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Abstract 
In this master thesis work, a pipelined minimum distance classifier with 

reconfigurable structure on FPGA is presented. Its primary application 

is demonstrated on real-time color segmentation on hardware in a form 

of efficient feature classification using color components. This result is 

further extended by introducing a multi-class labeling module to label 

the segmented color components. The combination of these two mod-

ules can effectively detect road signs for an automatic road sign recogni-

tion system as a region of interest. To recognize the character of the road 

signs, the feature of histogram of orientation is also incorporated into 

this system and the minimum distance classifier is utilized for a second 

time in order to obtain the actual numbers shown on the road signs. 

Keywords: FPGA, Minimum Distance Classifier, multi-color segmenta-

tion, road sign recognition 
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1 Introduction 
Automatic road signs recognition for driver assistance is one of the 

application fields for machine vision system. Due to the limited space 

and power source on cars, it is not feasible to put a conventional high-

performance and high-power computer-based machine vision system 

onto it for performing the tasks. On the other hand, embedded proces-

sors and controllers may possess the advantage of small size and low 

power consumption, but its computation power has been, due to these 

merits, constraint. Thus, FPGA with its properties of fast computation 

speed and parallelism comes into the attention as a promising tool for 

machine vision systems and for automatic road signs recognition sys-

tems. But everything may have drawbacks, and FPGA is unexceptional 

due to its fixed hardware structure. In this master thesis work, the 

drawback will be investigated and analyzed in one aspect and a corres-

ponding solution will be proposed and implemented to it.  Further, with 

this solution, it is very interesting to show a promising application for 

the automatic road signs recognition systems. 

1.1 Background and problem motivation 

Although numerous intelligent color segmentation algorithms exist on 

computer visions system, their non-deterministic and iterative behaviors 

can hardly fit into hardware platform such as FPGA. As a general prac-

tice on FPGA as a machine vision processor, the segmentation of colors 

is performed through binarization using a threshold or several levels of 

threshold, at best, into pure white, pure black or gray levels. This may 

work for simple tasks such as segmentation of coins from its back-

ground of table surface, but for more complex color-content dependent 

ones as road signs recognition or label recognition of soccer robots, 

segmentation by thresholding can never fulfill the needs of the tasks. 

Therefore, devising up a solution of for color segmentation that specifi-

cally suitable for the FPGA structure is eagerly needed. 

Further, the segmented components must be labeled in order to measure 

the properties and extract the features of these components. Standard 

labeling algorithm that does not consider the condition of the bordering 

pixels in different classes (or namely in different colors) cannot satisfy 

the need.   As previously at Mid-Sweden University a hardware labeling 

module has been designed, it is worthwhile to investigate that based on 
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its original design; will it be possible to develop a multi-class labeling 

module by only making minor changes on it? If so, the new module can 

be conveniently combined with the color segmentation module, smooth-

ly working together.  

With these two modules will make it possible for the automatic road 

sign detection i.e. the region of interest detection to run. After the road 

sign is located and a bounding box has been put around it, the features 

of characters within this bound box and automatically recognize the 

numbers on the road signs. At this stage, the result of this system will be 

understandable to drivers or even to the cars for performing maneuvers 

such as decelerating or stop.   

Having briefly described the background of this master thesis, in the 

rest of the report, every aspect of this thesis work will be further ex-

tended and examined in details. 

1.2 Scope 

The thesis work has been able to present a fully functional Minimum 

Distance Classifier on FPGA in RTL module which can be used for 

feature classification on multi-color segmentation and on histogram of 

orientation. 

Since the time for the master thesis is limited, the multi-class labeling 

module is presented in Matlab script describing its corresponding 

hardware structure.   

The rest of the work which consists of selection of region of interest and 

recognition of number of figures on road signs through the classification 

of road signs are also presented and demonstrated in Matlab.  

1.3 Concrete and verifiable goals  

The goals to be achieved are briefly summarized as follow: 

1. A RTL model for the pipelined classifier 

2. Power, throughput and latency analysis for classifier 

3. A Matlab model for the kernel based color segmentation 

- Training script to find out the class parameters 
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- Classification script demonstrated on road signs 

4. A Matlab model for hardware efficient multi-class component label 

ling. 

5. Experimental evaluation 

 

1.4 Outline 

The rest of the thesis is organized as follows: Chapter 2 talks about 

related work on road sign detection and multi-color segmentation. 

Chapter 3 describes the methodology and design of the thesis. Chapter 4 

presents all experimental results with proposed algorithm. Chapter 5 

gives discussion. Chapter 6 gives conclusions and points out future 

work of the thesis. 
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2 Related Work 
2.1 Road Signs Detection 

The detection of the road signs, in other words the selection of Region of 

Interests (ROI), is primarily done by classifying the color or geometrical 

features by block processing or by measuring the properties of seg-

mented components.  

There have been many methods proposed to tackle these kinds of prob-

lems. One of the relatively new techniques is the Viola-Jones detector [2] 

that was originally proposed for the detection of human faces. In this 

method, the haar-like features in different shapes are extracted by block 

processing on images and the extracted features are trained with Ada-

boost so that the trained classifier can effectively reject the features not 

belonging to human faces, leaving those valid features as the output. 

Since this method is generally valid for detecting any rigid body, it is 

extended and applied in [14] as a method for road sign detection. What 

distinguishes this work from the original Viola-Jones detector is that it 

combines color information into the original shapes information which 

improved the classification result. The system has also managed to 

achieve 10 FPS on a standard computer, but this is somewhat slow for 

real-time application. Another drawback for this system can be the slow 

training process of Adaboost because of the huge amounts of features; 

the original Viola-Jones detector took weeks to train the classifier with 

extracted features. 

Another new technique appear in [21] using HOG features in combina-

tion with SVM for pedestrian detection on streets, which is a efficient 

solution for classifying objects with their profiles greatly differentiate 

from each other. Recently the HOG features have been implemented on 

FPGA in [18] as a method for the detection of the stop signs. Apparently 

this system is limited since it is only able to detect the stop signs. Both 

the original pedestrian detector and this stop detector rely on block 

processing to accumulate the features. This is less effective than extract-

ing HOG features on segmented and fully labeled components.  

Other results such as in [20] are primarily using thresholding methods 

in order to detect the road signs. To the author’s knowledge, there has 

not been any publication on using a hardware Minimum Distance 
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Classifier module on FPGA to segment the color images and using 

hardware multi-class labeler to measure the properties of the segmented 

components for road signs detection. 

2.2 Color segmentation on computer vision 

There are extensive amounts of researches conducted on color segmen-

tation on computer vision. Example of these are normalized cuts [3] 

performing the segmentation in a geometrical approach; K-means as a 

clustering algorithm for finding clusters with similar features; Self-

organizing Map as a extended version based on the K-means and has 

evolved into a form of neural network,; and Mean shift [5][6][7][8], 

which is also a clustering algorithm based on finding modes in data 

vectors. But all of these methods are non-deterministic and iterative and 

containing non-linear functions that can be hardly implemented on 

FPGA. Thus Minimum Distance Classifier with no non-deterministic 

and iterative operations in a linear form is a preferable option for multi-

color segmentation on FPGA. 
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3 Methodology 
In this chapter, the methodology of the design will be discussed. 

3.1 Obtaining Prior Knowledge for Classifier 

Classifiers classify data by using the prior knowledge of the classes in 

training stages. Each of them usually possesses their own way of train-

ing scheme. This training process will be only run on the host computer 

to compute the training parameter. The hardware implementation will 

not rely on this training method for detection. As the title of this thesis 

work suggests, much work will be placed on the functionality of the 

Minimum Distance Classifier on hardware. Thus it is important to find a 

suitable way for the training of the classifier for color segmentation. 

When the number of colors is fixed and clearly distinct, it is possible to 

use K-means to obtain the classes centers for each color. This method 

can be generalized as: 

Initialization: 

Randomly pick up n points from input data set X. Assign the data 

centers    to the n points 

Start: 

For each data point   , compute the distance to each cluster center 

Assign the data point to the nearest cluster centre with distance 

                                       =          
                                                                                        

For each cluster center, compute the new mean i.e. the new center for 

that cluster 

   =
 

  
   
  
   

  

Repeat the training stage for a number of iterations or until the means 

stop move. 

However, for images captured in reality, the assumption that the num-

ber of color is fixed and clear distinct cannot hold its ground. The above 

method is more useful for datasets with clearly known classes such as 

the features extracted from the letters in an alphabet. Thus we prefer a 
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more flexible way for training stage on color images. This method 

should be able to automatically identify the number of colors and their 

corresponding centers in any given images based on certain criterions. 

With some of the investigations, it is found that the Mean Shift algo-

rithm may satisfy the needs. The file in [8] has provided a good example 

of how this algorithm works. The Mean Shift is a gradient ascent algo-

rithm to find modes in a given data. When the algorithm is working on 

images, it is finding the modes of colors, while the number of colors is 

dependent on the factor called window size or bandwidth. 

Consider n data points     i=1,…,n embedded in d-dimensional Eucli-

dean space, the mean shift algorithm is defined as 

     =
      

     

 
  

 
 
   

    
     

 
  

 
 
   

  

Where g(x) denotes kernel function and j means the number of the 

iteration of the algorithm. 

The shift of the means is defined as: 

   m(  )=    -  =
      

     
 

    
   

    
     
 

    
   

-      

This corresponds to the step of the movement of mean shift. 

Given a data point as input, the mean shift algorithm iterates step by 

step until the mean shift approaches zero. The final value of the mean is 

the mode. 

When the kernel function g(x) is chosen to be a flat kernel, defined as: 

 g(x)= 
         
        

   

λ corresponds to the window size h. 

For all data points    i=1,…,n  in d-dimensional Euclidean space The 

mean shift algorithm is derived as: 

     =
   
 
   

   
   

, if        
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However, running this equation on every pixel in an image is computa-

tionally expensive. To facilitate the process, some techniques are used 

for implementation. 

First, a pixel should be randomly picked as the potential mode and 

calculates its distance to all the other pixel points in the image.  

If the calculated distances are smaller than    according to equation (6), 

these points with these distances will be put into a common cluster and 

set visited flags to avoid being visited again. The operation will iterates 

until     ) stops moving. The merging possibility check will start here. 

If the Euclidean distance between the current cluster center and pre-

vious stored cluster center is less than half of the window size, these two 

clusters will be considered as the same one and being merged by 

putting the member belongs to the new cluster center to the cluster of 

the old cluster center and the updated cluster center will be calculated 

as: 

     =0.5*     + 0.5*      

After above operations, a new calculation will be initialized by picking a 

point from those which haven’t visited before. A segmentation of image 

is done after all points in the image have been visited. 

Instead of using this algorithm directly on FPGA for color segmentation, 

it has been instead used for the training of the Minimum Distance Clas-

sifier. It will be shown in the experimental part that this training method 

is very effective in finding the classes centers. 
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3.2 Road Sign Recognition System 

 

Figure 1. Structure of the Road Sign Detection System  

A structure of machine vision systems usually consists of image acquisi-

tion, pre-processing, segmentation, post-processing, labeling, feature 

extraction and classification. This structure can also be applied for the 

road sign recognition system in this thesis work. This structure can be 

generalized as a chain of stages: Image Acquisition, 3 by 3 Gaussian 

Filter, Color Segmentation by Minimum Distance Classifier, 3 by 3 

Median Filter, Multi-class Component Labeling, Feature Extraction, 

Detection by Rule-based Classifier, Feature Extraction using Histogram 

of Orientation of Symbols on Road Signs and Recognition of Symbols by 

Minimum Distance Classifier as is shown in Figure 1. 

3.2.1 Image Acquisition 

When capturing images, the important issues are which color space are 

images captured and is this color space feasible for further processing. If 

the color space is not suitable for processing, it is required to convert the 

original captured images in one color space to another. Industrial cam-

eras may directly capture images in RGB and YCbCr format. However, 

the RGB format is not a uniform color space for classification and may 

likely be influenced by external light conditions. It is possible to solve 

this problem in YCbCr color space. By removing the Y component and 

Image Acquisition

3 by 3 Median Filter

Color Segmentation 

by MDC

3 by 3 Gaussian Filter

Multi-class 

Component Labeling

Detection by Rule-

based Classification

Feature Extraction

Recognition by HOG 

Features
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keep Cb and Cr components for color segmentation, it is possible to 

decouple the interference of lighting conditions that may affect the 

performance of it. This is more advantageous than performing such 

operations in RGB format. Alternative color spaces that can be used are 

CIE-LUV and CIE-LAB, which are device-independent and are linear 

spaces for color segmentation, but it consumes much more hardware 

resources and computational power to perform non-linear transforma-

tion from RGB color space to CIE-LUV or CIE-LAB. Thus, we prefer 

YCbCr model since they are directly available. In the proposed system, 

only Cb and Cr channels are used. 

3.2.2 3 by 3 Gaussian Filter 

The captured image could be polluted by various sources of noise, 

primarily the photon noise and the background noise; this is very pro-

hibitive for the Minimum Distance Classifier since the pixel with small 

abnormal color variations could fall out of the decision boundary of the 

class it should belongs to. In this way, it will produce many meaningless 

small components. In order to label these additional components, the 

Multi-class Component Labeler will consume much memory.  

Thus, it is required to use a kernel to smooth the captured images to 

reduce the noises. With try and error, it has been empirically found that 

by introducing a 3 by 3 Gaussian Filter to smooth the image in Cb and 

Cr channels, these small components will be minimized in a large num-

ber so that the burden of the component labeler will be eased.  

        
 

    
  

 
     

     

Equation (8) is the Gaussian function. The coefficients for the filter can 

be easily generated in Matlab using function fspecial('gaussian', 3, 3). 

This will give the coefficients: 

  
                  
                  
                  

  (9)  

By convolving the generated coefficients with the image, the image will 

be smoothed. 
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3.2.3 Color Segmentation by Minimum Distance Classifier 

(a) The Algorithm for Minimum Distance Classifier 

The Minimum Distance Classifier works by selecting the minimum 

distance of input data to classes centers. 

More precisely, the algorithm for Minimum Distance Classifier can be 

generalized as: 

For each data point    compute the distance to each class center and 

assign the data point to the nearest class center with the shortest dis-

tance. 

             
    

The term          is the L-norm equation i.e. the distance metric which 

can be expanded as: 

                   
  

        

On FPGA, it is needed to economize the hardware resources. It is known 

that using multipliers on FPGA will consume many hardware resources.  

The multipliers, correspondingly, should be avoided using in the im-

plementation as less as possible. 

By letting p=1, the Manhattan distance metric is obtained: 

                  
 
    

Equation (12) is the distance metric that is used in the implementation of 

the Minimum Distance Classifier. As this is only an absolute value 

calculation of subtracted data, the multipliers have been eliminated 

completely in this way. Of course, this will give rise to the doubt of the 

possible decreased accuracy of the classifier; it will be shown in the 

experimental part that such effect is acceptable. 

(b) The structure for Minimum Distance Classifier 

The operation of the minimum distance classifier has two stages: first 

being programmed with class centers by another module such as a test 

bench into the register file and then it will perform classification opera-

tions with given inputs. The class centers are stored in a one dimension-

al array; with each cell contain one dimension of one class center vector. 
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This allows easier calculation of the addressing index in practice. We 

define the number of classes as C and the number of dimensions as D. 

With this definition, the register file is arranged as is shown in Figure 6. 

 

Figure 2. Structure of the Register File 

The indexing of the register file is provided by an address port which 

will be explained in the interface part. 

In the classification stage, the operation can be further generalized into 

two levels, one for the calculation of the distance and the other for the 

process of selecting the shortest distance.  

 

Figure 3. Structure of the Classification Stage 

As is shown in Figure 7., the distance calculation is performed in the 

number of C parallel pipelines. Each input is calculated with respect to 

every class center, so that the results can reach the minimum distance 

module at the same time.  

Dimension 1 in class 1

Dimension 2 in class 1

Dimension D in class 1

Dimension D in class C

Minimum 

Distance

Dimension 1 Dimension 2 Dimension D

Process 1 Process 2 Process D

Process 1 Process 2 Process D

Process 1 Process 2 Process D

Classified 

output
Input

Distance 1

Distance 2

Distance C
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To make each distance calculation in a pipelined manner, a buffer that 

corresponds to the input vector is used. The number of cells is same as 

the number of the dimension of the input vector. 

 

Figure 4. Buffer of the Pipeline 

An explanation of the buffer is that in the first process (Input stage) of 

the pipeline, the input vector is read in and the first dimension is 

processed. Then the vector is transferred to the second process (Inter-

mediate stage) and second dimension is processed. It should be empha-

sized that the result is added to the first dimension. In the last process 

(Output stage), the dimension is processed and the result is also added 

to the first dimension so that when selecting the shortest distance, only 

the first dimension of the result is used. The result of the process is 

transferred to the minimum distance module. Every process will take 3 

clock cycles. By increasing the dimensions, the number of intermediate 

stages is increased automatically to generate new hardware. 

Dimension 2

Dimension 1

Dimension 1Dimension 2

Get input

Produce output

Process 1

Process 2

Process D

Dimension 1 

being 

processed

Dimension 2 

being 

processed

Dimension D 

being 

processed

Add

Add

Transfer

Transfer

3

6

3*D

Time in Clock 

Cycles

Dimension D

Dimension D

CC
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Figure 5. Structure of the Minimum Distance Selection Module 

The module that selects the shortest distance can be further explained by 

the figure above, where a comparison of values by pair is performed. 

For cases there is no candidate available to make pairs, it will be delayed 

for a number of clock cycles as is characterized by Distance C. 

(c) The Interface for Minimum Distance Classifier 

The interface of the minimum distance classifier resembles an interface 

of a memory module, in such a way that the classifier can be pro-

grammed with cluster centers by test bench or another module and 

performs classification operations given input vector. The idea is ful-

filled with the interface in Figure 6. 

 

Figure 6. Interface of the Minimum Distance Classifier 

 

Distance C
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Distance 2
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Classified 
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Buffer
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Buffer
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The signal clk is clock pin and en is the enable pin. When the write 

signal wr is high, the address port addr provides the index to store 

cluster centers in the register file. When wr goes low, the label port 

labels can produce output with given input at the data port data. 

3.2.4 3 by 3 Median Filter 

The segmented image may contain corrupted objects, for example, the 

numbers on the road signs may have already been disintegrated.  In 

additional, it is very likely that some pixels have been misclassified. The 

large number of components generated in this way will still put burden 

on the memory capacity of the Multi-class Component Labeler and it is 

difficult to perform recognition algorithm on the corrupted number. 

Thus, it is needed to find a method to repair the disintegrated numbers 

and correct the misclassified pixels.  

 

Figure 7. Operation Performed by Median Filter 

A median filter will replace the value of the center pixel with the median 

in the block, which is illustrated in Figure 11. In this figure, number 5 is 

the median within the block, hence it replace the center value number 

after processing. 

By using a 3 by 3 Median Filter, it will further reduce the small compo-

nents on the basis of the results achieved by the 3 by 3 Gaussian Filter. 

This will repair the useful components and, at the same time, retain 

original segmented image. 

3.2.5 Multi-class Component Labeling and Feature Extraction 

Traditional labeling algorithms are one-pass algorithm and two-pass 

algorithm. But both of them are developed mainly for bitwise images on 

counting the number of objects and measuring their properties. They 

have not accounted for images that may contain components in different 

grayscales. A segmented image using Minimum Distance Classifier is an 

image in a combination of grayscales. Thus traditional methods cannot 

work on these segmented multi-class images. Previously, at Mid-
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Sweden University [9], a kernel for component labeling and feature 

extraction has been developed. The changes that have been made to 

make it compatible with multi-class images is to using variables to 

remember the original grayscale of the pixels with the labeling process 

going on. When this is implemented on hardware, this is done by add-

ing an additional line buffer for buffering the input pixels besides the 

labels and taking account of the pixel value when assigning the labels. 

In this way, the original kernel can be used for Multi-class component 

Labeling. 

 

Figure 8. 4-connectivity Neighbourhood for Labelling 

 

Figure 9. Labelling Kernel and Line Buffer 

Figure 8. and Figure 9. present the pixel stream running direction and 

the structure of the buffer of the kernel for Multi-class Labeling. 
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It is defined that label(P) as the labeled value of pixel P and Ref(P) as the 

gray scale value of pixel P. 

The internal mechanism of the multi-class labeler can be generalized as 

the following Pseudo-code: 

First-pass 

If (Ref(P1) and Ref(P2) and Ref(P3)) != 0 Then 

If Ref(P1) = Ref(P2) = Ref(P3) Then 

       If Label(P1) < Label(P2) Then 

       Assign Label(P3) = Label(P1) 

       Else 

       Assign Label(P3) = Label(P2) 

       End if 

Else if Ref(P3) = Ref(P1) and Ref(P3) != Ref(P2) Then 

Assign Label(P3)=Label(P1) 

Else if Ref(P3) != Ref(P1) and Ref(P3) = Ref(P2) Then 

Assign Label(P3)=Label(P2) 

Else if Ref(P3)!=Ref(P1)!=Ref(P2) Then 

Assign Label(P3) with a new label 

End if 

Else if Ref(P3)!=0 and Ref(P1)!=0 and Ref(P2)==0 Then 

          If Ref(P3)==Ref(P1) Then     

             Assign Label(P3)=label(P1) 

          Else if (Ref(P3)!=Ref(P1))  

   Assign Label(P3) with a new label 

           End if 

Else if Ref(P3)!=0 and Ref(P2)!=0 and Ref(P1)==0 Then 

          If Ref(P3)==Ref(P2) Then     

             Assign Label(P3)=label(P2) 

          Else if (Ref(P3)!=Ref(P2))  

   Assign Label(P3) with a new label 

          End if 

Else if Ref(P3)!=0 and Ref(P1)==0 and Ref(P2)==0 

Assign Label(P3) with a new label 

End if 

 

Second-pass 

Resolve the equivalence table 

 

3.2.6 Detection by Rule-based Classification 

With previous processing steps, it is possible to obtain a nicely-

segmented and -labeled image, which will enable us to measure the 

geometrical properties and the color profiles of the components on the 

images. As the speed sign is usually in yellow and with a certain area.  

Thus, in the implementation, it has been chosen to measure if compo-

nents are in yellow, has a ratio of width versus height larger than 0.7 

and smaller than 3 and has an area of larger than 200 pixels. If so, these 
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kinds of components will be considered as a road sign. The reason to 

include the ratio of width versus height is to avoid the inner part of a 

zero is considered as a road sign. 

3.2.7 Recognition of the Numbers on Road Signs 

There are different ways for Optical Character Recognition (OCR). The 

most direct and obvious way is to perform a robust template matching 

between unknown character and the templates. This can be easily 

achieved using the function r = corr2(A,B) in Matlab to select the pair 

with highest correlation factor as the final output. However, such 

method is based on the assumption that the input image can be auto-

scaled to the size of the template and that the platform must be able to 

handle complex correlation functions. On hardware, it consumes too 

many resources to construct image pyramids to perform scaling and it is 

not suitable to compute correlation functions which usually include 

division and square root. Thus an alternative method is needed to 

perform OCR operations on hardware. 

As [22] and [23] pointed out, the recognition of the numbers can be done 

by classifying the Histogram of Oriented Gradients extracted from the 

numbers. To implement a classifier that can be used for this operation, a 

training step is also needed first to obtain the classes means. 

On OCR system, the levels of grayscale of characters are not important 

compared to pedestrian detection. It is easier to get an accurate gra-

dients information from characters on binary images. 

Given an image in grayscale, it is converted to binary image first. Then 

the Sobel operator is convolved over the image to obtain the edges of the 

objects. 

     
          
          
          

  (13) 

     
      
   
   

     (14) 

The magnitude (G) and the angle ( ) of the gradients can then be calcu-

lated as: 
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 G =          (15) 

   =      
  

  
 (16) 

After this, the edges on the image will be labeled as connected compo-

nents so that it is possible to count the magnitude and angle from the 

labeled components.  

Since the previously implemented algorithm have already been able to 

be used for detecting road signs, it is used in this way to crop the road 

signs to form the training sets. In the cropped images, the number on 

the images is manually identified. For each set of the identified number, 

the HOG extraction algorithm is performed to extract the features to 

form classes centers. These centers can be later used by the Minimum 

Distance Classifier again for recognize the numbers of the road signs. 
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4 Experimental Results 
In order to provide a comparison and reference of the algorithm pro-

posed in this thesis to the one proposed in [23], following experiments 

have been conducted using the image sets in that paper, which has 78 

images in total. These images were taken at the resolution of 3039 * 2014. 

For the experiment, they have been down-scaled to 1000 * 662 using 

bilinear interpolation.  

4.1 Effects of down-scaling 

Realistically, it is not necessary to use high resolution images for road 

signs recognition as long as low resolution ones will achieve the same 

results. Using low resolution images will not only ease the computa-

tional burden of hardware but has a positive side-effect as well. Initial 

experiments shows that the Minimum Distance Classifier performs 

better for down-scaled images: less noise is produced. The reason is that 

bilinear interpolation has acted as a low-pass filter to percolate high 

frequency noise since the result is a weighted sum of a 2 by 2 neighbor-

hood. 

  

Figure 10. Comparison of the multi-color segmentation on full-scale image and 

down-scaled image 

The effect can be easily observed on the figure above. On the left image, 

the grass and tree has been shown as granules, while on the left, these 

granules have been minimized. 
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4.2 Obtaining Means of Classes 

The means of classes are obtained by applying Mean Shift algorithm on 

one of the images contained in the set using CbCr components in YCbCr 

model with an empirical bandwidth of 0.4 in a scale of 0 to 1.  

 

Figure 11. Training Image for Obtaining Means of Classes (taken by Ashkan 

Hashemi) 

After training, it is able to observe the means for each class. 

 Class 1 Class 2 Class 3 Class 4 

Cb 127 88 116 109 

Cr 128 151 157 180 

Table 1 Means of Classes 

The table is not meaningful without knowing its exact color profile. 

Thus, for each class, a separate Y component is added with a value of 

120 and the YCbCr model is converted back to RGB model. 
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Figure 12. Color profile of the Means of Classes 

As the first one is gray, the second is yellow, the third and fourth are red. 

The labels of them are given as [0 1 2 2]. These labels are passed to the 

Minimum Distance Classifier as the final class information. The point is 

that if there are any other distinct colors such as blue in this kind of 

examination, different labels other than labels above should be given 

and assigned to them.  

 Class 1 Class 2 Class 3 Class 4 

Label 0 (Background) 1 (Yellow) 2 (Red) 2 (Red) 

Cb 127 88 116 109 

Cr 128 151 157 180 

Table 2. Labeled Means of Classes 

This table shows the final labeled Means of Classes which are ready to 

be used by Minimum Distance Classifier for multi-color segmentation. 
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Figure 13. Plot of the Segmented Pixels 

The effect achieved by training can be explained by a score plot using 

the label of each class in Table 2. After training, the pixels in the feature 

space have been separated in 3 classes, where black points represent the 

background, red points represent the red ring of the road sign and 

yellow points represent the yellow part of the road sign. 

4.3 Number of Components in effect of Gaussian Filter and 
Median Filter 

One of the critical issues in the multi-color segmentation module is that 

the segmented components must be able to be accommodated by the 

equivalence table of the multi-class labeler and by modules that meas-

ures the area and the bounding box parameters of the labeled compo-

nents as the capacity of the memory is limited. Thus an evaluation 

should be made in this perspective. 

The primary factor that determines the number of components on the 

images is the noise and color variation from the means the pixels should 

belong to. Thus it is reasonable to apply filters or morphological opera-

tions to removes small and meaningless components. 

Through investigation and experiments, it is found a combination of a 3 

by 3 Gaussian Filter as pre-processing before the Minimum Distance 

Classifier and a 3 by 3 Median Filter as post-processing after the Mini-

mum Distance will achieve best results as are presented below. 
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Figure 14. The number of generated components without Gaussian Filter and 

Median Filter 

 

Figure 15. The number of generated components in effect of Gaussian Filter 
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Figure 16. The number of generated components in effect of Median Filter 

 

Figure 17. The number of generated components in effect of both Gaussian Filter 

and Median Filter 

The above figures shows the number of components with respect to 

absence of both Gaussian and Median Filter, presence of Gaussian Filter, 

presence of Median Filter and presence of both Gaussian and Median 

Filters. Results show that while applying either Gaussian or Median 

Filter, the number of components can be minimized to certain extend, it 

is more beneficial to applying both Gaussian Filter as pre-processing 
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and Median Filter as post-processing respectively, since the number can 

be further reduced dramatically. 

 Max Min Mean 

No GF and MF 7301 157 1911 

Only GF 932 19 202 

Only MF 1097 43 275 

Both GF and MF 415 18 90 

Table 3. Comparison of the number of generated components with different 

combination of filters (GF denotes Gaussian Filter and MF denotes Median filter) 

The above table gives a more clear view of the presence of the compo-

nents in effect of filters. With both Gaussian Filter and Median Filter, the 

worst case scenario is 415, which can be readily handled by the memory 

of the hardware.  

4.4 Number of Components with Respect to Different 
Luminance 

In order to evaluate the relationship between generated components 

with respect to different luminance, a few images were taken at different 

times of a day on the same scene that contains a road sign at resolution 

of 4000 * 3000 and have been down-scaled to 1000 * 750 using bilinear 

interpolation. 
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Figure 18. Number of Components with respect to different luminance 

Luminance is obtained by calculating the mean of Y component of the 

image in YCbCr model. This result shows that the number of compo-

nents may not closely correlate to luminance. But in certain cases of 

luminance, due to the introduction of noise to the image in darker 

environment, the number of components has increased. Generally, this 

has achieved the expected result of decoupling the influence of lumin-

ance on classification by removing the Y component from CbCr model. 
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4.5 Detection Successful Rate 

The detection successful rate is evaluated using the image set in [23]. 

Results Successful Rate 

True Positive 70 (90%) 

False Positive 2   (2%) 

False Negative 6   (8%) 

Table 4. Detection Result 

Above table provides a detection result for the algorithm. True positive 

means the road signs have been successfully detected; false positive 

means an object that is not a road sign has been detected; and false 

negative means that an object that is a road sign has not been detected. 

This table does not imply that the detection rate is not high enough; an 

analysis of the failing cases has to be conducted. 

 

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 19. False Negative Cases 

In the above figure, while in (b), the road sign is not detected is because 

of its long distance to the camera and the discoloration of the road signs. 

In (a) (c) (d) (e) (f), these road signs were not detected because of the 

narrow angle between the camera to the road signs has made the road 

signs deformed too much, causing them share the same ratio of width 

versus height with the zeros on the road signs, which will not be consi-

dered by the algorithm. However, such cases are rare in real situations, 

since the cameras on the cars are only responsible for detecting road 
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signs straight ahead. Above cases may occur when the car reverses and 

makes U-turns.  

 

(a) 

 

(b) 

Figure 20. False Positive cases 

For these cases, in (a), a yellow building has been detected has a road 

sign and in (b), another road signs that does not belong to speed limit 

sign has been detected. These cases also does not depreciate the detec-

tion algorithm, since in the stage of OCR recognition, it can be decided if 

there will be numbers contained in the ROI by calculating the area of the 

symbols. 

4.6 Detection Range 

The available detection Range is determined by several factors: the 

overall resolution of the image and the definition of an area that should 

be considered as a road sign. These two factors together give a ratio of 

the area of the road sign versus the area of the whole image. Another 

important factor is the optics of the camera specifically the focal length. 

 

 

 



Color Segmentation on FPGA for 

Automatic Road Sign Recognition 

Jingbo Zhao 

4 Experimental Results 

2012-06-11 

 

31 

(a) (b) 

(c) (d) 

(e) (f) 
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(g) (h) 

(l) (m) 

(n) (o) 
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(p) (q) 

(r) (s) 

Figure 21. Range Images (5 meters – 20 meters, all succeeded) 

In a fine weather day, the testing images were taken using a camera 

with a focal length of 0.03m to infinity to take pictures in the resolution 

of 4000*3000. The distance is measured using a measurement tape from 

5 meters to 20 meters with 1 meter as the spacing. These pictures have 

also been down-scaled to 1000*750. For all images, the road signs are 

detected. This means the algorithm can reach a detection range of 20 

meters. The side effect is that during the detection process, the yellow 

grass has been falsely detected as road signs in some of the cases.  

When the system is put on cars, it can be expected that a detection range 

of 20 meters may not be enough. This problem can be well-solved by 

using higher resolution of images, smaller definition of area of road 

signs and longer focal length to take pictures ahead of the car in farer 

distance. These are all feasible options. 

4.7 Road Sign Recognition 

To demonstrate that this road sign detection method can be used for 

pre-processing step for road sign recognition, a simplified method has 



Color Segmentation on FPGA for 

Automatic Road Sign Recognition 

Jingbo Zhao 

4 Experimental Results 

2012-06-11 

 

34 

been implemented from [22][23]. Also, for this experiment, only num-

bers: 3, 5, 7 and 0 will be considered. 

   

Figure 22. Road Sign Definition 

Although definition of the road sign exists [24] as is shown in Figure 23., 

they are not suitable for serving as the training sets since they possess 

intrinsically different HOG features other than the road signs that have 

been processed by the algorithm proposed in this thesis. Thus it is more 

feasible to develop training set from the road signs that have been 

processed by the proposed algorithm. 

 
 

 
 

Figure 23. Training Sets of Road Sign 

For the reasons above, four images of number were cropped from the 

detected road signs as the training sets. Practically, it is also more bene-

ficial to have more samples collected for each number than just four 

samples in this simplified experiment. 
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(a) HOG feature for number 0 

 

(b) HOG feature for number 3 

 

(c) HOG feature from number 5 

 

(d) HOG feature from number 7 

Figure 24. HOG features extracted from different number on cropped images 

By applying a Sobel operator on the image, and using equation (15) and 

(16), the HOG feature can be accumulated from each number as is 

shown in figure 25. 
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Figure 25. Some of the Positive Recognition Result 

By using Minimum Distance Classifier with the class centers to classify 

further input, the number can be recognized. Although the number of 

the samples for the class centers is small, these have produced a reason-

able result of 90% percent of positive recognition rate among 65 road 

signs. In the above figure, the images in gray scale are three road signs 

to be recognized and the numbers in blue are recognized results.  

4.8 Performance and Device Utilization of Minimum Distance 
Classifier 

The evaluation of the VHDL module is in terms of the resources utiliza-

tion, power consumption and maximum running frequency based on 

Xillinx Spartan 3E platform running at 50 MHz. The VHDL module was 

synthesized and post-route simulation was performed. The parameters 

are calculated using the Xpower software in the Xilinx ISE tool set [12]. 

Following the result that have been achieved in the project course where 

the VHDL model of the Minimum Distance Classifier has been devel-

oped, the structure of it have been further improved and diversified into 

two version that places emphasis in different aspects: one version uses 

less hardware resource while maintaining a reasonable running speed; 

the other has a higher running speed and consumes more resources. In 

practice, one can decide which one to use depends on the actual needs. 

This effect was caused by the definition of variables using signals and 

variables in VHDL. For the first one, the variables of computation of the 

distance are modeled as variables, while that of the shortest distance 

selection part are signals. For the second one, all of the variables have 

been modeled as signals. 
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Slices Slice Flip-flop 4 Input LUT 

440 9% 366  3% 711 7% 

 

Dynamic power (mw) Clock Signals Logic IOs 

0.18 0.05 0.05 0.07 0.01 

 

Quiescent Power (mw) 81.38 

Dynamic Power (mv) 0.18 

Total Power (mw) 81.56 

Max Frequency (Mhz) 135 

Latency (Clock cycle) D+Ceil(     ) 

Table 5. Device Utilization and Power Calculation of Version 1  

 

Slices Slice Flip-flop 4 Input LUT 

660 14% 716  7% 895 9% 

 

Dynamic power (mw) Clock Signals Logic IOs 

0.24 0.07 0.06 0.1 0.01 

 

Quiescent Power (mw) 81.38 

Dynamic Power (mv) 0.24 

Total Power (mw) 81.62 

Max Frequency (Mhz) 171 

Latency (Clock cycle) 3*D+ Ceil(     ) 

Table 6. Device Utilization and Power Calculation of Version 2 

In these two tables above, parameter D means the number of dimen-

sions and parameter C means the number of classes. By comparing two 

tables above, it is able to find that the second model has a 2*D more 

clock cycles of latency than the first one. But this effect will not funda-

mentally change the performance of the model, for when each stage of 

the pipeline is fully occupied, it will take just one clock cycle to generate 

an output. When the hardware is running at 171MHz using the second 

version, considering that the resolution of the image is 1000 by 630, 

frame rate is approximately 271FPS without taking into account of the 

frame and row synchronization 

The error rate of the VHDL module using Manhattan distance compared 

to the Euclidean distance used by Matlab module is also evaluated.  
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To perform this evaluation, two sets of data are generated using Matlab: 

One is for training, the other for testing. Each of the datasets contains 3 

dimensional 500 vectors. The range of the vector is bounded from 0 to 

255 to avoid negative sign and floating point calculation. It is assumed 

that there are 5 cluster centers, which has the coordinates of (100, 0, 0), 

(100, 100, 0), (0, 100, 0), (0 0 100), (100, 100,100). The vectors are generat-

ed based on the coordinates using a uniform distribution. 

 

Figure 26. Dummy Testing Data 

This table shows that Matlab model has a relatively low error rate com-

pared to VHDL model. 

Variance 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Matlab (Euclidean) 0 % 0 % 0 % 4.6 % 16.2 % 48.0 % 51.4 % 57.6 % 

VHDL(Manhattan) 0 % 0 % 0 % 5.8 % 18.0 % 47.8 % 51.8 % 57.8 % 

 Table 7. Error Rate of Matlab Model and VHDL Model   
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Figure 27. Error Rate Curve 

This figure shows that error rate of the Matlab model and VHDL model 

closely follows each other. Thus it is feasible to use Manhattan distance 

instead of Euclidean distance in VHDL model to avoid using multipliers 

on hardware, saving hardware resources. 
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5 Discussions 
There are a few deficiencies existing in current design of the road sign 

recognition systems.  

It is possible that the quality of the images taken on running cars is not 

as good as images taken in static conditions. The images could be 

blurred due to the high speed of the cars so that will not be as sharp as it 

is now. Therefore the performance of the proposed system may decrease, 

which should be carefully evaluated when the system is running on 

real-time. The optics for cameras is equally important. Cameras with 

larger lenses are usually able to acquire more lights with less exposure 

time so that the images will have a higher signal to noise ratio. 

In addition, the number of images in the image set should also be in-

creased and generally they should be taken on running cars on the road. 

It is suggested to choose a few industrial cameras that could be potential 

candidates for the system and put them on a car, running and taking a 

huge number of images in different road conditions and lighting condi-

tions for testing purpose. In this way, a performance evaluation of 

different cameras using the same recognition system can be performed. 

This method may be content-dependent. For images taken by some 

types of cameras, for example, some of the open image set on the inter-

net, it is easier to perform the segmentation tasks using H component in 

HSV color space. For these images, it is more difficult to produce rea-

sonable result using Cb and Cr components as is proposed in this thesis. 

Thus, the chosen of the color space can be dependent on the characteris-

tic of the cameras. 

As it can be seen, by using current rule-based classifier, the successful 

detection rate is not high enough. Although explanations have been 

given for the failing cases, the main problem responsible for this is that 

the rule-based classifier is too simple. This part can be improved by 

finding both the outer red ring and inner yellow part and consider the 

findings of both components as a successful detection of the road sign. 

In this way, the successful detection rate may increase. However, one 

must consider that as the distance increases, the red ring will attenuate 
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and disappear, which may in turn make it harder to detect the road 

signs. 

Finally, after a proper camera is chosen and the corresponding circuit 

has been designed, the most interesting thing is to implement the design 

on a car and observe its real-time performance on road. 

 

 



Color Segmentation on FPGA for 

Automatic Road Sign Recognition 

Jingbo Zhao 

6 Conclusion 

2012-06-11 

 

41 

6 Conclusion 
A hardware design of the minimum distance classifier has been pre-

sented in this thesis and its application has been demonstrated in color 

segmentation. Pre-processing methods: bilinear interpolation and Gaus-

sian filter and the post-processing method: Median filter have been 

introduced to minimize noise and limit the number of segmented com-

ponents. In addition, in order to measure the properties of the seg-

mented components in the image, a hardware design of the multi-class 

labeler has been proposed based on the original implementation devel-

oped at Mid-Sweden University. It is shown that by combining these 

two modules and by incorporating a simple rule-based classifier with 

them, the road sign can be detected as a region of interests. Further, by 

extracting the feature of histogram of orientation around the characters 

on the detected road sign, the numbers can be recognized. For on-going 

research, the road sign detection system should be completely imple-

mented in hardware, and observe its real-time performance on running 

cars. 
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 Appendix 
Some examples of the road sign recognitions 
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