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Abstract:

Thermal imaging is an effective form of night vision technology, with the
ability to operate in the complete absence of any light.

The principle of its work is to capture the infrared part of the
electromagnetic spectrum emitted by objects because these objects emit
electromagnetic waves when their temperature is higher than absolute zero.

Thermal imaging cameras are widely used in military applications for their
capabilities to provide night vision, monitoring, and identification of targets.
Thermal imaging applications depend on specific wavelengths of infrared
radiation (3-5) um and (8-14) um.

The quality of the optical system depends on several factors that in turn
affect the intensity of the image, such as the geometrical aspects of the optical
system design that result in diffraction and aberration, and also depends on factors
related to the nature of the target and its surroundings environment (type of target,
its speed and weather conditions). will be dealt with in this work, an ideal optical
system. That means, studies the effect of factors which related to the target and
its surroundings environment, and analyzing the degradation in the image
intensity, which gives a blurry image to detect a higher intensity value that
required to distinguish the target and not only detect it.

In this study, the thermal imaging conditions was applied to the RSF to find
out the intensity distribution of the detected thermal image in the specific place
of Karbala governorate.

different shapes of camera aperture (circle, square, triangular) were applied
and optical filter to improve the thermal camera efficiency.

Mathcad software will be used to study and develop the performance of

thermal imaging devices using the RSF function as a description of the targets,



as the model it is a promising technology for military applications that try to

improve the thermal camera in the environment of the Karbala governorate.
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Chapter One Introduction and Literature Review

1-1 Introduction

In general, most imaging systems do not give perfect images with
sharp and regular edges, but they mostly form images with definite clarity
with wide edges that have something of a blur. These distortions of
images occur due to two main reasons, namely the phenomenon of
diffraction of light, and aberrations contained in the optical system. A
picture can be defined as a visual representation of what the human eye
sees of people, scenes, or anything else, and can be represented through
drawing, design, photography, and other means. Many applications may
use devices that depend on the formation of images in their work. Such
as medical devices that work on imaging using ultraviolet and X-rays to
produce a medical image. As well as other devices that use ultrasound in
the medical field to produce a medical image for proper medical
diagnosis. Additionally, devices are used in the process of geological
detection for prospecting. All these fields consider the improvements in
image quality is necessary for their quality results. One of these fields is
thermal imaging, which relies on infrared rays in the process of producing
a thermal image of the body through the so-called thermal imaging
image technology developed extensively during the technology [1].
second half of the last century, when different types of devices and
sensors were used in the process of producing better images in different
fields.

In general, cameras are equipped with detectors to distinguish rays
emitted by objects. The thermal camera detects infrared rays based on
the fact that all objects whose temperature is above absolute zero can
emit radiation in the infrared range of the electromagnetic spectrum. As

a result, it works to convert the invisible radiation of objects into visible
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images to the human eye, and these images are called thermal diagrams,
thermal images, or thermal maps [2]. Thus, all thermal imaging systems
consist of radiation detectors, signal processing units, and display units,
or what is known as the image acquisition system for the target to be
monitored [3].

Accordingly, it has become possible to use the data obtained
through thermal imaging, whether directly or indirectly, for many broad
and important applications such as military, agricultural, aviation,
medical, as well as in the field of veterinary medicine and matters of
electrical maintenance [3].

In this study, one can apply the thermal imaging condition to the
Rectangular Spread Function (RSF) to find out the intensity distribution of
the detected image to stimulate the thermal image that was monitored in
the Karbala governorate. The rectangular spread function represents the
optimal expression of the real vehicle shape. Different shapes of camera
aperture (circle, square, triangular) to improve thermal camera efficiency

are applied in this study.

1-2 Infrared Rays

Infrared radiation was discovered by the British astronomer William

Herschel, born in Germany in the year 1800, through a simple experiment
in which he passed sunlight through a glass prism to produce the
spectrum. So, a thermometer was placed at the site of each wavelength
of the visible spectrum to measure differences in the temperature. He
noticed that an increase in the temperature when the thermometer was
moving from the blue color zone to the red color zone of the spectrum.
These changing in the measurements even stay after the red color, where

2
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the temperature is higher. The change in the temperature after the red
region was explained by “thermal rays” which represent a type of rays
that cannot be seen by the human eye. However, when the thermometer
was placed far from the red region, it was found that the temperature
continued to be increased. This increment in temperature is called
infrared. Thus, scientist Herschel defined infrared radiation, which is
radiation that exceeds the red end of the visible spectrum, almost from
the end of visible light to microwaves. After that, studies took place about
to employing and using the infrared radiation it in various fields and
applications to serve humanity [4]. In general, one can define infrared
rays as a type of radiant energy that cannot be seen by the human eye but
can be felt in form of heat.

All organisms on Earth emit a certain level of infrared radiation
when their temperature is higher than absolute zero.
which can be detected by using thermal cameras. Another source of
infrared radiation is the black body, which represents a perfect body that
absorbs all the radiation from its environment without any reflection of

any radiation, as it is characterized by a high emissivity and accuracy [5].

1-3 Thermal Imaging Technology

Thermal imaging is a very important and indispensable technology

in our daily lives because it has many important and useful applications.
The principle of its work is based on capturing infrared rays from

objects, leading to detect all objects that emit infrared rays when their

temperature is higher than absolute zero degrees. It measures very fine

differences in temperature in order to produce a thermogram that helps

in detecting targets [6].
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The amount of emitted radiation and its radioactive distribution
depends on the objects temperature [7].

According to Stefan Boltzmann Law , which describes an inverse
relationship between thermal radiation and wavelength, the amount of
any thermal radiation depends on the amount of energy that emits from
the body, so the ability of the material surface to produce or emit thermal
radiation is known as emissivity. Thus, all materials have more or less
emissivity depending on their properties [8,9]

Thermal imaging technology is considered one of the best and very
powerful remote sensing techniques, as it collects the data required to
produce a thermal image of the target quickly and with high efficiency. so,
it has been used mainly for military purposes and in field studies related
to the environment of animals [9]. It is superior to visual imaging
technology because thermal radiation can pass through the dark, smoke,
fog, and dust in a better way than it is in visible radiation so that targets
can be detected in all weather conditions and different environments
because it depends on the amount of heat the target emits [9].

The devices that uses this technology are thermal cameras, which
have different types according to the required job or type of
requirements.

The thermal camera produces a grayscale image (the image is black,
which indicates cold objects, and white, which indicates hot objects) [6].
Thermal cameras can be used in many different and useful applications in
daily life. They can be used, for example, in discovering things or people
in complete darkness or even when the environmental conditions are

difficult. In addition, thermal cameras can detect targets in environments
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filled with dust or smoke, as well as in environments where lighting is very
low [10].

Since the 1940s, the first infrared detector was used with a
sensitivity of up to 3 um for infrared wavelengths. These detectors have
advanced significantly to be used in a wide range of applications [11].

Since infrared detectors have been created for a wide range of
military and civilian uses, it has proven to determine the spectral range in
which the particular detector must operate for many specific purposes in
order to achieve optimal performance and reach the most optimal
image [12]. Some of the manufacturers offer multi-band detectors,
meaning that these devices can work in the middle as well as far infrared

ranges, but these detectors are very expensive [13].

1-4 Thermal Imaging Elements

The main elements, that make the thermal imaging system reliable,
can be summarized into five elements [13-15]:

1-An optical system through which an image of the required
external scenes is created based on the radiation in the favorite thermal
wavelength range.

2-One or more of the detector elements can convert this radiation
into electrical signals proportional to the captured radiation.

3- Signal amplifiers, which are considered one of the electronic
tools through which the input signal can be amplified to obtain a signal
similar to the input signal and multiply its value to be processed after that

by the electronic processor unit.



Chapter One Introduction and Literature Review

4- An electronic processor that translates the electrical signal and
converts it into a signal that is sent to the screen in the form of colored

areas depending on the temperature.
5- A display unit that converts the recorder's signal into an image

visible to the human eye.

Infrared Infrared Detector
object lens system array

—
-
-
—1
A
-

)

111

[I
1
L

[1]

Processing
electronics

Fig (1-1 ) Thermal Imaging Elements [13].

1-5 Advantages of The Thermal Imaging

Thermal imaging technology has many characteristics and
advantages that make it more used in many applications of our daily life
compared to other technologies. These advantages and main features of
IRT can be summarized as:
1- IRT is a non-contact technology : the devices used in this
technology are not connected to any heat source, so the temperature of
extremely hot objects can be estimated and measured with the utmost
safety without any direct contact between the target whose temperature

is to be measured and the device used in the measurement process.
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2-Thermal imaging devices can produce a two-dimensional thermal
image in a dark environment, and thus a comparison between different
targets and their areas is possible.

3-It can detect moving targets as well as it can detect and monitor
fixed targets in different weather conditions such as bad weather (dust or
fog) or in the dark.

4-1t does not cause in any radiation effects or harmful effects, as in
the x-ray imaging technique, so it can be used repeatedly and for long
periods without producing any damage to the environment.

Therefore, it is considered a technology that does not pollute and
is harmless, so it does not cause any biological changes to the target and
therefore does not affect or change the nature of the target, which wants
to be monitored and tracked, and does not affect the user or the

observer [16—18]

1-6 Types of Thermal Cameras

Thermal imaging cameras are produced in different shapes and
sizes. There are two types of common thermal imaging cameras, which
are classified according to their detectors. The types of thermal cameras
are cameras that do not need cooling and others that need cooling.
The most common types of thermal imaging devices are non -
cooling devices, and this type is widely used because they are suitable in
terms of price while cameras that need cooling are very expensive and
have a large size, in addition to that they consume more energy, but this
type of cameras does not issue Any noise during use (i.e. no sound when

used), in addition to that this type of camera is more accurate at work, so
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it is increasingly used in thermal imaging applications in particular by the
military forces.
The thermal cameras, which need cooling, were originally using
liquid nitrogen in the processing of the cooling, so they are more
expensive than non-cooled systems, where the elements are contained in
a container that maintains the temperature at 0C during use. These
cameras produce images with better accuracy and higher sensitivity. This
is because this type of system can detect differences in temperature of
0.1C at a distance of about 300 meters with a high-quality image
compared to cameras that do not need cooling for their detectors.
Alluringly , it was widely used for monitoring purposes, it was more
popular and used by the military and security forces because it could
determine whether the observed person was carrying a weapon or not

from a certain distance [19-21]

Uncooled camera cooled camera

Fig. (1-2) Types of Thermal Cameras [22].

1-7 The Night Vision and Thermal Imaging Technologies
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In general, thermal imaging technology is a shape of night vision
technology. Night vision is divided into two different technologies
depending on the need and the technology applications.

The first technique is used to improve the image, where this
technology works in a low-light environment. This technique works by
collecting a small amount of light in the region so that these quantities of
light are imperceptible and difficult for the human eye to notice. Then, in
these devices, some amplifiers amplify the visible light available in the
dark environment to form a focused image. The principle of this type of
night vision technology is based on the reflectivity of light. So, the
reflected light from natural sources (such as moonlight, stars, and artificial
sources such as the light of street lamps) is amplified even if the reflected
light has a very low intensity and as shown in the following table (1-1) .
However, this technique is ineffective in the case of complete darkness .

The second technique is the thermal imaging technique, which can
work in regions where light cannot be fully sensed by the eye. In this
region, light emits by objects in the form of heat. Thus, the principle of
this technique is based on emissivity. In particular, in this technique, the
devices can capture the light emitted by objects in the form of heat
instead of reflected light. So that the hotter objects are more emissive
than other cooler objects. Moreover, the hotter the objects, the higher
the percentage of infrared radiation to be converted into a visible image,
and this technology can work in complete darkness and even in
environments where the lighting is completely absent, unlike image

enhancement technology [19,23].

Table (1-1) luminous intensity [24].
Object illumination (Lux)



Chapter One Introduction and Literature Review

Street lights 40-10
The moon 0.1
Stars 0.001
The sun 100000
The brightness of the night sky 0.2-0.5

1-8 Applications of Thermal Imaging Technology

The thermal imaging technology was initially used in particular by
the military as a detection method and surveillance for military purposes.
Nowadays, it has become more spread in many fields and thus has a wider
range of applications [25].

Based on the fact that all objects are capable of emitting an amount
of infrared radiation when their temperature is above absolute zero in the
form of heat emitted at different levels, it has been considered a feature
that has been used in infrared thermography for a variety of
purposes [26].

In addition to other advantages that make thermal imaging
technology more used than other technologies. For example, this feature
can be used for electrical maintenance purposes to discover and identify
any defect that may occur in electrical circuits, for its ability to estimate
the temperature of different parts to avoid costly breakdowns and to
avoid disasters major that may result from it [27].

This feature is also an indicator of health in medical applications,
and in particular, this technology has contributed to the advancement of
the medical field through its use for many medical purposes, by estimating
the temperature. It is successfully used in the process of diagnosing breast

cancer, diagnosing diabetic neuropathy, and identifying disorders in
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peripheral blood vessels and the heart. It has also been used in dentistry,
measuring fever, monitoring the temperature of people with infectious
diseases, as well as monitoring the functions of newborn organs [28,29].

It is mainly used by the army, navy, defense, and air forces, as well
as in civil fields for many purposes. This technology was used by the army
in border control and the implementation of air operations in the
controlling and monitoring of targets.

It is also used in the navy by the coast guard at night to avoid ship
collisions and for guidance purposes, due to the ability of thermal imaging
devices to work at night or in low-light environments in bad weather
conditions. In the case of a low level of illumination, it had a great
contribution to the development of military aviation in identifying the
location of the enemy forces. In addition, it can also be contributed to the
development of civil aviation, which was used for the monitoring of
aircraft [30,31].

The firefighter may face many difficulties during the rescue
operation. Experiencing high temperatures and very thick smoke. In this
case, ordinary imaging devices become unsuitable to operate in such
environments. Therefore, thermal imaging devices were used when fire
accidents occurred, because these devices may work better in such dense
environments than in normal imaging devices. Therefore, thermal
imaging devices were used in firefighting applications because these
devices provide firefighters with important information about the
accident, such as the source of the fire and an estimate of the extent of
the fire in the place, on the basis of which appropriate decisions will be

taken in the rescue operation [32,33].

11
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Depending on this feature (as the temperature is a very important
parameter in all fields), thermal imaging technology can also be used in
the field of agriculture for various agricultural purposes, as the devices
used in this technology are more accurate and more effective in working
in this field than other technologies. Based on the data provided by the
thermal cameras, appropriate decisions are taken in the cultivation
process [34,35].
The low cost of thermal imaging technology in the past decade was
a reason to make imaging devices more widely available and accessible to
everyone and thus to employ it in various fields depending on needs. Since
the process of monitoring animals and their activities in the natural
environment is very difficult for researchers and workers, thus, this
technique was used to survey and observe animals at night, as well as to

solve many problems related to monitoring wildlife [9,36].

1-9 Transmission of The Thermal Radiation Through

Atmosphere

In general, the atmosphere consists of various natural gases, some

of these gases cannot absorb infrared rays, whereas many of them can

absorb these rays. Many air molecules will absorb these infrared rays

when it transmits through the air like carbon dioxide CO; and H20. The

wavelength of the thermal rays determines the amount of infrared rays

absorbed by the air, the quantity of infrared rays absorbed by the air
decreases as the wavelength decreases [37,38] .

The infrared region of the electromagnetic spectrum is divided into

several regions [37,38]:

Near-wave infrared (NWIR) at the range of 0.75-1.4 um

12
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Short wavelength IR (SWIR) at the range of 1.4-3 um

Medium wavelength IR (MWIR) at the range of 3-8 um

Long wavelength IR (LWIR) at the range of 815 um

Far-long wavelength IR (FLWIR) at the range of 15-10000 um

The MWIR region is considered the most suitable area to do in the
thermal imaging process, while the wavelength range of 8-5 micrometers
is practically not usable in the thermal imaging process because of the
higher absorption of this range by the atmosphere.

If the spectral bands 3-5 um of the MWIR region and the spectral
bands 12-8 um of the LWIR region are considered bands in which a
thermal image of the target can be produced [37,38].

After testing the imaging systems operating in these infrared bands
in ground conditions, it was found that the detectors operating in the
MWIR band have good performance compared to their performance in
the LWIR band in most cases. But it was later found that the performance
of detectors in the MWIR band deteriorates more quickly compared to
the performance of detectors in the LWIR band in the case where the
observed targets are cooler [39,40].

This absorption is achieved at low rates in the MWIR and LWIR
bands, allowing more radiation to reach the camera sensor.

The figure below shows the transmittance of the atmosphere for
many different wavelengths. It shows that in the visible part of the
spectrum, ranging from ( 0.4 - 0.7 ) um, only about 60% of the emitted
radiation is transmitted, while in the range between (5 - 7.5) um.
Approximately, there is no transmission of radiation, and all this radiation

is absorbed by the atmosphere as shown in figure (1-3) [27].
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(1-3) Atmospheric transmittance [41] Fig

1-10 Literature Review

W. K. Wong, et al [42],in 2010 proposed a new algorithm, used to
identify targets (humans) by analyzing the data obtained from the thermal
image, to create fast and effective intelligent detection systems to
monitor intruders. This technology is used for the purpose of
distinguishing and identifying any human element, its shape, location, and
dimensions that are examined for better identification. The experimental
results of this research revealed that the proposed intruder detection
algorithm was effective, very fast, and accurate, with an accuracy of
98.62% in the optimal setting .
K. V. Kumar, et al [43] presented in 2013 another study aimed at
improving the efficiency of an optical system suffering from spherical
aberration through the use of Hanning Amplitude Filters, which is
considered one of the most important filters used in optical systems. The

efficiency of this filter is verified in the presence of different parameters
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through the point spread function, as This filter contributed to improving
the accuracy of the resulting image in a way that allows objects to be
distinguished efficiently.
U. Gupta, et al [44], a studying, in 2013, discussion provides a quick
overview of various methods for tracking numerous targets while using
infrared imaging. Every branch of security, including border security,
seashore security, traffic monitoring, and robotics-based rescue
operations, needs an intruder detection and tracking system. The
performance of the tracking is hampered by a number of factors, including
noise, directional view, pose, and illumination. When numerous targets
are being tracked in thermal imagery, the performance of the temporal
median filter (TMF) with kalman filter (KF) is improved. When compared
to other approaches, TMF with KF has a higher positive predictive value
and is more sensitive to target recognition and tracking.
R. Ishimwe, et al [45], offered in 2014 a assessment of infrared thermal
imaging technology applications with a focus on their using for
agricultural purposes. Monitoring nurseries and greenhouses, scheduling
irrigation, discovering plant diseases, and predicting fruit crops are
possible applications of thermal sensing in the field of agriculture. Where
this technique is considered a non-contact and not harmful technique in
for determining the thermal characteristics of any particular organism,
was marked for study.

M.Venkannal, et al [46] presented in 2015 a study aimed at
improving the efficiency of the optical system by using Amplitude filters
for the purpose of producing a clear image and thus increasing the object
recognition distance. The efficiency of this filter was verified by using the

point spread function, while the results of this study proved the
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effectiveness of this filter in improving The efficiency of an optical system
that operates using circular and annular apertures

M. Stumper and J. Kraus [47], presented an article in 2015, which
was a study aimed to investigate the advantage of using thermal imaging
technology in the field of aviation. Thermal imaging technology is used to
maintain the security of the airport perimeter, and the establishment of
the ground control system.

N. Saunier, et al [48], presented in 2016 a study aimed at detecting
and tracking pedestrians. This study discussed the success of using
thermal imaging technology devices in traffic control operations on
internal or external roads, compared with visual imaging devices, due to
the possibility of thermal imaging devices working in all bad weather
conditions of the environment, whether represented by dust, fog, smoke
or darkness, where the resulting image is with visual imaging devices, less
accuracy, and clarity than in thermal imaging devices, so traffic can be
monitored and pedestrians can be tracked well.

M. Bardou, et al [49], presented in 2017 a work in which he
discussed the possibility of using thermal imaging devices in measuring
fever for travelers and examining persons suspected of having infectious
diseases at airports by estimating the temperature emitted from bodies
to avoid human disasters.

A work was presented, in 2018 by S. J. Mambou, et al [50], aimed
at employing thermal imaging technology in the field of medicine to
detect breast cancer. Radiography techniques have been widely used in
the diagnosis of breast cancer. In addition, one of the important methods

used is infrared imaging. A diseased breast always shows an increase in
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thermal activity in potentially cancerous tissues and the surrounding
areas.

B. T. Miethig [51], presented, in 2019, a study of knowing using
infrared imaging in improving the system in self-driving vehicles.

Self-driving vehicles contain thermal imaging techniques that can
identify and track objects that are surrounding the vehicle, leading to
collecting information to help in appropriate driving decisions. The
information that infrared cameras may provide can help in improving
driving by detecting all objects in the vehicle's environment.

a group of researchers, E.H. Kiashari, et al [52], in 2020, presented
a work aimed at reducing road accidents. As the drowsiness of drivers, it
was necessary to work on finding ways to reduce and limit these
accidents. In this research, a new and innovative method was proposed
for detecting the drowsiness of the driver. This is performed depending
on the difference in the driver’s breathing rate detected by thermal
imaging technology for the driver’s face.

M. Mileckaet, et al [53], presented in 2021 a work aimed to provide
a summary of the findings from fire trials. The project's goal was to create
novel fire detection techniques employing IR thermal imaging technology
and specialized image processing. We carried out four studies using
various setups and objects in each experiment. The results of the trials
have demonstrated the enormous value of infrared cameras for spotting
the beginnings of a fire. Hot areas can be found using even inexpensive,
low-resolution bolometric detector modules.

A. A. Kharnoub, et al [54], offered, in 2021, a theoretical model
aimed to study the image intensity distribution of a point object detected

by an optical system containing a single and multi-hexagonal aperture.
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The point spread function used in this study showed the preferring of the
multi-hexagonal aperture and the single hexagonal aperture, where the
multi-hexagonal aperture gave a high resolution compared to the single
hexagonal aperture .

In 2022, another research was performed by A. A. Kharnoub, et
al [55], which aims to study the efficiency of an optical system that works
using a single hexagonal aperture in the case where the optical system
contains aberrations. The results of this work showed a very clear increase
in the value of central intensity in an optical system that works using a
hexagonal optical aperture compared to an optical system that works
using a circular optical aperture. This is an indicator for improvement in
the used optical system, which is one of the most important factors
affecting the accuracy of resulting images .

A. F. Abdul Rahim, et al[56], performed in 2022 a study to
investigate the effect of dust particles on the intensity distribution of the
detected thermal image by an optical system works using a circular optical
aperture. Air pollution with surrounding particles, such as dust particles,
is one of the most important factors negatively affecting the intensity of
the image. It was found in this research that the amount of thermal
radiation emitted from the target to the thermal camera detectors is
affected by the concentration and sizes of the dust particles which is

containing in the atmospheric of the environment surrounding the target

In2022 A. F. Abdul Rahim, et al [57], also presented a work in which
a new mathematical model was created that simulates bar-shaped
objects by a MathCAD program known as the bar spread function. In this

work, the transmittance of infrared rays in the atmosphere at
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wavelengths (5,10) micrometers is studied in foggy environments. The
obtained results proved that the thermal camera that operates at a
wavelength of 10 micrometers is better than the camera that operates at
a wavelength of 5 micrometers under foggy conditions .

Moreover, A. F. Abdul Rahim, et al [58], presented, in 2023,
another work aimed to detect moving objects at different ranges. The
intensity distribution of the detected thermal image of an optical system
operating using a circular aperture was calculated by solving the Bar
Spread Function (BSF) in the case of moving and stationary objects. The
theoretical results obtained in this research were compared with the
experimental images taken by the thermal camera in the Ain Al-Tamor
area of the holy city of Karbala .

This study was close to our study, but by comparing the intensity
distribution in the thermal image produced for moving objects by an
optical system operating with a circular aperture using both the BSF and
RSF equation, it was found that RSF had a better effect on the accuracy of

the resulting image of moving objects.
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1-11 Aim of Work

This work aims to improve the efficiency of thermal imaging by using the
optical filter and different shapes of lens apertures to make more
improvements in the distribution of the intensity at the image level of the
detecting objects at Karbala Governorate at the Ain Al-Tamr. This study

was performed under certain conditions (different ranges and different

speeds of the detecting target).
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Introduction 2-1

The photography technique was one of the best inventions of
science in the documentation process at that time. This technique allowed
the documentation of many results.

In general, the picture was used mainly for documentation,
clarification, and interpretation of the observed phenomena. Because of
the rapid progress in this technology, the concept of the image has been
developed to include more advanced and useful techniques, whereas
personal computers and workstations are powerful and good enough to
handle image data processing [59].

Since the first use of imaging techniques, researchers and scientists
have tried to improve the quality of the resulting images. All properties,
qualities, and features are always represented at the edges of the image.
The designing imaging devices have the goal of representing the most
accurate and important details in the image.

On another side, the clarity of the image is mostly determined by
the effect of both the aberration factor and the diffraction that occur in
optical imaging systems. These factors are the most affected the accuracy
of images. In addition to the factor of distortions that can occur during the
process of recording the signal, the used sensor, its exposure time to the
signal, and the speed of the sensor response, all these factors have a clear
effect on the processing of the image and its contrast. Therefore, any
distortion that occurs and affects the image will affect the amount of
information in the image [1].

Also, the bad quality of the imaging equipment used or the

environmental conditions at the time of image acquisition is one of the
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factors affecting the accuracy of the image, leading to creating an image

with a bad clarity or completely distorted [60].

2-2 Image Distortion Factors

Aberration and diffractions of light in the optical systems
represent the main factors, that affect the image quality, leading to
distortion and blurring of the image features [1].

There is no perfect image that can be produced in any optical
system. Producing the perfect image is related to many things like optical
elements manufacturing, and optical system designing. Optical designers
have the main goal to improve image accuracy so that the results of the
optical systems would be more suitable for a specific purpose that is made
for [47]. Modern algorithms, software innovations, and developments are
methods that may be used to solve problems and can help in improving

images.

2-2-1 The diffraction

One of the most important and common physical phenomena in

optical systems is diffraction, which occurs when the light ray travels

through a specific aperture, causing a deviation in the path of this light
ray [61].

The diffraction is also an inherent property of the nature of light in

the sense that when an optical system is essentially free of aberrations,

its performance is limited only by diffraction. Thus, it is referred to as a

diffraction-limited optical system [62].
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High-quality lenses can be created leading to eliminating the
aberration effects, whereas, the diffraction effect cannot be ignored
because it is related to light properties [63].

The details and information, that obtain from an optical system,
show the effect of diffraction more clearly when the optical aperture is
small (Unlike aberration, whose effect will be less). Meanwhile, this does
not mean that the large optical apertures will be free from this effect, so,
the diffraction effect will also be present [64].

When the light rays pass through a circular optical aperture, the
image of a point source will appear in the form of a bright central disk
containing (84%) of the total energy. Surrounding that bright disk is many
less bright rings in which the rest of the total energy is distributed (16%).

This central disk is called the Airy disk, relating to the scientist Airy,
who considered calculating the intensity of the image of a point object,

which was formed as a result of diffraction, as shown in figure (2-1) [65].

2-1) Airy disk [65])Fig.
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The angular diameter of Airy disk (Bg,4) which is assumed to be the
diameter of the first dark ring is [66]:

=2.44\/D (2-1)Bang
The Airy disk diameter By is:
=2.44\f /D =2.44\(f /NO) (2-2)Byiff = Bang f
2-2-2 The aberration

Optical aberration is one of the most common sources of image
degradation that affects nearly all lens-based imaging systems. Optical
aberration is widely found in optical imaging systems. The advanced
lenses are carefully designed to minimize optical aberration. In general, a
better lens with lower optical aberration is usually larger and has a much
higher cost to manufacture, and thus may not be viable in consumer-
grade cameras [67].

Light reflection, refraction, and diffraction are the reasons for
creating images in imaging systems. Imaging systems are designed to form
images of self-luminous or light-reflecting objects. The created images are
not ideal due to the inherent nature of optical systems as optical
aberrations diminish their accuracy Deviations from optimal conduct are
referred to as aberrations. Traditionally, extended image analysis has
begun with the examination of images of point sources within the optical
system's field of view. A non-physical entity called a point source is used
to determine the point from which light rays come. The geometrical wave
front, which is defined as a surface with an equal optical path measured
along the rays and from the point source.

Every point of an object that travels through the optical system

while maintaining its spherical shape is an indication that the optical
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system is perfect. However, sometimes the converging wave front may
not be spherical but distorted due to the inherent geometry of the optical
surfaces in the system. [68,69].

In general, aberration can be defined as the failure of the rays
emitted from any point in the body to gather at a single point, or the
inability of the wavefront to maintain its spherical during the transition
between optical systems [68,69].

There are two main types of aberration: chromatic aberration and
achromatic aberration, and the latter is classified into five types [70]:

1- Spherical aberration.

2- Coma Aberration.

3- Astigmatism aberration.

4- Field curvature aberration.

5- Distortion aberration.

2-3 Optical system design

The process of producing or manufacturing an optical system goes
through many very important steps that cannot be dispensed with in the
manufacturing process of any optical system. The optical design is the first
step in the production process. The second step is manufacturing the
optical components. Evaluating the manufactured optical components
are the last step before using the optical compounds for what it was
designed for it.
Because the optical system manufacturing process is highly
dependent on the information that the designer determines and through
which the designer can derive the parameters of the optical system. The
optical design is thus the most important step in the manufacturing
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process among the other steps, as it is the basis in the production of
optical systems.

Many specifications, included in the optical design, are the
thickness and diameters of the different components, the radius of
curvature of the surfaces, the air spaces, the distances between the
optical elements and objects, the type of glass that will be used, and the
refractive index of the material from which the lens is made, as well as the
shape of the lens apertures. These parameters can be defined as (degrees
of freedom), where the designer can change it to maintain the required
order.

In general, formed images cannot be completely perfect due to the
designed system may suffer from aberration and diffraction. The main
reason for aberration and diffraction in the formed image is the wave
nature of light. In addition, there are many other factors that in turn affect
the process of evaluating the quality and accuracy of the image that
makes up the optical system. One of these important factors is the
measured spread function, whether it is for a point, a bar, or a line, which
in turn represents the descriptions of the intensity distribution in the
image plane for a specific object (bar, line, point and etc...). The spread
function is dependent on the aberrations occurring in the optical system
or the lens and also on the diffraction resulting from the lens aperture.
The point spread function is one of the very important parameters used
in the process of determining the efficiency of the optical system, where
many functions are derived from this function [62,71,72].

Also, thermal cameras do not differ much in design and
manufacturing steps from optical cameras, with some differences, such as

a difference in the working principle, the spectral range in which they
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operate, and some of the parts that make up each camera, such as the
lens and the sensor used. The principle of operation of optical cameras is
based on the reflection of light on objects coming from lighting sources
present in the scene, so that this reflected light is converted into electrical
signals to then be displayed on the display screen, as these cameras only
work in the range of visible rays [73].

Whereas thermal imaging cameras, their working principle is based
on capturing infrared rays emitted from objects in the form of thermal
radiation and converting them into electrical signals to be later displayed
in the form of diagrams or thermal images with grayscale, regardless of
the lighting, as these cameras only work in the infrared range [74].

These are the most important differences between thermal
cameras and optical cameras. They also each have their own uses and may
have overlap in some applications for the purpose of improving work

efficiency [75].

2-4 Optical Systems Examination

After Finishing the design and manufacturing of the optical element
processes, the inspection process of these optical elements is the next.
This step represents the last step before the optical system is used. The
main purpose of the examination process is:
To determine if the optical elements are suitable for a particular -1
application and meet the purpose.
Ensure that the optical elements fit to design characteristics as -2
much as possible.

Investigate the limitations of image resolution. -3
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The examination process can help in determining the suitability of
the optical elements for the purpose that was designed for and improving
the formed image quality. Two methods are used to examine the optical

system or the lens: quantitative or qualitative [62,71].

2-4-1 Qualitative Examination

The qualitative test allows to determine if the lens contains
aberration or not. The star test is one of the qualitative test methods. A
collimator is used in the star test to create a plane wave that falls directly
on the lens being evaluated. As shown in figure (2-2), the created image
by the tested lens is studied under a microscope.

If the lens under test is perfect, the viewer will perceive a brilliant
circular ring surrounded by many rings of gradually decreasing brightness,
which is known as the Airy pattern. The central disk contains about (84%)
of the intensity, while the rest is distributed over the rings surrounding
the disk, represented by (16%) of the intensity. The human eye is
employed in this process, and while it is a good detector for asymmetry
and shape changes, it cannot display the exact difference in
intensity [66,76].

Where the range of the human eye's ability to distinguish the
lowest possible light intensity reaches approximately 0.1 Lux (and this

amount is represented by the intensity of the moon's illumination) [77].
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Fig. ( 2-2) star test [76]

2-4-2 Quantitative Examination

The Quantitative test is divided into two types:

2-4-2-1 Visual Examination Methods:

The visual test is based on the interference between the wavefronts
coming from the under-checking lens when using an ideal single-

wavelength wave from a point source.
The Twyman-Green interferometer is simply a Michelson

interferometer with a few differences, as illustrated in figure (2-3).
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Twyman-Green interferometer [76]. ((2-3 Fig.

The principle of operation of this scale is based on the interference

of the two waves, one of which is reflected from the mirror, M1, which is
usually flat, and the other is reflected from the mirror, M2, and this is
done after the rays pass twice through the under examining lens. If the
lens used is perfect, the front of the wave reflected from M2 will be flat,
and thus the resulting fringe will be homogeneous and straight in shape.
As a result, the shape of the fringes determined if the lens contains

aberration or not [66,76].

2-4-2-2 The Photometer Examination

This type of evaluation is based on the definition of spread

functions. Many spread functions are calculated like the Point spread
function, Line spread function (simulated for linear objects that are
composed of an infinite number of bright points), Ellipse spread function,
Disk spread function, and Bar spread function are calculated to a specific
case of the optical system and shape of the detected objects [58,78-82].
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This kind of evaluation provides a good description of the intensity
distribution in the image plane that results from an object by the optical
system under investigation.

The spread function is determined by the aperture lens diffraction
as well as the type of aberrations present in the lens or optical
components.

Such functions characterize the image quality of the optical system

under investigation [62,71]

2-5 Depth of Focus

Thus, the depth of focus can be defined as the ability of the lens to
maintain the sharpness of the image and its clarity and what is adjacent
toit [83].

It is considered one of the most important conditions in how to
judge whether the formed image is good or not. In general, the depth of
focus (DoF) of the intensity distribution of the formed image which is
produced by an optical system gives good information and details for the
acceptance of the results of such an optical system.

The simplest example to make the concept of depth of focus clear
and understandable is an image, which is formed to an object located in a
place, where the image of the object is clear while the background of the
object weak and the rest of the details are blurred. This is because the
image was taken with a sharp depth of focus. While, for the same object
if the image shows all the details of the scene and all the image is clearly
defined for the object and its surroundings, which means the background
of the object, this is because the captured image was with a wide depth

of focus.
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Also, the less the distance between the object and the lens

aperture, weak, the object becomes closer to the imaging device, weak

more the background of the object becomes less clear and more blurred,
that is, it becomes out of focus, unlike the clear object.

Also, when the aperture is small, the greater the depth of focus, so

the image is clear with all its details (object and background) and vice

versa [84,85]

2-6 Resolving Power

Resolving power (RP) can be described as the possibility of any
optical system or the ability of the eye to distinguish or separate the two
images of two bright and adjacent points or the separation between two
images of two lines[65].

The first which describes the ability of analysis and set a standard
for it is Rayleigh [64].

One of the most important physical laws that have a great and
important impact on daily life is related to describing the extent of the
eye's ability to separate and distinguish between any two sources far from
the eye, close to each other, and not consistent.

Thus, the analysis ability can be relied upon in determining the
quality and efficiency of any optical system.

So Rayleigh's criterion was as the following: in the case in which the
central light point of the image of one of the two stars is located on the
first dark ring of the other star. This means that both images will be within
the limits of distinction, separation or analysis, as in the following figure

(2-4) [64,86-88]:
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Chapter Three Rectangular Spread Function

3-1 Introduction

Measuring image resolution has been a difficult process, so when
evaluating the performance of any optical imaging system used, it is
necessary to consider the system's response to the nature of the object
and the conditions of the environment in which the object is to be imaged
and the location at which it is located [90].

Image resolution and clarity are a measure of image quality, so
images with high resolution and high contrast in particular will be easier
to distinguish the detected object visually with high accuracy and its
surroundings in the observation environment. While the image has a low
resolution, the process of identifying and distinguishing the object is
limited.

As for the used methods in the image enhancement process, all
methods have been aimed to increase the clarity of the details in the
image by increasing the intensity and the resolution of the image.

As mentioned earlier, there are many methods used in the process
of improving image quality, and among these methods, the most
important and most widely used are the spread functions. Where the
spread functions are one of the most important tools used to determine
the quality of the detected image and the efficiency of the optical system.
In general, it can be said that the process of evaluating the performance
and efficiency of any optical system is done through the use of certain
functions, and The spread functions are interesting in evaluating the
intensity distribution of images at image plane for a specific shape of the

object [91-93].
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3-2 Point Spread Function
The spread point function (PSF) is the optimal measure used in
testing and evaluating optical systems, so the adopted measure to know
the efficiency of optical systems becomes a very important role in the
process of developing the methods used in data processing to the best
possible. [93,94]. It is known that the resulting image of any point source
is not, in fact, a point image, but it is in the form of a spot of light
distributed over a specific area of the image plane. This is called the point
spread function (PSF) [43,95]. The point spread function depends on the
diffraction resulting from the used aperture and aberrations contain in the
optical system [68].
The point spread function, which has other names, such as impulse
response, Green function, and the Fraunhofer diffraction pattern, is a
characteristic of the system under test [62]. When the system does not
contain any aberration, the image of a bright point appears as a finite disk
of intensity distribution surrounded by a series of weak diffraction rings;
only the first is usually bright enough to be visible. This phenomenon was
early expanded by Airy [96].
To estimate and calculate the intensity distribution in the image
plane for a point source, suppose that an optical system contains a lens
forming an image for a point source. It is known that all optical systems
have an aperture placed somewhere in the optical system, where the
image of this aperture is at the object space called (Entrance pupil) and in

the image space called (Exit pupil) [97].
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As it is known that the image cannot be perfectly formed unless the
lens used is perfect and capable of accurately reproducing the object. The
reason for the failure of the used lens to achieve such perfection is due to
both the diffraction phenomenon that occurs by the aperture and the
aberrations. The Point Spread Function (PSF) of a lens is the image of a
point source object created by an optical system, or it is the distribution
of intensity in the image plane of a point object using different apertures.
The complex amplitude in the image plane of a point source located

at the origin (0, 0) in the object plane is given by [98]:

B-D)FW,v") = [[T2f(x,y). e 2" @* 0V dxdy

f(x, y) is the pupil function, which is finite within the used aperture and
equal to:

f(x,y) =t(x, y)eikw("'y ) for inside aperture f(x,y)
=0 for outside aperture

Where: K is the wave number and equal to (2m/A), and A is the
wavelength of the applied source. w(x,y) is the aberration function .t
represents the transparency of the pupil and is equal to one for the
uniform aperture.

As a result, the integral's limits -oo to +o= are limited by the finite extent
of the used aperture.

The image profile's intensity is derived by multiplying F(u', v') with the
complex conjugate F*(u', v') as follows:

G(u,Vv)=F(u,Vv).F(u,Vv) (3-2)

The image intensity of a point source located at the point (0, 0) in the
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image plane is given by:
(3-3)¢ (W, v") = |F(w,v")|?

Or:

2\ w40\ gy |

GG\ = [, [ floy)- e ) dxgy|
Assuming that z\ = 2ru \,m\ = 2mv\, thus, eq. (3-4) can be written as:
{(2\x+m\ 2

@96 mY=|f, [ fGy)-e@mdxdy)
Or:

[0 [ Oy -el@xm)p (e, y,) -
e‘i(z\"lm\yl)dx1 dxdy,dy

=1, |,

1

(3-6)

Equation 3-6 represents the point spread function.

3-3 Rectangular Spread Function (RSF)
In this study, a new spread function was considered for rectangular
objects which are similar in shape to different cars, known as the
rectangular spread function (RSF).
Rectangular objects were chosen because such objects are
common in military applications for surveillance and border security. This
function is used to study the image intensity distribution in the image
plane of an optical system operating using an optical aperture of different
shapes.
Rectangular objects are two-dimensional objects consisting of two
dimensions of length and width represented by the dimensions of cars (A,

B) that contain infinite point sources of non-homogeneous illumination.
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Since the rectangular object has a two-dimensional axis (A, B) and

contains unlimited incoherent point sources, thus, by making the double-
dimensional integral of the point spread function and multiplying with the
intensity function of the rectangular object, the intensity distribution
equation for the rectangular image (rectangular spread function) is

produced as follows:

(3-7)R(z\,m\) = ffooo ffooo R(z,m).G(z\ — z,m\ — m)dzdm

Where (z,m) and (z\,m\) are the dimensionless coordinates in the

object and image, respectively. R(z,m) is the distribution spectrum of the

rectangular object, G(z\-z,m\-m) represents the point spread function
resulting from a single source at the rectangular object.

From eq. (3-6) we can write:

G(Z\ —zm\ — m) = fy fy fx fxl fG,y). [ (x,y1) -
(3-8)ei(z\-2)-x1) . elm\-m)=y) qx. dxdy,dy

1
By substituting eq. 3-8 in eq.3-7 we get:

R(z\,m\)z
2oL L L L L, R@m).feay). £,y
(3-9) ei(#\-2)&=x1) Qilm\-m)-yD gy dxdy,dydzdm

The distribution spectrum of the rectangular object is determined

by the following conditions:

R(z,m) =1 for {zorm <Azorm
< B}R(z,m)
=0for {zorm >Azorm > B}

36



Chapter Three Rectangular Spread Function

Where A and B are the main axes of the rectangular object, so

equation (3-9) becomes:

R(Z\, m\)

:f j f f FO, ). 7 (x1,y1). 12 G20 oim\ 0=y dx, dxdy, dy
y Vi X X

1
(3-10)f_+;;1 e‘iz(x—xl)dzf_f e~ MmOy dm

Using Mathematical relation, the last two integrals in equation 3-10

are equal to [81]:

+A —iz(x—x1) __sinsin [(x—x1)A] )
2, e Vdz = === (3-11)
f+B e—lm(y—yl)dm — sinsin [(y_yl)B] ( 3_12)
—B ¥=y1)

From equations 3-10, 3-11, and 3-12, the rectangular spread function can
be expressed as:

R(z\,m\) =

sin sin [(x — x,)A] sinsin[(y — y;
(x —x1) . -y

L

j j FY). (g, yy). @12 2 gim\3=y2)
X X

1 1

(3-13)

Since the intensity distribution on the image level is symmetrical,
therefore, only one coordinate is taken (z'), so the coordinate (m') assume
to be equal to zero, and after substituting the values of the functions (f, f*)

in the equation 3-13, it results:

R(z\) =

sin sin [(x —x,)A] sinsin [(y — y;)B]
(x — x1) ' v —y1)

dx,dx

L

f f eiz\(x—x1)+ikW(x.y)—ikW(xl,yl)
X X

1 1

Where:
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12\ (x=x1)+ikw (x,y)~ikw (x1,y1)

=c0s cos (z\(x — x1) + kw(x,y) — kw(xy, v} + i
sin sin{z\(x — x1) + kw(x,y) — kw(xy, 1)}

Since the intensity is real, therefore the imaginary part of the above
equation must be equal to zero, thus [81]:

R(Z\)

)Ll

cos cos {k[w(x,y) —w(xy,y1)]
sinsin [(x — x;)A] sinsin[(y —y;)B]

EE S R coapen e )

dx;dxdy,dy

(3-14)

If w(x,y)=0 and w(x;,y,;) = 0for an ideal system, the last equation

becomes:

R(z\)=N L, L, [ f, coscos{z'(x-

sinsin [(x—x1)A] sinsin[(y-y1)B]
. . dx,dxdy,d
e G-y asxandy

X1
(3-15)
The last equation (3-15) represents the final formula of the
rectangular spread function (RSF). A and B: represent the length and width
of the rectangle object.
(N): is the normalized factor whose value can calculated when z=0, and
R(z')=1, so:
1

i,

f f sin sin [(x — x;)A] sinsin[(y — y,)B]
x X1 (x - xl) . (y - yl)

1
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(3-16)
Or:

N
=1

KL L

[ smn oo mbl, o
1 1

1 G-x) G-y

(3-17)

The normalized factor will be calculated for each case of the aperture
shape of the optical system in this work.

3-4 Estimation of the Length and Width (A, B) of the
Rectangular Shape

To estimate the dimension (A, B), referring to the length and width

of the rectangular objects, measurements of different sizes of the vehicle
are performed in this work, where dimension (A) represents the average
vehicle lengths and (B) represents the average vehicle width. Since the
shape of vehicles can be estimated as a rectangular shape, many lengths
and widths of different sizes of vehicles were taken. The measured
vehicles are divided into three groups depending on the size, which are
small-sized vehicles, medium-sized vehicles, and large-sized vehicles. As
shown in table (3-1), the vehicles on which the study was theoretically

conducted are small-sized vehicles.

Table (3-1) The average vehicle dimensions.

Type Vehicles Average Length (m) Average Width (m)
Small vehicles 3 1.6

Medium vebhicles ‘ 4.3 ‘ 1.8 ‘
Large vehicles 13.7 2.6

39



Chapter Three Rectangular Spread Function

In the present study, the values of (3 and 1.6) were taken into
account representing the dimensions (A, B), respectively. One can
mention that just numbers of length and width of rectangular objects

were included.

3-5 Different Aperture Shapes of the Optical System:

In this part of the work, the effect of the shape of used aperture in
the optical system will be studied on the density distribution of the
detected thermal image (image clarity). The shape of the used aperture in
the optical system is one of the most important factors that greatly affect
the intensity distribution in the plane of the captured image for all optical
systems [99].

Different shapes of apertures are applied in this work. Circular,
square, and triangular aperture shapes are chosen for the thermal system.
For comparison, the same area, which is (rt), was assumed for all shapes
of the used apertures to study the effect of just changing the shape of the
used aperture on the intensity distribution of the image.

The limits of the integration in the equation (3-15) represent the
shape border of used aperture in the optical system to produce the
thermal image. When the effect of the shape of the used optical aperture
is involved, the equation of RSF of each optical aperture can be presented

as the following:

1- Circular Aperture:

A circular aperture is considered one of the most widely used optical

apertures compared to other optical apertures such as rectangular,
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square, elliptical, or triangular apertures. Because of the characteristics of
the image formed by the optical system that works using a circular
aperture, it is commonly used in most optical devices. Many advantages
of such aperture compared to other optical aperture shapes can be
mentioned as the goodness at the case when used optical system suffers
from diffraction. On the other hand, the circular optical aperture is free of
sharp edges or corners, unlike other optical apertures such as square,
triangle, and rectangular, which usually affect the intensity distribution of
detected image [100].
The limits of the integral of the rectangular spread function
equation are determined through the circular aperture, which has a
normalized area equal to () and a radius equal to (1). The limits of
integrals can be included by calculating the distance to any point on the

circle, as shown in figure (3-1) [101]:

y
r2 = x2 4 y2 ) )
x? =2 — y? ,
x = +1%—y? —J1—y2 K 1—y2
2 = 1t X <+ > X
r2=1 K
whenr = +1
x=+1-—1y? v

-y
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Fig. (3-1) Circular optical aperture

Thus, equation (3-15) can be written as the following:

R(z\)

J1-y? 1-yf
[ L L L
cos cos z' (x
) sin sn(lx[(ic ;;Cl)A] sin Sl?y[(_yy—l)yl)B] dx, dxdys dy

(3-18)

2- Square Aperture:

Another optical aperture that was used in this work is the square

aperture. The limits of the integral of the rectangular spread function
equation are determined via the square aperture that has a normalized
area equal to (i) and a side length of (v), The limits of the integral can be

calculated through the following [101]:

y

A
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Fig. (3-2) Square optical aperture

Equation (3-15) can be written as the following:

R(z\)
vm vm vm vm
. 2 2 2 2
J N P
2 2 2 2
cos cos z' (x

sin sin [(x — x,)A] sin sin [(y — y,)B]
W T aox) T et

(3-19)

3- Triangular Aperture:

he third used aperture in this work is the triangular aperture. The

limits of the integral in the equation of the rectangular spread function
are determined by the equilateral triangular aperture that has a
normalized area equal to (1) and the length of the horizontal side is (2x).
So, the distance from the middle of the base to the top is (2y). Based on

this, the area of the triangle is A = 2xy=m. Since the triangular optical
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aperture taken in this work is equilateral, the angles of the triangle will be

equal to (600), so that [101]:

2y
2 4
tanf = 7}/ = tan(60) = V3 ‘
So: y = Ex
2
Area=2xy=n
- -
So:. x= 2 N
y = +1.166
60 * | x _ 60 A

From the equation of the line

y = +1.166
y — 1.166
X=——"
V3

Therefore, equation (3-15) can be written as:

R(2\)
y—-1.166 y1-1.166
1.166 1.166
N f J V3 V3
y—-1.166 y1—-1.166
-1.166 J-1.166
V3 V3

cos cos z' (x
sin sin [(x — x,)A] sin sin [(y — y;)B]
—X dx,;dxdy;d
RN RN G-y Ak
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(3-20)

The Effect of the Distance Factor on the Rectangular 3-6

Spread Function:

The distance factor or the distance between the observer and the
observing object, which is represented by the thermal camera and target,
represents an important factor that is investigated in this work. Effects of
such a parameter on the density distribution in the detected thermal
image required to identify the object.

When the influence of this factor is involved in the equation (3-15),

the RSF equation can be defined as:

RSF equation for Circular Aperture: -A

R(z\)
1-y§
S I I
cos cos z' (x
) sin sin [(x — x;)A] sin sin [(y — y,)B] sin sin (tR(x — y)) d. ddv. d
MCEED SR nRGc—y) o
(3-21)
RSF equation for Square Aperture: -B
R(z\)

vr N vm vm
B 2 2 2 2
_Nfﬁ fﬁ jﬁ Jﬁ
2 2 2 2
cos cos z' (x

sin sin [(x — x;)A] sin sin [(y — y,)B] sin sin (rR(x — y))
(x —x1) (v —y1) mR(x — )

- X dx;dxdy,dy
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(3-22)

RSF equation for Triangular Aperture: -C

R(z\) =
y—-1.166 y1-1.166
1.166 1.166 21 ———2
y—-1.166 y1-1.166
-1.166 J-1.166
V3 V3

cos cos z' (x
sin sin [(x — x;)A] sin sin [(y — y;)B] sin sin (rR(x — y))

(x —xq) v —y) TR(x — )

- X dx;dxdy;dy

(3-23)

R: is the distance between the camera and the target (Vehicle).

The Effect of the Linear Motion Factor on the 3-7

Rectangular Spread Function:

The efficiency of a thermal camera depends mainly on the accuracy of
the captured thermal image or the ability to detect and identify the
target. The situation of moving objects at different speeds is considered
one of the most important factors that affect the intensity distribution in
the thermal image. The linear movement of targets and the distance
between the thermal camera and the target affect the accuracy of the

detected thermal images significantly.
In this work, a theoretical calculation of the effect of the linear motion
of the objects represented by the vehicles on the intensity distribution
in the thermal image detected by the thermal camera. The effect of the
linear motion was studied by including a part of the linear motion in the

RSF equation, where the intensity distribution of the detected thermal
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Image is determined, and thus, the quality of the thermal image is

determined. The linear motion factor part can be presented as [58,102]:
tev;

(3-24)L = F*

Where L: is the linear motion factor.
Is the snapshot time for the used thermal camera equal to ( t, =t, :

2—15 sec).
A: The used infrared wavelength, which is for the used thermal camera is
A =10um.
is the optical system focal number, which for the used thermal F*:
camera is equal to 18.

:is the lens focal length of the thermal camera and it is equal to 36 mm.f

v; :is the image motion and can be found from the following relationship:

s|S
—n| =

L = i

or V. _ fu
R

Where:
. is the speed of the object's motion and was determined for a moving v,
target at a different speed in this research.
R: is the distance of the target from the camera.

Including the effect of linear motion factor (L) into the RSF
equation, three different equations will appear depending on the type of

the used aperture as follows:

RSF equation for Circular Aperture: -A
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R(z\) =

J1-y?% 1-yi
S LT
cos cos z' (x

B sin sin [(x — x,)A] sin sin [(y — y,)B] sin sin (nL(x — y))
X R o =) L =) dx;dxdy;dy

(3-25)

RSF equation for Square Aperture: -B

R(z\)

vr vr vm vr
_ N 2 2 2 2
e Je Le |s

2 2 2 2

cos cos z' (x

sin sin [(x — x;)A] sin sin [(y — y;)B] sin sin (nL(x — y))
— X dx;dxdy;dy

(x —x1) v —y1) mL(x —y)
(3-26)
RSF equation for Triangular Aperture: -C
R(z\) =
y-1.166 y1—1.166
N 11.166 11.166 7 1T
y—1.166 y1—1.166
-1.166 J-1.166 73 1 7

cos cos z' (x

sin sin [(x — x,)A] sin sin [(y — y1)B] sin sin (nL(x — y))
- X dx;dxdy,dy

(x —x1) v =) mL(x —y)
(3-27)

Effect of Optical Filter on the Rectangular Spread 3-8
Function) RSF):
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The optical filter is considered one of the most important methods
used to improve the efficiency of optical devices. Such an effect leads to
an increase in the resolution of the image produced by optical systems
and thus, an increase in the distance of recognizing targets. Various types
of optical filters have been used to improve the efficiency of optical
systems. These optical filters such as Hanning filters [103,104], amplitude
filters [105], Hamming Amplitude Filter [106], the parabolic optical
filter [107,108], Complex Pupil Filters [109], and the Gaussian
filter [110]. All of these filters work to improve the accuracy of the
detected image to distinguish the target more accurately and not just
discover it.

In this work, the optical filter (Parabolic Filter) was used, which
concentrates the thermal photons, that come from the targets, in the
form of a Parabolic shape. The expression equation of the parabolic filter
is [108]:

(3-28) f@) = (a+pr)?

Where: represents the filter power order and is equal to N=1, 2, ......
:is @a numerical constant. a
: represents the apodization parameter and indicates the degree of non- g
uniformity of pupil transmission.
r : filter coordinates.
So, equation (3-15) will be in the following form when the effect of the

optical filter factor is included for the circle apertures:

RSF equation for Circular Aperture:
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R(z\) =
1 1 J1-y? 1-yf
N[ | cos cos z' (x —
S Y
sinsin [(x—x1)A] sinsin [(y—y1)B] 2
x1) (x—x1) -y1) [(a+ B (x"+
y*)N] dx,dxdy, dy

(3-29)
The Effect of Attenuation Factor on the Rectangular 3-9

Spread Function

Attenuation of the incoming thermal radiation to the camera detector is
another factor that is investigated in this section. This attenuation is
caused by the dust particles that are contained in the environment of the
detection. The attenuation represents one of the most important factors
affecting negatively the intensity distribution of the detected thermal
Image. It leads some time to completely distorted the detected thermal
image [111].

In this part, we will study the effect of circular, square, and triangular
optical apertures on the thermal image captured in an environment
containing different percentages of these particles to improve the
thermal image.

The equation of the rectangular spread function with the effect of the
attenuation factor is introduced by going through a series of physical
equations. The empirical expression used to calculate atmospheric

attenuation is given by the following equation [112,113]:

3301, = exp[(32) () A

Where:

Ts: is the transition
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A: is the wavelength of IR.

R: is the distance range.

V:is the visibility.

g: is a number, that depends on the size distribution of scattering particles
or the visibility. The value of g can determine as:
when the visibility range is 0.5(km) <V<1(km), the value of g=V -0.5, and if
Vis V<0.5 (km), the value of q is zero.

The Visibility values can be calculated using the following
equation [112,113]:

V =7080x C7%8 (3-31)

Where C is the concentration of particles. The concentration (C) of the
particulate matter, PM, equal to (10, 20, 30, 40, 50) pg/m3, which is
recorded by the meteorological station in Ain al-Tamer area, Kerbala
city.

After extracting values of (V) for each concentration, they are substituted
into the equation (3-30) to calculate the values of (ts) for each case. The

absorbance is calculated for each value (ts) as the following [113,114]

(3-32) A=2—-10g,,(ts%)
Where: A is the absorption of IR at the wavelength of 10 um. Thus, the
equation of RSF (3-15), after including the effect of the absorbance factor,
becomes as the following for different optical apertures:

A-Optical system working using a circular
aperture:

R(z\) =
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1 1 J1-y? \/?f
TR

cos cos z' (x
sin sin [(x — x;)A] sin sin [(y — y;)B] sin sin (nAbs(x — y))
— X dx;dxdy;dy
(x —x;) v —y1) mAbs(x — y)
(3-33)
B-Optical system working using square aperture:
R(z\) =
vm vr vr vm
2 2 2 2
0L
2 2 2 2
cos cos z' (x
sin sin [(x — x;)A] sin sin [(y — y;)B] sin sin (nAbs(x — y))
— x dx,dxdy,dy
(x —x1) v —y1) mAbs(x — y)
(3-34)

C-Optical system working using triangular aperture:

R(z\) =
y—-1.166 y1-1.166
1.166 1.166 21 00
N j j V3 V3
y—-1.166 y1-1.166
-1.166 J-1.166
V3 V3

cos cos z' (x
D00 sin [(x — x,)A] sinsin [(y — y,)B] sin sin (tAbs(x — y))

— X1) G — ) =70 ZAbs(x —3) dx,dxdy,dy
(3-35)
Characteristics of the used Thermal Camera 3-10

(PT-602CZ HD):
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The type of thermal camera that was studied theoretically in this
work is the PT-602CZ HD camera. This type of camera is considered one
of the most advanced security systems that are equipped with advanced
dual sensors. It has the advantage to combine a visible-light imaging
sensor and a thermal sensor. It is also able to track a moving system high
speed with wide ranges. This type of thermal camera has many special
characteristics that make it widely used in many applications and for
different purposes. Especially for surveillance purposes in completely dark
or bright environments or bad weather conditions. There are many other
properties of such cameras making them very attractive for use in
different applications. These characteristics can summarize the most
important of them:

1-PT-602CZ HD Thermal Security Camera works in the detection
range from 3000m to 3300m.

2 - The PT-602CZ HD camera has a high sensitivity, so it works in
broad daylight and at night when it is completely dark.

3 - PT-602CZ HD produces high-resolution thermal images through
which the target can be detected in all weather conditions in the
environment in which the target is located, compared to other types of
cameras.

4 - The PT-602CZ HD camera is equipped with a high-precision
infrared detector operating in the (3-5) um and (8-14) um wavelength
range. This detector helps users to detect all objects in the image, so the
product image is of high efficiency.

5 - This type of thermal imaging camera is equipped with an
advanced optical zoom, where the optical zoom is considered one of the

best zoom methods because it gives clear and real results with the best
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possible accuracy. So, zoom helps through the use of a series of lenses
elements by moving these lenses to zoom in or out. This technique
provides an excellent field of view allowing the ability to get more
accurate images.
6 - The PT-602CZ HD camera can be used with the other cameras as
a collection system or it can be used as a stand-alone monitoring unit.
7- The PT-602CZ HD thermal camera comes equipped with an
advanced and accurate pan/tilt mechanism, allowing the user to freely
rotate the camera 360 degrees. This feature helps to scan the area widely.
8- The PT-602CZ HD camera can be connected to the radar system.
In this unit system operation, if the radar detects an object, the PT-602CZ
HD will automatically turn in the right direction and give a good
recognition so that it will be a unique system with radar.
In the present model of the PT-602CZ HD camera, many parameters
are included in the RSF to stimulate the intensity distribution of the
detected object. These parameters are:
The focal length of the lens is 36 mm. e
The focal number is 18. e
snapshot time of each captured snapshot is 0.04 sec. °
The used infrared wavelength, which is for the used thermal e
camerais A = 10um.
Note: All the features of the camera that we mentioned here were
taken from the catalog of the camera provided by the manufacturer,

make: FLIR Systems.
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Fig. (3-4) The PT-602CZ HD camera

Zone of Study: 3-11

The study area that was chosen in this work is the Ain Al-Tamr area
located west of Karbala Governorate, where this area was chosen based on
the multiple military operations that terrorists and infiltrators are exposed
to. The importance of thermal imaging technology appears here in
detection to counter attacks surprise by the terrorist. So, the information
provided by the thermal imaging cameras is employed to monitor the
enemy's military targets, which is very important in this area of the city of
Kerbala.

In this area, there are several thermal cameras installed in different
places. A study is being done to improve the efficiency of thermal imaging
devices by using different aperture shapes and by using a filter on the

thermal image for different cases.
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This area also suffers from many environmental cases (dust), which

negatively affect the performance of these cameras during the monitoring
process. The effect of different concentrations of particles on the clarity of
the detected image was studied when it is (10, 20, 30, 40, 50) pg/m® which
was recorded by the Iragi Meteorological Organization located in Ain Al-
Tamr area of the holy city of Karbala in

2021 [56].
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Chapter Four Results and Discussion

4-1 Introduction

This chapter includes the results obtained by solving the

rectangular spread function equation for diffraction limit system. The
effects of different parameters were taken into the calculations, such as
the distance factor in which vehicles are located and whether vehicles
don’t move or move linearly. Moreover, the linear motion factor of the
rectangular objects represented by the vehicle is investigated, and the
effect of the filter on the optical system that is working with the thermal
range of wavelength is considered. Finally, the effect of the attenuation
factor is represented by the dust particles with different concentrations.
All the previous parameters or effects are included in the rectangle spread
function (RSF) equation to calculate the intensity distribution of the
detected thermal images for each case. All work-related calculations were
made using infrared wavelength (10 um) and in the Ain Al-Tamr area of
Kerbala city for the thermal camera (PT-602CZ HD). All results in this work
are performed via programming the equation that simulates the shape of
vehicles known as the Rectangular Spread Function (RSF) by using

Mathcad software.

4-2 Effect of Vehicle Linear Motion on the Intensity
Distribution of the Detected Thermal Image.

In this part of the results, the effect of linear motion on the intensity
distribution of the detected thermal image is investigated. Different
velocities of the vehicle will take into account to realize the effect of such
parameters on the quality of the detected thermal image. The speed of a

vehicle is chosen as (40, 80, 120) Km/h for various distances.
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4-2-1 Effect of the Linear Motion on the Detected Thermal
Image for System Operates with Circular Aperture

The velocity values for the detected object are assumed to be equal
to (40, 80, 120) Km/h for different distances (250, 500, 750, 1000, 1500,
2000, 3000, 4000) m. The effect of linear motion on the intensity
distribution of rectangular objects is performed using the RSF equation
through compute the equation (3-25) for a circular aperture.
Figures (4-1), (4-2), and (4-3) show the intensity distribution of the
thermal image of an ideal optical system operating with a circular
aperture for an object with a linear motion of (40, 80, 120) Km/h,
respectively. Distances between the thermal camera and the object were
chosen as (250, 500, 750, 1000, 1500, 2000, 3000, 4000) m. It is clear in
figure (4-1) the RSF curves comprise a main peak starting at (0.952, 0.929,
0.857, 0.762, 0.567, 0.431, 0.29, 0.218) for the case of (250, 500, 750,
1000, 1500, 2000, 3000, 4000) m of distances, respectively. This peak
represents the intensity distribution of the rectangular thermal image at
the image plane. One can observe that a vehicle at a distance of (250 m)
has the best quality compared to the other distances. As, in this case, the
detected thermal image has a high value of intensity, leading to get a high-
clarity thermal image that can be recognized and distinguished evidently.
Figures (4-2) and (4-3) have the same behavior as figure (4-1) for
the intensity distributions at two different linear motions, which are 80
Km/h and 120 Km/h. From these two figures and for all cases of different
distances, the main peak of intensity decreases as the distance increases.
Nevertheless, the observation of intensity distribution in all cases
of different linear motion verifies that with the increase of the linear
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motion, the intensity values become less, and thus, the image is getting
blurrier. In the case of 80 and 120 Km/h of linear motion, the best image
clarity is at the range of (500 m). This indicates that the effect of a high
linear motion of the detected thermal image overcomes the effect of
distances, meaning that the image of a high-speed vehicle makes a
significant effect on the image resolution.
In addition, at the distance of 3000 m for all different linear
motions, the intensity is very low and the main peak becomes extinct,
leading to cases where the object cannot be recognized. Nevertheless, the
thermal images will be completely non-existent at distances of (3000 m

and 4000 m).

——250m
——500 m
—— 750 m
1000 m
—— 1500 m
2000 m
-3000 m
—— 4000 m

RSF(2)

Fig. (4-1) The intensity distribution of the detected thermal image of a vehicle
moving at 40 Km/h for a system operating with a circular aperture.

57



Chapter Four Results and Discussion
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—250 m |

RSF(Z)

Fig. (4-2) The intensity distribution of the detected thermal image of a vehicle
moving at 80 Km/h for a system operating with a circular aperture.
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Fig. (4-3) The intensity distribution of the detected thermal image of a vehicle
moving at 120 Km/h for a system operating with a circular aperture.
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Table (4-1), represent the comparison between the intensity

distribution of the detected thermal images at different linear motions of
the system operates with a circular aperture at specific distances (250,
500, 750, 1000) m between the thermal camera and object. Comparing
the linear motion (40,80, 120) Km/h for a vehicle at (250 m) and (500 m)
of distance, one can be noticed that the intensity of the thermal image
decreases whenever the linear motion of the moving vehicle increases.
Therefore, the best detected thermal image is at a speed of (40 Km/h).
Also, there is a clear difference in the maximum point of intensity among
the three different speeds of the object. These differences in intensity
become less at (750 and 1000) m of distances. This means that the effect
of distance overcomes the effect of vehicle speed, in addition, the effect

of the transversal motion becomes less for a large distance.

Table (4-1) Maximum intensity at different distance and linear motions using a

circular aperture .

Distance  RSF(z=0) RSF(z=0) RSF(2=0)
(m) At vy=40Km/h At vy=80Km/h At vy=120Km/h
250 0.952 0.86 0.728
500 0.929 0.906 0.869
750 0.857 0.848 0.834

1000 0.762 0.758 0.753

4-2-2 Effect of the Linear Motion on the Detected Thermal
Image for System Operates with Square Aperture

A square aperture is one of the advantageous apertures that utilize
in optical systems. In this part, the intensity distribution of the detected

thermal image is calculated for the system operating with a square

59



Chapter Four Results and Discussion

aperture. The effect of linear motion on the intensity distribution of
rectangular objects is achieved using the RSF equation through compute
the equation (3-26) for square aperture.
Figures (4-4), (4-5), and (4-6) show the intensity distribution of the
detected thermal images at the linear motion of (40, 80, 120) Km/h,
respectively. The RSF calculations are performed at different distances
between the thermal camera and the object (250, 500, 750, 1000, 1500,
2000, 3000, 4000) m. Form figures, the intensity distribution of the RSF is
affected by the distances and linear motion, where the maximum value of
the intensity is decreasing by the increasing of distances as in the
illustrated figures. It is also clear that the detected thermal image has a
very weak intensity at a distance of 2 Km compared to the best case in the
same figure. Thus, in such case, the detected thermal image will be
blurred, deformed, and difficult to distinguish between its components.
Moreover, at distances of 2 Km or more, the detected thermal image

cannot be completely recognized.

— 250 M
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Fig. (4-4) The intensity distribution of the detected thermal image of a vehicle
moving at 40 Km/h for a system operating with a square aperture.
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Fig. (4-5) The intensity distribution of the detected thermal image of a vehicle
moving at 80 Km/h for a system operating with a square aperture.
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Fig. (4-6) The intensity distribution of the detected thermal image of a vehicle
moving at 120 Km/h for a system operating with a square aperture.

61



Chapter Four Results and Discussion

As well as the effect of linear motion on the thermal image clarity
is apparent in the three cases. Moreover, at the linear motion of 40 Km/h,
the best value of the central peak is at the distance of 250 m, as shown in
figure (4-4). Nevertheless, in the other cases of 80 Km/h and 120 Km/h,
the best case is at a distance of 500 m. In addition, the cases where the
distance is 250 m become to be worse, as shown in figures (4-5), (4-6).

A comparison is necessary between the intensity of the detected
thermal image for different linear motions (40, 80, 120) Km/h. This
comparison is performed for an optical system operating with a square
aperture at the following distances (250, 500, 750, and 1000 m) to identify
the best detected thermal image of each case.

Table (4-2), illustrated the comparison between the intensity
distribution of the detected thermal images at different linear motions of
the system operates with a square aperture at specific distances (250,
500, 750, 1000) m between the thermal camera and object. The linear
motion affects the central peak values of the RSF intensity for each
distance. From table (4-2), the value of the main peak of intensity in the
image plane decreases when the linear motion is increased. This effect
appears obviously at the range of 0.25 Km. From the figures, the change
in the main peak is insignificant when the distances are large. Therefore,
the effects of linear motion occur at short distances more than the long
distances. Finally, one can judge that the lower value of linear motion has
the best image clarity. Likewise, the effects of the linear motion are very

small at long distances.
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Table (4-2) Maximum intensity at different distance and linear motions using a

square aperture .

Distance RSF(z=0) RSF(z=0) RSF(z=0)
(m) At vy=40Km/h At vy=80Km/h At vy=120Km/h
250 0.952 0.86 0.73
500 0.929 0.906 0.87
750 0.857 0.849 0.835

1000 0.764 0.76 0.755

4-2-3 Effect of the Linear Motion on the Detected Thermal
Image for System Operates with Triangular Aperture

The linear motion effect is calculated for different values of
distances between the thermal camera and the object for the system
operates with a triangular aperture. The triangular apertures considered a
promising optical system aperture. The calculations are performed with
different linear motions of the object under investigation. These linear
motions are (40, 80, 120) Km/h. The effect of linear motion on the
intensity distribution of rectangular objects is performed using the RSF
equation through compute the equation (3-27) for triangular aperture.
Figures (4-7), (4-8), and (4-9) display the intensity distribution of
the thermal image at the image plane of a rectangular object for different
ranges and a specific linear motion of the object under investigation. From
figure (4-7), a distance of 250 m at the linear motion of 40 Km/h is the best
case compared to other cases. Otherwise, when distances increase the
intensity decreases. In addition , the shape and character of the intensity
distribution main peak changes at long distances (< 2000 m), leading to the

deformation of the detected thermal image. In addition, the peak intensity
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value of the RSF has a higher value, when the object is at a distance of 500
m, in the case when the linear motion is 80 and 120 Km/h, compared to the
case where the linear motions of the object are 40 Km/h. The behavior of
the intensity curves at the triangular aperture is the same as the system
operates at the square aperture, where these two apertures give a good
resolution of the thermal images at middle distances compared to the short
one at the low speed of the detected object. In general, the result from the
previous three cases is the thermal camera can detect and predict objects at

a range of less than 2 Km.
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Fig. (4-7) The intensity distribution of the detected thermal image of a vehicle
moving at 40 Km/h for a system operating with a triangular aperture..
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Fig. (4-8) The intensity distribution of the detected thermal image of a vehicle
moving at 80 Km/h for a system operating with a triangular aperture.
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Fig. (4-9) The intensity distribution of the detected thermal image of a vehicle
moving at 120 Km/h for a system operating with a triangular aperture
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Results are applied to obtain a comparison of detected images of a vehicle
moving at a speed of (40, 80, and 120 Km/h) at each of the following
dimensions (250 m, 500 m, 750 m, and 1000 m) using an optical system
that works with a triangular aperture. Table (4-3), show the accuracy of
the detected thermal image by showing a comparison between the
detected thermal image at a specific distance of (250, 500, 750, and 1000)
m for the linear motion of (40, 80, 120) Km/h for each case. The linear
motion of 40 Km/h is the best value of the intensity distribution compared

to all cases.
Generally, the short distances are better than the long distances for the
low object speed. This is indicated from the previous figures and it is clear

for different apertures.

Table (4-3) Maximum intensity at different distance and linear motions using a

triangular aperture .

Distance RSF(z=0) RSF(z=0) RSF(z=0)
(m) At vy=40Km/h At vy=80Km/h At vy=120Km/h
250 0.96 0.872 0.739
500 0.939 0.916 0.88
750 0.87 0.861 0.846

1000 0.774 0.77 0.764

4-3 The Effect of the Distance Between the Object and the
Thermal Camera on the Intensity Distribution of the
Detected Thermal Image
One of the factors that affect the image quality is the distance
between the detected object and the thermal camera. This factor is

investigated in this section for a vehicle without any linear motion
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(unmoving vehicles). Such a factor affects the intensity distribution of the
detected thermal image of vehicles represented by a rectangular object.
Results of the distance effect on the intensity distribution of RSF are
achieved by solving equations (3-21), (3-22), and (3-23) for circular,
square, and triangular apertures, respectively.
Figures (4-10), (4-11), and (4-12) show the intensity distribution of
the thermal image with different apertures, which are circular, square,
and triangular, respectively. The thermal image of a car target is detected
at ranges of (250, 500, 750, 1000, 1500, 2000, 3000, 4000) m. From the
figures we find that the thermal image detected for a vehicle, that has no
linear motion (unmoving or stopped vehicle), decreases in intensity value
and begins to reduce as the distance increases for any optical system that
works with any of the three apertures (circular, square, and triangular).
Likewise, the image detected by the thermal camera for a stopped vehicle
at a distance of 250 m has the best thermal image quality, where the
thermal image, in this case, has a higher value of intensity, this means that
the clarity of such an image is the best compared to the other cases of
distances. This result is similar for all applied apertures (circular, square,
and triangular). Besides, at a distance of more than 2 Km, the thermal
image is difficult to be distinguished, and the difficulty in distinguishing
increases as the distance increases. For all used apertures, the same

behavior appears for the detected thermal image.

67



Chapter Four Results and Discussion

1.0 . S
w— 250 M
e 500 M
— 750 M
0.8 - s 1000 M
w— 1500 M
e 2000 M
0.6 - 3000 M
) ——4000 m
g
D)
® 04- N
02 -1 —
\-\
00 T T v T v I .
0 2 4 = 6 8 10

Fig. (4-10) The intensity distribution of the detected thermal image of an unmoving
vehicle at different distances for a system operating with a circular aperture.
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Fig. (4-11) The intensity distribution of the detected thermal image of an unmoving
vehicle at different distances for a system operating with a square aperture.
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Fig. (4-12) The intensity distribution of the detected thermal image of an unmoving
vehicle at different distances for a system operating with a triangular aperture.

4-4 A comparison Between the Effect of Different Apertures on
the Intensity Distribution of the Detected Thermal

Image
Comparing the three apertures, which were considered (circular,
square, and triangular) to produce a thermal image of the vehicle at
different distances of (250, 500, 750, 1000, 2000, 3000, 4000) m, is
necessary to find out the best image quality. In such cases, all parameters
are similar to show the effect of just the shape of the used aperture on
the intensity values. Since the behavior of the intensity distribution is
approximately similar, therefore, the maximum values of RSF (at z=0) are
taken into account to compare the effect of the aperture on the image
quality. Thus, for all the following figures in this section, the maximum

values of RSF are only used for the unmoving /moved objects.
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4-4-1 unmoving Objects

Figure (4-13) shows the intensity distribution of the detected
thermal image for a system that operates with different apertures
(circular, square, triangular). In this case, the intensity distribution of the
detected thermal image depends only on the aperture shape. The values
of object distances are (250, 500, 750, 1000, 2000, 3000, and 4000) m for
unmoving vehicles.
From the intensity values in figure (4-13), it is found that the
intensity values of the detected thermal image decrease with increasing
the distance for all different apertures. Consequently, the best possible
detected thermal image of the unmoving vehicle is obtained at a distance
of 250 m, where the intensity value is maximum. Besides, the differences
between intensity curves, which represent the system operating with
circular and square, and triangular, are small. Anyway, one can say that
there is evidence indicating that the triangular aperture represents the
best aperture for the system activates for distances less than 2 Km.
Moreover, all square and circular apertures are considered the best-used
apertures for systems operating to detect objects at long distances (more
than 2 Km), nevertheless, the intensity at such distances is very low,
leading to non-distinguish detected images. These indications arise from

high values of intensity at different ranges and for different apertures.
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Fig. (4-13) The intensity distribution of the detected thermal image for the unmoving
vehicle at different distances and for different apertures.

Table (4-4) Maximum intensity at different distances for the unmoving vehicle for

different apertures.

Distance RSF(z=0) At RSF(z=0) At RSF(z=0) At
(m) circular square triangular
aperture aperture aperture
250 0.984 0.984 0.987
500 0.936 0.936 0.946
750 0.86 0.86 0.873
1000 0.763 0.765 0.775
1500 0.567 0.572 0.575
2000 0.431 0.438 0.438
3000 0.29 0.299 0.293
4000 0.218 0.227 0.22

71



Chapter Four Results and Discussion

4-4-2 Moving Objects

The effect of the aperture shape on the intensity distribution of the
object (vehicle) has linear motion and at different distances is investigated
in this section.

Figure (4-14) shows the intensity distribution of the detected
thermal image of an object with linear motion of 40 Km/h for the system
operating with different apertures (circular, square, triangular). Distance
values of objects are considered as (250, 500, 750, 1000, 2000, 3000, and
4000) m for different apertures.

Due to the best values of the intensity, it is clear that the best
detected thermal image obtained from the system works using the
triangular aperture, as well as the best distance of detection is 250 m for

all apertures.
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Fig. (4-14) The intensity distribution of the detected thermal image for a vehicle
moving at 40 Km/h at different distances and for different apertures.
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Table (4-5) Maximum intensity at different distances for the moving

vehicle vy=40Km/h for different apertures.

Distance RSF(z=0) At RSF(z=0) At RSF(z=0) At
(m) circular square triangular
aperture aperture aperture
250 0.952 0.952 0.96
500 0.929 0.929 0.939
750 0.857 0.857 0.87
1000 0.762 0.764 0.774
1500 0.567 0.572 0.575
2000 0.431 0.438 0.438
3000 0.29 0.299 0.293
4000 0.218 0.227 0.22

The detection of the thermal image of a vehicle moving at a speed
of 80 and 120 Km/h is presented in figures (4-15), and (4-16), respectively.
It is obvious that the triangular aperture still gives the best intensity values
over distances in case of less than 2 Km. This range of detection (less than
2 Km) is the effective distance for recognition of an image with good
quality. Thus, one can say that the triangular aperture is the best aperture
for moving objects. Additionally, the best distance for detecting the
thermal image, in the case where the linear motions are 80 and 120 Km/h,
is at the distance of 500 m, which is different that the unmoving object.
This indicates that the higher the linear motion the higher the effective
distance of detection. This is clear from figures (4-28), where the effective
distance of detections started when 500 m.
Finally, in all cases of moving/unmoving objects, the image
produced through an optical system that works using a square and circular

aperture, are similar in the intensity value and RSF behavior.
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Fig. (4-15) The intensity distribution of the detected thermal image for a vehicle
moving at 80 Km/h at different distances and for different apertures.

Table (4-6) Maximum intensity at different distances for the moving

vehicle vy=80Km/h for different apertures.

Distance RSF(z=0) At RSF(z=0) At RSF(z=0) At
(m) circular square triangular
aperture aperture aperture
250 0.86 0.86 0.872
500 0.906 0.906 0.916
750 0.848 0.849 0.861
1000 0.758 0.76 0.77
1500 0.567 0.572 0.575
2000 0.431 0.438 0.438
3000 0.29 0.299 0.293
4000 0.218 0.227 0.22
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Fig. (4-16) The intensity distribution of the detected thermal image for a vehicle
moving at 120 Km/h at different distances and for different apertures.

Table (4-7) Maximum intensity at different distances for the moving

vehicle vy=120Km/h for different apertures.

Distance RSF(z=0) At RSF(z=0) At RSF(z=0) At
(m) circular square triangular
aperture aperture aperture
250 0.728 0.73 0.739
500 0.869 0.87 0.739
750 0.834 0.835 0.846
1000 0.753 0.755 0.764
1500 0.567 0.571 0.575
2000 0.431 0.438 0.438
3000 0.29 0.299 0.293
4000 0.218 0.227 0.22
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4-5 The Effect of Using A filter on the Intensity Distribution of
the Detected Thermal Image

In this section, a filter is used to increase the quality of the detected
thermal image via increasing the intensity value and thus, increasing the
clarity of the detected thermal image for an optical system works with a
circular aperture to detect a rectangular object represented by vehicles to
obtain a better image through which objects can be straightforwardly
distinguished. This filter works to change and focus the incoming thermal
ray to the thermal camera.
Practically, this work can be performed by inserting a filter in front
of the entrance aperture of the thermal camera that works with a circular
aperture to investigate the effect of the filter on the intensity distribution
of the detected thermal image. Theoretically, all results are achieved, in
this section, by calculating equation (3-29) with Mathcad software.
Since utilizing such filters with many parameters gives many
different cases in this work, thus using specific parameters is the best
choice to focus on improving the image quality. In addition, for the same
reason using one aperture (circle aperture which is the aperture that is
used in the thermal camera under investigation) is favored in this case.
Therefore, the parameters that are applied for the filter in this study are:
Circular aperture. -1
p =0,0.25,0.50.75,1 -2
a=0.6 -3
N=1,2 -4
The thermal image is enhanced for images that are detected but
not recognized, and where the intensity value is very low. This is carried

out at a long range and a high linear motion of the object under detection.
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Hence, just long distances are applied in this section to improve the
thermal image. Distances of (1, 1.5, 2) Km are explored in this section to
improve the image intensity. The linear motion, that is considered in this
part of the research, is 80 Km/h. From the previous sections, it is clear that
the effect of the linear motion becomes less at long distances so in this
section just one linear motion is considered to investigate. This linear
motion (velocity) is 80 Km/h for all cases of moving vehicles under thermal
detection.

Figures (4-17) (a, b) display the intensity distribution of the
detected thermal image for rectangular unmoving objects at a distance of
1 Km. This filter is inserted in this case with different values of B and for
N=1 and 2, respectively.

The effect of the inserted filter appears obviously on the intensity
distribution of the detected thermal image. Where the intensity increases
when the value of B increases. =1 represents the best case compared to
the other cases. Increasing the N value leads to an improvement in the
intensity value in the detected image, leading to an improvement of the

image quality, as shown in figure (4-17) (b).
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Fig. (4-17): (a) The intensity distribution of the detected thermal image using a
system with a filter (at N=1) for unmoving vehicle and at 1 Km of distance
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Fig. (4-17): (b) The intensity distribution of the detected thermal image using a
system with a filter (at N=2) for unmoving vehicle and at 1 Km of distance

Figures (4-18) (a, b) display the intensity distribution of the

detected thermal image for rectangular objects with linear motion of
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(80Km/h) at a distance of 1 Km. This filter is inserted in this case with
different values of B and for N=1 and 2, respectively. The figures indicate
that the filter can be used to improve the detected thermal image for a
moving vehicle at a distance of 1Km and speed of 80 Km/h when the value
of B=1 and for both N=1 and 2. In both cases, the detected image is
improved and the quality is better compared to the case where the
system operates without filter.
At a distance of 1.5 Km, the intensity distribution of the detected
thermal image of an unmoving vehicle is shown in figures (4-19): (a, b).
Similarly, the filter is very useful, when it is used to improve the maximum
intensity of RSF, especially at N=2. By using the filter, the intensity value
arrives at the high corrected point and the detected thermal image

becomes very clear.
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Fig. (4-18): (a) The intensity distribution of the detected thermal image using a
system with a filter (at N=1) for moving vehicles with linear motion of (80 Km/h) and
at 1 Km of distance.
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Fig. (4-18): (b) The intensity distribution of the detected thermal image using a
system with a filter (at N=2) for moving vehicles with linear motion of (80 Km/h) and
at 1 Km of distance.
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Fig. (4-19): (a) The intensity distribution of the detected thermal image using a
system with a filter (at N=1) for unmoving vehicles and at 1.5 Km of distance.
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Fig. (4-19): (b) The intensity distribution of the detected thermal image using a
system with a filter (at N=2) for unmoving vehicles and at 1.5 Km of distance.

In the case where the vehicle is moving with the linear motion of 80

Km/h and at a distance of 1.5 Km, the intensity of the thermal image
becomes very low as shown in figures (4-20): (a, b).

It is clear that the quality of the thermal image becomes very bad

to the point where the object cannot be distinguished. Due to the lower

values of the intensity distribution of RSF, the detected temperature of

the vehicle is very weak and the image results are very blurry. Using the

filter helps a lot to improve the image quality as shown in figures (4-20):

(a, b). The detected thermal image is still critical for the case of N=1, but

at N=2 the intensity distribution is excellent especially when B=1 for the

filter.
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Fig. (4-20): (a) The intensity distribution of the detected thermal image using a
system with a filter (at N=1) for moving vehicles with linear motion of (80 Km/h) and
1.5 Km of distance.
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Fig. (4-20): (b) The intensity distribution of the detected thermal image using a
system with a filter (at N=2) for moving vehicles with linear motion of (80 Km/h) and
1.5 Km of distance.
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Figure (4-21): (a, b) show the intensity distribution of the detected
thermal image for an unmoving rectangular object at a distance of 2 Km.
This filter is inserted in this case with different values of  and for N=1 and
2, respectively.
The effect of distances is very effect in this case, where the intensity
values are very low even when the filter is used. By observing the figures,
one can find that the increased in the values of B, the more the detected
thermal image begins to tend to be better and clearer, whether it is for a
moving or stationary vehicle, especially for N=2. Regardless, this
improvement is not beneficial for the detected thermal image, where the
intensity doesn’t enhance very much and the detected image in such case
is not completely improved and unusable. Thus, using the filter at such a
distance (more than 2 Km) is useless and doesn’t help in improving the
image quality. Consequently, distances of more than 2 Km are not

interesting in this study.
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Fig. (4-21): (a) The intensity distribution of the detected thermal image using a
system with a filter (at N=1) for unmoving vehicles and at 2 Km of distance.
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Fig. (4-21): (b) The intensity distribution of the detected thermal image using a
system with a filter (at N=2) for unmoving vehicles and at 2 Km of distance.

To distribute the intensity in the image, the heat detected for a
vehicle moving at 80Km/h at a distance of 2000m using an optical filter as

shown in the following figures (4-22):(a,b).
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Fig. (4-22): (a) The intensity distribution of the detected thermal image using a
system with a filter (at N=1) for moving vehicles with linear motion of (80 Km/h) and
at 2 Km of distance.
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Fig. (4-22): (b) The intensity distribution of the detected thermal image using a
system with a filter (at N=2) for moving vehicles with linear motion of (80 Km/h) and
at 2 Km of distance.

4-6 Effects of the Bad Weather on the Intensity Distribution of
the Detected Thermal Image

One of the important factors, which has a significant effect on the
thermal image quality, is the attenuation factor represented by the
absorbed/scattered rays from the atmosphere of the environment in
which the target is located. This absorption/scattering is because of the
presence of microparticles in the atmosphere where the target and the
thermal camera are placed. Due to the importance of estimation of the
effective recognition distance of the thermal camera in bad weather, in
this section, the effect of such factor is investigated for systems operating
with (circular, square, and triangular) apertures and for different
distances of unmoving targets (vehicles). Distances that are applied, in this
study, are (250, 500, 750, 1000, 1500) m.
The bad weather conditions of the target environment negatively
affect the distribution intensity values of the thermal image, leading to
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form a thermal image of the target which is difficult to identify and
distinguish. Increasing the concentration of the dust particles in the
atmosphere leads to a decrease in the intensity value of the detected
thermal image, and thus, decreases in the distance of detection. Values of
the concentration of the particles (PM) were recorded by the
meteorological station located in the Ain AL-Tamer area of Kerbala City.
These values of PM are (10, 20, 30, 40, 50 pg/m3).

From eq. (3-31), the effective visibility range values can be
calculated depending on the concentration of the particles PM1o. The
calculated values of the effective visibility range are (1.1, 0.64, 0.46, 0.37,
0.31) Km corresponding to (10, 20, 30, 40, 50 pg/m3) of particle
concentrations PM. For different distances between the vehicle and the
thermal camera, the calculation of the RSF is performed by using
equations (3-33), (3-34), and (3-35) for the three different apertures.

(4-6-1) Effects of the Bad Weather on the RSF for System
Operates with Circular Aperture

Figures (4-23): (a, b, ¢, d, e) show the intensity distributions of the
detected thermal image corresponding to the particle concentrations of
(10, 20, 30, 40, 50 pg/m3), respectively and for different values of
distances. The curves denote the RSF of the detected thermal imaging
camera operating with a circular aperture.
Figure (4-23): (a( represents the intensity distributions of the
detected thermal image when the weather has dust particles with a
concentration of 10 pg/m3. For different distances of the target under
detection, it is found that the maximum intensity value of the RSF is for

the case where the distance between the thermal camera and the target
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is 250 m. Meanwhile, the increase in the distances between the thermal
camera and the target leads to a decrease in the intensity value of the RSF
main peak. Arguably that the maximum intensity is less than the same
case when the weather doesn’t have microparticles with a high
concentration. From the figure, it is clear that the limitation of the clarity
of the detected thermal image is at the distance of 1 Km. Therefore, the
detected thermal images at distances more than 1 Km are useless. This is
because of the particle concentrations in the environment, where the
target is located, leading to distortion of the resulting thermal image to
the point where it is completely blurred. The main reason for this situation
is that when infrared radiation spreads through the atmosphere, it will
suffer from many phenomena such as absorption and scattering, which
leads to a reduction in the received signal before it arrives at the detectors

of the thermal imaging device.
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Fig. (4-23): (a) The intensity distribution of the detected thermal image using a
system operating with the circular aperture for unmoving vehicles with a

concentration of particles PM=10 pg/m?3 of different distances.
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In the same advanced context, the same situation can apply to the
higher concentration of dust particles in the atmosphere. Therefore, the
higher concentrations of particles the higher absorption and scattering of
the spreading thermal rays that come from objects, and thus the more
distorted image compared to an image detected in an environment free
from these particles. All this can be noticed from figures (4-23): (b, c, d, e)
of the unmoving vehicle located at different distances and when the
particle concentrations are (20, 30, 40, and 50 pg/m3), respectively.
In these figures, the effect of PM concentration is very clear where
at 50 pg/m?3 of particle concentration, figure (4-23): (e), the real detection

distance is less than 500 m.
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Fig. (4-23): b: The intensity distribution of the detected thermal image using a system
operating with the circular aperture for unmoving vehicles with a concentration of

particles PM=20 pg/m? of different distances.
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Fig. (4-23): c: The intensity distribution of the detected thermal image using a system
operating with the circular aperture for unmoving vehicles with a concentration of

particles PM=30 pg/m? of different distances.
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Fig. (4-23): d: The intensity distribution of the detected thermal image using a system
operating with the circular aperture for unmoving vehicles with a concentration of

particles PM=40 pg/m?3 of different distances.
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Fig. (4-23): e: The intensity distribution of the detected thermal image using a system
operating with the circular aperture for unmoving vehicles with a concentration of

particles PM=50 pg/m? of different distances.

(4-6-2) Effects of the Bad Weather on the RSF for System
Operates with Square Aperture

Figures (4-24): (a, b, c, d, e) show the intensity distributions of the

detected thermal image corresponding to the particle concentrations of
(10, 20, 30, 40, 50 pg/m3), respectively and for different values of
distances. This figure represents the RSF of the detected thermal imaging

camera operating with a square aperture.

The same behavior, for the intensity values of the main peak of RSF,

is observed in the system operating with the circular aperture. From the
figures, which represent the RSF at different concentrations and different
distances between the thermal camera and targets, the reduction in the
intensity values is apparent when the distance increases. Also, the
limitation of the good quality thermal image restricts to the effective
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ranges which depend on the particle concentrations contained in the
weather. For example, at a concentration of particles of 10 pg/m3, the
effective range is 1100 m, which is theoretically calculated using eq. (3-
31). From figure (4-24): (a), the limitation of a good quality detected
thermal image is captured at less than 1000 m. This is identical to the
theoretical calculation of the effective range. In the same cases, figures
(4-24): (b, c, d, e) the limitation of the good quality intensity of the

detected thermal images are (> 1000, >750, >500, >250), respectively.
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Fig. (4-24): a: The intensity distribution of the detected thermal image using a
system operating with the square aperture for unmoving vehicles with a

concentration of particles PM=10 pg/m? of different distances.
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Fig. (4-24): b: The intensity distribution of the detected thermal image using a
system operating with the square aperture for unmoving vehicles with a
concentration of particles PM=20 pg/m?3 of different distances.
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Fig. (4-24): c: The intensity distribution of the detected thermal image using a
system operating with the square aperture for unmoving vehicles with a
concentration of particles PM=30 pg/m?3 of different distances.
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Fig. (4-24): d: The intensity distribution of the detected thermal image using a
system operating with the square aperture for unmoving vehicles with a
concentration of particles PM=40 pg/m?3 of different distances.
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Fig. (4-24): e: The intensity distribution of the detected thermal image using a
system operating with the square aperture for unmoving vehicles with a

concentration of particles PM=50 pg/m? of different distances.
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(4-6-3) Effects of the Bad Weather on the RSF for System
Operates with Triangular Aperture

In the triangular aperture, the behavior of the intensity distribution

of RSF is similar to the situation in the other two cases (circle, square). The
intensity distribution of the detected thermal image is affected by the
amount of particles in the weather where the camera and targets are
located. This is clear from figures (4-25): (a, b, ¢, d, e) which show the
intensity distributions of the detected thermal image corresponding to
the particle concentrations of (10, 20, 30, 40, 50 pg/m?3), respectively and
for different values of distances for imaging camera system operates with

a triangular aperture.

1.0
—250 m
e 500 M
—750m
G0 e 1000 m
—— 1500 m.
0.6+
N
(5
n
E 044
0.2 4
0.0 ' . . ; . v
0 2 4 ¥4 6 8 10

Fig. (4-25): a: The intensity distribution of the detected thermal image using a
system operating with the triangular aperture for unmoving vehicles with a

concentration of particles PM=10 pg/m?3 of different distances.
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Fig. (4-25): b: The intensity distribution of the detected thermal image using a
system operating with the triangular aperture for unmoving vehicles with a
concentration of particles PM=20 pg/m?3 of different distances.
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Fig. (4-25): c: The intensity distribution of the detected thermal image using a
system operating with the triangular aperture for unmoving vehicles with a
concentration of particles PM=30 pg/m?3 of different distances.
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Fig. (4-25): d: The intensity distribution of the detected thermal image using a
system operating with the triangular aperture for unmoving vehicles with a
concentration of particles PM=40 pg/m?3 of different distances.
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Fig. (4-25): e: The intensity distribution of the detected thermal image using a
system operating with the triangular aperture for unmoving vehicles with a
concentration of particles PM= 50 pg/m? of different distances.
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The greater of distance at which the targets are located, the

concentration of dust particles will increase, and thus the
absorption/scattering will increase. Figure (4-26) shows the relation
between the absorption of the incoming thermal rays and the distance
between the thermal imaging device and the target. This figure proves
that the absorption is proportional to the distance for any optical system.
As a result, the increase in the absorption/scattering of the incoming
thermal rays results in intensity degradation in the RSF, leading to
produce a detected thermal image with a high distortion compared to the
image detected in an environment free of dust particles. This has been
clarified in figure (4-27), which shows the relation between the
concentration of the dust particles and the absorption of the thermal rays

that come to the thermal camera.
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Fig. (4-26) The relation between the absorbance and the distance between the
thermal camera and objects to a vehicle in an environment where the concentration
of dust particles is 10 pg/m?3.
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Fig. (4-27) The relation between the absorbance and the concentrations of dust
particles.

Eventually, for all cases (in all three apertures) the captured
thermal images of a vehicle depend on the distances, nonetheless in all
cases the detected thermal image is completely distorted at the distance
of 1500 m. Therefore, the intensity distribution at the distance of 1.5 Km
will be neglected in the next section.
As well as, for all cases, the value of the intensity at the central peak
is always lower than the situation when the weather is free of particles.
This means that the effect of such particles exist even if the concentration

of the particles is low.
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(4-6-4) Comparison Between the Effect of Different Apertures
on the Intensity Distribution of the Detected Thermal
Image at Bad Weather Conditions

In order to know the preference of any of the used apertures in the

optical systems and at bad weather conditions and for specific distances,
the highest value of the central peak of the rectangular spread function
was selected to know which aperture is the best when used. Figures (4-
28), (4-29), (4-30), (4-31), and (4-32) show a comparison between the
maximum intensity value of the RSF of the detected thermal image using
systems operating with different apertures ( circle, square, triangle) at bad
weather condition with concentrations of particles of (PM= 10, 20, 30, 40,
50 ug/m3), respectively. Different distances were selected to investigate
which aperture is better in each case. At distances of (250 and 500) m, the
performance of circle and square apertures are similar and better than
the triangular aperture. This judgment can apply to all cases of particle
concentration. Furthermore, at far distances (750 and 1000), the square
aperture gives a better intensity value compared to the other apertures
(circle, triangle). In the end, to give a final decision in the comparison
between the used apertures, the difference in the intensity value is not
very significant. Thus, these differences don’t affect very much in the
thermal image quality. Meanwhile, distance is a very effective factor in all
cases of different concentrations of dust particles that contain in the

weather.
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Fig. (4-28) A comparison between the maximum intensity value of the detected
thermal image using systems operating with different apertures at bad weather

conditions (PM= 10 p.g/ma) for different distances.
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Fig. (4-29) A comparison between the maximum intensity value of the detected
thermal image using systems operating with different apertures at bad weather

conditions (PM= 20 ug/m3) for different distances.
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Fig. (4-30) A comparison between the maximum intensity value of the detected
thermal image using systems operating with different apertures at bad weather

conditions (PM= 30 p.g/ma) for different distances.
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Fig. (4-31) A comparison between the maximum intensity value of the detected
thermal image using systems operating with different apertures at bad weather

conditions (PM= 40 p.g/m3) for different distances.
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Fig. (4-32) A comparison between the maximum intensity value of the
detected thermal image using systems operating with different apertures at bad

weather conditions (PM= 50 p.g/ma) for different distances.
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5-1 Conclusions

The intensity distribution of the thermal image plays a fundamental and .1
important role in observing and identifying targets, as the rectangular
spread function (RSF) is one of the most important used tools in the process
of evaluating the efficiency of the thermal camera.

It was found that the greater the distance between the thermal cameraand .2
objects (250, 500, 750, 1000, 1500, 2000, 3000, 4000) m, the less clear the
Image becomes.

For unmoving targets, a good detection range with a high-resolution .3
thermal image is obtained at ranges of (250-1000) m, above this range,
particularly at (1000-2000) m, the thermal image becomes a blur and the
target can detect but cannot recognize. a range of more than 2000 m is
impossible to detect and recognize the target for this types of thermal
camera.

The linear motion of objects (velocity) is a very important parameter that .4
affects the intensity distribution of the detected thermal image. For the
selected linear motion values, the high speed of the target, the intensity
value of RSF reduces and thus, the accuracy of the detected thermal image
decreases. The best detection of the thermal image is obtained for the target
moving at a speed of 40 Km/h. For higher linear motions the intensity value
of RSF decreases.

Speed shows a clear effect on the intensity distribution in the image .5
detected for vehicles located at close distances and a small effect on the
intensity distribution in the image detected for vehicles located at long
distances.

the three apertures (circular, square, and triangular) have a good efficiency .6

to detect the thermal image. Additionally, there is no significant difference
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in the intensity value of the detected thermal image for the three different

apertures.

The triangular optical aperture is considered the best aperture in distances .7

of less than 1.5 Km. Producing a good thermal image because the
percentage of efficiency of the thermal imaging depends on many other
parameters, which are out of the field of this study.

For all cases of distances, that were selected in this work, and for all linear .
motions that were investigated, using the parabolic filter is very helpful for
improving the thermal imaging system by improving the intensity
distribution of the detected thermal images.

In the parabolic filter, the parameter N=2 is always better than N=1, by
increasing the intensity values of RSF. Moreover, increasing the value of
the B parameter leads to an increase in the intensity value of the main peak
of RSF, which leads to distinguishing and identifying the targets, and

increasing the range of detection.

The weather conditions, which are represented by dust particles present in .10

the atmosphere of the environment in which the target resides, are affected

obviously by the detected thermal images at the region under investigation.

The obtained results proved that the greater of the concentration of .11

particles containing in the target environment, the more distortion increases
in the image. This is due to an increase in the absorption of thermal

radiation emitted from the object by these particles.

5-2 Suggestions for the Future Work
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A study of the rectangular spread function for optical systems that suffer
from different aberrations and with different orders.

A study of the rectangular spread function for optical systems with the use
of other optical filters.

Using other shapes of apertures (Rhombic, Hexagonal) to investigate the
intensity distribution in the thermal image.

Investigation of the intensity distribution of another shape of objects

(triangular or Elliptical).

Using a multi-synthesis aperture to improve the thermal imaging system. .
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