main part of this hardware design and is responsible 

for video processing. It gets RGB data as three input ports and sends out 

the binary segmented image as its output. The module is synchronized 

with the camera on the external board and runs with the pixel clock.  

 

Figure 33. Preprocessing Wrapper 

What happens within this entity is: first it converts the RGB pixels to 

their corresponding YCbCr colors, then the mean filter module applies 

the noise removal on Cb channel by using a 3x3 sliding window accord-

ing to the algorithm discussed in Matlab simulations. Finally the 

thresholding is done in segmentation module. 
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The segmentation approach applied in the segmentation module is 

based on pipelined dynamic thresholding. To find out the threshold 

level, first minimum value of each frame is deducted from 128 then 

obtained value is multiplied by (102/255), finally the final segmentation 

level will be acquired by subtracting the latest value from 128. All these 

calculation are pipelined and based on previous frame pixel data. 

4.2.2 UART Wrapper: 

The UART entity is designed based on the theory part which explained 

in 3.7. the functionality of this wrapper is providing safe and confident 

communication between FPGA and PC using RS232 protocol. It can be 

configured to work with different standard baud rates, but for this 

project it is working on maximum speed (256000 BPS). 

 

 

 

 

 

 

 

 

 

Figure 34. Preprocessing Sub-modules 

Figure 35. UART Wrapper 
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The UART wrapper consists of two sub-modules UART-RX and UART-

TX each of them for receiving and transferring respectively. The UART 

communication is rather slow compared to reading speed for HDMI 

monitor, so in order to not lose any pixel data while transferring to PC, a 

handshaking protocol is designed so that after completion of each pixel 

transfer, both sides confirm their communication through these hand-

shaking signals and then the next pixel is ready to be sent. 

4.2.3 Read Controller: 

Due to different clock frequencies, timing, reading and writing speed a 

controller module named Read Controller is designed to handle these 

timing procedures and issue appropriate commands to different mod-

ules. 

 
Figure 36. Read Controller 

This controller is triggered by PC command, disables pixel camera 

streaming by the camera, disables reading port for the monitor and at 

last triggers the UART module to start the communication and pixel 

transfer. On completion of pixel transfer, the controller issues required 

command to respective modules and all deactivated modules will be 

activated by the controller. 
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Figure 36 depicts how the read controller module is connected to other 

entities. As it can be seen, read controller is connected to UART module 

by handshaking signals (Wr, TBE) and data is transferred in appropriate 

time. It also controls the frame buffer by ENC port. The read controller 

module communicates with PC, camera and monitor by their corre-

sponding signals. 

4.3 Graphical User Interface 

To interface the hardware design with PC a Graphical User Interface 

(GUI) is needed to facilitate this communication. The software is written 

in Microsoft Visual Basic (VB) and is capable of receiving pixel data 

through serial port and generating its corresponding BMP image. The 

generated BMP image can be saved on a memory location on the PC and 

can be further used for post-processing in Matlab. Following are some 

screen shots of the developed software. 

 

PC 

 

Data 

 

 

Frame Buffer 

 

 

 

Read Controller 

 

 

 

UART 

Data 

HDMI 

controller 

Camera 

controller 

DOC 

FbRdClk 
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Figure 37. Read Controller Communication 
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Figure 38. UART-BMP Maker GUI 

As it can be seen image format can be set in the software and different 

communication speeds can be chosen, lastly the generated image is 

saved by pressing SAVE button.
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5 Experimental Results 
 

5.1 Experimental Setup 

Before analyzing final results, the system requirements that are needed 

to fulfill the experiment are shown in figure 39. Furthermore, to provide 

an illustrative understanding of the proposed system for the reader the 

final setup which has been used for doing experiments is depicted in 

figure 40. As it is indicated in the setup, the Vmodcam is attached to the 

FPGA board, the left display is the HDMI monitor that is connected  to 

the FPGA and streams live video of the scene observed by the camera 

and the right monitor is the PC running the mentioned GUI on it. By 

each time pressing CAPTURE button on the software a new video frame 

is captured and mapped on the left screen and will be saved on the PC 

memory. 

 

 

Figure 39. System’s Hardware 
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5.2 FPGA Color Segmentation vs. Matlab  

In this section the result for segmentation based on Matlab simulations 

and hardware segmentation are compared. In order to make a fair 

comparison, all images captured by the system camera are downscaled 

as the same format as they are captured by FPGA camera (i.e. 800x600) 

using bilinear interpolation technique and it has been tried that in both 

cases the Field of View (FOV) to be the same to make a realistic com-

parison. Following diagrams show the number of image components for 

almost hundred of images based on both Matlab and FPGA segmenta-

tion respectively. Refer back to the experimental method explained in 

3.1, figure 41 is based on the output B of the experiments whereas figure 

42 is based on the output A. 

Figure 40. Outdoor and Indoor Setup for Experiments 

 



Machine Vision on FPGA for  

Recognition of Road Signs  

Ashkan Hashemi  

5 Experimental Results 

2012-09-17 

 

55 

 

 

Figure 41. Number of Generated Image Components by System Camera 

 

 

Figure 42. Number of Generated Image Components by FPGA Camera 

As it is illustrated by the graphs, in most cases numbers of image com-

ponents are the same in both Matlab segmentation and hardware seg-

mentation, but in some cases there is huge difference between them; 

hence those images might be investigated. 
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Figure 43.a) FPGA Camera b) System Camera 

Figure 43.a shows the case where the image is taken by the FPGA cam-

era and some noise is introduced to the image, while figure 43.b which 

is captured by the system camera is segmented properly. This difference 

might be justified by comparing optics capability of two imaging de-

vices and is due to the low Signal to Noise Ratio (SNR) value for the 

FPGA camera, but in both cases the speed limit is highly readable and 

correctly segmented. 

5.3 Readability Range Based on Threshold and Focal 
Length 

Different experiments are done to find out the relation between different 

thresholds and maximum detection range. After required investigations, 

finally found out that there must be a tradeoff between the threshold 

value and appropriate readability of system. Maximum readability 

acquired using 0.5 and by setting threshold value to this number, 12 

meters is the highest possible distance that the numbers on road sign are 

readable. Decreasing threshold leads to increasing number of image 

components and less readability of road signs. In contrast, by increasing 

a b 
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Th : 0.4  D : 8m 

the threshold, fewer number of image components will be introduced 

but by incrementing more than a certain value (0.5), although still we 

get less number of image components, the numbers on the road sign are 

not highly readable; hence cannot be recognized in classification stage. 

 Following pictures illustrate this experiment, where camera lens dis-

tance to road signs in all images is different with respect to different 

thresholds.  

                

                               

 

 

 

 

 

 

 

 

 

 

 

 

 

  

          

Th : 0.3  D : 8m 

Th : 0.4  D : 9m 

Th : 0.6  D : 12m 

a b 

c d 
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Figure 44. Different Thresholds and Distances 

 In image 44, (a) and (b) show effects of 0.6 and 0.3 threshold respective-

ly and indicate that the threshold must be a value between these two 

numbers because on the one hand, setting the threshold to 0.3 makes a 

large number of image components, on the other hand in 0.6 are not 

readable and numbers does not have their original shape. Images (c) 

and (d) indicate that setting threshold value to 0.4 results in maximum 8 

meters of readability distance, image (c) is a proof for this claim that for 

distances more than 8 meters, numbers are not readable. Pictures (e) and 

(f) verify that the maximum readability distance can be achieved by 

setting threshold to 0.5; in this case less number of image components 

will be created in addition to maximum readability distance.  

Table 3 shows this experiment for different levels of threshold. It can be 

seen that the image with threshold 0.5 has less number of image compo-

nents compared to threshold 0.4 in the same distance. Figures   show 

that setting threshold less than 0.4 or more than 0.5 destroy the image by 

creating either too many image components or making non-readable 

numbers on the road sign. 

 

 

e f 
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Table 3. Thresholds and Readable Distances 

Another experiment showed that the readability distance in Matlab 

models can be extended by changing the area criteria together with focal 

length. This means that the more focal length number will result in 

longer readability distance. Table 4 shows the experiment result based 

on following images, different ROI areas and focal lengths. 

 

Table 4. Readable Distance by Focal Length 
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Figure 45. Images with Different Focal Lengths 

 

 

 

a b 

c d 

e f 
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5.4  Optics Requirements 

Minimum optics requirements for this road sign recognition system can 

be declared by knowing standard properties of both roads and road 

signs. For instance, by knowing the maximum width of a road, mini-

mum focal length can be calculated by required detection range. 

According to background chapter, this system can be used not only for 

road sign recognition, but also for other aspects of ADAS systems such 

as forward collision warning, both in highway and urban areas, includ-

ing motorcycle detection, lane departure warning and etc. to make this 

system capable of benefiting these features, an investigation for optics 

requirements is needed. To make these measurements comprehensive, 

different positions of car within the road must be considered. According 

to figure 46, different position of cars changes the FOV, then to be in the 

safe side the worst case must be considered.  

 

Figure 46. Different Field of View 

The worst scenario will happen when the car is being driven in the right 

lane (slow lane); in this case if the FOV is calculated only for width of 

road, the camera will definitely lose right lane of the other side so, FOV 

should be calculated for worst case. For instance, for a 4-lane highway (2 

lanes each side) the total width of road is 15 meters and this 15 meters 

will be observed by the camera if the car is in the middle of the whole 

road (in reality no car is driven in the middle of the road). To combat 

this problem, FOV must be calculated for the slow lane position and 

then the additional needed distance should be added to capture the 

whole road. 
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Figure 47. Focal Length 

Based on Gaussian optics, by knowing distance between lens and object 

(distance to road sign), image format and image width (width of needed 

FOV) focal length can be calculated.  

 

F = (Image width x distance to object) / FOV width 

 

 First different kinds of roads must be taken into considerations. Given 

that the standard minimum lane width for Europe is 3.5 meters, 

different road width exists based on the number of lanes. To be on the 

safe side we assume minimum lane width to be 4 meters. Then by using 

following formula, the minimum needed FOV can be calculated. 

 

MFOV = RW + 2 x (LW x (NL – 0.5)) 

 

Where MFOV is minimum field of view, RW equals road width, LW is 

the lane width and NL corresponds to the number of lanes on the other 

side of the road. For example for a 4-lane road, 4 meters of lane width 

the calculation will be: 

 

MFOV = 16 + 2 x (4 x (2 – 0.5)) = 16 + 12 = 28 m 

    

Finally, by knowing image width on sensor (3.56mm), MFOV and the 

maximum readability distance that we achieved (12m) required focal 

length can be obtained based on table 5. 

 

15 

16 
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Table 5. Focal Length for Different Roads 

Furthermore, according to a research at Mid Sweden University on 

Visual Sensor Networks [22], the focal length can be calculated based on 

equation number 17 which is dependent on specific requirements of 

each application. 

 

where (p) is pixel per meter, (ah) is the distance between the lens and 

the object, (lh) and (lv) are the sensor horizontal and vertical lengths and 

(rh) and (rv) are the sensor horizontal and vertical resolutions, respec-

tively. Different sensors that have been studied in that research work is 

summarized in table 6. 

17 
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Table 6. Different Sensors Properties 

By knowing the parameters in table 6 and using equation 17, required 

focal length can be achieved based on different image sensors. 

Another experiment which might be needed is calculation of angular 

field of view with respect to different focal length using equations 18 

and 19. 

 

 

 

 

Table 7. Field of View for Different Sensors 

 

18 

19 
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5.5 Number of Image Components with Respect to 
Different Illumination 

In order to evaluate the relation between numbers of generated image 

components with respect to different luminance, some test images were 

taken at different times of a day including sunny weather which direct 

sun-light reflects on the road sign and without direct sun-light with 

cloudy sky. For instance, images in column (a) in figure 48 were taken 

during sunlight and images in column (b) were captured while cloudy 

sky: 

 

                      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    (a)                                                                        (b) 
 
 

Figure 48. Images Taken with Different Illumination Conditions 
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Table 8 summarizes the results for this experiment and shows the num-

ber of generated image components in different lighting conditions. 

 

Table 8. Number of Image Components in Different Illuminations 

This result confirms that by removing Y component from YCbCr color 

model, the influence of illuminations on the segmentation performance 

has been decoupled accordingly.   

 

5.6 Performance and Device Utilization of VHDL 
Design 

The performance of the VHDL design for this project is evaluated in 

terms of the resources utilization, power consumption and maximum 

running frequency based on Xillinx Spartan 6 platform running at 100 

MHz. The VHDL module was synthesized and post-route simulation 

was performed. The parameters are calculated using the Xpower soft-

ware in the Xilinx ISE tool set [23]. Following are the results that have 

been achieved. 

 

 

    

Image a-1 a-2 a-3 b-1 b-2 b-3 

Illumination sunny sunny sunny cloudy cloudy cloudy 

Components 3 3 3 3 3 3 

Table 9. Power Values for Each Hierarchical Module 
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Table 10. Power Analysis for Signals 

 

Table 11. Power analysis by resources type 

The power consumption can be optimized in different ways by knowing 

the functionality of specific ADAS systems. For instance, by knowing 

height of the road sign stand, an optimization in power consumption 

can be achieved by selecting appropriate image height. In other words, 

when the system is interested in road signs and they are placed in a 

known coordinates, then a cropped version of the whole image which 

contains the region of interest can be processed instead of the whole 

frame. This mechanism can efficiently reduce power consumption for 

the processing module. 

5.7 Recognition Rate  

Finally, the system performance evaluated for four different road signs 

showing 30, 50, 70 and 90 as the speed limit. This experiment is based on 

captured images in various illumination, distance and angles. 167 of 

images were tested for this experiment and the recognition rate will be 

presented in following sections.  

5.7.1 Numbers Recognition: 

First, the algorithm evaluated by training sets of numbers ranging from 

0 to 9.  For preparing the training sets we made 10 classes of numbers 

with various scales of them on the same background as they will appear 
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on road signs.  For instance, figure 49 indicates training set for number 

5. 

 

Figure 49. Training Sets for Number 5                                                                     

All classes prepared in the same way and the feature vector calculated 

for each class.  Then in recognition part, the mean value of both feature 

vector of number candidates and classes are compared and the MDC 

assigns the image to the class (i.e. number) which its distance is mini-

mum.  Table 12 illustrates the obtained results for number recognition.  

 

 

 

 

 

 

 

 

 

Table 12. Recognition Accuracy for Numbers 

 

As it can be seen, most of the numbers recognized correctly while there 

were negligible error for numbers 9 and 0 that were misrecognized by 6 

and 8 respectively.  

5.7.2 Road Sign Recognition: 

For final evaluation of the algorithm for recognition of road signs, 

previous training sets combined with cropped images of real road signs 

to make the training set potent and consequently improve the recogni-

tion rate.  In this thesis work the proposed approach tested for speed 

 

 

 

Recognition 

Accuracy for 

100 digits 

with different 

scales 
 

Numbers to be recognized 

1 2 3 4 5 

100% 100% 100% 100% 100% 

6 7 8 9 0 

100% 100% 100% 99% 99% 
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limit road signs of 30, 50, 70 and 90. It has been tried to test the algo-

rithm with road sign images of different scales, angles and also various 

illuminations to evaluate its performance in all possible poses.  For this 

experiment, 167 images were tested by this method and the recognition 

successful rate is shown in table     . 

 

Result Successful Rate 

True Positive 160 (96%) 

False Positive 2 (1%) 

False Negative 5 (3%) 

Table 13. Recognition Rate for the Road Signs 

True positive means the road signs have been successfully detected and 

the speed limit is recognized correctly; false positive means the road 

sign is detected correctly but the speed limit is misrecognized by the 

classifier; and false negative means that an object that is a road sign has 

not been detected. 

To investigate the erroneous of the algorithm an analysis of the failing 

cases has to be conducted. 

 

 

(a)        (b) 
 

Figure 50. False Positive Images 

In image (a) digit ‘7’ is misrecognized by ‘1’ in the classifier. Due to 

narrow angle between the camera lens and road sign, ‘7’ looks like ‘1’ 
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for the classifier and it is recognized ‘1’ instead of ‘7’. Image (b) is in the 

same position as image (a), but in this case digit ‘9’ is misrecognized by 

‘7’. In both cases road signs are detected but the speed limit is recog-

nized incorrectly.  

Images on the next page, show false negative images which means 

neither the road sign nor the speed limit are detected. Images (a) and (b) 

are not detected because long distance between camera lens and the 

road signs causes the numbers appear as connected components and 

this connectivity makes the numbers a single component and 

consequently cannot be recognized by the classifier. 

In image (b) the circular surrounding of numbers which is a descriptor 

for classifier to find out the road signs, has become non circular and this 

non-circularity results in missing ignoring road sign and lastly, in image 

(c) however numbers are segmented correctly, because of narrow angle 

between the road sign and camera lens the bounding box coordinates 

condition is not satisfied for the classifier. 
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Figure 51. False Negative 

Images and Corresponding 

Segmented Image 
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Finally among 160 images of true positive cases, following pictures are 

shown as examples of correctly recognized road signs.  

 

      

 
Figure 52. True Positive Samples 
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All the test images were classified based on the speed limit they show 

and detail recognition rate for each type of road sign is presented in 

table 14. 

 

 
 

 

  

 

 

 

 

 

 

 

Recognition 

Accuracy for 

Road signs 

Speed limit road signs 

30 50 70 90 Total 

97% 96% 96% 93% 96% 

Table 14. Recognition Rate for Different Speed Limits 
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6 Analysis and Discussions 
The system proposed in this thesis is basically consists of FPGA plat-

form for implementing image processing techniques i.e. color segmenta-

tion and Matlab model for classification. The segmented image by the 

FPGA is transferred to the PC via UART, then classification is per-

formed on the PC. 

Different experiments were done to investigate various aspects of the 

proposed system. First of all, the segmentation performance compared 

on FPGA and Matlab segmentation. The result showed in most cases the 

number of image components were the same while in some cases there 

were a difference between them. Due to poor optics and high SNR of 

FPGA camera compared to system camera, the difference in number of 

image components is justified. 

Secondly, the most readable distance investigated based on two differ-

ent factors: threshold and focal length. It was shown that in the best 

case, 12 meters is the optimum distance that a particular road sign can 

be detected and recognized by the algorithm. Moreover, the effect of 

focal length on the readable distance investigated and the result is 

provided in table 4. Then, the optics properties of the system such as 

FoV, focal length and image sensor discussed and all required data are 

summarized in section 5.4. 

Furthermore, the Illumination dependency of the system examined by 

finding number of image components in different illumination condi-

tions. By using acquired data, it was shown that there is no difference in 

number of image components in different lighting conditions which is 

expected when the Y component is decoupled from the color informa-

tion. 

Performance, device utilization and power consumption of the system 

are shown in section 5.6 where the consumed power of each module, 

used hardware resources and other useful information are included in 

different table based on the outputs of Xpower tool form Xilinx. In terms 

of power consumption, it is good to mention that the expected power 

consumption can be significantly decreased by removing extra modules 

that are not needed for real system. For instance, the FrameBuffer mod-
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ule which consumes a huge amount of energy can be excluded from the 

design because in real time implementation it is not needed to buffer the 

frames and all the image processing can be done in real time. As men-

tioned before, the reason that we used the frame buffer is that it was 

included in the reference design which is provided by Digilent. Clearly, 

this project can be further extended and optimized by using needed 

modules and removing components that are not necessary for every 

single application. In this way, a huge amount of energy as well as 

hardware resources can be saved. 

Finally, the recognition rate of the algorithm investigated in two steps. 

First, the performance of algorithm verified by examining the recogni-

tion of numbers and training sets after that, the whole system recogni-

tion rate investigated by using 167 images. These images are captured in 

different positions that might happen in a real driving car. They include 

different distances, angles, speed limits and weather. By means of this 

powerful data bank, the algorithm tested and its performance confirmed 

according to the result on table 14. 

To discuss around this work, it might be interesting to extend this 

project into different applications such as recognition of road signs other 

than speed limits or test the algorithm and see if it works for road signs 

with different color information like red and white. Additionally, in 

order to implement a real-time recognition system, the minimum dis-

tance classifier can also implement on FPGA based on the work pre-

sented in [24].  

By benefiting from outputs of this work and combining it with the 

previously researches at Mid Sweden University, implementing a com-

prehensive road sign recognition on FPGA might be promising as the 

future work. 
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7 Conclusions  
Machine Vision is one of the most demanding subjects amongst the 

electronics and electrical engineering field which is growing widely and 

being used in variety of systems and applications such as manufacturing 

process, control systems, automation and many other aspects. 

The presented thesis is a combination of machine vision system on 

FPGA and Personal Computer which clearly introduces a novel hard-

ware centric approach to the problem that all investigated aspects such 

as the methodology, both software and hardware design implementa-

tion together with the experimental performance results, aim at being 

reusable and useful inputs data to the other problem definitions and 

applications of machine vision where both hardware efficiency and a 

robust recognition algorithm are needed. The outputs of this work 

might be used for the ongoing research project at Mid Sweden Univer-

sity which a real-time hardware road sign recognition system is going to 

implement completely on hardware and the system performance will be 

tested on running cars in real time. 
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8 Terminology  
 

Acronyms / Abbreviations 

 

FPGA                                  Field Programmable Gate Array 

HOG Histogram of Oriented Gradients 

MDC Minimum Distance Classifier 

UART Universal Asynchronous Receiver Transmitter 

VHSIC Very High Speed Integrated Circuit 

VHDL VHSIC hardware description language 

PC Personal Computer 

ADAS Advanced Driving Assistance Systems 

ACC Adaptive Cruise Control 

ISA Intelligent Speed Adaption 

PPS Pedestrian Protection System 

PAS Parking Assistance System 

LDW Lane Departure Warning 

FCW Forward Collision Warning 

TSR Traffic Sign Recognition 

GUI Graphical User Interface 

BMP Bitmap image 

ROI Region of Interest 
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HSV Hue, Saturation, Value 

RGB Red, green, Blue 

NN Neural Networks 

MLP Multilayer Perceptron 

RBF Radial Basis Network 

SVM Support Vector Machine 

CCD Charge-Coupled Device 

CMOS Complementary Metal Oxide Semiconductor 

STD  Standard Deviation 

BPS Bit per Second 

HDMI High Definition Multimedia Interface 

TBE Transfer Buffer Empty 

VB Visual Basic 

FOV Field of View 

SNR Signal to Noise Ratio 

MHZ Mega Hertz 
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