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Electrical and Electronic Eng. Department,
Ankara Yıldırım Beyazıt University
Asst.Prof. Dr. Hakan TORA
Electrical and Electronic Eng. Department,
Atilim University
Date: 07.05.2021

I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. I also declare that,
as required by these rules and conduct, I have fully cited and referenced all materials
and results that are not original to this work.

Name, Last Name: Zaid Khalaf Mohammed, Sadane

Signature:

ABSTRACT
REGISTRATION OF UAV IMAGES USING CROSS-CORRELATION ON
FIELD PROGRAMMABLE GATE ARRAYS

Sadane, Zaid Khalaf Mohammed
M.S., Department of Electrical and Electronic Engineering
Supervisor: Dr. Mehmet Efe ÖZBEK
MAY 2021, 52 pages

Unmanned Aerial Vehicles (UAV) provide huge benefits in military and civil
applications. Usually, UAVs utilize Global Positioning System (GPS) for navigation
and must rely on a relatively inaccurate Inertial Measurement Unit when a GPS
signal is not present or jammed. The scope of this thesis is to develop a method that
will help a UAV to go to its target and come back to its origin, in the absence of a
GPS signal, by processing the images taken by an onboard camera on an FPGA.
Images taken from the camera in a sequence are compared using the 2-D image
cross-correlation method so as to find the displacement of the camera between the
two shots. The method has been implemented for an FPGA using Verilog HDL, for a
faster real-time calculation. Assuming that the plane is moving in 1-direction linear
translation, the coordinates of the drone have been calculated in a reasonable time.
By shifting one of the consecutive images with respect to the other and finding the
shift amount that gives the maximum correlation, the movement of the plane these
two photos is calculated. In this way, a fast computational component that can be
used as a part of a navigation system has been developed.
For an image size of (100*150), the computation of the distance taken between two
images is calculated to be in the order of () ms which is a reasonable time for realtime navigation applications.
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In this study, the feasibility of a navigation method involving direct image
correlation calculations has been demonstrated from a computation time perspective.
Keywords: Cross-correlation on FPGA, Normalized cross-correlation on FPGA,
Template image matching on FPGA, Image registration.
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ÖZ

FPGA ÜZERİNDE ÇAPRAZ KORELASYON KULLANILARAK İHA
GÖRÜNTÜLERİNİN ÇAKIŞTIRILMASI

Sadane, Zaid Khalaf Mohammed
Yüksek Lisans, Elektrik- Elektronik Mühendisliği Bölümü
Tez Danışmanı: Dr. Mehmet Efe ÖZBEK
Mayıs 2021, 52 sayfa

İnsansız Hava Araçları (İHA) askeri ve sivil uygulamalarda büyük faydalar sağlarlar.
Genellikle, İHA'lar navigasyon için Küresel Konumlandırma Sistemini (GPS)
kullanırlar ve GPS sinyali olmadığında veya karıştırmaya maruz kaldığında, nispeten
hatalı bir Atalet Ölçüm Birimi'ne güvenmek zorundadırlar. Bu tezin amacı, bir
İHA'nın GPS sinyalinin yokluğunda, yerleşik bir kamera ile alınan görüntüleri FPGA
üzerinde işleyerek hedefine gitmesine ve başlangıç noktasına geri dönmesine
yardımcı olacak bir yöntem geliştirmektir. Kameradan ardarda alınan görüntüler,
kameranın iki çekim arasındaki yer değiştirmesini bulmak için, 2 boyutlu çapraz
korelasyon yöntemi kullanılarak karşılaştırılır. Yöntem, daha hızlı bir gerçek zamanlı
hesaplamaya imkan vermek için, Verilog HDL kullanılarak bir FPGA üzerinde
gerçeklenmiştir. Uçağın tek yönde doğrusal hareket ettiği varsayılarak, drone
koordinatları makul bir sürede hesaplanmıştır. Ardışık görüntülerden birini diğerine
göre kaydırarak ve maksimum korelasyonu veren kayma miktarını bularak bu iki
fotoğrafın arasında uçağına hareket miktarı hesaplanır. Bu şekilde, bir navigasyon
sisteminin bir parçası olarak kullanılabilecek hızlı bir hesaplama bileşeni
geliştirilmiştir.
(100*150) bir görüntü boyutu için, iki görüntü arasında alınan mesafenin
hesaplanması, gerçek zamanlı navigasyon uygulamaları için makul bir zaman olan
ms mertebesinde gerçekleştirilmişitir.
v

Doğrudan görüntü korelasyon hesaplamalarını içeren bir navigasyon yönteminin
hesaplama süresi açısından yapılabilir olduğu, bu çalışmadan gösterilmiştir.
Anahtar Kelimeler: FPGA'da çapraz korelasyon, FPGA'da normalleştirilmiş çapraz
korelasyon, FPGA'da şablon görüntü eşleştirme, Görüntü kaydı.
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CHAPTER 1
1. INTRODUCTION

1.1. Motivation
Unmanned Aerial Vehicle (UAV) is an innovation, which comes with a huge benefit
in the modernization of the military purposes, and it makes innovative civil
applications easier [1]. In the early days, UAVs have been used mostly for military
purposes only much the same as aeronautical observation [1]. Yet, UAVs have seen a
significant rise in civilian purposes in the late days, such as observing the necessary
geographic region, gathering the pictures and the information required from remote
sites, checking wildfires, and getting agricultural activities data [1]. Early
autonomous were restricted by the human administrator from the ground station by
radio unit [1]. In any case, the ongoing UAVs are more advanced structures; they can
fly self-rulingly dependent on pre-customized flight plans [1]. Figure 1.1 shows
Baykar Bayraktar TB2 UAV for military operations [2].

Figure 1.1. Baykar Bayraktar TB2 UAV[2].
The importance of an independent unmanned aerial vehicle (UAV) is based on how
well it can maneuver with an appropriate error positioning [3]. The expression
"autonomous UAV" may definitions vary in various conditions; here, it means a
1

UAV, which can fly with no outer guidelines [3]. The detecting and handling are
performed utilizing onboard sensors and processors [3]. Figure 1.2 shows a regular
outline (changes may apply) of a self-ruling flying framework involving detecting
(sensing), route (navigation), direction (guidance), and control parts [4]. Generally,
different versions of these components are used to introduce practical applications
[4].

Figure 1.2. regular outline of a self-ruling flying framework involving detecting,
route, direction, and control parts [4].

In the current situation, UAVs utilize GPS (Global Positioning System) and Inertial
Navigation System (INS) for navigation and securely flying over quite short GPS
outages [3]. The most fundamental INS consists of an Inertial Measurement Unit
(IMU), three gyroscopes, three accelerometers associated with the body of the
aircraft to determine linear motion and angular motion from starting point [1], [5].
Single integration of data from the gyroscope gives angles of roll, pitch, and yaw [5].
Uniform integration of the accelerometer data provides linear aircraft velocities and
the double integration of the accelerometer data provides an estimate of the position
relative to the previous site [5]. Figure 1.3 displays the standard schematic diagram
of INS [5].
2

Figure 1.3 standard schematic diagram of INS [5].

1.2. Problem statement
In the given situation, UAVs utilize GPS or Inertial Navigation System (INS) for
mapping and securely flying over quite quick GPS failure [3]. For instance, an
integrated device with an attitude failure for nearly 2 min is deemed safe, whereas all
GPS failures with just 30 sec may lead to a location error up to 10 m and a velocity
error of about 1 m/s [3]. In other words, to calculate the location of a mobile target,
both data taken from INS and data coming from GPS signal are combined to
determine the location of a mobile target [6]. The onboard inertial measuring unit
(IMU) gives the estimations, but it is greatly impacted by the cumulative error
arising from deviation (drift) in measuring [1]. Even The drift fault is low, over time
it will aggregate to a great value [1]. GPS data could be used by combining with
IMU calculations to substitute the cumulative fault [1], [6]. Besides this, GPS signals
are not present at all times because of signal strays (jamming), extreme
environmental events, or factors in the climate, as signal blockages exist in some
areas [1], [6]. These areas are referred to as GPS-denied regions or GPS-denied
environments [1], [6]. In the lack of GPS, the autonomous route of air vehicles is
exceptionally requesting; because the route completely relies on the IMU onboard
inaccuracy [1]. As route without GPS information is usually essential in numerous
applications. For example, military tasks or indoor routes, route in GPS denied areas
is gotten a significant subject for researchers to work on [1], [6]. To resolve the UAV

3

navigation challenge in the GPS-denied area described above, numerous approaches
have been developed by the researchers [1], [6].
1.3. Contribution
The scope of this thesis is to find a methodology that will enable a UAV to go to its
target and come back to its origin when the GPS signal is missing through an image
processing method implemented on FPGA with Verilog HDL. Immediately the UAV
should find its way so that it cannot be lost. Our method will not be 100 % but it
works. This methodology can be briefly described in the following steps:
 Almost every UAV already has a camera in its payload package as a basic
device [7].

 The idea is: there are two images taken from the camera (payload) in a
sequence.

 The camera is moving, by comparing these two images using the 2-dimension
image cross-correlation method and implementing it on FPGA with Verilog
HDL.

 The cross-correlation method is going to find the displacement of the camera
between two images.
My job in this thesis is using calculations (the drone how much should move in 1direction) assuming that the plane is moving in 1-direction linear translation and
calculating coordinates of the drone. The main computation here is calculating crosscorrelation coefficients. So, MATLAB is used here at the beginning to write the code
because it is easier for implementing the code and choosing the write algorithm for
getting the results. Finally comparing the results of MATLAB with Verilog. For the
full implementation, we can put it on the FPGA board on the plane. It makes the
calculations faster, it is simply embedded systems. The implemented code on the
FPGA board should be connected to ardu pilot, autopilot and with help of a software
module and mission planner, it helps the navigation (image-guided navigation) or
Terrain Aided Navigation. The next pages give brief explanations about important
titles that will be discussed in this thesis, which is related to the thesis scope:

4

Image registration, Cross-Correlation method, Template image matching, FPGA, and
Verilog HDL. Digital image processing represents one of the most widespread
computer science areas [8].
Image registration: Registration of images is the overlay method of two or further
photos taken at various times of the same scene, from multiple points of view, or by
specific sensors [9], [10]. These sensors can be image sensors such as a still camera
or video camera [9]. This aligns geometrically two images, the reference, and the
input images [9]. Image registration comprises matching two various images, which
represent the same item [11]. Many different variations can affect the image set:
various periods of capture (motion), various perspectives (deformation), and various
sensors utilized (multisensory combination) [11].
Template matching: is the procedure by which a sub-image called template is found
inside an image. There is a variety of ways for the registration of images. Here I
discussed the form of template matching of a tiny image that is a part of the big
image component with the given big image [12].
Cross-Correlation: is the fundamental statistical process to image registration [12],
[13]. It is frequently used to match templates or pattern recognition where the picture
indicates the position and orientation of a template or pattern [13]. Cross-Correlation
is not a form of registration [13]. It is just a measure of similarity or a metric match,
that is [13]. It shows the degree of overlap between an image and a template [13]. In
signal processing, cross-correlation is a way of measuring the resemblance
(similarity) among two waveforms as a feature of a time-lag added to one of them
[14]. Furthermore, considered a sliding dot product or sliding inner-product [14].
Correlation is usually employed as an important indicator of similarity in matching
tasks [14]. Areas of application where cross-correlation might be used are object
recognition, satellite image monitoring, medical image registration, pattern
recognition, and template matching [11]. Correlation calculations can be done either
in the spatial domain or in the spectral (Fourier) domain [11]. It is apparent that
correlation in the spectral domain is generally quicker, practically for enormous
information sizes [11].
Normalized Cross-Correlation (NCC): is the easiest and most efficient method as a
measure of resemblance, which is invariant linear to brilliance and inequality
varieties [14], [15]. Its simple implementation in hardware makes it useful for
5

applications in real-time [14], [15]. Besides this, these techniques can not work well
if important variations in rotation and scale occur between the two photos [14]. That
is because of the drawback that normalized cross-correlation is prone to changes in
rotation and scale [14].
1.4. Performance of Image Cross-Correlation using (PC) Computers and
Graphics Processing Units (GPU)
Significant advances have been made in recent years in computer vision, medical
imaging, astronomy, and similar techniques of image acquisition [8]. Computers that
are used today are insufficient for large database operations, although their
computation capacity to process software is high [16]. In most applications for image
processing, there is a need to execute hundreds of operations on each pixel [17].
Performing these operations on general-purpose processors synchronously results in
negative consequences in terms of both resource consumption and performance [17].
Image cross-correlation demands a huge number of comparisons of sub-images,
which means a huge computing exertion that may prefer its usage for applications in
real-time [11]. For real-time and faster implementations, 2-D cross-correlation is
applied in hardware to speed up calculation [18]. 2-D correlation processing
efficiency depends not only on the speed of the 2_d connection circuit itself but also
on the memory speed and the address memory calculation speed [18].
1.5. Field Programmable Gate Arrays
Field Programmable Gate Array (FPGA) has rapidly become a feasible target for
implementing applications suitable for video and image processing algorithms [19].
The specific architecture of the FPGA has enabled the platform to be used in several
other applications covering all aspects of video image processing [19]. FPGAs do
have the capability to work in a parallel manner, which distinguishes them from
conventional processors [17]. Since operations are split into portions inside an FPGA
and it can execute various operations simultaneously [17]. Generally, engineers are
using a hardware language such as VHDL or Verilog, which enables a design
methodology close to software design [19]. Figure 1.4 shows Virtex Ultra Scale+
VU19P the world’s largest FPGA [20].

6

Figure 1.4. Virtex Ultra Scale + VU19P FPGA [20].

1.6. Use of FPGAs in Image Processing Applications
Experiments indicate that FPGAs boost and improve efficiency and execution
(performance) at least two significant degrees regarding software programming
usage on an advanced personal computer. This speed-up makes the execution of
correlation estimation appropriate for real-time image processing. The crosscorrelation method requires a lot of multiply-accumulation operations (MAC) with
few rationale control logic. Thus, it is well enough suitable for FPGA applications.
Along with the aspect of FPGAs which are capable of conducting an enormous
number of MACs at extremely high speed [11].

1.7. Organization of the Thesis
The thesis is divided into the following chapters:
Chapter1: introduces the motivation behind current research work, defines the
problem statement of UAV navigation problems with GPS outages (GPS-denied
environments), and discusses my contribution in this research to solve that problem
using the image Cross-Correlation method on FPGA, performance, and benefit of
using FPGAs in image processing applications.
Chapter 2: presents the literature review of various approaches used in the field of
Cross-Correlation implementation on FPGA. Also provides an overview of (FPGA,
the program used in hardware Vivado 2019.2, Verilog HDL software language, used
kit NEXYS4-DDR (ARTIX-7).
7

Chapter 3: introduces the models and methods (methodology) used in MATLAB
and Verilog.
Chapter 4: proposes the hardware implementation steps of Cross-Correlation, which
is implemented using Verilog HDL on FPGA using the Vivado 2019.2 program.
Chapter 5: presents the results of Cross-Correlation between two overlapped images
for a different combination of (x, y) shift values, also the discussion of results.
Chapter 6: summarize the conclusion, future work behind thesis work and defines
the potential research topics that can be explored based upon this work.

8

CHAPTER 2
2. LITERATURE REVIEW

2.1. Cross-Correlation Theory
There is a variety of digital signal processing (DSP) formulas or operations that are
suitable to be used in image processing, they are 2-D convolution, 2-D correlation,
Fast Fourier Transform (FFT), filter, etc [18]. Correlation is among the popular
utilized DSP image processing tasks [18]. Depending on the types of the kernel, the
2-D correlation is also used to support multiple kinds of kernels in image processing
purposes, such as smoothing, noise elimination, and edge detection [18].
Chethana Bhoja Srinivasamurthy in [21] proposed a method for the cross-correlator
that will be used to make comparisons between the input images with reference
image sets for processing. The proposed methodology intends to provide an
estimation of input image association with images from the reference library. The
idea is to extract data coefficients through image files and developing a technique for
comparing data documents with reference documents. Correlation is an incredibly
suitable and informative procedure in image processing. The correlation among the
two photographs provides an estimation of the comparison over a period of time.
Cross-correlation for continuous actual (real) valued components x, y are defined
mathematically as:
+∞

Cxy(τ) = ∫ x ∗ (τ)y(τ + t)dτ = x(t) ∗ y(t)

(2.1)

-∞

This (∗) indicates correlation. For discrete-time components with N samples, every
cross-correlation is described as:
N−m−1

rxy [m] =

∑ x [n + m]y[n]

(2.2)

n=0

For instance: two inputs, x = [1 1 1] and y = [2 1 3]. Cross-correlation outcome has
2*(N-1) samples = 2*3– 1= 5 samples, N is being the length of every sample x or y.
M is described as lag among two samples. M for the above example changes from -2
9

(N-1) to +2(N+1). The intent is to calculate multiplication product of x [n+m] and
y[n] for m= -2, -1, 0, 2, 1. Cross-correlation would have a highest value at zero lag.
For m = -2, x = 1 1 1 and y = 3 0 0; internal correlation dot product will lead to result
in x [0]*y [2] = 3.
For m = -1, x = 1 1 1 and y = 1 3 0; correlation dot product = x [0]*y [1] + x [1]*y
[2] = 4. For m = 0, x = 1 1 1 and y = 2 1 3; correlation dot product = x[0]*y[0] + x[1]
*y[1] + x[2] * y[2] = 6 (Maximum value at zero lag). For m = 1, x = 1 1 0 and y = 2
1 3; dot product = x [1]*y [0] + x [2]*y [1] = 3. For m = 2, x = 1 0 0 and y = 2 1 3;
dot product = x [3]*y [0] = 2. Correlation may be the better approach for determining
the resemblance among input image and kernel image. Correlation provides the
highest values for those pixels in the kernel that are identical to the pixels of the
input image. In order to execute cross-correlation with only positive lag, one of the
input vectors should be translated in steps of 1 for lags from m = 0 to 2N-1 and the
inner product of both input vectors (sequences) can be calculated for every step to
obtain the dot product. This was the method utilized in the project for finding the
product of input sequence with reference sequence in cross-correlation [21]. Crosscorrelation is provided by:
N

N

Cxy(n)= ∑ ∑ X (i,j)Y(a+i,b+j)

(2.3)

j=-N i=-N

For two-dimensional (2-D) sequences or image sequences. To obtain the output of
cross-correlation, the input image sequence should be translated by one row and one
column count each time, and each time the internal dot product of all overlapping
pixels is calculated. For every shift, 2-D correlation can be performed as 1-D
correlation with a shift equal to one column count plus a number of columns in a row
[21].
Irfan Alp Gurkaynak in [16] proposed a method used to identify fingerprint images.
This procedure is template matching which is used to coincide tiny parts of the image
that match the template image or some other data in the full image [22], [23].
Locating the current image inside the database via normalized cross-correlation
(NCC) approach. Using the mathematical function for NCC operation, this technique
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aims to find the required view inside the template or in the full template. By picking
the zone from which the peak value is derived, it is possible to find the most similar
image in the database. Template matching is the process of finding an input image
inside another template. The algorithm of matching is taking an image as its input
and scans it within another image, usually from the database. Such research can be
defined as an iterative comparison algorithm; the input picture is rolled over the
template and every step input picture is matched with the template. The fields in
which the correlation of the input image and the template is strong refers to a greater
coincide between these pictures. The cross-correlation exists in equation 2.4 [10],
[16].

C = ∑ u , v R(u, v)T(x + u, y + v)

(2.4)

Here R and T are the reference image matrix and the kernel image matrix
respectively.
2.2. Normalized Cross-Correlation
Normalization seems to be a fundamental step of the matching algorithm for
templates. Two real images of the same view can vary due to various conditions:
LIGHT.
Camera.
Background.
For example, two photographs of the same item captured below two different light
situations will not be identical pixel-wise. Glowing areas of the picture give a
powerful sense reaction while the pictures taken through low light conditions
provides a weak response. A normalization technique is sometimes used to tackle
this problem after the cross-correlation and this approach is known as normalized
cross-correlation. The normalization cross-correlation is given in equation 2.5 [22],
[23].
NCC=

N* ∑ x ,y (R(x,y)*T(x,y))- ∑ x ,y (R(x,y))* ∑ x ,y(T(x,y))
√N* ∑ x ,y (R2 (x,y))- ∑ x ,y (R(x,y)))^2

√N* ∑ x ,y (T 2 (x,y))- ∑ x ,y (T(x,y)))^2

(2.5)

R and T are standing for the image and template respectively. T is the arithmetic
mean value of the template pixel values. R is the arithmetic mean value of the image
pixel values. X and Y indices represent the pixel coordinates of two-dimensional.
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The value of the normalized cross-correlation factor is in the range of [–1.0, 1.0].
When the rate of correlation factor equals 1. It means that the image and template
coincide perfectly. The image database used for matching consists of 80 distinct
fingerprints. They have size 256x256, grayscale format, and BMP file extension.
When programming the FPGA using the Verilog programming language. The values
of image pixels within written codes are reading in sequence and computing the
correlation coefficients among each matched pair. They are stored in the memory of
the utilized devices. The fundamental steps of configuring an FPGA is shown below:
Design Requirements: The problem of this research involves on 256 x 256grayscale image.
Floating Point Design by MATLAB: Through this step, MATLAB realized
straightforward implementation by utilizing nested loops. No, look-up tables (LUT)
are used in this stage. MATLAB provides 64 bits of Cosine and Sinus values.
Fixed Point Design: For this step, self-created LUT is being used to reduce the
operating bit length. The major reason for transforming from floating point to fixed
point is to define the bit length for the Verilog design. LUTs comprise fixed point
values for Cosines and Sines values in 22 bits length. The values of the Cosines and
Sines were computed with duration among -17 and +17 degrees. This conversion
from floating-point to the fixed-point process was done and bit length is shortened to
gain higher efficiency. The code, which was tested on MATLAB, was written with
Verilog hardware description Language on FPGA.
FPGA Synthesis: In the previous step, verification was made on the level of
Register Transfer Level (RTL). In this step, the code is verified on gate level.
Place & Route: In this step, the code was optimized to decrease energy
consumption.
Program Device: In this step, optimized code was uploaded to the card [16].
Egil Fykse in [24] introduced a method that involves comparing the efficiency of
known algorithms in embedded systems that are implemented by FPGA. In
embedded software, (DSPs) and (FPGAs) were top processor technologies [25], [26].
Since DSPs are weak performance for efficient calculation of normalized crosscorrelation, the concentrate is on FPGAs. Its algorithm examples include template
matching particularly motivating. A template matching mathematical model is
utilized to identify previously defined items in a captured image. Template matching
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includes a representation of an item versus a captured image to see if it is visible, and
if so, in which it is found in the image. Template matching projects comprise object
identification, car number plate recognition, and face recognition. Seeking
predefined items of this form of cross-correlation is just one approach for
normalization. Other purposes involve image registration, activity monitoring, and
medical imaging. Normalized cross-correlation methodology is often recognized as
the correlation coefficient, it is an invariant resemblance measure to the scaling and
offset of the input images. Successful implementation of normalized crosscorrelation can involve an effective correlation or convolution implementation. It has
also broader purposes, like image filtering and edge detection, for example, it can be
utilized in differential equations, which have broad applications. Remaining from
implementation are manually designed and implemented using VHDL. The concept
of filtering images in the spatial domain is to provide a mask or a kernel of a
particular extent to which the required process applies to image pixels under the
kernel. By moving the kernel over the picture, such that the center of the kernel
views all pixels, the image is filtered. We will just concentrate on linear filtering
which assumes the filter kernel is a matrix of coefficients multiplied with the
symmetrical underlying pixels of the image. The total of all products shall deliver the
pixel values of the filtered image at each position. If the filter kernel is nonsymmetric then the direction is critical. This is the core of the difference between
convolution and correlation. Correlation is the same approach is performed when
producing convolution, except that the filter kernel is rotated 180 degrees. A further
thing that comes up in the filtering of images is the boundary conditions. For some
image pixels that are close to the image boundary, kernel parts will be outside image
boundaries. There are various ways of dealing with this problem. Two popular
solutions are zero paddings and boundary avoidance. The zero-padding center of the
kernel is moving across all image pixels. If pixels that are required for calculating are
outside of the image, they are supposed to have zero value. Boundary avoidance is
merely a case of not moving the kernel across image pixels, which are near the edge,
that part of the template will be outside of the image. Image filtering seems to be the
fundamental of the template matching algorithm. This technique employs a scene
image as its input, that is the image shall be looked in, and the kernel, that is the
image that shall be looking for. When the kernel is overlaid towards the image such
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as a filter kernel in places where the input image has a significant correlation with the
kernel image, the product will have strong responses denoting high similarity. This
cross-correlation is calculated by equation 2.6 [24], [26].

C = ∑ u , v I (u, v)T(x + u, y + v)

(2.6)

Where I is the reference image matrix and T is the kernel image matrix. A further
significant part of this process of template matching design is normalization. It is not
enough to merely correlate the scene image with the kernel image to get working
template matching below the real world. Real pictures are not pixel-wise similar to
the same object under different conditions. Its lightning characteristics are one source
of variability. The result will have a strong response for very shiny parts of the image
even though the item we are searching for is absent. Furthermore, if the item is
visible in the image, but appears dark for instance caused by low lighting, it will
yield a low response in the outcome and may not be detectable. Normalization is
utilized after correlation to overcome this dilemma. First of all, instead of simply
correlating the input image with the kernel, the median (average) of the image below
the kernel part is deducted from the image. This deduction (subtraction) can be
devised as I (u, v) - Í(x, y), where Í (x, y) is the median (average) part of the image
that is at the current scene (position) underneath the kernel. Likewise, the kernel
median is also deduced from the kernel, expressed as the form T (x + u, y + v) - Ť.
Next, both of them are correlated, and the output is divided by the standard deviation
of the image and kernel, producing equation (2.7) [24], [26].
∑ u , v (I (u, v) − Í(x, y)) (T(x + u, y + v)) − (Ť)
R(x, y) =

(2.7)
√ ∑ u , v(I (u, v) − Í(x, y)) ^2 . ∑ u , v(T(x + u, y + v)) − (Ť)^2

I is the scene image, T is the template to be searched for, Í and Ť are the means of I
and T, (u, v) are the scene image coordinates, and (x, y) is the template coordinates.
The process of normalization helps us to overcome variations in illumination slightly
effectively. Even though template-matching utilizing normalized cross-correlation
has several other deficiencies from the perspective of computer vision. One dilemma
here is the inaccuracy of the algorithm since it is based on a pixel-by-pixel
calculation. It is sensitive to variation in both the object itself and the imaging
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conditions. Even though those restrictions, it is a powerful algorithm with certain
benefits. Even understanding and executing is easy, at least in a precise manner.
Because there may be an enormous number of templates to match against another
scene image, an effective method and implementation are necessary. Many structures
might have real-time requirements, and it may require predictable timing. A slight
problem, which may emerge, is that if the scene picture in the scene has zero
variance at every position under the template, the denominator of equation (2.7) shall
be zero at that place. It must be discussed to prevent dividing by zero situations that
will yield unexpected results. It also means the normalized cross-correlation in such
positions is unknown. So R(x, y) is computed as one pixel at a time. It involves
establishing the correlation between the scene picture and template for every pair (x,
y), sum, and sum of the square picture values located immediately below the
template at that location. Let X and Y be the height and width of the scene image,
similarly, let M and N be the height and width of the template image. For every
template location in the X*Y picture, an examination of the correlation over the
M*N template is done. Thus, a naive implementation will require the order of
(X*Y*M*N) additions and multiplications. Every picture has to be cross-correlated
to get robust detection with several templates of various sizes even with different
orientations of the object. This can expand the number of required operations
dramatically. This implementation will iterate across all pixels of the scene image,
and for each pixel, it must be iterated across many pixels corresponding to the
number of pixels in the template. Let the scene image size be X*Y and the template
size be M*N, as defined previously. Then the total number of calculations (in big-O
notation) will be O (X*Y*M*N) [24], [26].
2.3. Arithmetic and Performance
Determining the normalized cross-correlation, as seen by the equation (2.7), is a
computation of additions, subtractions, multiplications, square roots, and division. To
estimate performance, both the clock frequency of the circuit and the total number of
clock cycles required for the calculation must be known. The estimated maximum
clock frequency of the circuit is reported by the synthesis tool. The number of clock
cycles is known through analysis of the state machine in the circuit and can be
verified through simulation data for the IP core. Then the total time needed for
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calculating the normalized cross-correlation is t total =ncycles / fclk [24], [26].
2.4. FPGA
FPGA is an incorporated circuitry that has various indistinct configurable logic
blocks (CLBs) that can be altered to make special arithmetical or logical operations.
These specific pieces (squares) are interconnected via programmable switches and a
wiring framework. Figure 2.1 illustrates the interior design of FPGA [27].

Figure 2.1. The interior design of FPGA [27].
FPGA represents practical programmable interactive gate arrays. It is a device that is
typically utilized in computerized modern digital electronic circuits or logic circuits.
They are made up of programmable logic and are composed of semiconductor
devices. With the assistance of Verilog, They can be adjusted. The programmable
parts can include anything as memory components, gates, and memory blocks, etc.
Principal FPGA essentially comprises three sections: the interconnection matrix, the
Input / Output cells as well as the rationale (logic) cells. These categories will be
mentioned in detail in the section underneath [27].
2.4.1. The Logic Cells
Rationale (Logic) cells, or (CLBs) configurable logic blocks are reason structures
(blocks) that could be organized to give the logic output execution required by the
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client. Rationale (Logic) cells are fitted with multiplexers, logic function generators,
and flip-flops that are frequently used as lookup tables (LUTs). Every LUT has a set
of sources of inlets and outlets. For the construction of a single complex interface,
different LUTs may be used. In such FPGAs, random access memories (RAMs) and
ROMs are accessible to the user. In logic cells, memory devices are operated highly
in LUTs, whereas other tools have various cells to perform them. The presence of
flip-flops within the rationale (logic) cells fabricates FPGA appropriate for pipelined
structures [27].

2.4.2. The I/O Cells
These cells are offering the connection among the inner logic and the packet pins of
the outer device. Each Input / Output cell is associated with an outer packet pin and
can be specified for bi-directional signals output, or input. Many programs need to
register the outputs and inputs, so the Input / Output cells often have flip-flops inside
them [27].

2.4.3. The Interconnect Matrix
Input / Output cells and the rationale (logic) cells are combined along with a routing
lattice (matrix). This lattice (matrix) provides a path of connecting cells to each
other. Assorted merchants have changing techniques for offering direction (routing)
[27].

2.5. FPGA working
The incredible benefit that FPGA conveys is that the device could be re-customized
over and over as necessary and is totally programmable. It can be called, in other
words, a large digital circuit, which can be configured as specified by the structure.
At the point when a circuit board is being created and it contains FPGA as its part, it
is modified in the assembling stage, yet can be re-customized once more.
Nevertheless, keeping in mind their expense, they are not utilized in cheap products
of high volume. In places where complex logical circuitry is needed, they find their
applications. They consist of applications for huge zones, from imaging and video
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equipment hardware for military applications to as well as electronic circuits [27].
2.6. FPGA internals
The inner framework of the FPGA comprises two essential components.
1) Common Logic Blocks Array.
2) Routing channels.
This rationale (logic) block that comprises the FPGA can be actualized from
numerous points of view. How it tends to be executed relies on the producer. The
FPGA interior routing system comprises the electrical wires that are linked via
electrically configurable switches. With the assistance of this, it is possible to link
various focuses on the chip together that implies the different normal rationale
(logic) blocks are connected [27].
2.7. Planning with FPGA
The FPGA feature is developed with the assistance of programming tools. The layout
procedure on FPGA is begun by the client giving a hardware description language or
a schematic. Popular hardware description languages involve Verilog, VHDL. The
following undertaking on the FPGA layout is the creation of the netlist for the FPGA
family utilized. The netlist is then built with the aid of a method known as “place and
route” on the FPGA architecture. Eventually, the FPGA is configured (programmed),
and the layout is put on FPGA [27].
2.8. Verilog
Verilog is a hardware description language that implies it could archive the
electronic and modern circuitry. Verilog is utilized for (validation) verification via
(modeling) simulation, for timing (evaluation) analysis and testing uses. Another
major aspect is logic synthesis. This language enables the programmers to develop at
different levels of abstraction. By and large, Verilog is the most extensively used
hardware description language, and above 50,000 effective developers utilize this
language. This language can portray a digital system. The digital system could be
either a microprocessor or a flip-flop [27].
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2.9. FPGA testing and debugging
Because the hardware could be intricate, so thorough testing ought to be done on the
FPGA structure. The testing incorporates timing analysis, simulation, and numerous
different philosophies. At the point when the plan is approved, then a binary
document is produced which assists with configuring the FPGA. There are a few
multiple methods to debug the framework on the FPGA, one of them is to utilize the
debugging cores such as Chip-Scope or ILA IP core that was previously found in the
programming software. Different ways should be possible by transmitting the
information via the serial port of the FPGA to a host PC utilizing UART and read it
from there, or storing it in an SD card and finally showing it on a PC software [27].
2.10. Producing an FPGA Design
The structure with FPGA includes various stages, these stages are shown in figure
2.2 and it incorporates the design entry even by HDL coding or by schematic capture
at that point, then the function simulation to ensure that the design executes the
appropriate function properly, the coming phase is the logic union [27].

Figure 2.2. FPGA design flow [27]

19

Testing the programmed device implies verifying it is functioning as predicted. This
is could be achieved by applying system input signals and testing the respective
outputs [27].

2.11. The Used FPGA Kit
Various companies develop diverse advancement kits to be utilized for prototype
designing, downloading, and testing. In the current job, the NEXYS ARTIX-7 or
NEXYS4-DDR board is utilized. Xilinx presented this kit. The software
advancement tool utilized is Vivado 2019.2. The hardware part is the NEXYS-4DDR board, this board is based on the Artix-7 FPGA chip. (Xilinx part number
XC7A100T-1CSG324C) [28], [29].
The NEXYS4-DDR has the following features:
 Xilinx Artix-7 FPGA include:


15,850 logic slices, (each slice contains 6-inputs LUTs and 8 Flip-Flops).



4860 K bits of fast block RAM.



Six clock management tiles, each with a phase-locked loop (PLL).



240 DSP slices.



Internal clock speeds exceeding 450MHz.



On-chip analog-to-digital converter (XADC).

 Power


Power from USB or any 4.5 V- 5.7 V source

 Memory


128 MB DDR2.



Serial flash.



Micro SD card slot.

 System connectivity


10/100 Mbps Ethernet PHY.



USB-UART bridge.



USB-JTAG programming circuitry.



UDB HID host for mice, keyboards, and memory sticks.

 Simple user input/output


16 switches.
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16 LEDs



Two tri-color LEDs.



Two 4-digit 7-segment displays.

 Expansion connector


PMOD connector for XADC signal.



Four PMOD connectors providing 32 total FPGA I / O.



Power from USB or any 4.5 V- 5.7 V source.

Figure (2.3) shows the NEXYS4-DDR board [28].

Figure 2.3. NEXYS4-DDR board [28].

2.12. Vivado 2019.2
The Vivado 2019.2 structure suite is utilized for building up the hardware
architecture and executing it on the NEXYS A-7 board. The Vivado provides
distinctive design sources involving block diagram, HDL coding block diagram, and
IP-core generation, different sources such as hard processors and soft processors
could be utilized via the Vivado [27].
.
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CHAPTER 3

3. MODELS AND METHODS

3.1. MATHEMATICAL BACKGROUND
The first step is I should choose two images, which are taken in a sequence like 10
sec and they are overlapped so that we can calculate the cross-correlation
calculations in the right manner. The two images are highly scale and quality, they
are taking from the air from an actual mapping application. Delta x and delta y shift
is found by processing and comparing these two images (DCS01460) and
(DSC01461). We assume we know the position of the first image with coordinates
(x_known, y_known). The new position coordinates will be:
Xnew = x _known + delta x.
Ynew =y_known +delta y.
Delta x and delta y is the displacement or shifting amount between two images. We
have to increase or decrease (delta x or delta y). The shifting will be performed in
spatial domain (x, y) coordinates. Pixels of grayscale images are a function of (x, y).
We assumed our work as linear translation in 1-dimension. For full implementation,
rotation and scaling and extra operation are needed. We will calculate crosscorrelation at every combination of (x, y). Delta x [0-10] it describes interval of xdisplacement. Delta y [0-15] describes the interval of y-displacement. We can keep
the image size as small as we want. For shifting in x, y truncate a portion of the
image which means (throw out pixels) using for loops in MATLAB. The same will
be done in Verilog, truncate a portion of the image using VERILOG codes. The idea
of shifting is taking two images and put one on top of the other. This is how we
should move one image to the other. Correlation is not easy in both programming
and computational effort. This is partial overlapping by taking one part of the first
image and take a part of the second image and add correlation for different x_offsets,
different y-offsets [overlapping + more overlapping + some more overlapping].
Finally, find which correlation was the maximum. Moving 2 images to each other in
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(x, y) is enough, and no need to do rotation. All the correlation values (coefficients)
are needed for different x-moments and different y-moments. It is simply one
number.
3.2. Methodology
Cross-correlation (CC) without normalization is a different formula than the
normalized cross-correlation (NCC). For the cross-correlation, there should be two
images to process (to calculate cross-correlation). One of them is called a reference
image(R) and the other is a test image (T). A reference image is an image that we are
trying to match. Generally, the reference image (R) is the fixed image. For each
cross-correlation comparison, the test image will be changed. If you try to search for
an image that is a reference image (R) inside the other image that is your test image
(T), you need to shift the test image (T) inside the reference image (R). For this case,
you need to implement equation 3.1. It can help us to understand how the reference
image (R) searched on the test image (T). In equation 3.1, R means that Reference
image function, and T means the Test Image function where R (u, v) represents pixel
values of reference images. X and y show the shift amount inside the test image, and
u, v shows the pixel coordinates of the reference and test image. Intensity = R (u, v).
R means the intensity of pixel value at that coordinates. (U, v) are the coordinates
indices. Every image contains (u, v) coordinates. The third parameter is the intensity.
Every pixel differs and it constructs an image. This function takes 2 arguments (u, v)
and returns intensity. We define an image by intensity. Using this formula 3.1:

C(x, y) = ∑ u , v R(u, v)T(x + u, y + v)

(3.1)

Intensities of each two corresponding pixels of reference image R(x, y) and test
image T(x, y).
U, v: pixel coordinates of reference and test image.
X, y: shift amount inside test image T (u, v).
3.3. Algorithm of Cross-Correlation in MATLAB
First of all, I have to do the following steps:
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Case1: No shift case. X= 0 and Y= 0. Find the correlation between the 2 images. The
teacher's idea is this summation equation of equation (3.1) should have boundaries
(lower and higher limits). R (M*N) or T (p*q).

p,q

∑ R(u, v)T(x + u, y + v)

(3.2)

u,v

Case 2-A: shifting in the x-direction only (X = 1,Y = 0).
M∗N

∑

R(u, v)T(x + u, y + v)

(3.3)

u=x1=1 ,y1=0

You can compare the results of case 2-A with case 2-B. They are different in shifting
amount but the same pixels for the reference image.
Case 2-B: shifting in the x-direction only (X = 10,Y = 0).
M∗N

∑

R(u, v)T(x + u, y + v)

(3.4)

u=x2=10 ,y1=0

Following this procedure, we will calculate correlation many times in the x, ydirections.
Case3:
Shifting in the x-direction and y-direction as 2 nested loops with more explanations:
we should decide on the maximum shift point permit X-max and Y-max.
X-max =10.
Y-max =15.
M∗N

∑

R(u, v)T(x + u, y + v)

(3.5)

u=xmax ,v= ymax

3.4. MATLAB Implementation of Cross-Correlation
MATLAB (math laboratory) is invented to convert our formulas to code. It is going
to be a similar code. We have calculations starting from 1 running up to (M-SX) for
x-direction, and starting from 1 running up to (N-SY) for y-direction. Impixel is a
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function in MATLAB that reads the full image size (M*N). It is looking at the image
formula and picks those 2 pixels of reference and the test image. Impixel returns 3-d
pixel numbers. It works for RGB-colored images. It is a 3-d array. We will use
impixel to pick (1) number from the (3) numbers that impixel returns. It determines a
single number as well for grayscale images. This impixel is used here to pick all the
pixel indices (u,v). These pixel indices are kept changing from:
U=1: M-SX
V=1: N-SY
We should trace this operation, tracing means see if the indices are changed correctly
until we make sure we are doing the correct manner. Firstly, we pause the code. For
tracing this operation, I use pause, step, step-in, step-out, breakpoints, run to a cursor
in MATLAB. Step: this includes step-in and step-out. Step-in: it means to go to the
function and see (travel) all the values. Step-out: it means just execute the function
but do not go inside. Run to cursor: if the cursor is there, it is going to run up to that
point. Breakpoints: setting breakpoints pauses the execution of our MATLAB
program so that we can examine values where we think a problem might be. When
we will get all the matrix coefficients corr (x+1, y+1) in that size. At top left, the
number represent corr_coefficient without shift (x = 0, y = 0). The dimension of this
matrix is (sx+1)*(sy+1) This matrix will contain all values of correlation starting
from (x = 0, y= 0). When it is filled with all correlation coefficients for all
combinations of (x, y). We will check the matrix to see where is maximum
corr_coefficient in which row and which column. We will pick the highest
correlation. I add (-1) to u,v coordinates (indices).
U=1: M-SX-1
V=1: N-SY-1
The reason for that is: if we don’t add (-1) to SX, SY. It will be shifting too much.
The summing area is going to be excessive. Also to be compatible with these 2 (for
loop) for shifting in x, y, and do not cross over (M*N) full image size.
For x= 0: SX
For y= 0: SY
Another explanation is about our matrix. In the beginning, it is full of zeros by using
the syntax (zeros) in MATLAB so that it is not growing with dimensions. Corr =
zeros (sx+1), (sy+1). Zeros are used for padding. We are defining the matrix. These
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(sx+1)*(sy+1) are the number of shifts in (x, y) coordinates. For every shift, there is
a corresponding element in the corr matrix corr(x, y). Number of shift in the xdirection is (0 -sx+1) =11. Number of shift in y-direction is (0 – sy+1) =16. So, this
corr matrix dimensions (size) is (sx+1)*(sy+1). The correlation matrix equation is:
Corr (x+1, y+1) = Corr (x+1, y+1) + temp1 (1)* temp2 (1)
Corr (x+1, y+1): updating the value
Corr (x+1, y+1): current value
temp1 (1) * temp2 (1): adding this each time.
About the multiplication, we can make it vertically or horizontally. It does not matter
which one is inner and which one is outer. The result is going to be the same. I did
the vertical multiplication.
3.5. Cross-Correlation in Verilog
The accumulator is the main part of Verilog implementation, which is just the sum of
the pixel values over the whole image. We can use a simple always block with a
control variable that becomes high from 1-st pixel to N-th pixel. It looks like that:
"Accumulator"
Always @ (posedge clock)
if (ControlVariable)
acc_sum <= acc_sum + current_pixel.
Current_pixel value should be supplied from the outer module that stores the image
data. Multiply accumulator is also had similar structures as an accumulator. The only
difference is the current_pixel value is multiplied by the other_image_pixel value for
multiply accumulator. Other_image_pixel is the pixels of the current test image.
"Multiply accumulator"
Always @ (posedge clock)
if (ControlVariable)
acc_sum <= acc_sum + current_pixel * other_image_pixel.
There should be also more control signals to supply image pixel values from memory
and make further multiplication. For the implementation of cross-correlation in
Verilog, there are typical steps that should be performed to equalize the same steps
followed in MATLAB that will be explained in the next sentences. Firstly, I should
implement case-1, correlation of two same-sized images.
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3.6. Verilog Implementation Steps of Cross-Correlation
 Write a Verilog module to store image data inside block ram. We will take two
images and transfer them from RGB to grayscale images using MATLAB which
is the easiest way. We should write a Verilog code, which loads pixel values into
BRAM to FPGA. For our image case: reference image and test image size
(M*N). In BRAM, it requires depth and maximum lines in the table (memory
length). Each line has 8-bit in length. We have bits of each line, 1-pixel = 8-bit in
length for grayscale images. To calculate BRAM capacity, we give a depth = 8bit, and 150000 is the maximum line in memory length. BRAM is fast and easy
but external BRAM has a delay to give the response. BRAM inside the FPGA
core is the simple and faster way to store image data and we can also use
embedded memory (Block RAM, Registers, etc.) in our Verilog coding. On the
other hand, If our images have higher dimensions (e.g. 512x512 = 2^18 or more),
it requires more storage units. So, it depends on our application and FPGA
storage (memory) capacity.
 Write a module (top_module) to control the address of current pixels, it includes
a counter that counts from zero to a total number of images (e.g. for a 100x150
image, it should be counted from 0 to 14999).
 In the top_module, we generate control signals for the accumulators (it depends
on our design preferences).
 Write an accumulator module that takes control and data inputs from top_module
(data input coming from the block ram module, and control signals generated in
top_module which is used to say accumulator module that data to progress). To
do so, I should code a simple accumulator that is just the sum of all the pixel
values of a single image. Then, I should write a multiplier accumulator by
making a small modification to the initial accumulator.
 At that point, I should check the accumulator module is correctly works or not (I
can code the same accumulator on MATLAB to check the results in Verilog are
true or not). After the accumulator is fine, then modify the accumulator to make
it a multiplier accumulator.
 For the multiplier accumulator part, I should add a secondary Block ram for the
test image (in total I must have 2 images data inside FPGA). Multiplier
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accumulator has a multiplication part that I mentioned previously, like that: Sum
<= Sum + Ref Image Pixel * Test Image Pixel.
 For case2 and case3, shifting in x-direction and y-direction. First I should make a
model on MATLAB, which is easier than Verilog. After that, I should implement
shifting operations on VERILOG. In fact, shifting operation for an image is just
changing pixels indexes of the initial image. Therefore, we do not need any
special function for shift operations on images. By using for loops (to get
different shift amounts on a single image) and MATLAB indexing, I can get the
shifted version of the initial images.
To conclude, for the Verilog implementation of my MATLAB code, first I should
insert my reference and test images into memory (block ram, registers, etc.). Then by
using a counter register, I should read each pixel value of my images (images that
will calculate the correlation, both test image and reference image). After getting the
pixel values, I should make the necessary operations. Then, I should store the results
in a register that accumulates the whole calculation values (this accumulation register
corresponds to the operation of summation symbol Σ).
3.7. Performance of Correlation using CPU programming MATLAB and
Hardware Description Language Verilog
(DSC_01460) and (DSC_01461) are my selected images. The shift in both images is
about 20 % by guessing. When you have a CPU (computer). It can perform (1)
multiplication per clock cycle. If we take an example with this array [10*6], So (1)
multiplication clock cycle means there are (10*6 = 60) multiplication and you wait
for (60) clock cycles so, it is in a loop. When you are using a nested loop using ( if
statement). This nested loop is going to take (60) clock cycles before all the for loops
cycles are exhausted. For example, the inner loops are going to take let’s say (10)
cycles. The outer loop is going to take (10*6) cycles. In the case of FPGA, we can do
this similarly. You are going to build a finite state machine (FSM). You are going to
have 2 counters. The 1-st counter is loaded with 10. The other 2-nd counter is loaded
with 6. At each clock cycles. You are decrementing the counter by 1. First the 1-st
counter, then the other 2-nd counter. You are going to check if this 10 reaches zero
or let’s say one. If 10 is decremented up to one. In that case, you decrement the other
2-nd counter by 1. If not, you decrement only this 1-st counter. Both counters work
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for the same because you are multiplying this one by this one. You have counters at
the beginning (10*6) so, you wait for the multiplication, then decrement this 1-st
counter by 1 and becomes 9. We do not decrement the 2-nd counter (6) now because
the 1-st did not reach (1) yet, so keep it at (6) now. And one more clock cycle is
going to come. We have made the counter ready for the next clock cycle. It is (9)
now. Now we go and snatch the pixels with these indexes (9, 6). Check the counter,
what they show. Pick those pixels and make 1 more multiplication. Then decrement
1 more (9-1) = 8. Not (6). So, wait for the next clock cycle. Each (1) clock cycle will
perform (1) multiplication. When you come to this point (1, 6). We do not decrement
the1-st counter because it is (1) now. We decrement the other 2-nd counter because
we are passing to the other row (5). But the 1-st counter (10) will be reset to 10. For
example, let’s say we have counter x and counter y. If counter x =1. Reset the
counter x to 10 and decrement counter y by 1. We can implement this logic with (if
statement). If we implement this logic at each clock cycle, we will be jumping to the
next pixel. This is going to be performed in such clock cycles. Just like the case of
CPU. This is how we implement nested loops in FPGA. If I go with for loops. It is
going to be something different. That is possible because for loop has a different
effect in Verilog than in MATLAB. This calculation was for 1 cross-correlation
calculation only. I am going to repeat it many times. It was for a case of shifting. It is
nested loops but it is time taking because you have to wait for (10*6) = 60 clock
cycles for each correlation calculation for our small array example. In Verilog,
FPGA is capable of calculating all of them at the same time by using 1 multiplier for
each. In fact, using nested loop in Verilog, it is going to try to do all the calculations
in a 1-clock cycle if there are a sufficient number of multipliers but it will not be. It is
going to be a very huge circuit. Because considering an image. You are trying to
multiply let’s say 50*50 correlation. That means 2500 multiplications at the same
time. FPGA can not do that but it attempts. To summarize, at each clock cycle, I am
going to do as many multiplications as possible at one time as much as hardware
permits. That's why firstly I perform this correlation 1-multiplication per clock cycle
in MATLAB to see how this index is changed. First testing our algorithm in
MATLAB, then converting the right algorithm to Verilog.
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3.8. Common Area Calculation Limits
The teacher's idea in this thesis is: for my case, two images with size [M*N]. We do
not use the whole image. Just take the correlation for the common area (a subpart of
the image). This is for the no-shift case and going up to the full-shift case.
Correlation is always performed starting from (u = 1 to u =89) and (v =1 to v =
134).We are not using other portions of the image at all. Because if we use all the
image size, it is not meaningful. I am going to compare no-shift correlation (x = 0, y
= 0) and full shift correlation (x = 10, y = 15). Which one is greater. For this
comparison to be meaningful. I should use the same pixels. Otherwise, it is going to
be decisive. It will lose its meaning. That’s why we neglect some parts of the image.
By looking at the two images, it seems that the shift between the two images is about
20%. For my case, 2 images with size [100*150], The common area for doing the
correlation at no-shift, shift in x, and shift in y, is going to be like this: our image size
is (M*N). The upper limits of the common area (a subpart of the image) for the
correlation calculation are:{X=a=89 and Y=b =134}. In the beginning, you decide
the max shift in the x-direction is SX=10 and the max shift in the y-direction is
SY=15. Then,
{X=a= M-SX-1 =100-10-1 = 89}.
{Y=b=N-SY-1 =150-15-1 = 134.}
So,
{X=a=89} and {Max_ x-shift =10}. Also {Y=b=134} and {Max _y-shift =15}
x=10, y=15

Shift =

∑

R(u, v)T(x + u, y + v)

(3.6)

x=0 , y=0

and
a=89, b=134

area of calculation(common area) =

∑

R(u, v)T(x + u, y + v)

(3.7)

u=1 , v=1

3.9. Restrictions of using For loop in Verilog
Implementing (for loop) in Verilog in that structure has some restrictions. If your
working clock frequency is not higher (e.g., 10 MHz - 100 MHz) and you have no
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restriction on resource usage (number of LUTs, Registers, DSP in FPGA is not
limited), and your images are in lower dimensions (e.g., 100x100 pixels). In this
case, "for loop" coding may work well in FPGA without error. It depends on the
parameters mentioned above. Also one more thing about for loop in Verilog. For
simulation, it is good but when you implement it (the step after synthesis) and
program the FPGA board. It is going to create some modules (some piece of
hardware) for every value of iteration (I). The reason for that is there is no for loop
inside the FPGA. Hardware description languages (Verilog/VHDL) have completely
different logic than languages that are used for CPU programming like
C/C++/Python/MATLAB. In Verilog, you are actually building up a logic circuitry
for your aim, and so each part of your Verilog coding corresponds to logic gates. For
loop structure in Verilog coding should create a copy of the same module that refers
to what happens coded inside "for loop". On the other hand, there are critical issues
that input and output of each module (each repeated logic inside for loop) should be
correctly connected and each of the module inside for loop should be work
independently (by the means of independently, no module should use or wait for
other modules data).
3.10. Correlation Calculation using Counters and using Generate Syntax
Parallelization
In Verilog, FPGA is capable of calculating all combinations of x,y shifts at the same
time. You are going to use 1 multiplier for each. In fact, if we try to use a nested loop
in Verilog, it is going to try to do all the calculations in a 1-clock cycle if there are a
sufficient number of multipliers, but it will not be. It is going to be a very huge
circuit. Because considering an image. You are trying to multiply let’s say 50*50
correlation. That means 2500 multiplications at the same time. FPGA can not do that
but it attempts. At each clock cycle, we are going to do as many multiplications as
possible at one time as much as hardware permits. How many multipliers do we
have? First, we perform this correlation 1-multiplication per clock cycle. Waiting
"counter 1* counter 2" clock cycles means if an image has size of MxN (e.g, 200 x
300 pixels, M=200 & N=300). You need to make MxN (60000) calculation to get a
single correlation value. Counter1 * counter 2 means MxN clock cycles, because of
the FPGA makes a single calculation in a clock cycle (if we do not use
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parallelization). Therefore, to get a cross-correlation result of the test and reference
image, we need to wait for Row Number x Column Number (MxN, or the total
number of pixels in an image) clock cycles. On the other hand, if we want to make a
cross-correlation calculation in 1 clock, we should use generate function in Verilog
to have parallelized design. Generate syntax creates a number of copies of logic
elements or modules inside the for loop. It is something different from single for
loop. Actually, "for loop" in Verilog can not work well without generate syntax. It
works for test bench or variable initialization for simulation. To conclude, it is
possible to make the whole operation in one cycle, but I think I should first do
correlation by using counters. Because correlation in Verilog using "generate" syntax
will be much more confusing and it is going to be a very huge circuit and it might not
work.
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CHAPTER 4
4. IMPLEMENTATION DETAILS

4.1. Hardware Implementation in Verilog
1 pixel = 8-bit in length for grayscale images. My image is resized to 100*150.
Grayscale image intensities are between (0-255). For the original size (5472*3648)*3
RGB colored image, the address should be bigger. For storing an image before crosscorrelation calculation, for addressing the rows and columns if the image is larger
like (5472*3648)*3 or any other size. I should make the address also larger. 8-bit
will not be sufficient for addressing sizes. In computer vision, in a grayscale image,
for each pixel, you get a value (it is called intensity). The first step is I should choose
2 images, which are taken in a sequence like 10 sec time between them. It means
they are overlapped so that we can calculate the cross-correlation calculations in the
right manner. The 2 images are highly scale and quality, they are taking from the air
from the actual mapping application. Delta x shift and delta y shift (offsets) are found
by processing and comparing these two images DCS-01460 and DSC-01461. Using
this formula (3.1) for the cross-correlation calculation.

C(x, y) = ∑ u , v R(u, v)T(x + u, y + v)

(3.1)

Intensities of each 2 corresponding pixels of reference image R(u, v) and test image
T(u, v). (U, v) are pixel coordinates of reference and test image. (X, y) are shift
amount inside test image T (u, v).
4.2. Step1 Image Reading, Resizing, and Storing in MATLAB
I used MATLAB in this step to read both images reference image and test image
with the original RGB size (5472*3648)*3. Then, I resized the two images reference
and the test image size to (100*150). I also transferred both images to grayscale. The
next thing is converting the two images from 2_dimension to 1-dimension (15000*1)
column matrix (n*n). The final thing in step1 is writing a text file and save the two
images in a text file form (reference_image.txt, test _image.txt(. I store them like
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(15000*1) array in 16-hexadecimal base form. The reason for that in Verilog we can
not load 2-dimension so, we make it 1-dimension by placing columns (n*n). Then
from that 1-dimension which means it is a depth, we address the 2-d array by 1dimension array using a formula in MATLAB and Verilog. Formula in MATLAB is:
[row number + (column number-1) * total number of rows]. The formula in Verilog
is: [row number + column number * total number of rows]. Because in MATLAB,
the index starts from 1 while in Verilog index starts from zero. These row numbers
and column numbers are controlled by two counters that will be mentioned in the
next step.
4.3. Step2 Images Input Module in Verilog (part1, part2)
In image processing, we refer to image by depth and width. For grayscale images, 1pixel = 8-bit in length. In this step, we define our ref image size (rows, columns) and
test image size (rows and columns). Also, we define (u, v) pixel coordinates indices
as addresses with 8 -bit lengths. Then, we define ref data and test date as output
register that represents the intensity of a specific (row and column) address. Figure
4.1 shows our image input module diagram.

Figure 4.1. Images input module diagram
I instantiated registers, which hold ref image array and test image array with size
(15000*1). Now we initialize the memory using a syntax ($readmemh). This syntax
will read the (ref image array) and (test image array) by giving the path of them as
the text file that we saved our ref image and test image as a hexadecimal 16-base text
file. This method is a kind of 2_d block memory ram. To get the pixel coordinates
indices like 2_d rows and columns, we use the formula described previously. For
accessing the memory and read pixel intensity, this is the formula:
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test_data = test_img_array [test_addr_row + test_addr_column * test_rows].
ref_data = ref_img_array [ref_addr_row + ref_addr_column * ref_rows].
The image input module is basically storing 2 images. So, the image is stored in the
form of a 2-d array. When we want to point to a particular pixel data. We need 2
addresses. The address of row and address of column. So, we see these inputs
(ref_addr_row, ref_addr_column). Whenever you give this module. These 2 inputs. It
will give you ref_data at a particular pixel. The same for the test data. This input
where it comes from?. This will be mentioned in step3.
4.4. Step3 Cross-Correlation Module Inputs, Outputs Declaration (part1)
In this step, we define our ref image size (rows, columns) and test image size (rows,
and columns). Figure 4.2 shows the cross-correlation module block diagram(part1).

Figure 4.2. Cross-correlation module block diagram without shifting.
These complex boxes are digital design. Our digital design consists of 2 outputs.
These are the outputs and they also consist of the inputs. This cross-correlation
module requires three inputs and it gives us two outputs. (clock, reset, and
start_operation) are the inputs. Based on these inputs. We have two images stored
already inside it and it performs a certain correlation. Then, it will give us an output
value

of

correlation

(cross_corelation_result)

and

it

will

give

us

(operation_done_signal). This (operation_done_signal) is 1 when the operation is
performed and it is 0 when the operation is being performed. In this digital system,
we have 2 modules or components. First is our image input module and the other is
the cross-correlation module. Both modules are interconnected to perform the
operation and introduce our particular outputs. Whenever two modules are
interconnected. For every module like the cross-correlation module. It has some
inputs and outputs. The image input module is basically storing 2 images. So the
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image is stored in the form of a 2-d array. When we want to point to a particular
pixel data. We need 2 addresses. The address of row and address of column. So, we
see these inputs (ref _addr_row, ref_addr_column). Whenever you give this module.
These 2 inputs. It will give you ref_data at a particular pixel. The same for the test
data. This input where it comes from? It is depending upon counters. We instantiate
two counters (row counter, column counter) so, those counters are basically fed as
output register. We see (ref_addr_row, test_addr_row) in outputs of crosscorrelation. It is the row counter. The output row counter has connected to this
signal. Similarly (ref_addr_column, test_addr_column). It is the column counter.
These counters are actually the addresses. So, when it is (0, 0). It is the pixel with
coordinates (0, 0). Based on the address, we get the data. We get the pixel values and
we perform cross-correlation on these data (these pixel values). We store these
values in a register and when the (operation_done_signal) is high. Output the result.
So, the inputs of cross-correlation are (clock, reset, start_operation, ref-data, test
data). Start_operation is the start signal of cross-correlation when it is equal to 1.
Also, we define (operation_done_signal) and (cross_corelation_result) as output
registers. We define row counter and column counter to keep track of rows and
columns. Also, we define (result_intermediate) for the correlation calculation as a
register. Then, we initialize row counter, column counter, result_intermediate, and
cross_corelation_result to zero at the beginning.
4.5. Step4 Cross-Correlation Algorithm in Verilog using FSM (part1) without
shifting ( x= 0, y=0)
The finite state machine is a controller. It is a pipeline architecture. We declare our
state as a 3-bit register that can store 3 bits of data. It means we can declare state
numbers from 0 to 7. Two to the power of 3 = 8. Here, we instantiate 5 states for our
case. There are 2 types of the finite state machine (FSM). Moore and Mealy both
depend on the clock edge. The only difference between them is Moore output
depends only on the current state while Mealy output depends on the current state
and input. Input does not mean the clock. In our case, our output depends only on the
current state (operation_done_signal). Every state of this finite state machine is doing
something different. All of them work together synchronously and one does not
affect the others. When one is finished, the other is comes. The transition from one to
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another happens at (+ve edge clock). We determine the next state synchronously
based on the current (present) state and the input. While the output depends on the
current state only and the input (do not wait for a clock edge). When the operation is
complete, make this operation_done_signal =1. Figure 4.3 shows the finite state
machine state diagram for part1 no shifting case.

Figure 4.3. Finite state machine state diagram for part1 no shifting case
Idle: the 0 state, it is for resetting values to zero. Data_fetch: we only want our
address to refresh at stage1 (data_fetch) which is working like impixel in MATLAB.
If I said the addresses will be refresh all the time. Then, when the cross-correlation is
being performed. If the addresses are changed. At this stage1 (data_fetch), the
previous pixel data will be lost because at this stage 1, we want to bring the new
image pixel values. Only I allow the addresses to change at stage1 (data_fetch). At
every other stage, the address will remain the same because I do not want to lose the
data. Cross_corelation_operation: it is the state(2).
result_intermediate < = (result_intermediate + (test_data * ref_data)).
result_intermediate: updating the value.
result_intermediate: current value.
test_data * ref_data: adding this each time.
Progress_check: our counter is incremented (+1) at this stage (3). We want our
output address to be stable throughout this stage. When we are checking this stage.
The counter is incremented only at this stage (3). Counter update module: if state at
progress_check, we will check the two counters row counter and column counter
case. Whether one of them or both has reached the coordinates limit (our common
area). This will be done by nested loops using (If statement). Operation_complete: it
is the final state of this state machine that is updating the output. If the state at
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operation_complete state (4), it means all the calculations of cross-correlation are
finished. We save (result_intermediate) in our final output (cross_correlation_result)
with the same size 30 bit. Finally, we have a top module which is a directory for
calling all the signals and gathering them together. We have 2 modules and we will
connect between them using wire which is a syntax in Verilog.
4.6. Step5 Cross-Correlation Module Inputs, Outputs Declaration (part2)
Corr (x+1, y+1) = Corr (x+1, y+1) + temp1 (1) * temp2 (1) . We are defining the
matrix. For every shift value, there is a corresponding element in the corr matrix.
Number of shifts required in the x-direction is (0 -sx+1) =11. The number of shifts
required in the y-direction is (0 – sy+1) =16. The dimension of this corr matrix is
(sx+1)*(sy+1). This matrix which contain all values of correlation starting from (x =
0, y = 0). When it is filled, we will get all the matrix coefficients corr (x, y) in that
size. At top left the number represent corr_coefficient without shift (x = 0, y = 0).
We will check all the matrix to see where is maximum corr_coefficent in which row
and which column). We will pick the highest correlation. To do so, in MATLAB,
Corr = zeros ((sx+1), (sy+1)). In Verilog, the first thing we define our corr matrix
dimensions (rows =11, columns =16) as parameters. Then, we initialize all the values
to zeros of this matrix using integer (I) iteration by using for loop. Because in
Verilog, whatever memory or whatever array. We need to initialize it, otherwise, the
signal is undefined. To define all the signals, I need to make all of them zero force.
Figure 4.4 shows our cross-correlation module block diagram for the part 2 shifting
case. Also, we define the same parameters as step 3 for this block diagram. We
define a max_value for this corr matrix as register with size 30 bit. Also, we define
row-index and column-index. It is the way we are addressing our corr matrix. This is
how addresses are stored inside RAM. Row_index and column_index will be inputs
of our test bench and the final output result of cross-correlation. Then, we instantiate
our result_intermediate array as register in the form of a 2-d array of 11 rows and 16
columns [0:10] [0:15]. (Progress_signal): also we define a progress-signal as a 30-bit
register. It shows the results as they proceed.
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Figure 4.4. Cross-correlation module block diagram for part 2 shifting case.
This result_intermediate is a matrix that calculates all the results of cross-correlation.
In Verilog, we can not view all the matrix coefficients at one time like MATLAB.
We need to call one by one to see the result. So, while debugging the design for
errors on Vivado. I can not view result_intermediate as it is. So, to correct my design
and see if everything works fine. I need to look at what is happening. So, this
particular signal (progress_signal) is used for that purpose. Each particular entry of
matrix [11*16] is calculated in a formula and it happens over progress. It takes some
sort of cycle to do the whole process. So, this (progress_signal) is telling us at this
moment the value is this. Now you will add the next thing and it becomes this. It
reflects the exact value that is stored in the matrix [11*16] and I will see each entry.
Result_intermediate is the real numbers of our corr matrix, while (progress_signal) is
for debugging. progress-signal is simply reflecting the result-intermediate [x-shift +
y-shift *cross-cor-rows] at particular x-shift, y-shift all the time. Also, we define
(array_index). This is like integer I. We need it in the synthesizable code. We are not
using it to calculate the maximum value. We need to have it in the form of a register.
It goes from 0 to 175 one by one and based on that array_index, we calculate the
maximum value. Also, we define x-shift and y-shift as registers. Then we initialize
the cross-correlation result, row-counter, column counter, x_shift, y_shift,
array_index, and max_value to zeros at the beginning as I mentioned before, we
initialize all the values of this matrix to zeros using integer I iteration and by using
for loop.
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4.7. Step6 Cross_Correlation Algorithm in Verilog using FSM (part2) shifting in
( x, y)
We define again a 3-bit state as a register that can store 3 bits of data. It means we
can assign numbers from 0 to 7= 8. Two to the power of 3 = 8. Here, we instantiate 6
states for our case. The same states like part1 with one state extra which is
maximum_value. Figure 4.5 shows the finite state machine state diagram for the
part2 shifting case.

Figure 4.5. Finite state machine state diagram for part2 shifting case
There are 2 types of the finite state machine (FSM) as I mentioned before in step (4).
Moore and Mealy. Both depend on the clock edge. The only difference between them
is Moore output depends only on the current state while Mealy output depends on the
current state and input. Input does not mean the clock. In our case, we depend on the
current state only (operation_done_signal). Idle: the 0 state, it is for resetting values
to zero. At state1 (data _fetch): The x-shift and y-shift are added to the test image
only.
test_addr_row < = row_counter + x_shift.
test_addr_column < = column_counter + y_shift.
For cross_correlation_operation state (2). The formula is this:
result_intermediate [x_shift + y_shift * cross_cor_rows] < = (result_intermediate
[x_shift + y_shift * cross_cor_rows] + (test_data * ref_data)).
result_intermediate [x_shift + y_shift * cross_cor_rows: updating the value.
result_intermediate [x_shift + y_shift * cross_cor_rows]: current value.
test_data * ref_data: adding this each time.
Counter update module: at state (3) progress_check, our counter is incremented (+1).
We want our output address to be stable throughout this stage. When we are
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checking this stage. The counter is incremented only at this stage (3). We will check
the case of the counters. Whether the 2 counters row-counter and column counter.
One of them or both are reached the coordinates limit (our common area). This will
be done by nested loops using (If statement). Also here x-shift and y-shift are
included as row counter and column counter in these nested loops (If statement) for
checking the state of counters whether they reach sx=10 and sy=15. Output update: if
(state == operation_complete).
cross_corelation_result < = result_intermediate [row_index + column_index *
cross_cor_rows]. Maximum_value: it is state (4). We define a max_value for this
corr matrix as register with size 30 bit. Max_value is related to state (4) for finding
the maximum value of the cross-correlation matrix. Here, we define (array_index).
This is like integer I. We need to have it in the form of a register. It goes from 0 to
175 one by one and based on that array-index, we calculate the maximum value.
When operation_done_signal is (1b1). It is telling us that cross-correlation is done.
When we are at progress_check state, cross-correlation is not done yet. As soon as
we move to the (operation_complete) state. Here, a cross-correlation operation is
done. If (array_index) is greater than 11*16 =176. It means state at
(operation_complete), now the matrix is full of all correlation numbers for different
combinations of (x, y). Operation_done_signal is (1) in 2 states: (operation_complete
state) and (maximum_value state) when all calculation is finished. It has no
connection with the maximum_value state.
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CHAPTER 5
5. RESULTS AND DISCUSSION
5.1. Simulation Results
In this chapter, the results of cross-correlation coefficients between two images are
presented. Figure 5.1 shows our corr matrix in MATLAB with size [11*16] for all
combinations of x, y shifts.

Figure 5.1. MATLAB results of corr matrix with size[11*16].
Figure 5.2, 5.3, 5.4, 5.5, and 5.6 shows cross-correlation results for a different
combination of (x, y) that are presented from the test-bench simulation for the
Vivado 2019.2 program that belongs to Verilog HDL. Figure 5.2 shows simulation
result of cross-correlation at row- index = 0 and column index =0.

Figure 5.2. Cross correlation result at row- index = 0 and column index = 0.
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Figure 5.3 shows simulation result of cross-correlation at row- index = 0 and column
index =10

Figure 5.3. Cross correlation result at row- index = 0 and column index = 10.
Figure 5.4 shows simulation result of cross-correlation at row- index = 0 and column
index =15.

Figure 5.4. Cross correlation result at row- index = 0 and column index =15.
Figure 5.5 shows simulation result of cross-correlation at row index = 10 and column
index =0.
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Figure 5.5. Cross correlation result at row- index = 10 and column index =0.
Figure 5.6 shows simulation result of cross-correlation at row- index = 10 and
column index =15.

Figure 5.6. Cross correlation result at row index = 10 and column index = 15.
For every shift value, there is a corresponding element in the corr matrix. Number of
shift required in the x-direction are (0 – sx+1) =11. The number of shift required in
the y-direction is (0 – sy+1) =16. The dimension of this corr matrix is (sx+1)*(sy+1).
In Verilog, this result_intermediate is a matrix that calculates all the results of crosscorrelation but we cannot view all the matrix coefficients at one time as MATLAB
Corr (x+1, y+1). We need to call one by one to see the result. Therefore, we defined
row-index and column-index. It is the way we are addressing our corr matrix. Rowindex and column-index will be inputs of our test bench and final output result of
cross-correlation.
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5.2. Hardware Implementation of Cross-Correlation on FPGA NEXYS 4-DDR
After verifying the simulation results and making sure that they are the same in
MATLAB and Vivado 2019.2 simulation test bench. Now, the code is implemented
on the FPGA board (NEXYS4-DDR). The first step of implementation is
synthesizing the code and choosing my board as a target. From the first step of
implementation, I can get the resource usage for the cross-correlation process that is
shown below. Table 5.1 shows the resource usage for part1, which is the crosscorrelation between two images without shifting. Besides, table 5.2 shows the
resource usage for part2 that is the cross-correlation between two images with
shifting case for a different combination of x, y.

Table 5.1. shows the device utilization summary for cross-correlation without
shifting (part1).
Logic
Utilization
Number of
slices
Number of slice
Flip-Flops
Number of
(4)input LUTs
Number of
IOBs

Utilization Usage

Used

Available

8328

15850

52.543

87

126800

0.068611

15467

63400

24.3958

34

210

16.1904
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(100%)

Table 5.2. shows the device utilization summary for cross-correlation with shifting
(part2).
Logic
Utilization
Number of
slices
Number of slice
Flip-Flops
Number of
(4)input LUTs
Number of
IOBs

Utilization

Used

Available

12642

15850

79.76025

5405

126800

4.2626

24069

63400

37.963722

80

210

38.0952381

Usage (100%)

5.3. Time Execution (Performance) in Real-Time
To calculate the time execution (estimate performance) for our code in real-time,
both the clock frequency of the circuit and the total number of clock cycles required
for the calculation must be known. The estimated maximum clock frequency of the
circuit is reported by the synthesis tool. The number of clock cycles is known
through analysis of the state machine in the circuit and can be verified through
simulation data for the IP core. Then the total time needed for calculating the crosscorrelation is t total = no of clock cycles / maximum clock frequency. For part1 of
the cross-correlation calculation without shifting, the maximum frequency of the
circuit (clock speed) is (41.666 MHZ) which is known from the synthesis report. The
reciprocal of the clock speed is (24.000 Nano sec). To calculate the number of clock
cycles for 1-cross correlation, we need the multiplication and addition of rows by
columns [89*134] clock cycles which is equal (11926). So, time execution for part1
is calculated like this: [1 / 41.666 MHZ] * [89 * 134] = 24.000 ns * 11926 =
286224*10 ^-9= 2.86224*10 ^-4 = 0.286224*10 ^-3 millisecond.
For part2 of the cross-correlation calculation with shifting, the maximum frequency
of the circuit (clock speed) is (39.924 MHZ) which is known from the synthesis
report. The reciprocal of the clock speed is (25.048 Nano sec). To calculate the
number of clock cycles for 1-correlation, we need the multiplication and addition of
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rows by columns [89*134] clock cycles which is equal (11926) but here in part2, we
have a matrix that contains 671 correlations for a different combination of x, y. Our
matrix dimensions are [0-10] shift in the x-direction and [0-15] shift in the ydirection. So, 11*16 =176. So, time execution for part2 is calculated like this:
[1 / 39.924 MHZ] * [89 * 134]*176 = 25.048 ns * 11926 *176 = 2098976 * 25.048
ns = 52575150.85 *10^-9 = 0.052575sec.

5.4. DISCUSSION
I have been able to calculate the shift between 2 images in a reasonable time. Each
number of corr matrix corresponds to 1 correlation. We have 2 images. Image1 at
position t = t1 and image2 at position t = t2. There is a higher correlation at row 11
and column 16. It means that the images coincide with each other now. In this
region, there is the same path on each image. The plane has moved this much (x =10,
y=15) between these two photos. Compared to t1, these photos have been taken after
the plane has traveled this much distance. We can conclude that when is taken. Let’s
say t1 is the first position and t2 is the second position, each image has taken at a
different time. In my case after 10 sec. So, from t1 up to t2, there has been this
moment (x=10, y=15) in the plane path (means has moved this much offset delta x,
delta y). If we know where the plane is?. We can calculate the coordinates and this
helps navigation. How much is the plane moving, that is the idea. The numbers of the
corr matrix do not correspond to pixels. They correspond to the shift amount.
Because let’s say there is a mountain here and here. When they coincide, crosscorrelation is maximum. These numbers at (delta x =10, delta y=15) give us the
displacement. We are interested in the displacement. The same mountain in different
places on these two photographs. When these two photographs are taken, the plane
was here. Now it has moved, now it depends on the moment of the plane. The plane
is taken photographs of the same mountain. Here, it appeared to the left-hand side.
Because the plane has moved in this direction. That is why we are taking coincide
photographs and search for cross-correlation. If I select two images with the same
pixels DSC01460 and DSC01460. I should get the maximum correlation at (0, 0)
without any shift. My calculations are only part of the whole thing. Maybe other
things are required but these calculations are the most intensive computationally.
This requires a lot of computational and a lot of time, therefore we test this.
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CHAPTER 6

6. CONCLUSION AND FUTURE WORK

6.1. Conclusion
Such a calculation can be conducted in real-time on FPGA. It is a good idea to
implement the code on FPGA and see how much time is necessary. When we put it
on FPGA, FPGA is going to run our code in a much faster method. My numbers are
not very important. Simulation time was 5 minutes for getting our corr matrix. In
MATLAB, it takes 2 hours to show results. This thesis is focused on performance on
the FPGA because it is not best to take the correlation of two images like this. It may
not work. It depends on performance on FPGA not only the calculation number.
There may be some additional transformation filtering are required. Because consider
two images. The results that I get may not be many meaningful from image
perspectives. Because most of the time we have additional filtering is required. For
example, there are two shifted photographs and when these two photographs have
taken, the weather was sunny and suddenly a cloud has covered the sunshine,
therefore the intensity here is low. The correlation is going to be a very bad or maybe
partial shade of a cloud somewhere. This is going to spoil everything. Here we see
that in the modern FPGA (NEXYS-4 DDR). How much time do you spend on such a
correlation job? Can we do it in real-time? For example, a plane is flying. Can it
calculate the correlation in real-time as it flies? If it takes let’s say 5 minutes to
complete.it is not reasonable. Because between each photograph that the plane is
taken. We need 5 minutes. It is not acceptable. The FPGA should be able to do this
in (milliseconds). Can we estimate, maybe the Vivado program also may tell us? It
may give us an estimate of calculation time on FPGA. That 5 minutes is simulation
time. In real-time, it should be in (milliseconds). The plane flies. It takes (1)
photograph as it moves. For the next photograph in the meantime, it calculates the
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cross-correlation between the two consecutive photographs. So, it estimates how
much it moved based on those photographs. So, it can do it in real-time. If we found
it in 1 minute. It means FPGA needs 1 minute. This is not acceptable. We need to
have a guess. For small images, FPGA stands (1_millisecond). For large images, it
spends hundreds (milliseconds) and these results are acceptable.

6.2. Future Work
A better solution is reading such images from a camera directly. By writing a Verilog
code to load and write image values from a camera. The original size for images was
(5472*3648)*3. It is too much but a fair size may be (1000*1000). For a
(1000*1000), the plane should require a few seconds of calculation. The FPGA can
do it. Just put your code on the FPGA board and see its speed. We assumed our work
as linear translation in 1_direction. For full implementation, rotation and scaling are
required also. Scaling: if the first image is not equal to the second image in scale. We
have to multiply the second image with scale so that it matches the first image .then,
we calculate cross-correlation. For different sizes, when we are taking pictures with
different scaling. We can scale it by constant may not be too much [0.9-1.05] with
0.05 step. Rotation: In the rotation step, there are no thrown-out pixels. Here we
change pixel positions. In between, you are going to find the correlation. You are
going to change the angle of rotation. Each image ref image and test image has an
angle of rotation called alpha (𝛼). We change this alpha by rotating a bit more. The
angle of rotation is [0-20] with 2 steps. It is hard and requires some process and
programming effort.
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