IJE TRANSACTIONS A: Basics Vol. 30, No. 1, (January 2017) 57-65

International Journal of Engineering

TCHNICAL
NOTE

Journal Homepage: www.ije.ir

Field Programmable Gate Array—based Implementation of an Improved Algorithm

for Objects Distance Measurement

H. Zivarian, M. Soleimani, M. H. DoostMohammadi”

Department of Electrical Engineering, Hamedan University of Technology, Hamedan, Iran

PAPER INFO

ABSTRACT

Paper history:

Received 02 October 2016

Received in revised form 20 November 2016
Accepted 28 December 2016

Keywords:

Distance measurement

image processing

field programmable gate array
implementation

machine vision

In this work, the design of a low-cost, field programmable gate array (FPGA)-based digital hardware
platform that implements image processing algorithms for real-time distance measurement is
presented. Using embedded development kit (EDK) tools from Xilinx, the system is developed on a
spartan3 / xc3s400, one of the common and low cost field programmable gate arrays from the Xilinx
Spartan family. Latency of the hardware is less than 100us in 5000 clock cycles with SOMHz
maximum frequency which is way less than MATLAB software performance about 82ms. Simulation
and experimental results clearly indicate the potential of the presented FGPA-based platform for real-
time distance measurement of images acquired from our camera setup. Thus, this platform can be used
in any system with the needs of real-time or semi real-time machine vision.
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1. INTRODUCTION

Assertive technology has always been demanded for
machines and robots in industry and basic technology.
One of the most important demands is to enhance the
intelligent vision of these systems. However, with the
advancement of technology, the development of such
devices has been possible, and of course, fundamental.
Also in this field, the real-time imaging under dynamic
conditions is very important. Given this scenario, the
smart vision of mechanized robots is one of the most
important factors to consider in today's industry. For
example, this is very important to know the distance of
the obstacles around the robot in a chemical plant or a
sensitive production line of a factory.

Some efforts have been made to develop these
devices, to equip these robots with virtual vision, and
making them informed of more environmental
information. Most of these new tools to achieve this
goal are based on ultrasound technology. Wu et al. used
sonar system together with some filtering method to

*Corresponding Author’s Email: doost. mohammadi@hut.ac.ir (M. H.
DoostMohammadi)

detect objects on seafloor with appropriate resolution
[1]. Fei-yu also used sonar system to measure obstacle
distance [2]. Unfortunately in most cases, the distance
measured by these devices and their response time in
some applications, is not accurate and fast enough.
Improvement of these systems with the high
measurement  accuracy and the  appropriate
accountability, entails costly measures. Chang et al.
presented an ultrasonic devices for distance
measurement which was fabricated and test to improve
the distance measurement limitation [3]. Kim et al.
presented a new distance measurement method with the
use of a single camera and a rotating mirror. A camera
in front of a rotating mirror acquires a sequence of
reflected images, from which distance information is
extracted [4]. Rahman et al. proposed a novel distance
measuring system based on eye-distance. The distance
between centers of two eyes is used for measuring the
person to camera distance [5]. Mohammad used the
infrared (IR) together with ultrasonic (US) sensors to
improve the overall vision systems of mobile robots [6].
Xiaoming et al. proposed a real-time method which can
measure distance using a modified camera. This method
can only be performed within 3.21ms to achieve
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acceptable accuracy [7]. Shrivastava et al. presented a
distance measurement of an obstacle using separate
ultrasonic transmitter, receiver and a P89C51RD2
microcontroller [8]. Jinjin et al. introduced a single bit
cross correlation method to improve the range
resolution of the ultrasonic distance measurement [9].

The accuracy of these works are good but not
acceptable enough when accurate calculation of distance
is needed. Therefore, in this paper, we are looking for
an accurate implementation of a distance measuring
system which can be used as a part of robot vision. One
of the reasons is that embedded image processing is
usually used in various industrial applications in
computing platforms. Nowadays, one of the efficient
platforms for implementing algorithm is the FPGA
platform. FPGA-based implementation of various
systems have been done in different literatures.
Mekhilef and Rahim presented a FPGA-based
implementation of the regular symmetric sampled three-
phase PWM inverter waveform [10]. Yuan investigated
the possibility and effectiveness of multi-mode vibration
control of a plate through real-time FPGA
implementation [11]. Mandal and Mishra proposed a
FPGA-based pipelined CORDIC architecture for digital
demodulation in high performance, low power
frequency modulated CW Radar [12]. Romero-
Troncoso et al. have implemented a monitoring system
for the squirrel-cage induction motor to accurately
detect different faults in an incipient state [13].
Ashorian et al. implemented a license plate recognition
algorithrm on FPGA considering morphological
approaches and improved them by using adaptive
techniques to achieve more compatibility with practical
applications [14]. It should be noticed that placement
process is one of the vital stages in physical design. In
this stage, modules and elements of circuit are placed in
distinct locations according to optimization basis. There
are some works such as [15] which present different
methods for FPGA placement optimization.

So, the main objective of this study is to implement a
distance measurement algorithm on FPGA platform and
also to evaluate the performance of the implemented
image processing system working together with a
CMOS camera and a laser transmitter. If the desired
performance is achieved, this technique could be used
for robot and machine vision applications and also, for a
variety of applications that require a virtual smart
vision. In this work, we also provided time consumption
of the entire process to clear picture of why FPGA is an
attractive option for implementing a real-time scheme.
The basic idea is that FPGA can process images at 15
frames per second up to 30.

The rest of the paper is organized as follows. Section
2 describes our experimental setup for image
acquisition, and explains why field programmable gate
arrays (FPGAs) are an appealing choice for
implementation of the distance measurement part of the

system.  Section 3 covers our FPGA-based
implementation system and also gives simulation and
experimental results. Section 4 concludes the paper.

2. MATERIALS AND METHOD

2. 1. Methodology

2. 1. 1. Design Idea There are various methods to
measure the distance of objects using camera. In this
work, a laser transmitter alongside a camera has been
used. Laser transmitter and camera have been located in
a same horizontal direction. Laser light is emitted to the
desired object. Due to the distance of the desired object
from camera, the horizontal location of the laser light in
the image is different. Thus, the distance to the subject
can be easily calculated by laser light processing and
extraction of its horizontal location in the image and
using a simple mathematical model based on the
displacement of the laser light [16, 17].

2. 1. 2. Laser Displacement Model, Based on The
Barrier Distance Now, a solution should be
presented to detect the distance to the object in front of
the equipment. It is possible when a mathematical
model is presented to show the relation of the laser
position on screen and real distance of desired object to
the equipment [18]. This model is presented in Figure 1.
To determine the distance and the relationship between
cases which have been told, 5 following parameters are
introduced which are the main parameters of this
connection.

dA: The minimum distance to an obstacle that can be
detected by the camera. It can be calculated by Equation

).
X

dA= tan(ar)+tan(B) @

dB: The maximum distance to an obstacle that can be
detected by the camera. It can be calculated by Equation

).
4B x3

" tan (B)-tan(«) @)

D: Determine the distance between the obstacle and the
camera. This value can be calculated from Equation

@3).

X

D= (tan(a)+tan(,8))—(2x pxtan(a)) ©)

P: An auxiliary variable to show the ratio of the laser
light in the image to the horizontal length of the whole
image. It can be calculated from Equation (4).

p=1 Q)
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Camera Laser

Figure 1. The mathematical model for calculating the distance
between the object and the camera.
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Figure 2. Comparison between the actual distance and the
calculated distance in MATLAB. The parameters used are:

a=17.8,=20.5x=7.5 cm-

L: A variable that indicates the actual length of the
image at a distance d. It can be calculated from the
Equation (5).

| =2xdxtan(a) (5)

In these equations, |, represents the actual distance
between the laser and the left boundary of the image at a
distance d, in fact, the same number that pops out of the
image processing. Also, in this model, Equations (6)
and (7) should also be considered:

p>a (6)

0<p<1 @

Finally, the value of X represents the distance
between the center of the laser and the camera. The
results based on the mentioned parameters are presented
in Figure 2. The results are presented in Figure 2 along
with the corresponding parameters. The parameters o
and 3 should be set based on certain experimental setup.
In this work, these parameters were achieved as
a=17.8,=20.5. Using these parameters, the values of

dA and dB were obtained as dB=1.4m and
dA=10.7cm. The value of x is achieved by measuring
the distance between the camera and the laser. A is also
obtained by experimental simulation in MATLAB and 8
is presented to limit the maximum calculated distance.

In Figure 2, the x-axis is the number of pixels that
the laser beam is located in and the y axis indicates the
distance to the desired object for each pixel of the
image.

2. 2. FPGA-Based Implementation

2. 2. 1. The Advantages of an FPGA-Based
Implementation Several kinds of computer
hardware platforms can be considered to implement the
processing of optical signals imaging systems; The
common choice for implementation as a single
processor system is a digital signal processor (DSP), or
an application-specific integrated circuit (ASIC). The
advantages of microprocessors such as being
inexpensive, easily programmable and being off-the-
shelf devices are satisfactory. In contrast, an ASIC is
used for a specific expensive design which is inflexible
and non-programmable [19].

With recent advancements in technology, FPGASs
have become a perfect choice to implement a variety of
computational systems. In fact, FPGAs are new
interface between the microcontrollers and ASIC in
terms of computational performance and cost
requirements. Such as microcontrollers, FPGAs are
inexpensive,  off-the-shelf  devices, and easily
reprogrammable for new applications. Also, they have
provided a high degree of control over the reference
computer hardware as well as ASIC. As a result, it
allows the system designer to implement predetermined
hardware architecture with respect to computational
volume of the program in hand [19].

In the past few years, made or proposed systems for
a variety of applications dominated by mathematical
calculations, including crosscorrelator for radio
astronomy [20], a beam sonar [21], a two-dimensional
convolvers [22, 23], fast Fourier transform [24] etc.
prove that the FPGA-based implementations are
typically at least one rank faster than CPU-based
implementations without incurring the high cost of
construction and development requirements for ASICs.

2. 2. 2. The Laser Beam Detection Algorithm
A simple laser detection algorithm should be optimized
to be implemented using the performance of an
embedded system which is limited compared to a
personal computer. What a laser light detection
algorithm does in action is to scan image on the area
where the laser light might be in order to find is laser
light. If the pixel color is in the range of the laser, it is
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converted to white, otherwise to black. Then, the white
pixels density is compared with each other and between
them (if any) some range is reported as the laser light
which has the same density and size of laser beam (a
few pixels located next to each other in a circle form)
[16].

3. RESULTS AND DISCUSSION

3. 1. Implementation of the Proposed Algorithm
First, the image data are stored in external memories of
the lab board, and then sent to the FPGA chip. Figure 3
shows RTL viewer of the interior architecture design
using embedded development kit (EDK) tools from
Xilinx Inc. In the following, the design of image
processing blocks will be discussed.

It is assumed that the color information per pixel
divided into three packages of 8-bit numbers which are
the RGB components of the pixels. Therefore, the color
information of the image from left to right is swept to
three 8-bit numbers which are RED, GREEN and
BLUE, respectively and saved in the 8-bit registers of
external memory available on the Lab Board.

Now, the whole design process is presented by
explaining the function of each module. The function of

First_controler module is to cut the color data from the
place where the laser light is and to import them to the
internal memory of the FPGA. It should be noted that,
with respect to the laser and camera mounted to a fixed
position towards each other, the laser light is relocated
only horizontally by changing the distance between the
object and the camera, and not vertically. To be sure,
the image is vertically cut from the location of the laser
light to 5 pixels and saved in the internal memory.
Because of the isolated image size of 5 x 320, the
internal memory should be with the depth of 48008-bit
registers.

With the decree issued by the Controller module, the
color data is passed through three filters simultaneously
by the Memdata module which has the isolated image
data. These filters are responsible for detecting the red
color of the laser spot.

By passing through these filters, the 8-bit data are
converted to zero and one, thus if the color was
diagnosed one and zero otherwise. The First_controller
and Memdata modules are shown in Figure 4.

With the decree issued by the Controller module,
three small memory r_mem, g_mem, b_mem save the
information of filtered colors associated with them into
their registers. These memories are shown in Figure 5.

Figure 3. RTL viewer blocks (total) of distance measurement algorithm in EDK tools.
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Figure 5. Schematic of RGB_Mem blocks.

When all three filtered characteristics of each pixel is
prepared, they will be AND together immediately. With
the decree issued by the Controller module, the output
data will be saved into a single bit memory, rgb_mem,
with the depth of 1600.Therefore, the filtered image is
stored in this memory. The tasks of the Controller
module are to read the data correctly from the outside,
to filter the color information appropriately and to
import them into rgb_mem without any data loss. The
rgb_mem memory block has two outputs. With each
clock, the output O sends the data of filtered color to the
main output. The output L1 send the number of register
which its data is sent out. The task of the detector
module is to identify the rising edge of the output O of
the rgb_mem module. In other words, detecting the red
light during the scanning of each row, the detector

_RealToaverage : [80]

module would set the edge signal to one on its output.
This signal sends the command of data reception to the
average module.

The output of rgb_mem module, 11, which
establishes the number of image pixels, is sent to a
divider module called Divl as its input. One of the
output of Divl is the residue of dividing 11 by 320
(image length), named L, which is the number of pixels
from the left edge of image to the edges of circle of the
red light. What we need is to calculate the number of
pixels from the edge of image to the center of the red
light circle. Thus, using the edge signal as mentioned
before, estimated values of real L are saved in the
average module and the mean value is calculated. The
schematic of average module is shown in Figure 6.

PulseToCancatenatidn |

Figure 6. Schematic of Mean Value calculating blocks in EDK tools.
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The output of rgb_mem module, 11, which
establishes the number of image pixels, is sent to a
divider module called Divl as its input. One of the
output of Divl is the residue of dividing 11 by 320
(image length), named L, which is the number of pixels
from the left edge of image to the edges of circle of the
red light. What we need is to calculate the number of
pixels from the edge of image to the center of the red
light circle. Thus, using the edge signal as mentioned
before, estimated values of real L are saved in the
average module and the mean value is calculated. The
schematic of average module is shown in Figure 6.

The other output of Divl module, the integer part of
the division, is a number between -1 and 5 and is sent to
concatenation module. This module separates the least
significant bit of the number and sends it to another
detector which produces the signals for indicating the
passage of one row to another. The output of average
module is sent to subl, sub2, multl and mult2 to
perform arithmetic operations needed for estimation of
distance between the object and camera.

The output signals from these modules give us an
integer and floating point value per row which is the
estimation value of distance. For more accuracy, the
values of each row are stored in the average fractional
and average quateint modules and their mean value is
calculated to present the more accurate value of distance

to the object. The schematic of distance estimation
blocks is shown in Figure 7.

3. 2. The Performance of the Implemented
System The numeric results of the implemented
system using Xilinx EDK tools is shown in Figure 8. As
can be seen, the period of system clock has been
simulated considering delay of the Elements, gates and
registers. It is done by adding a User Constraint to the
project. In this work, first a default value is given to the
system as a clock period. Then, according to the
architecture and hardware of design, the software
determines that whether or not it can make the relevant
period. Then it provides the result as Figure 8 where it
has been determined how much is the lowest clock
period that can be applied to the system according to the
design.

Also, it declares the difference with the default
value, which can be positive or negative. This work was
also carried out for the output delay.

As shown in Figure 8, a minimum clock period that
can be applied to the system is19.57ns and differs from
the default value, 0.43 ns respectively. The output delay
is 4.86 ns, which is appropriate. With these
explanations, the system can easily be fed with a 50
MHz clock that is appropriate for our work.

S
B
E

Figure 7. Schematic of distance estimation blocks in EDK tools.

Constraint 1 Check | Worst Case | Best Case | Timing | Timing

| | Slack | Bchievable | Errors | Score
T5_clkToBUFG = PERICD TIMEGRFP "clkToBUFG" | SETUP 1 0.430n=| 19.570ns| o] 4]
T5_clk HIGH 50% | HOLD 1 1.110ns| 1 ol 0
T5 _clk = PERICD TIMEGRP "clk" 20 ns HIGH | MINPERICD | 14.013ns| 5.987ns| 0] 0
50% 1 | ! I |
CFFSET = OUT 20 ns AFTER CCMP "clk" | MAXDELAY | 15.135ns| 4.865ns| 0] 0

Figure 8. Estimation of total output delay and the period of system clock. It is done by adding a User Constraint in ISE software.
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In Figure 9, the data of one frame of image is given
to the scheme for simulation and corresponding
simulation is done in Modelsim software. The output
has two parts including integer part and the decimal part
which were obtained from distance measured from the
input image. As seen in the figure, the run-time of one
frame of the image is approximately 100 microseconds.
This performance is useful for processing images at a
rate of 30 frames per second and the response time of
the system is satisfactory even without using the
maximum processing power of FPGA.

As seen in the Figures 10, with the fact that the
center for laser and camera lens are in the same
direction, the location of the laser light in the vertical
direction of image has been estimated. Then, this
section has been cut off from main picture, so, less

pixels of image will be sent to processing blocks.
Moreover, random objects that are the same color as
laser may be separated from the image. Also, for more
accuracy of detecting laser light in the picture and to
unit it as a standalone object, a series of filtering blocks
have been used even to fill the cavity inside the object.
The result is shown on Figure 11.

Finally, the performance of the proposed algorithm
is compared with other methods in different literatures.
The result of this comparison is presented in Table 1. As
can be seen, the proposed algorithm has better distance
measuring performance and accuracy versus other
methods from different literatures. It should be
considered that some of these methods have also
acceptable distance measuring performance such as [9].

Now 000 ps

Cursor 1 4000 ps | |EEREGRAE

‘ [l el Tl

Figure 9. Processing simulation of one frame of image in Modelsim software.

P
Figure 11. Result of Image processing blocks based on a color
pixel even in a red area.

TABLE 1. Comparison of distance measuring performance of
various methods from different literature

Accuracy rate of distance

References measurement Up to Method or device used
[3] 94% Ultrasound device
[4] 96% Rotating mirror
[5] 94.11% eye-distance
[6] 97.0% IR & Ultrasonic sensor
[7] 97.3% Modified Camera
[8] 97.1% Ultrasound sensor
0 o tn
methocs 90.62% EMOS camera

3. 3. The Performance of Camera and Laser
This device has good performance for indoor
environments, factories, workshops, etc. which are
benefitting from favorable light.

However, it should be said that the glass and mirror
surfaces are known as the system limits. In these cases,
depending on how the laser light reflection occurs, the
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system may inform the wrong distance or laser
detection, which, as stated above, causes damage to the
system used. In the case of the environment with the
light more than usual, it is difficult for the camera to
detect the laser light and it may reduce the maximum
distance of obstacle detection which also means
reducing the performance of the system.

4. CONCLUSION

In this paper, an accurate and fast scheme for real — time
distance measurement based on FPGA was presented.
First, an algorithm was presented to measure the
distance from the object back to the camera. Then the
algorithm was implemented using Verilog language and
corresponding simulation was done in Modelsim
software.

The output has two parts including integer part and
the decimal part which were obtained from distance
measured from the input image. Using spartan3 /
xc3s400 Xilinx family, the design was implemented
relatively simple, fast and inexpensive. As shown, the
run-time of one frame of the image is approximately
100 microseconds. This performance is useful for real
time image processing at a rate of more than 30 frames
per second.
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