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Abstract

This project studies theories related to x-ray (or straight line) tomography us-

ing a synthetic image. Projections of a test object are taken at different angles

before being reconstructed back into a cross-section, technically called a tomo-

gram. Since visual inspection of the image quality, as used by other researchers,

can be inaccurate due to its subjective nature, this project applies the structural

similarity index as a tool for image quality evaluation. In straight line tomogra-

phy, increasing the number of projections and applying a filter results in a greater

index and also a better image quality. After studying straight line tomography,

this work investigates finite-element modelling of ultrasonic tomography. In par-

ticular, this project investigates the relative performance of phase-sensitive and

phase-insensitive receivers. These receivers are different in terms of their treat-

ment of the signal. A phase-insensitive sensor destroys the phase information with

respect to the transmitter by responding to the intensity field (or a multiple of the

intensity). Computationally, this corresponds to combining a square of both real

and imaginary part from each sensor element before averaging all the values into

one representative value. The value is then used for the reconstruction. On the

other hand, a phase-sensitive sensor retains all the amplitude and phase of the de-

tected signal. This corresponds to averaging real and imaginary pressure from each

sensor element separately before taking an absolute value. According to the study,

it is found that the receiver size and the phase sensitivity affect the image quality.

3



4

In general, the smaller the sensor, the better the image quality. Phase-sensitivity

is also shown to greatly degrade the image when the receiver is large. Filtering,

instead of improving the image quality, greatly reduces some of the detail when

working with ultrasonic data. A basic ultrasonic tomography experiment is also

carried out using a sample made of agar. It is found that the phase-insensitive

sensor generates a better image quality for larger receivers. However, if the phase-

insensitive sensor is not available, a smaller phase-sensitive receiver may be used

to attain an acceptable image quality. This finding can be very useful in medical

and industrial ultrasonic tomography, in order to improve or develop the imaging

equipment. Furthermore, selected iterative reconstruction algorithms have been

studied and implemented. They require some initial knowledge about the object

as an initial estimation. It is found that the Algebraic Reconstruction Technique

(ART) algorithm works slowly but results in an acceptable image quality. The

ART can also be applied to both straight line and ultrasonic data without any

problems. On the other hand, the Maximum Likelihood Expectation Maximisa-

tion (MLEM) generates an unnatural image, despite the quicker computation.

Keywords: Tomography, image reconstruction ,structural similarity index

(SSim), phase-sensitivity, iterative algorithms
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Chapter 1

Introduction, aims, objectives and

novelties

X-ray CT scanning is widely used in many applications and fields, but many

people may not understand how it works, or what the acronym stands for. CT

stands for computed (or computerised) tomography, which was invented by God-

frey Hounsfield in 1972 [1] and later modified by Greenleaf and Bahn for human

body inspection [2]. It revolutionised the imaging of the human body and led to

more efficient ways of diagnosing many diseases.

Computed tomography relies on detecting a wave, either electromagnetic (such

as light, x-ray, gamma ray) or mechanical (such as acoustic wave)), that is passed

through or emitted from within the object under investigation. This chapter will

briefly introduce the project, outline the objective, as well as describing the struc-

ture of the thesis. This chapter will also describe the original contributions this

project makes.

27
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1.1 What is tomography?

Tomography is the process of obtaining a cross-section of any object, for example,

a region of seawater, a human body, a sensitive industrial sample, or archaeological

artefact. In particular, transmission tomography relies on measuring the wave that

passes through the structure from a variety of directions. These measurements are

then inverted to obtain an image showing the internal structure. Some alternative

types of tomography, such as photoacoustic, positron emission and nuclear mag-

netic resonance, actually rely on electromagnetic wave emission from within the

object. Similar reconstruction techniques are then applied. However, the latter

method is beyond the scope of this work. The term comes from two Greek words:

tomos (to cut, slice) and grapheyn (to write). There are many applications of

tomography, such as surveying the ocean for its physical properties [3], testing

concrete sample for foreign objects [4] and human body visualisation.

For the human and animal body, tomography is a preferable method for diag-

nosis of certain kind of disorders. For instance, the detection of cysts, emphysema

and tumours. It allows clinician to obtain an image of the human abdomen along

a horizontal plane parallel to the waistline (or any other section) without phys-

ically damage the body. However, x-ray tomography does require a larger x-ray

dose comparing to conventional x-ray imaging. This can have long term effects,

including a higher risk of developing cancer. In spite of risk, x-ray tomography

still provides useful data for diagnosis, so balancing between risk and benefit is im-

portant. Ordinary low-dose x-ray imaging is still useful as it gives a 2-dimensional

view of a vertical plane parallel to the body. Reducing risk, however, is still a

good idea. This is one of reasons why alternative methods, such as ultrasonic

tomography, are being investigated.

Imaging by tomography begins with applying an incident electromagnetic or

acoustic wave onto the body. Some portion of the incident wave can be reflected
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back by structures within the body, while the rest can be absorbed and passed

through the body towards the detector. Reconstruction of a cross-sectional im-

age using the reflected wave is termed reflection tomography, while the same

process using the transmitted wave is called transmission tomography. Other

researchers, instead of applying direct acoustic field onto the object, rely on doppler

shifting [5] and x-ray excitation [6].

For succinctness, this project will investigate applying acoustic (in particular,

ultrasonic) transmission tomography. This work is divided into two sections, mod-

elling and experiment. The modelling part involves developing finite element mod-

els of medical ultrasonic tomography. The model uses a moving pair of transducers

instead of a ring transmitter array, since ring array requires slightly more difficult

algorithm to invert data back into an image. The experimental part replicates

the situation in a water bath. The samples were made of agar, not non-biological

materials, to ensure similarity to the actual body. Image assessment as well as

different reconstruction algorithms are also investigated in this work.

1.2 Motivations, aim and objectives

X-ray computed tomography is a useful technique for imaging an object without

destroying it physically. It is widely used in medical and general industries as a

valuable tool for diagnosing defects. Nonetheless, it has two potential disadvan-

tages. First, as the technique relies on ionising radiation and requires many snap-

shots around the body, it can result in an increased risk of cancer and leukaemia

[7, 8]. Some work recently refuted this fact and claimed that x-ray imaging is not

correlated with cancer incidence in short term [9]. Despite the conflict among re-

searchers, safer methods should be in place and implemented as much as possible.

Higher-risk methods should be used in exceptional cases and sparingly. This will
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be discussed further in Chapter 2.

Second, x-ray computed tomography requires relatively expensive systems and

hence places a heavier financial burden on patients and health services. In 2014,

an x-ray computed tomography machine costs at least $50,000 for a basic device.

The price can be much higher if the machine can produce more slices1 and better

image quality [10, 11].

A key difference between x-ray and ultrasonic tomography is that x-ray can

be considered to travel in straight lines (or rays), while ultrasound is subject to

refraction and diffraction. This work, therefore, studies both straight line and

ultrasonic tomography.

In particular, recent work has suggested that there are advantages in ultrasonic

tomography using a phase-insensitive detector, which is claimed to improve the im-

age quality by eliminating phase-related artefacts [12]. This project will also look

at how phase-sensitivity affects image quality using a suitable quality metric (see

Section 3.8) as well as visual inspection. The use of metric is more impartial, but

still require a proper interpretation. Visual inspection often relies on distributing

images to different people and asking for a quality score. Alternatively, one person

might comment using their own judgement. A combination of both quality metric

and visual inspection will be shown as a useful tool for image quality assessment.

In addition to simulating the situation computationally, this project investi-

gates ultrasonic tomography experimentally. This required an existing ultrasonic

calibration device to be refurbished and significantly modified into tomographic

system. Phase-sensitive and phase-insensitive receivers are then used to receive

the signal transmitted through test objects. In the same way as the simulation,

the signal is backprojected (or inverted) to generate a cross-section.

1Slice refers to a 2-dimensional tomographic image that represents one cross section. Several

slices imply more dose and finer detail.
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Finally, some iterative algorithms, which require a suitable initial estimation

to aid the process, are then investigated in detail. The question whether the

algorithm affects the image quality is also answered.

The objectives of this project can be summarised as follows:

1. To set up a simulation of the process of obtaining data and reconstructing

the tomogram using a straight-line model (x-ray).

2. To set up a finite element simulation of ultrasonic propagation, including

refraction and diffraction, through a structure in order to generate realistic

data for use in testing reconstruction algorithms.

3. To take acoustic tomography measurement using a water bath, moving trans-

ducers, and rotating platform.

4. To compare the effect of phase-sensitive and phase-insensitive receiver on

final reconstructions, using both simulation and experimental data.

5. To study the potential benefit of alternative reconstruction algorithms, in-

cluding non-iterative and iterative schemes, in ultrasonic tomography.

6. To propose further development of existing equipment and software into the

real application.

1.3 Structure of the thesis

This thesis is organised into 9 chapters. This chapter gives a brief introduction

and outlines the features of this project. Chapter 2 reviews the historical back-

ground of both x-ray and ultrasonic imaging. Some applications outside medicine
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are also given to emphasise that this project can be modified and applied out-

side the medical field, including non-destructive testing. Chapter 3 covers theories

and principles needed for this project, including the Radon transform, image ro-

tation and acoustic propagation model. Understanding of the Radon transform,

its inverse and the process of basic image processing makes it possible to create a

custom-made program to simulate what x-ray tomography does. Chapter 4 simu-

lates a straight line tomography using a synthetic image as a test object. Chapter

5 then develops the simple acoustic model of propagation and imaging. Chapter

6 applies the moving transducers model from previous chapter with more realistic

object intended to mimic an organic sample. At this point, phase-sensitivity and

phase-insensitivity are introduced and shown to affect the image appearance.

After completing the simulation, several experiments will be covered in Chapter

7. Chapter 8 then covers selected iterative algorithms and their applications to

both x-ray and ultrasonic data. Since the ultrasonic data obtained in Chapter

5 - 7 is reconstructed using unfiltered backprojection, the corresponding filtered

algorithm is then applied to see how it behaves with ultrasonic data. Finally,

Chapter 9 concludes this project and outlines possible future works.

1.4 Novelties

This project has developed some novelties as detailed below.

1.4.1 Modelling of the tomographic device using a full prop-

agation model

This project uses a finite element acoustic model run on COMSOL, resembling the

system suggested by Pan and Liu [13]. This might be the first time that the device

is simulated using this method. Owing to computational constraints, the model
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is run in two dimensions rather than three, making it slightly less realistic. Being

a full acoustic propagation model, it is possible to visualise wave effects (such as

diffraction, reflection and refraction) while the results are being obtained. This is

different from straight line model, in which wave effects are not seen.

1.4.2 Systematic comparison between phase-sensitive and

phase-insensitive and x-ray imaging

There are many previous works regarding use of ultrasonic (and acoustic) waves in

medical imaging and nondestructive testing, but fewer concern ultrasonic tomog-

raphy. For instance, in 1979, Dines and Kak [14] investigated the use of ultrasonic

tomography for imaging the dog heart. It was possible to visualise the internal

structure of the heart, despite a rather low quality final image. Carson et al. [15]

replaced the dog heart with the human breast and argued that more study about

this type of tomography should be carried out. They also stated that although

ultrasonic waves can give useful information for a particular patient, it is still dif-

ficult to apply the device across various breast conditions. There are some works

describing how phase-sensitivity affects the final image quality. John Klepper et al.

used caster oil filled in finger cot as a test object and showed that phase-sensitivity

can affect the attenuation measurement and caused ring artefacts [16]. Recently,

Zeqiri et al. from National Physical Laboratory (NPL) investigated how a phase-

insensitive (PI) transducer improves ultrasonic tomogram quality. The sensor does

not detect the amplitude and phase of the signal with respect to the transmitter.

This renders the sensor useless when the time delay between the transmitter and

the receiver is to be measured and processed into corresponding velocity . In-

stead, the corresponding intensity (which is proportional to the square modulus

of the complex pressure) was detected using the PVDF sensor. This effectively

discards the phase information carried by real and imaginary parts of the pressure.
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The sensor gives one value by responding to the integrated intensity over all of

its elements (or the whole area) without any phase cancellation effects. Zeqiri et

al.’s work was mainly experimental with detailed comments [12]. However, they

also covered the receiver with an aperture to control the amount of wave being

detected. What was the effect of using different receiver sizes? They also demon-

strated that for a large receiver (13 mm), the phase-sensitive (PS) receiver tended

to leave out detail while the PI detector provided an image with better details2.

For smaller receivers3 (1 and 4 mm), there was no significant difference between

PS and PI images. Note that a phase-sensitive sensor can detect the signal in its

original form by retaining the amplitude and phase information. Different sensor

elements give real and imaginary pressure, which can be averaged separately to

give a phase-sensitive pressure.

This project computationally investigates how phase-sensitivity and phase-

insensitivity affect final image quality. A large PS sensor is shown to suffer phase-

related artefacts, including lack of sufficient image detail. A PI sensor, however,

resolves the problem especially with the complex test object. When the PS receiver

is small comparing to the transmitter, however, a good image comparable to the

PI can also be produced. It will be shown that x-ray tomography gives superior

image quality comparing to ultrasonic counterpart, but requires more projections

to obtain the best image quality.

1.4.3 A comparison of algorithms for image reconstruction

The backprojection algorithm (inverse Radon transform, see Chapter 3) has been

investigated by assuming that the waves travel in a straight line. The algorithm

may be classified as filtered or unfiltered, the former being the most popular al-

2See Figure 15 in [12].
3See Figure 16 in [12].
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gorithm in x-ray tomography. A filtered algorithm, nonetheless, does not perform

very well on acoustic data. This is demonstrated by using visual inspection and

image quality evaluation. There is no such quantitative comparison in earlier

works.

Selected iterative algorithms, namely the Algebraic Reconstruction Technique

(ART) and the Maximum Likelihood Expectation Maximisation (MLEM) have

also been investigated and tested on both simulated and experimental data. Both

algorithms, which are often used in x-ray and electromagnetic imaging, have ad-

vantages and disadvantages. It is shown that the ART produces a more natural

image than the MLEM, but both algorithms require some initial estimation for

them to work properly. If the structure is clearly understood, then the ART and

the MLEM are encouraged.

1.4.4 Quantitative evaluation of ultrasonic image quality

The Structural Similarity Index (SSim) was developed by Wang et al. in 2004 [17].

SSim has been applied in the evaluation of x-ray CT image by some researchers

(e.g. [18, 19]). However, there was no further analysis on how SSIM behaves

as parameters are changing; it was only employed as a tool to see the similarity

between reconstructed and reference image. Therefore, this work applies the index

in a more critical manner by looking at how it changes as simple parameters (e.g.

projections number, algorithm and receiver sizes) vary.

There is no known work that concerns the quantitative assessment of ultra-

sonic CT images. Therefore this project introduces this technique in this field, in

addition to classical visual observation. Note that the original work by Wang et

al. used a one-dimensional version of the equation, but this project has modified

it into a two-dimensional version for ease of implementation on the whole image.

It will be shown that for simulated images, SSim can play a very useful role
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in the evaluation. However, for images reconstructed from measured data, SSim

does not match the expectation of visual observation. This might imply that more

suitable reference image (which is difficult to create due to nature of acoustic

propagation) should be made, or an improved similarity index should be developed.

1.5 Chapter summary

This chapter has outlined the research questions, gave the motivations behind

this project and laid out its aims and objectives. This project will be mixture

of computational and experimental work, with some theoretical work as needed.

As a preliminary, straight line tomography will be simulated in order to develop

understanding of tomography. Both simulation and experiments follow.

An ultrasonic finite element model will then be developed, run and studied us-

ing selected parameters, such as phase-sensitivity, receiver size and reconstruction

algorithm. Once the preliminary modelling is completed, corresponding experi-

ments will follow. Since the resulting images are similar in appearance and hard

to judge, a structural similarity index is employed in this work. This is the first

time that this index is applied systematically to the ultrasonic image.

As an important ingredient of PhD, the novelties have been outlined clearly.

These include the use of a finite element model, quantitative image quality analysis,

comparison between phase-sensitive and -insensitive tomography, the application

of existing algorithms on ultrasonic data and the numerical evaluation of image

quality. The next chapter will provide the historical background of both x-ray and

ultrasonic imaging, particularly in medical applications.



Chapter 2

Background

X-ray imaging was accidentally discovered by Wilhelm Roentgen in 1895. It al-

lowed him to visualise the internal structure of a human hand. X-ray imaging

is, unarguably, still very useful in medical imaging. Despite its usefulness, x-ray

imaging can generate only one view or projection of an object rather than a cross-

section. To overcome this limitation, x-ray computed tomography was developed

to allow cross-sectional images to be taken. However, x-rays are ionising in nature

and can lead to mutations and a higher risk of cancer. An alternative method,

ultrasonic imaging, has been investigated and developed.

After their discovery by Galton in 1876, ultrasonic waves have been utilised

in medical and non-destructive testing applications. The earliest evidence was in

1955, when two different tissues were distinguished [20]. Other applications such

as concrete crack detection and tree trunk imaging were also mentioned by many

researchers. In medicine, ultrasonic imaging includes conventional foetal scanning

using an ultrasonic probe and cross-sectional visualisation of the dog heart and the

human skull. Initially, the quality of images was low, but significant improvements

have been made during recent decades. For larger receivers, phase cancellation

effects play a big role in deteriorating the image quality obtained from ultrasonic

37
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tomography. Recently, researchers at National Physical Laboratory proposed the

use of a phase-insensitive receiver in ultrasonic tomography. It is claimed that

once phase is not included, the image quality is, in general, better.

This chapter will cover the historical backgrounds of both x-ray and ultrasound

imaging in a short but informative fashion. The reason why ultrasonic tomography

is chosen for this project will be covered. Deeper and more difficult technical detail

will be discussed in Chapter 3.

2.1 X-ray imaging: the important ingredient of

x-ray tomography

X-rays are electromagnetic waves whose wavelength is about 0.01 - 10 nm, which

is significantly shorter than that of visible light. According to Planck’s law, the

shorter the wavelength, the greater the energy. The energy of each quanta of x-ray

is very large, making it penetrative. In other words, x-rays virtually penetrate

the object from one to another side. X-rays were first discovered by Wilhelm

Roentgen1 in 1895. He evacuated air from a Crookes tube2 and placed it inside

a box, which did not permit the passage of visible light. A paper coated with

phosphor was used as a detector. He found that after putting a hand between the

Crookes tube and the detector, he was able to see an image of a human hand with

shadows of bones. Roentgen also found that some material with a lead covering

tended to block some of the rays. The thicker the lead layer, the darker the detector

[21]. Due to their unknown nature he named the rays “x” just like commonly used

mathematical variable. It was found later by Max von Laue that x-rays belong to

the electromagnetic spectrum. After his discovery, Roentgen was awarded Nobel

1Wilhelm Conrad Roentgen, 1845–1923
2William Crookes, 1832–1919
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Prize in Physics in 1901 [22].

Imaging by x-rays is a straightforward process. It begins with generating x-

rays with a cathode ray tube by accelerating electrons emitted from a filament (or

cathode) so that they collide against a metal target. The target then emits elec-

tromagnetic energy in the form of x-rays, which can then be focused and shaped.

The generated rays are applied onto the sample before being detected by detector

(such as a film coated with silver halide3 or a charge-coupled device.) The inten-

sity of x-rays upon the detector depends on the absorption of a particular part of

the sample, such as a tissue type. In medical applications, the absorption varies

depending on how dense the tissue is. Bone is the densest tissue so that it blocks

most of x-rays while fat and water allow most of x-rays to pass through.

An x-ray image is very useful in “non-destructive” testing for industrial ap-

plications. It is also a vital tool for visualising certain kinds of disorder within

human (and animal) body. For example, once infected with Mycobacterium tu-

berculosis bacteria, the lung will develop small nodes called tubercules made of

denser tissue. There are two ways of testing for tuberculosis: (1) Mantoux test

and (2) x-ray imaging [23], the latter of which is much quicker.

However, the increasing use of x-ray (both 2-D imaging and computed tomog-

raphy) has raised concerns among clinicians and researchers in both UK and US.

Low dose CT scans with state-of-the art image reconstruction techniques are be-

ing sought [7, 24]. Historically x-ray devices involved the application of a higher

dose radiation. As devices improve, lower doses can be achieved. However, there

is a strong correlation between dose and occurrence of leukaemia and lymphoma

[25]. In many developed countries, frequent and early use of x-rays is related to

a higher risk of malignant tumour among patients. Young children tend to suffer

3Halide is a negative ion of halogen (VII) elements. Halogen includes fluorine (F), chlorine

(Cl), bromine (Br), iodine (I) and astatine (At). All of these are toxic.
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from radiation-related disorder later in their lives, comparing to older people [26].

Aside from patients, clinicians and medical technicians who regularly work with

x-ray are posed with higher risks if adequate precautions are not taken. Workers

who work very long tend to get excessive radiation and develop cancer. Younger

workers can also face the same problem, despite better protection devices and

lower doses in modern equipment. This might be due to stronger radiation or more

patients being diagnosed [27]. Many papers also support this finding [28, 29, 30],

although some work disproves this statement [31]. X-ray imaging is therefore

not recommended for young patients and expectant mothers. If the symptoms or

conditions are simple enough, ultrasonics can take a role in diagnosis. It is also

hoped that future work that stems from this project, such as a study of specially

fabricated receiver, can increase the resolution of ultrasonic image and reduce the

risk of cancer due to radiation.

2.2 Computed x-ray tomography

Computed or computerised tomography is the method of tomography which

relies on taking several x-ray images from different views [32]. It was invented in

1972 by Godfrey Hounsfield [1]. The schematic diagram of the system is shown

in Figure 2.1. The x-rays are generated and shaped into either parallel or cone

beam. The beam then penetrates through the object (such as a human body or

a mechanical part) before being detected by the detector. Some of the energy is

absorbed and converted into heat by the object, causing a drop in energy (called

attenuation). In conventional (two-dimensional) x-ray imaging (see Section 2.1),

only one projection is taken.

For tomography, further projections are needed so that a cross-section can

be obtained. After taking the x-ray image at one angle, the receiver moved to
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Transmitter
Receiver

Turntable and
object

Figure 2.1: Simplified configuration of the x-ray CT system. The system works

using a cone-shaped beam, which can easily be transformed into a parallel-shaped

beam.

another angle and another image is taken. The process is carried out repeatedly

until reaching sufficient number of images. These images are then inverted back

into a cross-sectional image called the tomogram. The process is achieved using a

computer, enabling a physician to diagnose the problem inside the patient’s body

(such as cyst, pleural effusion4, haemothorax5 or pneumothorax6).

Being of high frequency, x-ray tomography (as well as other electromagnetic

tomograhy, such as light, ultraviolet, x-ray and gamma) can provide an excellent

image quality. This is due to the fact that waves with higher frequencies tend to

spread or diffract at a smaller angle once they have passed through a slit (i.e. a

small cutting made within the light-blocking screen) or obstacle [33]. Therefore, it

is possible to see the shadow of thick object easily without getting glowing artefact

4A condition of lung surrounded with watery substance.
5Instead of water, there is blood between the lung and pleura (lung covering.)
6Like haemothorax, pneumothorax replaces the water with air, which makes breathing more

difficult.
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(or false edge.)

In common with conventional x-ray imaging, x-ray computerised tomography

is expensive and might increase the risk of cancer. Even with the invention of

low-dose CT, patients can later suffer from cancer as CT is often carried out even

for diagnosis of straightforward medical conditions [34]. It was shown by Bernier

[35] that young patients are most susceptible to x-ray damage. Many researchers,

including those cited recently, called for moderation of use of CT. CT should be

avoided when the condition is clear. If needed, low dose and optimisation should

be applied to reduce the risk.

2.3 Ultrasonic imaging: the counterpart of x-ray

Ultrasound is an acoustic wave with frequency higher than the human hearing

range. It was discovered by Francis Galton in 1876 [36]. His device, the Galton

whistle, was originally used as a sound generator for audiometric purposes. It

works by varying the length of a circular tube while some air is blown over the

open end. After the discovery of piezoelectric effect, the generation of ultrasonic

waves was much easier.

An ultrasonic imaging device is based on the reflection or transmission of waves

at the interface between materials. Both transmitter and receiver are needed to

detect any change in signal level. In 1955, Douglass Howry, an American physi-

cian, and his colleagues demonstrated that ultrasound can distinguish two different

tissues [20]. They generated ultrasonic waves by applying pulses of very high volt-

age upon the piezoelectric crystal. The resulting ultrasonic wave was then focused

onto the sample organ. Some part of the wave was transmitted through the in-

terface; the other part was reflected back to the transmitter which also acted as

a receiver. The beam was moved to other locations so that they could scan the
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sample. In order to verify the capability of differentiating tissue, they embedded

various objects into liver sample and use the same technique. It turned out that

ultrasound can detect the presence of many object, including ones that do not

absorb x-ray (e.g. plastic, wood, rubber).

In addition to detecting different objects, there are some works concerning

about the detection of spongy (or cancellous) bone. The US patent published

in 1969 by John M. Jurist and Wilbur A. Selle described how to measure bone

density by means of mechanical vibration [37]. They used a shaker placed below

forearm bones and fixed a detector around the wrist. They proposed that measured

attenuation and speed of sound can suggest the density of the bone. Another

patent in 1974 suggests that the device can be made compact so that astronaut

can benefit from that [38].

In contrast to Howry’s reflection method, C. Langton et al. [39] measured

the bone density in 1984 by arranging two transducers on the opposite sides of a

sample. The sample was immersed in the water in order to reduce the reflection

due to the impedance difference. The attenuation values computed from healthy

and problematic bone were compared. The result was that the denser the bone,

the higher the attenuation.

Other applications of ultrasonic imaging include baby and abdomen examina-

tion. There are many academic papers describing the use of ultrasonic imaging

for screening and diagnosis. The following are few examples that demonstrate the

importance in medical science. A physician might use ultrasonic image to guide

the needle for collection of the blood from umbilical cord [40]. Baby head and

abdomen circumference can be measured using ultrasonic image as an indication

of postponed growth [41]. In spite of providing a lower resolution image, ultra-

sonic imaging was proven to be superior then x-ray radiograph when detecting

pneumonia. It is also capable of revealing the disorder as early as 24 hours [42].
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There are several experiments concerning measurement of ultrasonic attenua-

tion for biological objects in vitro. C. M. Moran et al. measured attenuation of

the human skin extracted from a dead body. They found that this value increases

with frequency [43]. This fact implies that we need to increase the power of the

ultrasound at higher frequency. Some earlier works also confirm the increasing

trend of the value [44, 45, 46]. In ultrasonic imaging, relative attenuation can be

used to indicate the presence or absence of a foreign object, which has higher value

and often appears darker in the image.

Aside from applying a high voltage onto a crystal or transducer, it is possible

to generate ultrasonic waves by means of applying laser pulse onto the surface

[47, 48]. The resulting wave might be used normally as in conventional ultrasonic

imaging. Another method is to apply laser directly onto the sample, which is

fundamental of photoacoustic imaging.

Outside the medical field, ultrasonic imaging is also used for nondestructive

testing and evaluation. G. K. Self et al. [49] proposed the method of evaluating

the ripeness of avocado using ultrasonic velocity. They found that as the ripeness

increased, the speed of sound reduced. The similar works that utilised an acous-

tic wave include Measurement of avocado softening at various temperatures using

ultrasound by Flitsanov et al. [50]. The authors, instead of insonifying the whole

avocado section, applied an acoustic wave at grazing angle. The wave transmitted

through a very thin section of fruit was collected and analysed. It was found that

wave attenuation increased as the fruit ripened. This indicates that equipment

developed in this project might be used for that purpose.
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2.4 Acoustic and ultrasonic tomography

Acoustic tomography is the use of sound or ultrasonic waves for studying the cross-

sectional properties of some object. One of it’s applications involve the study of

seawater temperature. It would be expensive and almost impossible to measure

the temperature point by point. Walter Munk and Carl Wunsch examined in their

paper how to measure this property by using several buoys. Each buoy acted as

both transmitter and receiver. The travel times measured were analysed in order

to reconstruct a temperature map [51]. The advantage of this technique over x-

ray is that seawater heavily attenuates electromagnetic waves, but not mechanical

waves [52].

In terms of the human body, it is possible generate very high frequency ul-

trasonic waves that are capable of penetrating a human tissue. The transmitted

or reflected waves carry the information that can be reconstructed back into a

tomogram.

It has been suggested that, aside from the Magnetic Resonance Imaging, ul-

trasonic imaging and tomography may be useful for early screening of cancer [53].

This effectively reduces the cost of treatment as well as deaths caused by breast

cancer [54]. According to Cancer Research UK and British Office of National

Statistics, this type of cancer is ranked third as the main causes of death in the

United Kingdom [55]. Cancerous tissue detected by ultrasonic method is mostly

invasive (i.e. it can expand uncontrollably and damage other organs) and easily

found in woman whose breasts are dense [56]. From this, it may be useful to study

how acoustic tomography works numerically and identify any limitations.

In contrast to conventional ultrasonic imaging, ultrasonic tomography involves

taking several snapshots from different angles, using a specially designed trans-

ducer. These projections are reconstructed into a cross-sectional image just like

computed x-ray tomography. The limitations involving in this process include
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diffraction, scattering and transducer design [57]. If straight line propagation is

assumed, the algorithm for x-ray may be applied easily at the expense of error

[58]. With appropriate design of the transducer and reconstruction algorithm, it

is possible to reduce the effect of diffraction.

The process of ultrasonic tomography involves setting up the scanning config-

uration. In the pioneering work by Greenleaf et al. [59], they suggested the use of

existing configuration and algorithm similar to those for x-ray tomography. The

original x-ray transmitter and receiver were replaced with ultrasonic devices. This

is the basis of transmission ultrasonic tomography. After measuring the trans-

mitted pressure, the attenuation can be computed easily before backprojection to

get the final image. This process is carried out at several angles to produce the

tomogram. In the experiment, Greenleaf et al. studied breast from in vivo7 and

in vitro8 samples. Another method published independently is to detect time of

flight (i.e. the time it takes for ultrasonic wave to propagate through the sample)

so that a velocity profile can be constructed [60]. The limitation of the method

at that time was demonstrated by John Klepper et al. [61], who did the same

experiment on dog heart with myocardial infarction9. They showed that using

a phase-insensitive ultrasonic detector (i.e. the receiver that does not take into

account the phase information present in the signal) is preferable to using a phase-

sensitive transducer. Phase-insensitive devices do not exhibit phase cancellation.

A phase-sensitive detector, however, is still useful for time-of-flight tomography.

The phase of transmitted and original signal can be used to determine travel time

and therefore the average speed of sound.

Dines et al. tried a scanning process which is similar to one used in this

7Living sample.
8Dead sample.
9A condition in which blood cannot flow into some part(s) of the heart, making some of its

muscles died.
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project [62]. They used skull from a cadaver10 as the sample. For an infant’s

head, they used a centre frequency of 5 MHz, but this was lowered to 750 kHz

for adult. Dines et al. also compared the tomogram produced by acoustic data

with that generated from x-ray tomography. The result was fairly frustrating; the

acoustic image barely showed rough brain structure. This was probably due to

too low power being used in the imaging process. Dines’s research also utilised a

manual rotation platform, which can give rise to unsatisfactory results. Pan and

Liu also used the similar configuration [13]. One mode involved the use of parallel

moving transducers (Figure 2.2), while another mode moves just a receiver with

respect to a stationary transmitter. For each emitter location, there is acoustic

profile which Pan and Liu called “miniprofile.” Peak, sum, sum square or average

of a miniprofile was then used in the reconstruction process. They found that

avaraging miniprofile into one representative value for one transmitter location

resulted in the best image quality. However their conclusion was based wholly on

visual inspection. To reduce complication, this project will use fully-automated

device which does not require manual movement of the transducers.

Recently, Opielinski and Gudra simulated the limitations of acoustic tomog-

raphy (which also apply even when conventional 1-D imaging is carried out) [63].

They studied the imaging of circular and square object. They found that the

square object significantly suffered from refraction. Four corners which were sharp

became blunt and smooth in the reconstructed image. They also studied image

distortion minimisation algorithms, which slightly improved the quality of image.

Aside from two-transducer configuration, ultrasonic tomography may be car-

ried out using a circular array of transducers (Figure 2.3). Gemmeke and Ruiter

developed 2-D and 3-D tomographic devices using several transducers placed in

a circular array [64]. The scanning process involved energising one transducer

10Medical term for dead human.
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Direction of movement

Test object
being rotated

Transmitter

Receiver

Figure 2.2: Automatic parallel transducer configuration. Both transmitter and

receiver are moved together upon the same normal line. The object is rotated

after being scanned in order to obtain projections.
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Figure 2.3: Circular array of transducers. One or more transducers are energised

so the pressure field can be detected from others.
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before detecting reflected and transmitted signals at the other transducers. A

sophisticated algorithm was used to obtain the final tomogram. Li et al. used a

similar configuration for imaging human breast of different types. It was suggested

that certain biological object transparent to x-ray (e.g. fat, certain tissue) may

be detected using ultrasonic tomography [65]. This project will only focus on the

moving transducers configuration.

More recent experiments include the work of Holstein et al. [66] and Zeqiri et

al. [12]. Holstein and his colleague suggested that both transmitters and detectors

can be arranged simply by mounting transducers on the four sides around the sam-

ple, similar to what oceanographers do when they want to reconstruct a seawater

temperature map [51]. The time-of-flight between the detector and the transmitter

can be converted into a sound speed profile and used for reconstructing an image.

The image quality obtained, however, was low as more sensors were needed for a

finer image. Another experiment by Zeqiri et al. used a better configuration for

tomographic study. The sample was immersed in a water bath, which sat upon the

turntable. The object was insonified before the transmitted signal was detected

by a phase-insensitive transducer. Attenuation was computed from the informa-

tion recorded and reconstructed into a tomogram. In their study, they claimed

that the phase-insensitive transducer produces an output voltage that depends

only upon incident acoustic intensity. It was also noted that a phase-sensitive

transducer gives rise to an unwanted artefacts, which can be eliminated by using

a phase-insensitive transducer. Busse and Miller also demonstrated that a phase-

sensitive transducer is sensitive to any discontinuities within the sample and gives

overestimated values at the discontinuity point within the sample [67].

Acoustic tomography is also useful outside the medical field. For instance, re-

cently, the ability to scan and detect the presence of an iron wire embedded within

a block of concrete has been demonstrated. Schabowicz proposed the method for
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detecting foreign object (foam) and crack in concrete using reflection tomogra-

phy [68]. Soetomo et al. used two shifting transducers matched with a block of

concrete to get the transmission projection, which is then reconstructed back into

tomogram using an iterative algorithm [69].

2.5 Chapter summary

This chapter has reviewed the background and history regarding imaging using

x-rays and ultrasound, both of which have a different nature. X-rays are an elec-

tromagnetic radiation that is capable of producing an internal image of human

body and other objects. Due to the limitations of two-dimensional x-ray imaging,

computed tomography was developed to allow a cross-sectional view to be taken.

Ultrasound was proven to be useful when imaging different tissues and objects

which cannot be imaged using x-ray. Computed tomography, together with ultra-

sound, is beneficial for nondestructive testing. Nonetheless, the image quality was

low and unimpressive, as there was no extensive study on image quality produced

by ultrasonic tomography. Therefore, an improvement of ultrasonic image quality

is being sought. In particular, the potential improvement of image quality by us-

ing a phase-insensitive sensor needs to be studied in detail. The next chapter will

review the deeper theory needed for this project, including Radon transform and

reconstruction algorithms.
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Chapter 3

Theory

This chapter covers the detailed theory of acoustic propagation and tomography.

A simple model for the acoustic propagation and attenuation are covered first. The

mathematical theories of projection, namely the Radon transform and its inverse,

are then covered. These are the bases of non-iterative tomographic reconstruction.

To implement these equations on a computer generated object, it is necessary to

rotate the sample, just as the actual experiment. Therefore, the algorithm for

rotation of images is covered briefly. Backprojection or inversion is then described

and also requires the rotation algorithm. Once these fundamentals are covered,

two selected iterative algorithms, namely ART and MLEM, are then introduced

in a concise but easier way. Since this project involves the use of a pyroelectric

sensor, detail regarding the transducer is also covered.

Finally, as a novel approach, image quality analysis is introduced. Tradition-

ally, the evaluation of images relies on visual inspection, often by trained personnel.

Different people, when evaluating the same image, can give different comments

and ratings. Therefore, a quantitative comparison methods of two images (re-

constructed and reference) are covered. These methods will be used for image

evaluation in later chapters.

53
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3.1 Mathematical model for acoustic propaga-

tion

The acoustic propagation may be expressed as either a lossy (i.e. the situation

in which wave energy is converted to heat or other forms of energy) or a lossless

Helmholtz equation. For the lossless situation

∇2pt (~r, t) =
1

c2

∂pt (~r, t)

∂t
, (3.1)

where pt is an acoustic total pressure, k is a total wavenumber and ~r is a position

vector. The operator ∇2 is called Laplacian and depends upon the choice of

coordinates system [70, Ch.1]. Here, the total pressure pt is given by pt = p+ pa,

where p and pa denote acoustic and atmospheric pressure respectively. If pt (~r, t) =

pt (~r) ejωt, then the Equation (3.1) reduces to

∇2pt + k2pt = 0, (3.2)

where k = ω/c is a total wavenumber. Equation (3.1) is the wave equation, which

can be derived from different methods in both acoustics and electromagnetism.

Meanwhile, Equation (3.2) is referred to as the Helmholtz equation.

For a more complicated situation (such as a lossy propagation, or with the need

to take source terms into account), Equation 3.1 becomes [71]

− 1

ρc
∇ · (∇pt − qd)−

k2
eqpt

ρc
= Qm, (3.3)

where

k2
eq = k2 − k2

z . (3.4)

Here Qm is a monopole source term, qd is a dipole vector, keq is a wavenumber

on the x − y plane and kz is a wavenumber on the z axis. Vector addition of keq
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and kz results in the total wavenumber k. In other words, vector subtraction of kz

from k gives keq, as expressed mathematically in Equation (3.4).

To solve these equations, some special techniques or software must be used.

There are many partial differential equations packages, but only few are capable

of solving the problem1, for example, Agros2D (https://www.agros2d.org) and

COMSOL Multiphysics (https://www.comsol.com/). Since COMSOL offers more

advanced options and interfaces with other programming languages as well as being

available, it was chosen as the main tool for solving the problem. The package

requires the user to sketch the geometry, select relevant properties of a material,

choose a physical problem to study, add suitable initial and boundary conditions,

and run for the result without the need of basic programming. However, if more

advanced techniques, such as model automation and automatic parameter change,

are needed, then another MATLAB program must be written to coordinate with

COMSOL, collect, and process data.

In addition to solving Equation (3.1) - (3.4), the software also offers several

types of boundary conditions. For instance,

1. Hard (no vibration) boundary, defined by −n · (∇pt − qd) = 0;

2. Soft (vibrating) boundary, defined by pt = 0;

3. Boundary with impedance, defined by −n · (∇pt − qd) = − jωpt
Zi

;

4. Matched (absorptive) boundary, defined by −n · (∇pt − qd) +
j(k2eq−k21p)

ρc2k1
+

j∆p
ρc2k1

= Qi.

This project will use the matched boundary condition, which absorbs any waves

that impinges onto it, and also the boundary with impedance, which allows some

part of the waves to be transmitted or reflected.

1Presumably, many packages are designed for mechanical and civil engineers, rather than

acoustic engineers.
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3.2 Simple model of sound attenuation

Attenuation is defined as a loss of energy and amplitude of the sound wave [72].

If α is an exponential attenuation coefficient, then the acoustic pressure in 1-D

can be expressed as

p̃ (x) = Ãe−αxe−j(ωt−kx), (3.5)

which can be rearranged so that the complex wavenumber k̃ is given by k̃ = k+jα.

Equation 3.5 can now be rewritten as

p̃ (x) = Ãe−jωtej(k+jα)x = Ãe−jωtejk̃x. (3.6)

Equation 3.6 shows that the propagation with complex wavenumber indicates lossy

behaviour. In other words, a medium of which the imaginary wavenumber is non-

zero dissipates energy from the moving wave.

Since the wavenumber k̃ is a ratio between the angular frequency ω and the

speed of sound c̃, we may write

k̃ =
ω

c̃
,

or

k + jα =
2πf

cr + jci
=

2πf (cr − jci)

c2
r + c2

i

, (3.7)

where f is the frequency corresponding to the angular frequency ω. Subscripts r

and i stand for real and imaginary parts of the corresponding quantity. It then

follows from Equation 3.7 that

k

α
= −cr

ci
. (3.8)

Equation 3.8 relates real and imaginary parts of the two quantities k̃ and c̃ together.

It is therefore possible to include attenuation in the numerical model by setting

the wave speed as a complex number (in contrast to pure real number as usual).
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It is also possible to quote the attenuation, in decibel, as the ratio of transmitted

signals with and without an attenuation. From Equation (3.5) without α,

p̃ (x) = Ãe−j(ωt−kx) (3.9)

Dividing Equation (3.5) by (3.9) and taking a signal logarithm2 gives

AttenuationαdB = −20 log10 e
−αx ≈ 20αx× 8.69, (3.10)

which converts the unit of α from Np/m to dB/m.

3.3 Radon transform

The Radon transform is a mathematical representation of the projection process.

It was suggested by Austrian physicist and mathematician Johann Radon in 1917

[73, 74]. Suppose there is a cross-sectional image of an object f (x, y), then the

corresponding Radon transform R (t, θ) may be defined in the integral form as [32,

Ch 3] [75, Ch 5]

R (t, θ) =

∫
y

∫
x

f (x, y) δ ((x cos θ − y sin θ)− t) dx dy, (3.11)

where δ is a delta function. Figure 3.1 shows the rough process of evaluating the

Radon transform. The t-axis is a rotated version of the x-axis, which is given by

t = x cos θ − y sin θ. The integral is evaluated at every possible value of x and y,

both of which are mapped onto the new axis t. Now, define R (f, θ) as an operator

which rotates the distribution f (x, y) to f (t, s), where x − y axes are rotated

anticlockwise by θ to get the new axes t− s. It follows that Equation (3.11) may

2A signal algorithm refers to a logarithm of the quantity with 20 in front. In other words, it

is defined as 20 log10 (V2/V1), where V2 and V1 are signal quantities (such as pressure or voltage).

A power (or intensity) algorithm replaces 20 with 10.



58 CHAPTER 3. THEORY
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Figure 3.1: Evaluation of the Radon transform. The object is rotated counter-

clockwise before being projected along the shaded area.

now be rewritten

R (t, θ) =

∫
s

R (f, θ) (t, s) ds. (3.12)

Equation 3.12 can be explained in words as follows: (1) rotate the image by θ

degrees anticlockwise; (2) let one axis be the projection axis (the axis onto which

the projection values are mapped) and integrate with respect to another axis; (3)

repeat the process as required at other angles. Typically, the Radon transform

is carried out from 0 to 179◦. The projection at 180 + a◦, where a is a positive

constant, duplicates the projection at a◦ and does not give the new information.

The Radon transform is a linear transform; transformation of the sum always

equals to the sum of transforms [76][77, Ch. 3].

The inverse Radon transform retrieves an original function by spreading the

transform onto the image plane at the correct angle. This can be mathematically

written as [32]

f (x, y) = C

∫ π

θ=0

∫
t

R (t, θ) δ (t− (x cos θ − y sin θ)) dt dθ. (3.13)
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Here, C is an arbitrary constant which relates the numerical value of the orig-

inal image to the backprojected one. The process by which Radon transform is

spread onto the plane (without filtering) is quite straightforward, provided that

the interpolation is available. The projection and corresponding axis are treated

as the original data. The image coordinates acts as a target for mapping the pro-

jection values. Images from different angles are summed together before divided

by the number of projections to normalise them. Detail of this process will be

discussed later.

3.4 Image rotation

The image rotation is one of the linear or affine transformations, in which one point

of an image is transformed to another point, which was already “rotated” about

some fixed point [78, Ch 9][79, Ch 3]. The test object (or phantom) is rotated on

a computer, just like the actual object being rotated on an imaging device. The

concept for rotation is straightforward. Consider two sets of coordinates (x, y) and

(x′, y′) in Figure 3.2. The new axes (x′, y′) have already been rotated. The original

image is then mapped to the new one using a mathematical process. When an

image is being rotated, it follows thatcos θ − sin θ

sin θ cos θ

x′
y′

 =

x
y

 . (3.14)

Inverting the transformation matrix and interchanging primed and non-primed

coordinates set gives  cos θ sin θ

− sin θ cos θ

x
y

 =

x′
y′

 . (3.15)

Equation (3.14) and (3.15) are the basis of image rotation.
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Figure 3.2: Rotation of the Cartesian coordinates.

Without interpolation, it is possible to compute the new coordinates using

Equation (3.15) before moving the pixel to the new location. This technique is

called forward mapping. The new position values do not have to be present

in the original image. For instance, an original 1-D image comprises positions

x = [−2,−1, 0, 1, 2] and values A = [1, 2, 3, 4, 5]. The position vector, once rotated

by 30◦, becomes x′ = [−2.73,−1.36, 0, 1.36, 2.73]. Blind mapping from x = 1

and A = 4 is not possible, since x′ = 1 is not available. However, the closest

approximation to x = 1 is x′ = 1.36. Placing A = 4 here is possible, but can result

in inaccuracies and unsatisfactory image quality, since neighbouring points are not

taken into account. To solve this problem, the original position x and values A,

together with the new position x′ are interpolated to give the rotated value A′.

The latter image has much higher quality than when forward mapping is used [78].

The rotation of an image using any programming language is a straightforward

process, provided that the program is capable of handling a large matrix. The
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process of rotation is as follows:

• Read and store the image A.

• For a given rotation angle θ, do following:

– Generate x and y corresponding to the image dimensions.

– Calculate x′ and y′ using Equation 3.15.

– Using the computed values of (x′, y′), interpolate the original image A

with a suitable algorithm

• The result is rotated image A′.

In order to accommodate every pixel of the original image, the rotated plane must

be, in most cases, larger than the original one. Define lx = maxx and ly = max y

as the maximum value of x and y axis for the image. Then the maximum values

of rotated coordinates lx′ and ly′ must be

lx′ = lx cos θ − ly sin θ,

ly′ = lx sin θ + ly cos θ.

If the image is not square, then a black “sheet” made of zeros must be added

to both longer sides of the image. An image with even dimensions should be

zero-padded so that the centre pixel (0, 0) can be located exactly.

When the original coordinates (x, y) is transformed into the rotated one (x′, y′)

without any padding, the final image will be cropped at corners, since some ro-

tated locations go beyond the original boundary. Another problem is NaN (Not-

a-Number) region, which is caused by pixels unavailable from the original image.

To solve these issues, the original coordinates and image are enlarged (by zero

padding) so that the new size is either lx′ or ly′ , whichever is greater. In a specific

case in which the image is rotated by 45◦, the new size must be
√

2l, where l is

the original image dimension.
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x
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l

(a) Original image.

x

y

l

(b) If the coordinates are rotated by 45◦

without any padding, then the image will be

cropped. Dotted box depicts the rotated im-

age.

Figure 3.3: Issues, solutions and process of the rotation of image (continued on

the next page.)
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(c) This issue is solved by making the original coordinates

as well as the image larger. The original coordinates is still

retained for a transformation.

x

y

x’
y’

(d) The original coordinate may be trans-

formed using Equation (3.14) before plug-

ging it into an interpolation formula. The

original data for an interpolation is the

padded image and enlarged coordinates.

Figure 3.3: Issues, solutions and process of the rotation of image.
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For tomographic purpose, it is assumed that the minimum length of the projec-

tion axis equals to that of the diagonal of the original image. This is to ensure that

every image element is projected thoroughly. Padding zeroes around the image is

also necessary so that the summation (or integration) can be carried out. Refer to

Figure 3.4 and suppose that the original image has 101-by-101 pixels. At 0◦, the

required length of projection axis will be 101. If the same image is rotated to 45◦,

then that length will be
√

2 × 101 ≈ 143. Since the process has to be repeated

at every angle, it is more desirable that the projection axis length is computed at

45◦ and fixed for all angles. As the projection axis length (
√

2l) exceeds the image

dimension (l), zero padding is needed to prevent errors. The enlarged image is

then rotated about its centre while the projection takes place.

3.5 Filtered and unfiltered backprojection algo-

rithms

The filtered backprojection is a special algorithm that makes the image pro-

duced by tomography clearer than its unfiltered counterpart. At this point, it is

good idea to review the unfiltered backprojection algorithm first.

The unfiltered backprojection is a process of making a cross-section image

using known projections at different angles [32]. This corresponds to the inverse

Radon transform, which requires the forward projection obtained by the Radon

transform (Section 3.3). Acoustically, this corresponds to an integration of the

attenuation along the propagation line. By assuming that waves travel in a straight

line, the numerical value from each point on the projection line can be spread

uniformly onto the image plane at the corresponding angle. Consider Figure 3.5

which contains the numerical sample of white square surrounded by a “glow”

upon a black background. The numerical values shown correspond to brightness
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x
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(a) Original image to be rotated and projected

at 0◦. At this angle the minimum length of the

projection axis is shortest: l. .

xʹ
y

x
yʹ

(b) If the image is rotated by 45◦, we will

get the longest minimum length of projec-

tion axis.

Figure 3.4: Rotation of image for the tomography (continued on the next page.)
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(c) Length of the projection axis is to

be kept constant, so padding is needed.

The enlarged image for projection has

dimension of
√

2.

xy

(d) The padded image will be rotated. In

order to accommodate every pixel, the im-

age needs to be padded again. The size of

original image is now 2l, while size of inter-

polating coordinates remains
√

2l.

Figure 3.4: Rotation of image for the tomography.
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(or darkness) of pixels. They vary from 0 (dark) to 255 (bright). The projection

can be performed using an approximation of Equation (3.11). If the image consists

of N ×N discrete points (where N is odd number), then Equation (3.11) becomes

R (t, θ) =
∑
k,m

f (k,m) δ (t− (k cos θ −m sin θ)) ∆x∆y (3.16)

where k and m are indices ranging from −(N−1)
2

to (N−1)
2

. ∆x∆y is the pixel size

which can be assumed uniform throughout an image. For simplicity, ∆x∆y can

be set at 1. The reason why N is chosen to be odd is that it is possible to position

k = m = 0 at the centre of the image. If N is even, then it is possible to pad the

image with zeros to fulfil this condition. In other words, each pixel is multiplied

with with its dimension (or size) before summing up along the line perpendicular to

the projection axis. The projection axis is then rotated to other angles as desired.

After obtaining projections, backprojection can be performed by spreading the

projection back onto the image plane. Equation (3.13) then becomes

f (k,m) =
∑
θ

∑
t

R (t, θ) δ (t− (k cos θ +m sin θ)) . (3.17)

Here t is an index along the projection axis, which corresponds to the continuous

distance. Equation (3.17) takes the projection and spreads it back onto the image

plane at the corresponding angle. It looks very similar to Equation (3.16) but it

begins by taking indices (k,m) and rotating to the desired angle θ. Let ti be any

value upon the t-axis. It is then possible to spread R (ti) to any (k,m) combination

that matches ti. The process is then carried out for all possible values of t and

angle θ.

The projection process is performed without prior knowledge about the object

size as well as other properties; the only information known includes projection

data and the number of angles. Once all the projections are backprojected, the
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Figure 3.5: Projecting process for the numerical sample.
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Figure 3.6: Unfiltered backprojection of the numerical sample (without taking into

account the number of projections.)
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resulting image does not represent correct numerical values of the original image, as

obviously demonstrated in Figure 3.6. This is not a serious problem if a qualitative

reconstruction (in other words, just a picture) of the image is desired. However, if

the quantitative properties of an object is to be evaluated, then its dimensions must

be taken into account when reconstructing an image. Also, backprojection involves

backprojecting data from several angles, the final image needs to be divided by

number of projections involved to restore the correct (or nearly correct) image

value. The final image after correction is shown in Figure 3.7. Note that the

values become closer to those of the original numerical sample.

As an example, the original image shown in Figure 3.5 has the maximum

value of 2. Assume that one pixel has a size of unity. Then the projection can

be performed by a summation of pixel values along a line perpendicular to the

projection axis. The projection is then spread back at the same angle on the new

image plane without knowing the exact image size. The distance by which the

projection is spread is rather arbitrary. Once every angle has been backprojected,

the image has to be corrected by dividing all values with the number of projection

and multiply with other correction factors as appropriate.

The preceding paragraphs describe how unfiltered backprojection is carried out.

However, it is demonstrated in Section 4.1 that performing tomography without

filtering results in a faint (or foggy) image due to low spatial frequencies that exist

in the projection. This problem can be rectified using a high-pass filter and the

algorithm becomes a filtered backprojection. It involves the elimination of low

spatial frequency components of the projection data before the normal projection

process [32]. The simplest type of filter that can do this is called the Ram-Lak

(Ramachandran and Laxmiyanan) or ramp filter, which is essentially a straight

slope line as shown in Figure 3.8. In addition to the ramp filter, it is also possible

to use Hamming- and Hann-weighted filters (mistakenly called Hanning) or design
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new types of high-pass filter. In this project, a Hamming-weighted filter is used as

it does not overemphasise high frequencies content of the projection and results in

the smoothest image. However, a ramp filter was also tried and found to be the

easiest way to eliminate noise.

3.6 Algebraic reconstruction technique

The algebraic (or Iterative) reconstruction technique (ART) was invented

by Anthony Devaney and his colleague in 1990 [80, 81, 82]. To begin, their algo-

rithm and arguments will be restated, before developing the same algorithm using

another method. In their paper, they developed the algorithm mathematically by

beginning from the matrix equation

Any = Bn, (3.18)
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where An is a row vector formed by picking up the n’th row from the matrix

A. y is a solution column vector. When matrix multiplication is carried out,

the result is scalar Bn
3. The target is to solve Equation (3.18) for y. Instead

of just inverting A before multiplying with vector B to get y, Stefan Kaczmarz

proposed that there is a composite operator P = P1P2P3 · · · Pn which is capable

of retrieving the final solution from an estimated vector y(0). The operator P and

its component projects a vector from 3-D space onto 2-D space. Both vectors are

solutions to Equation (3.18) (i.e. AnPny = Bn is also valid.) Since Pny − y is a

vector normal to the projection plane, it is possible to assign this as a multiple of

A†n, that is

Pny − y = kA†n. (3.19)

Since AnPny = Bn, multiply both sides of Equation (3.19) with An and rearrange

so that

Bn −Any = kAnA
†
n,

and

k =
(
AnA

†
n

)−1
[Bn −Any] . (3.20)

Note that the condition Any = Bn has not yet been applied as we want to do

the algorithm iteratively; we set y(0) and compute y(1),y(2),y(3), . . .. Substitution

of k from Equation (3.20) into Equation (3.19) gives

Pny − y = A†n
(
AnA

†
n

)−1
[Bn −Any] . (3.21)

The algorithm proposed by Kaczmarz and Devaney can be stated as follows

1. y0 = y(i),

2. For n = 1, 2, . . . , n do: yn = yn−1 + A†n
(
AnA

†
n

)−1
(Bn − Anyn−1),

3This is very similar to dot product for 3-D or 2-D vectors. The only difference is that An

needs to be transposed before dotting with y.
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3. y(i+1) = yn,

4. Repeat step 1,2 and 3 again until reaching the convergence.

Although the algorithm looks intimidating, its explanation is simple. First the

estimated solution y(0) is estimated arbitrarily–or with the use of prior knowledge.

The estimated solution is updated with a suitable updater and the process is

carried out again until reaching the convergence.

In terms of the tomography, a vector A may be viewed as an image projection

operator Pim. After acting upon the estimated image f 0, the result is a esti-

mated projection which is then compared to an actual projection Ract. The term

A†n
(
AnA

†
n

)−1
may be replaced by µP−1 where P−1 is the backprojection opera-

tor weighted with a learning rate µ. The larger the learning rate, the faster the

convergence but also the higher risk of error and later divergence. The modified

algorithm may be rewritten as

1. f0 = f (i),

2. For n = 1, 2, . . . , n do: fn = fn−1 + µP−1 (Ract − Pimfn−1),

3. f (i+1) = fn,

4. Repeat step 1, 2 and 3 again until reaching convergence.

An alternative development of the algorithm may be stated as follows. Let

the image of an actual object be represented by factual. The estunated image is

denoted by fguess. Assume further that there is some (slight) difference between

the two images (such as a small dark dot), then the difference should reflect itself

through the projections Ractual = Pfactual and Rguess = Pfguess, where Rguess and

Ractual denote estimated and actual projections respectively. Figure 3.9 shows the

similar mock-up images made up of white circle centred upon the blank square.
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(a) Actual image (b) Estimated image
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(d) Estimated projection
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Figure 3.9: Example of different images, projections and corresponding difference

for the discussion of the ART algorithm.
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The difference is that one circle contains a black cross, while another does not. Our

aim now is to put back the black cross back onto the white circle in the estimated

image. This can be done by modifying the projection of the estimated image so

that it matches the actual one. The projection at 0◦ can be computed and plotted

in Figure 3.9c and 3.9d. We can also plot the value of Rguess − Ractual in Figure

3.9e. This value can be subtracted from Rguess to obtain Ractual back. In the real

application, only Ractual is known; a possible structure of the object fguess needs

to be hypothesised. Having developed a set of commands required, the algorithm

can then be stated as follows:

Let µ be “learning rate” or the rate at which the projection or image is updated.

fcorr and Rcorr are correctional image and projection respectively. The correctional

image is added to the estimated image to correct it. εtol is a maximum tolera-

ble absolute error between the estimated (and corrected) image and the original

sample.

1. Obtain a projection of the real object Ractual.

2. Estimate (either arbitrarily or systematically) the cross-section Aguess.

3. For θ = 0 to 179◦, do following set of commands:

(a) Project fguess to get Rguess;

(b) Compute Rcorr = Rguess −Ractual;

(c) Backproject µRcorr at θ to form the image Acorr;

(d) Then update fguess = fguess − fcorr.

4. Let ε = |M (fguess)−M (fcorr)|, where M is averaging operator. If ε<εtol,

stop; otherwise go back to Step 2.

Note that the step 3 (c) states that µRcorr is projected before the correctional image

is added to the estimated image. This is equivalent to projecting Rcorr to form the
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image before scaling it with µ, as the projection process is linear. The reason why µ

is set at some value (usually lower than one but not zero) is that there are both valid

correction and residue noise in the correctional image due to the backprojection

process. Adding an unweighted correction to the estimated image will result in a

correct but noisy cross-section. Hence, it is safer to add a correction “slightly”,

then compute the new correction again until the estimated image matches (or

resembles) the actual one. Note that we cannot merely determine how close the

estimated and actual image are, so an averaging operator M, which takes every

value within the image before taking arithmetic mean, is needed.

3.7 MLEM reconstruction technique

The Maximum likelihood Expectation Maximisation (MLEM or ML-

EM) reconstruction technique arose from the emission tomography, where a ra-

dioactive substance is injected into the body and allowed to decay. The resulting

electrons are detected by a sensor, which generates the pattern for reconstructing

the image. Larry Shepp and Y. Vardi derived and published their algorithm in

1982 [83, 84]. They began by proposing that electron from element o contributes

to the detected emission at element d. The average likelihood that electron will

be detected is

λ (d) =
O∑
o=1

λ (o) a (o, d) , (3.22)

where λ (d) is the average probability that electron reaches the detector (or mea-

sured image) d; λ (o) is the average probability of creation of electron at the object

(or actual image) o; a (o, d) is a transfer matrix that describes the mapping between

the object and the detector. Using a Poisson distribution, the overall probability
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that an electron from o reaches d can be stated as

L = P (o, d) =
D∏
d=1

e−λ(d)λ (d)n(d)

n (d)!
, (3.23)

where n (d) is an actual number of electron detected at d.

Taking the natural logarithm on both sides of Equation (3.23) yields

l = loge L =
D∑
d=1

[−λ (d) + n (d) loge λ (d)− loge n (d)!] .

Differentiating with respect to λ (d) and substitution of Equation (3.22) for λ (d)

results in
∂l

∂λ
=

D∑
d=1

[
−1 +

n (d)∑O
o=1 λ (o) a (o, d)

]
= 0. (3.24)

Equation (3.24) describes the gradient of l with respect to λ. λ may be solved

iteratively in order to maximise l. Now the algorithm may be stated as: Let λnew

and λold be new and old electron distribution, then

λnew = λold

D∑
d=1

n (d)∑O
o=1 λolda (o, d)

a (d, o) (3.25)

describes how to update the image using the MLEM method. a (d, o) maps from

the detector back onto the object plane, while a (o, d) does the reverse.

Equation (3.25) may look difficult to implement. However, the denominator∑O
o=1 λ (o) a (o, d) is simply a projection operator acting on the old image. The

actual data n (d) is then measured before computing the ratio of two projections.

This will be used for correction of the old image by spreading back onto the image

plane using a mapping matrix a (d, o).

The MLEM technique may be viewed as a multiplicative version of algebraic

reconstruction technique, in which the tomogram is estimated first before being

updated by the ratio of the actual and guessed projection. Let P be the projection

operator. fn+1 and fn are updated and original image. It follows that the algorithm
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can be restated as

fn+1 = fnP−1y (n)

Pfn
,

where y (n) is a measured projection from the actual object. The image can be

updated angle-by-angle. As the object is rotating and being projected, the guessed

image is continuously updated according to

fθ+1 = fθPθ−1 y (θ)

Pθfθ
. (3.26)

until reaching convergence or desired quality. This scheme will be called the mul-

tiplicative MLEM in order to distinguish it from the additive MLEM, which

will be covered next.

The image f can be divided by the number of angles Nθ to give a subimage

S. Each subimage is projected at only one angle and corrected against the actual

projection. Initially all of the subimages are the same. When each of them is

updated using different projections, they become dissimilar. After reaching the

convergence or getting a satisfactory image, these subimages are summed together

to form the final image. Mathematically, the latter idea may be expressed as

Sn,θ =
fn
Nθ

, (3.27)

Sn+1,θ = Sn,θP−1
θ

y (θ)

PθSn
, (3.28)

fn+1 =
θmax∑
θ=0

Sn+1,θ. (3.29)

This is the basis of additive MLEM. Equation (3.27) first divides the image into

subimages. Equation(3.28) are implemented iteratively until there is no significant

change between two consecutive updates. Subimages are then summed according

to Equation (3.29). This project will first investigate the reconstruction of synthe-

sised image using MLEM, together with ART and backprojection, before applying

them onto the tomographic data from both simulation and experiment.
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3.8 Image quality analysis: RMSE, PSNR and

SSim

Image similarity (or quality) analysis aims to quantify the quality, or the similarity

of a particular image to the reference. The noisier the image is, the lower the

similarity and greater the error. There are several metrics which can be used

to determine the image quality. For example, the Root-Mean-Square (absolute)

error, the Peak Signal-to-Noise Ratio (PSNR) and the Structural Similarity Index

(SSim) [85]. If the image is Nx ×Ny matrix with indices k and m, then the mean

square error ε2m is defined as

ε2m =
1

NxNy

Nx∑
k=1

Ny∑
m=1

[fA (k,m)− fB (k,m)]2 , (3.30)

where fA and fB are original and reference images. The Root-Mean-Square of

absolute error is defined as a square root of Equation (3.30). If both fA and fB

are of the same format and has a maximum value ofMf (this depends on the file

format or bit depth of the image4), then PSNR may be defined as

Psr = 10 log10

(M2
f

ε2m

)
. (3.31)

If fA is very close to fref , then ε2m approaches zero, resulting in large Psr. In

particular, if fA = fref , then ε2m = 0 and Psr →∞.

Another metric developed by Wang et al. is the Structural Similarity Index

(SSim), which can be defined in steps [17] as follows. Let f̄A and f̄B be average

value of fA and fB, defined by

f̄A =
1

NxNy

Nx∑
k=1

Ny∑
m=1

fA (k,m) , (3.32)

4In the original paper, Mf was set at 255 which is the maximum value of 8-bit greyscale

(28 = 256, 0 - 255). In the real application, Mf can be adjusted to any value according to the

file format or application. The greyscale image used in this work ranged from 0 to 1, soMf = 1.
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and

f̄B =
1

NxNy

Nx∑
k=1

Ny∑
m=1

fB (k,m) , (3.33)

then a standard deviation (with a square root) and covariance (without a square

root) of both images can be computed as follows:

σA =

√√√√ 1

NxNy

Nx∑
k=1

Ny∑
m=1

[
fA (k,m)− f̄A

]2
, (3.34)

σB =

√√√√ 1

NxNy

Nx∑
k=1

Ny∑
m=1

[
fB (k,m)− f̄B

]2
. (3.35)

σAB =
1

NxNy

Nx∑
k=1

Ny∑
m=1

[
fA (k,m)− f̄A

] [
fB (k,m)− f̄B

]
. (3.36)

It is noted that in the original paper, Nx = Ny = N and the denominator of

standard deviation is N − 1 rather than N . This might imply that the formula

was intended for an image sample rather than the whole image. Now, it is possible

to define luminance l, contrast c and structure factor s as

l =
2f̄Af̄B + ξ1

f̄ 2
A + f̄ 2

B + ξ1

, (3.37)

c =
2σAσB + ξ2

σ2
A + σ2

B + ξ2

, (3.38)

s =
σAB + ξ3

σAσB + ξ3

. (3.39)

Note that ξn, where n = 1, 2, 3, is a small nonzero arbitrary value. This prevents

mathematical catastrophe (very big value or division by zero) when the denom-

inator is very close to zero. This project set these values at zero for simplicity.

Finally, SSim Is can be defined as n-th power of product of the three aforemen-

tioned quantities, mathematically written as

Is = (l × c× s)n . (3.40)
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Larger Is suggests that two images are similar. In other words, the reconstructed

image is close to the expected/reference image.

When fA = fB (i.e.identical image), ε2m = 0 and Psr →∞. This renders PSNR

useless. In practice, however, two images are not exactly the same so this problem

may be neglected. On the other hand, l and c simplify into

l =
2f̄ 2

A

2f̄ 2
A

= 1,

c =
2σ2

A

2σ2
A

= 1.

s =

1
NxNy

∑Nx
k=1

∑Ny
m=1

[
fA (k,m)− f̄A

] [
fB (k,m)− f̄B

]
1

NxNy

∑Nx
k=1

∑Ny
m=1

[
fA (k,m)− f̄A

] [
fB (k,m)− f̄B

] = 1.

If two images are exactly the same, then the SSim is one. The value lower than

one suggests dissimilarity. This is an advantage of the SSim over the PSNR, in

which there is no upper limit. This project will only use SSim with n = 1 as

an image quality metric, since PSNR can approach infinity if similarity is high.

3.9 Pyroelectric effect: how a phase-insensitive

acoustic sensor works

Since this project makes use of a phase-insensitive transducer in addition to a

phase-sensitive one, it is worthwhile to briefly discuss the phase-insensitive device.

First, the earlest acoustic transducers were phase-sensitive. They convert acoustic

energy directly into an electrical signal. When a cycle tone burst is generated by

a transmitter placed at distance L m away and detected, the time delay between

two signals is L/c, where c is the acoustic speed in m/s. However, this might not

be the case as a frequency varies. Therefore, the phase-sensitive transducer must
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be calibrated in both amplitude and phase [86, 87]. Phase error and cancellation

from different ray paths can pose a problem when a phase-sensitive receiver is

employed.

On the other hand, a phase-insensitive receiver can utilise the pyroelectric or

thermoelectric effect, in which electric voltage is generated in the material after

being heated. The heating might be due to direct heating or by conversion from

other forms of energy. The pyroelectric effect is closely related to the piezoelectric

effect, which relates to the generation of electricity due to pressure. This is the

basis of a phase-sensitive transducer. A pyroelectric sensor is fabricated from

a dielectric crystal suitably poled and often placed on an absorbing backing to

enhance heat absorption and durability. The sensor can sill respond to pressure

but is not as sensitive as a phase-sensitive transducer [88].

There are two ways of measuring the pyroelectric effect: (1) clamp the object or

make the object very thin (2) leave the object free to expand. The clamped object

is not free to expand or develop any strain so the piezoelectric effect is negligible.

When the object is very thin, any strain is negligible so that the piezoelectric effect

is also unimportant. This class of pyroelectric is termed the primary pyroelec-

tric. Another case when the object is free to expand according to the temperature,

the strain develops and gives rise to the secondary pyroelectric effect [89]. If

the object is heated uniformly, then the change in polarisation ∆~P relates to the

change in temperature ∆T through the relation [90]

∆~P = ~p∆T,

where ~p denotes a pyroelectric coefficient. The pyroelectric coefficient depends

upon the temperature. When the ambient temperature increases, electric dipoles

within the material become segregated and less intense. A pyroelectric sensor can

be used to detect an acoustic signal by converting the (ultra/infra)sonic waves into

thermal energy. This can be actuated by using a suitable black coating to enhance
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heat absorption and conversion. The advantage of this type of sensor is that its

response does not depend upon a frequency of the incident radiation [90].

Mark Hodnett and Bajram Zeqiri from the National Physical Laboratory inves-

tigated the use of pyroelectric effect transducers for use in an ultrasonic detection

[91]. They attached a very thin film of polyvinylidene fluoride (PVDF) polymer

upon the backing material. The thin film was then tilted so that its normal line

and the line of wave propagation do not coincide. This eliminates the effect of a

standing wave. The beam profile measured by the sensor showed that the thin

film can be used as a hydrophone for ultrasonic applications.

3.10 Chapter summary

This chapter decribed the theories necessary for the tomography, including the

acoustic and sound attenuation model that will be used in the project. The Radon

transform, the mathematical model of projection and backprojection, had been re-

viewed. in order to carry our the Radon transform and its inverse, the image must

be rotated and the algorithm for rotation was also reviewed. Then different recon-

struction algorithms had been covered, including the backprojection, the algebraic

reconstruction technique (ART) and the maximum likelihood expectation maximi-

sation (MLEM). This chapter also reviewed and discussed selected image quality

metrics, particularly the Structural Similarity Index (SSim). This will be used

in conjunction with visual observation when the quality evaluation takes place.

Finally, the pyroelectric effect, a fundamental of how the phase-insensitive sensor

works, was also explained in brief detail.

The next chapter will apply the backprojection algorithm, both unfiltered and

filtered, on an artificial data in order to develop an understanding of the tomog-

raphy. Once completed, acoustic simulations will follow.



Chapter 4

Straight line tomography

modelling

This chapter describes simulations of the straight line tomography, which serves as

a foundation to the more complex ultrasonic tomography. All of the test objects in

this chapter were generated manually using a vector graphic software. They were

then imported into the programming platform before selected techniques covered

in Chapter 3 were implemented.

Since the straight line model does not depend on the frequency, it is easier to

understand the way tomography works and test different algorithms. These include

the evaluation of images using a structural similarity index (SSim) and iterative

algorithms (see Chapter 8). X-ray tomography involves filtering projections before

the reconstruction to give the maximum image quality. It also requires a large

number of projections for reconstructing the image. These will be investigated and

confirmed in this chapter. In other words, this chapter serves as a “playground”

or “sandbox” before actually applying the algorithms on acoustic data in later

chapters.
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4.1 Investigation of the backprojection method

and description of the test object

The backprojection method is the simplest way of reconstructing an image from

projections recorded from various angles around the object. It works by spreading

the projection back onto an image plane at the corresponding angle. The process

is carried out until reaching the desired number of projections. However, before

the backprojection can take place, the forward projection must be completed.

This section, therefore, computationally simulates this process using selected test

objects.

In order to begin, simple test objects, which are similar to those which will

be used in the acoustic experiment and simulation, were proposed. Figure 4.1a

shows two white circles diagonally aligned upon a black square. The diameter of

each circle is 100 pixels. The distance between both circles is 100
√

2 u 141 pixels.

For convenience in later chapters, this will be called a Type I sample. The other

test object, which shows a 250-by-250 pixels block with two circles or cylinders

embedded inside, is shown in Figure 4.1b and will be called a Type II sample.

Both Type I and II samples were stored in a normalised greyscale bitmap format,

which assigns 0 as black and 1 as white. The value between 0 and 1 specifies

brightness. They will also be reproduced into the real object made of agar in

Chapter 7. Additionally, the Shepp-Logan head phantom [92], a classical sample

normally used by tomographers to test their algorithms and methods, was also

used as a test object. A modified version of the head phantom will be called a

Type III sample in the acoustic simulation.
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100 px

100√2 px

(a) Type I

100 px

100√2 px
250 px

(b) Type II

Figure 4.1: Asymmetric simple test objects. Black and white correspond to 0 and

1 respectively. Grey level in a Type II sample is 0.6.
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4.2 Process of obtaining the projection

After creating a test object, Equation (3.16) was implemented. Let A1 be an

original image (or phantom) while (x1, y1) are corresponding axes. The process

began with assigning some axis t to be longer than
√

2l, where l is the image

width, so every pixel can be projected for all angles. The coordinates (x2, y2)

were created by replicating t and rotate one of them by 90◦. In other words, x2

corresponds to an unrotated version of t. In order to accommodate a 45◦ rotated

version of (x2, y2), the original image A1 was zero padded. The number of zeros

on each side of the A1 must be at least Ceil[l/2], where Ceil is a ceiling function1.

A3 now referred to the padded version of A1. The axes (x3, y3) were created by

expanding (x1, y1) so that their size matched that of A3. Now, let x4 and y4 be

rotated versions of x2 and y2, mathematically expressed as

x4 = x2 cos (−θ) + y2 sin (−θ) ,

y4 = −x2 sin (−θ) + y2 cos (−θ) .

Both axes are taken into the two-dimensional interpolation, which is available in

many technical programming languages. The end result is the rotated image.

The reason why the image is rotated to a negative angle −θ can be explained

as follows. Consider Figure 4.2 and suppose that a snapshot of the sample at

an angle of θ is desired. The inclined line is drawn as a projection screen before

projecting. It is, however, arduous to program in this manner, as it requires a large

matrix linking each pixel of the image to each element of the projection variable.

An alternative method to this difficult task is to rotate the sample into −θ before

projection.

1Ceil rounds any decimal to the nearest greater integer (e.g. Ceil(1.1) = 2, Ceil (1.8) = 2,

Ceil(2) = 2. This is the opposite of Floor (floor function), which rounds any decimal to the

nearest lower integer.
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(a) Shepp-Logan head phantom

immersed in the water tank,

which is placed upon a turntable.

s

Incoming ray

Projectio
n scre

en

20°

(b) Taking projection by using the

parallel projection. The theoretical

description is to rotate the projec-

tion screen to the appropriate angle

so that the projection can be taken.

Projection screen
s

20°

Incoming ray

(c) The practical method imple-

mented in the simulation is to ro-

tate the image to the negative of

appropriate angle before taking

projection.

Figure 4.2: Projection of the Shepp-Logan phantom.
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After rotating the image to a desired angle, the product of pixel value and size

was evaluated and summed along the line perpendicular to t to give the projec-

tion R (t, θ). This process was carried out around the object, generating the 2-D

variable R. Each row of R represents a projection for one angle. If the object

has its snapshot taken from 0◦ to 179◦, then there must be 180 rows in R. The

resulting projection was then used in the next subsection, in order to investigate

the reconstruction process.

The procedure discussed may be expressed in a step-by-step manner as follows:

1. Rotate the image to the negative value of the desired angle.

2. Compute the product of rotated image value and pixel size.

3. Sum the image with respect to the column. If the image size is N ×N , then

the projection must have dimension of 1×N .

4. Repeat step 1, 2 and 3 until reaching required number of angles.

4.3 The inversion process and the effect of filter-

ing

The inversion technique by backprojection begins with the projection data. Using

Equation (3.17), it is possible to invert the projection data back into the image

on point-by-point basis. However, interpolation can be used to backproject the

projection relatively easily. The number of elements contained in each row of

R (t, θ) is assumed to be
√

2l. The new axes x1 and y1 spanning from Ceil (−l/2)

to Ceil (l/2) can then be created. Now R and corresponding t are used as 1-D

interpolation input. Now, x1 is rotated according to

t′ = x1 cos (θ) + y1 sin (θ) .
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The axis t′ serves as a backprojection screen. Any pixels with combinations of x1

and y1 that match t′ take the value from R.

In x-ray tomography, each projection is often filtered with a high-pass filter.

Some of them are shown in Figure 3.8. If the Fourier transform of projection is

Punfilt = F (R) and the filter function is ffilt, then the filtered projection Rfilt is

given by

Rfilt = F−1 (Punfiltffilt) .

Here F and F−1 are the Fourier and inverse Fourier transform operators re-

spectively. Normally after the transformation, Punfilt covers spatial frequencies

from 0 to the sampling frequency fs. According to Nyquist theorem, the maxi-

mum frequency which can be analysed is half of fs. Additionally, the property

Punfilt (f) = P ∗unfilt (fs − f) suggests that right half of the spectrum only gives the

information regarding negative frequencies from −fs/2 to 0. This means Punfilt

must be shifted so that the zeroth frequency is at the centre. After that, the

filtering can take place and the inverse transform is applied as usual.

Figure 4.3 shows the reconstructions of Type I and II samples using a back-

projection without filter, with just Ram-Lak (or ramp) filter and with Hamming-

weighted Ram-Lak filter. The reconstruction was carried out using 180 projec-

tions. It is clearly seen that unfiltered backprojected images are foggy and not

easily recognisable. Once filtering is carried out, the clarity becomes much better.

In later chapters, it will be clear that this finding might not be true for ultrasonic

tomography.

A more complicated object, the head phantom (or Type III sample), was also

selected as the test object. It was devised by Larry Shepp and Benjamin Logan

in 1974 and is widely used in tomographic studies [92]. The word phantom comes

from the fact that the object resembles a ghost face in shape (see Figure 4.4).

Using the same process for Type I and II samples, the phantom was stored as a
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(c) Ramp filter Type I
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(d) Ramp filter Type II

Type I x−ray simulated image (180 projections, Ramp filter and Hamming window)
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(e) Ramp and Hamming filter Type I

Type II x−ray simulated image (180 projections, Ramp filter and Hamming window)
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(f) Ramp and Hamming filter Type II

Figure 4.3: Filtering effect on the reconstruction of Type I and II samples. The

number of projections is 180.
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two-dimensional variable before the projection and backprojection took place at

different angles.

Table 4.1 shows parameters used for the head phantom (or Type III object)

generation. Each parameter is mapped to the corresponding ellipse according to

Figure 4.4a. It is noted here that the phantom image as shown in Figure 4.4b was

created manually using a vector graphics program (Adobe Illustrator), in favour

of clarity compared to the raster version generated by the programming platform.

Table 4.1: Parameters for the Shepp-Logan phantom (or the Type III sample.)

Identifier Centre coordinates Half width Half height2 Rotation Density

a (0, 0) 0.69 0.92 0 2

b (0,−0.0184) 0.6624 0.874 0 -0.98

c (0.22, 0) 0.11 0.31 -18 -0.02

d (−0.22, 0) 0.16 0.41 18 -0.02

e (0, 0.35) 0.21 0.25 0 0.01

f (0, 0.1) 0.046 0.046 0 0.01

g (0,−0.1) 0.046 0.046 0 0.01

h (−0.08,−0.605) 0.046 0.023 0 0.01

i (0,−0.605) 0.023 0.023 0 0.01

j (0.06,−0.605) 0.023 0.046 0 0.01

Figure 4.5 shows the effect of filtering on the tomographic reconstruction of

the head phantom, or Type III sample. It can be seen that without filtering, the

resulting image is hazy and cannot clearly be seen. This is in common with Type

I and II objects shown previously. By applying two different filters, the image

quality improves, although it is difficult to visually detect a difference between

two images, particularly those resulted from different filtering functions.
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(a) Outline and key

(b) Actual image

Figure 4.4: The Type III sample: outline, key (see Table 4.1) and actual image.
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Table 4.2: Values of SSim and PSNR for the straight line reconstruction of Type

I, II and III samples.

Sample type
No filter Ramp filter Ramp-Hamming filter

SSim PSNR SSim PSNR SSim PSNR

Type I 0.29 10.77 0.98 28.18 0.98 28.10

Type II 0.57 9.86 0.37 12.34 0.99 29.89

Type III 0.20 4.80 0.94 24.94 0.96 25.63

A quantitative analysis with respect to the original image confirmed that the

unfiltered backprojection with x-ray or straight line data is not a good tool for

real-world applications. Table 4.2 shows the PSNR, as well as the SSim, calcu-

lated from the difference between reconstructed and original images. A larger

SSim implies more similarity between original and reconstructed image. The SSim

from images reconstructed using 2, 4, 9, 18, 36 and 180 projections (see Section

4.4) with and without filtering were compared statistically. Using Mann-Whitney

non-parametric test, it is possible to state that the image without filtering has

significantly lower similarity index (and hence quality) than that with filtering

(p-value = 0.09 for a weighted ramp filter and 0.01 for an ordinary ramp filter.)

Different filters do not result in significantly distinct values (p-value = 0.72).

For any statistical comparison, a sample has to be selected from the popula-

tion. Different selections might not necessarily lead to the same conclusion. In

this project, different images were reconstructed and assessed to give a set of SSim

values. The whole data set is then assumed to be a representative of the reconstruc-

tion of other samples using the same configuration. If another data is obtained,

different conclusions might be drawn. Interestingly, by just looking at Table 4.2, it

is possible to make an informed decision that filtering results in significantly lower

similarity index without having to use the statistical test.
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Original Shepp−Logan phantom

(a) Original sample

Example of reconstructed image (180 projections, no filtering)

(b) Unfiltered backprojection

Example of reconstructed image (180 projections, ramp filter)

(c) Filtered with ramp filter

Example of reconstructed image (180 projections, Ramp filter and Hamming window) 

(d) Filtered with Hamming-weighted

ramp filter

Figure 4.5: Filtering effect on the Type III sample.
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4.4 Effect of the number of projections on the

reconstructed image

As obtaining the projection can be time-consuming, it is important to consider how

the number of projections affects the image quality. If the quality does not improve,

then the minimum number of projections may be used without compromising the

image quality. Therefore, this section studies the effect of the number of the

projections on the image quality.

Previously, reconstructions were generated using 180 projections. Suppose that

this number is less than 180 (i.e. not every possible angles are taken). The back-

projection algorithm, both unfiltered and filtered, also works but gives an inferior

image quality. Figures 4.6 and 4.7 demonstrate how a smaller number of projec-

tions and filtering affect the final reconstruction. Referring to Figure 4.6 (Type I

sample) and using visual inspection, it is readily concluded that 36 projections are

sufficient to produce a basic shape accurately. Line artefacts, which are seen as

radiating lines surrounding the object, can still be seen. As the projection number

increases to 180, the line artefacts disappear. Reconstruction without filtering can

still gives an acceptable image, except for the Type III sample. Figure 4.7 suggest

that too few projections and lack of filtering can deteriorate the image quality.

Aside from naked-eye analysis, it is also possible to apply a quantitative analysis

technique as reviewed in Section 3.8. By applying a Structural Similarity Index

(SSim) with respect to the original image to both Type I and III reconstructions, it

is possible to roughly determine the final quality. Figure 4.8 shows changes in the

SSim value with an increasing number of projections. For the case without filtering,

the SSim value tends to plateau after few number of projections at a relatively

small value. By contrast, for the case with filtering, the SSim value tends to be

significantly larger and also continue to increase when more projections are used.
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(a) 2 Projections, unfiltered

Type I x−ray simulated image (2 projections, Ramp filter and Hamming window)
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(b) 2 Projections, filtered

Type I x−ray simulated image (4 projections, no filtering)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

(c) 4 Projections, unfiltered

Type I x−ray simulated image (4 projections, Ramp filter and Hamming window)
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(d) 4 Projections, filtered

Type I x−ray simulated image (9 projections, no filtering)
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(e) 9 Projections, unfiltered

Type I x−ray simulated image (9 projections, Ramp filter and Hamming window)
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(f) 9 Projections, filtered

Figure 4.6: Reconstruction of the Type I sample with different numbers of projec-

tions (continued on the next page.)
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Type I x−ray simulated image (18 projections, no filtering)
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(g) 18 Projections, unfiltered

Type I x−ray simulated image (18 projections, Ramp filter and Hamming window)
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(h) 18 Projections, filtered

Type I x−ray simulated image (36 projections, no filtering)
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(i) 36 Projections, unfiltered

Type I x−ray simulated image (36 projections, Ramp filter and Hamming window)
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(j) 36 Projections, filtered

Type I x−ray simulated image (180 projections, no filtering)
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(k) 180 Projections, unfiltered

Type I x−ray simulated image (180 projections, Ramp filter and Hamming window)
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(l) 180 Projections, filtered

Figure 4.6: Reconstruction of the Type I sample with different numbers of projec-

tions.
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Head phantom x−ray simulated image (9 projections, Ramp filter and Hamming window)
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(a) 9 Projections, unfiltered

Head phantom x−ray simulated image (9 projections, Ramp filter and Hamming window)
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(b) 9 Projections, filtered

Head phantom x−ray simulated image (36 projections, Ramp filter and Hamming window)
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(c) 36 Projections, unfiltered

Head phantom x−ray simulated image (36 projections, Ramp filter and Hamming window)
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(d) 36 Projections, filtered

Head phantom x−ray simulated image (180 projections, Ramp filter and Hamming window)
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(e) 180 Projections, unfiltered

Head phantom x−ray simulated image (180 projections, Ramp filter and Hamming window)
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(f) 180 Projections, filtered

Figure 4.7: Reconstruction of the Type III sample with different number of pro-

jections.
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The ramp filter and the Hamming-weighted ramp filter, despite producing different

graphs, exhibit the similar trend. This suggests that the filtering is indispensable

to x-ray or straight line tomography. However, this might not be true for an

ultrasonic tomography, since the filtering may inadvertently destroy details that

are present in the image. This will be investigated in Chapters 6 and 7.

4.5 Chapter discussion

This chapter investigated the process of straight line tomography by assuming that

the projection was performed on a straight line perpendicular to the scanning axis.

This model is roughly equivalent to the x-ray tomography model due to ray nature

of the radiation. The process began with projecting the rotating test object. The

projection was then filtered (or not filtered) before being spread back onto the

image plane at the correct angle. This allows a cross-section of any object to be

taken without physically splitting open [32]. It was found that, for straight line

tomography, filtering function has an importance. Without a filtering function,

the image quality was generally lower than when a filter was applied. This implies

that there was unwanted spatial frequency component which must be eliminated

by a high-pass filter. After using a filter, the reconstructed images became almost

identical to the original.

Inspecting images by eye is sufficient in some cases, but insufficient in others.

In medicine, image quality is often assessed by using a naked eye observation by

professionals and rating (for example, see refs [93] [94] and [95]). Sometimes a

reference ideal image is given if the quality refers to the similarity of image to the

reference. This can be inaccurate if the two images are very similar to each other,

aside from the fact that different people have distinct preferences. In order to aid

the inspection process, the structural similarity index (SSim), which was developed
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(b) Type II
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(c) Type III

Figure 4.8: Structural similarity index for x-ray reconstructions as a function of

the number of projections.
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by Wang et al. [17], was applied in this chapter. The index was used to quantify

the increasing image quality as the number of projections increases. If the number

of projections was greater than 36, then the quality index barely increased. Aside

from the number of projections, the effect of inclusion and exclusion of a filter has

also been evaluated using the SSim index. It was found that a Hamming-weighted

filter gives a slightly greater SSim value than an ordinary ramp filter. This might

be due to the nature of the object. Without a filter, the SSim is low, suggesting

dissimilarities between the original and reconstructed image.

Despite simplicity, this chapter allows the critical review of tomography-related

theories before more complex acoustic modelling follows. There are several wave

effects, such as diffraction, refraction and reflection that complicates the situation.

The next chapter will develop the acoustic model of ultrasonic tomography using

a simple sample made of circle (or cylinder). The model will later be developed

into a more complicated version in Chapter 6.
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Chapter 5

Acoustic modelling I: a simple

sample and model development

In the previous chapter, a simple model of straight line tomography was studied.

This chapter extends the discussion by establishing a two-dimensional acoustic

model of wave propagating through a simple test object. The model features a

square domain mimicking a water bath with a test phantom in the centre. On the

side of a bath, there are transducers which are either stationary or moving. Effect

of frequency and different models on the projection will be studied extensively, as

a base to a more complex model in Chapter 6.

5.1 Model development

In order to understand acoustic tomography better, a simple finite element model

was set up and run. The resulting data is exported for further processing, including

reconstruction and visualisation. In order to do this task, the most suitable ver-

105
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sion of COMSOL (5.1)1 and MATLAB (R2014a) were linked together via a special

tool called COMSOL with MATLAB. This toolkit makes it easier to automatically

change parameters for each run and facilitates the export of data for further pro-

cessing. Due to computational demand, a high-performance microcomputer with

16-GB RAM and Intel Core i7 processor was used as a workstation.

The model of a 10 × 10 cm water tank with a test sample in the centre was

created in 2-D (see Figure 5.1). A simple circle (or cylinder) with properties

mimicking a human muscle (ρ ≈ 1060 kg/m3, c ≈ 1583 m/s [96]) was created.

Its specific acoustic impedance is very close to that of water (ρ = 1000 kg/m3,

c ≈ 1500 m/s). The attenuation was added as an imaginary part of the speed

of sound ci in the muscle. It follows from Equation 3.8 that a larger value of ci

results in a stronger attenuation. If ci is set to be 50 m/s, then the attenuation

coefficient α at 500 kHz will be 0.005 Np/m2 or 0.5 dB/cm. The outer edge of the

box was assigned a perfectly matched boundary condition, which was intended to

absorb all of the incoming waves and eliminate wall reflections. Since the model

is finite element, a system of grid has to be specified to allow the pressure field

to be computed. For simplicity, a free triangular model and an “Extremely Fine”

mode were chosen. This maximises the modelling frequency. It will be shown in

the next chapter that “Extremely fine” grid is not suitable for complex samples.

Therefore, certain parameters have to be set.

Two models are employed in this chapter: (1) stationary transducer and (2)

moving transducers. Figure 5.1 shows the corresponding simplified diagrams. For

the first scheme, the transmitter spans one side of the box and an array of point

receivers are located on the opposite side. It can work quickly as it does not

require shifting the transducer to the new location. By energising the transmitter

1At the time of simulation. COMSOL is released once every year and currently (June 2018),

the version number is 5.3.
2Np is neper, a customary unit of attenuation. Np/m is equivalent to m−1.
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at one side (or setting a pressure boundary condition), it is possible to measure

the pressure field due to a plane wave excitation at the other side. The process is

relatively quick and easy. On the other hand, the second scheme uses two identical

transducers positioned face-to-face and on the same normal line. They are moved

together in a small incremental step, which makes it slower to run. It will be

shown that the moving transducer model has several advantages and is closer to

the actual experiment.

Figure 5.2 shows two-dimensional plots of the pressure signal produced by

different configurations at 500 kHz. For the stationary transducers model, plane

wave can be seen as expected. However, the signal near left and right boundaries

are reduced in magnitude. This is caused by the absorption of energy due to

perfectly-matched boundary condition. This problem can be addressed by setting

the boundary condition at both left and right boundaries as a hard boundary.

However, this is in contrast to the actual experiment, as waves that impinge into

such boundaries are not reflected. Waves that are reflected from left and right

boundaries can interfere with the direct wave from the transmitter. Setting a hard

boundary condition also causes a serious problem when a smaller transmitter (as

in the moving transducer model) is used. From now on, all boundaries aside from

a wave generator are assigned a perfectly matched condition.

5.2 Comparison of axial pressure from finite ele-

ment model and estimated Rayleigh integral

In order to check the performance of the finite element package, the axial re-

sult was compared with one generated by a simpler model, the Rayleigh integral.

Rayleigh stated that any extended acoustic source can be evaluated as a collection
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Test
Object

Transmitter (spanning the bath)

Array of point receivers

Perfectly matched boundary

(a) Stationary transducers model

Test
Object

Transmitter

Receiver

Perfectly matched boundary

(b) Moving transducers model

Figure 5.1: COMSOL simulation setup. The frequency varies from 50 to 500 kHz.

of monopoles. This can be mathematically expressed as

p =

∫
S

jρ0c0ku0

2πR
e−jkRdS ′ =

∫
l

jρ0c0ku0

2πR
e−jkRdx′, (5.1)

where u0 is vibration velocity of the source [70]. If there is no loss in energy, this

will also be approximately the particle velocity of the acoustic propagation. R

is the distance from an element to the field point. In this section, two different

analyses will be covered. First, a stationary phase method is discussed. Another

method involves the Fourier integral, which is common in optical analysis. Simple

line source, however, will not be covered due to some reasons. A stripe of material

in COMSOL model generates the result similar to that of vibrating semi-infinite

stripe. Simpler corresponding line source does not give satisfactorily similar result.

It is therefore the future work to study the discrepancies between these models in

detail.
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(a) Stationary transducers without the sam-

ple

(b) Stationary transducers with the sample

(c) Moving transducers without the sample (d) Moving transducers with the sample

Figure 5.2: Two-dimensional plots of a pressure field at 500 kHz produced by

different models.
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Figure 5.3: Geometry of a vibrating rectangular source. The pressure is calculated

upon the axis perpendicular to the source.

5.2.1 Stationary phase method

For a semi-infinite rectangular source of width 2a shown in Figure 5.3, the integral

that describes acoustic field at distance R away from the source may be written

p =
jρ0c0ku0

2π

∫ a

x=−a

∫ ∞
y=−∞

e−jkR

R
dydx, (5.2)

where

R =
√
x2 + y2 + z2

is a distance from the element dx dy to the field point. The integral

I =

∫ ∞
y=−∞

g (y) eλh(y)dy

can be estimated using a stationary phase method (or asymptotic expansion) [97,

98][99, p.83]. The detail is given in Appendix A. After applying an estimation, the
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result for integral I is

I =

∫ ∞
y=−∞

g (y) eλh(y)dy u

√
2π

λh′′ (y0)
g (y0) eλh(y0). (5.3)

When λ = −jk and h′′ (y0) = sign
(
h (y0)′′

)
h′′ (y0), where sign is the signum func-

tion3, Equation (5.3) can be restated as

I =

∫ ∞
y=−∞

g (y) e−jkh(y)dy =

√
2π

k |h′′ (y0)|
g (y0) e−jkh(y0)e−j sign(h′′(y0))π/4. (5.4)

Note that
√

1/j equals to
√
−j =

√
e−jπ/2 = e−jπ/4.

From Equation (5.4) and Figure 5.3, it follows that h (y) =
√
x2 + y2 + z2 and

h′ (y) =
y√

x2 + y2 + z2
,

h′′ (y) =
x2 + z2

(x2 + y2 + z2)3/2
,

g (y) =
1√

x2 + y2 + z2
.

When y = 0, then h′ = 0 so y0 = 0. Now, the inner integral of Equation 5.1

∫ ∞
y=−∞

e−jkR

R
dy ≈ 1√

x2 + z2

√
2π
√
x2 + z2

k
e−jπ/4 =

√
2π

k

1

(x2 + z2)1/4
e−jk

√
x2+z2e−jπ/4

can be integrated with respect to x from −a to a using numerical integration.

Once completed, it can be substituted back into Equation (5.2) for the final result.

5.2.2 Fresnel Integral method

Aside from the stationary phase method, this problem can also be analysed using

the Fresnel Integral method. Consider the finite rectangular source of size 2a× 2b

in Figure 5.3. The original infinite limits are now replaced by −a and a. As a

3Signum function simply returns the sign of its argument (or domain). For example, sign (1) =

1, sign (0) = 0 and sign (−5) = −1.
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consequence, limits with respect to y in Equation (5.2) are changed from −∞→∞

to −b→ b. This renders the original equation as follows

p =
jρ0c0ku0

2π

∫ a

x=−a

∫ b

y=−b

e−jkR

R
dydx. (5.5)

The expression for distance R remains the same, but it may be approximated as4

R =
√
x2 + y2 + z2 = z

√
1 +

x2

z2
+
y2

z2
,

R ≈ z

(
1 +

x2

2z2
+

y2

2z2

)
= z +

x2

2z
+
y2

2z
.

If pressure field on the z-axis is desired, the expression may further be simplified

to
e−jkz

z

∫ a

x=−a
e−jkx2/2zdx

∫ b

y=−b
e−jky2/2zdy, (5.6)

which can be evaluated using standard function available in any numerical package.

The integral of the form ∫ a

g=0

e−jπ
2
gdg = C (a) + jS (a)

is called the Fresnel integral. It has antisymmetric properties

C (−g) = −C (g) ,

S (−g) = −S (g) .

By making variable change

g =

√
k

πz
x, gm =

√
k

πz
a,

h =

√
k

πz
y, hm =

√
k

πz
b,

4Recall that, according to binomial (or Taylor-MacLaurin) expansion

(1 + x)
n u 1 + nx.



5.2. COMPARISON OF AXIAL PRESSURE 113

and using antisymmetric properties, then∫ a

g=−a
e−jπ

2
gdg =

∫ 0

g=−a
e−jπ

2
gdg +

∫ a

g=0

e−jπ
2
gdg

= −
∫ −a
g=0

e−jπ
2
gdg +

∫ a

g=0

e−jπ
2
gdg

= − (C (−g)− jS (−g)) + C (g)− jS (g)

= 2 (C (g)− jS (g)) = 2

∫ a

g=0

e−jπ
2
gdg

4πz

k

e−jkz

z

∫ gm

g=0

e−jπg2/2dx

∫ hm

h=0

e−jπh2/2dh,

Finally pressure field can be written

p = 2jρ0c0u0e
−jkz [C (gm)− jS (gm)] [C (hm)− jS (hm)] (5.7)

Equation (5.7) describes the pressure field on the z-axis perpendicular to the rect-

angular source. As gm → ∞, C (gm) → 0.5 and S (gm) → 0.5. This fact allows

us to model the infinite stripe source easily. Substituting values for C (gm) and

S (gm) into Equation (5.7) and use Euler’s identity results in

p = ρ0c0u0e
−jkzejπ/4 [C (hm)− jS (hm)] . (5.8)

5.2.3 Axial field comparisons

Figure 5.4 shows some selected comparisons between the axial pressure field com-

puted according to Equation (5.2) (labelled stationary phase) and (5.8) (labelled

Fresnel integral). The corresponding result produced by COMSOL is also shown.

The computation was carried out using a 500 kHz transducer with three different

widths (25 mm, 8 mm and 4 mm).

It can be seen that in general, COMSOL agrees well with both Fresnel Integral

and stationary phase. However, some differences can be seen if the position is

close to the transducer (z ≤ 4 cm). At the location of measurement in the actual
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tomography (z = 10 cm), the relative difference is less than 5 per cent. This

suggests that the COMSOL model may be used to predict the behaviour of the

tomography. However, since this project utilised the 2-D modelling, the result

might be slightly different from real applications; the 3-D modelling is left as a

future work.

5.3 Stationary transducers array: the effect of

frequency on the projection

The simulation began with the stationary transducers model working in a time-

independent mode. The box size was set to be 10-by-10 cm, with a circular object

of radius 1 cm in the centre. The properties of the object and how the computation

grid was set up were described in Section 5.1. One side of the box is dedicated as a

transducer. A boundary condition was set so that the transducer emits continuous

acoustic waves. This allows the transducer to be fixed all the time. Being time-

independent, the model does not allow the pulse generation. The other mode,

time-dependent mode, was not employed due to the excessive computational time.

If 36 projections or more (as in Chapter 6) are required, the overall computational

time can be excessively long. It is also noted that the time-dependent mode does

not have a dedicated perfectly matched boundary. Despite deficiency, pulse may

be generated provided that a frequency range is suitable (around 1-10 kHz) and

the pulse length meet a condition. Pulse that is too short may not be shown on

the screen properly.

After the acoustic waves passed through the sample, a line detector was used

to collect the pressure field before the projection (as an attenuation profile) was

computed. The attenuation in dB was divided by the diameter of a sample (2

cm) to give the value in dB/cm. A line detector, in the simulation platform, can
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Figure 5.4: Comparison between COMSOL result and Rayleigh integral model of

line source along the z-axis. The frequency is 500 kHz and the transducer sizes

are 25 mm, 8 mm and 4 mm.
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Figure 5.5: Attenuation profile of a cylindrical sample at different frequencies. The

attenuation has been divided by the diameter of a sample (2 cm).
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be realised using an “interpolator.” The interpolator picks up data from the 2-D

matrix along the specified line and rearrange it into a more manageable row vector.

Figure 5.5 shows the attenuation profile of a cylindrical sample (of radius 1

cm) at different acoustic frequencies. It is seen that at low frequency, the profile

looks like a blurred version of the image. As the frequency increases, the sharper

transition between water and the sample becomes clearer. Higher frequencies also

increase the attenuation, as suggested by Equation 3.8. This also implies that high

frequency is unlikely to penetrate through a thick object. The plot also shows a

high attenuation effect at both edges of the array. These might be attributed

to the reflections at the boundary. Waves that do not impinge normally on the

boundary might not be fully absorbed and therefore reflected.

The attenuation profiles shown in Figure 5.5 can be reconstructed into a to-

mogram using unfiltered backprojection algorithm. Figure 5.6 shows the corre-

sponding reconstructions. It can be seen that from 100 kHz or more, the object

becomes reasonable clearly depicted. Frequency lower than this results in blurred

or oversized image. However, at 100 and 200 kHz, there is a ring artefact around

the sample. Due to the fact that the sample is simple, it cannot be determined

whether frequency has the particular effect on the clarity or resolution.

In terms of computational time, it is faster to reconstruct an image using a sta-

tionary transducer model. It took five to seven seconds to finish each run, another

five minutes were needed for the manual processing. For the moving sensor, it

took about two hours to compute a single projection. If the object is not symmet-

ric, two or three weeks are needed to compute a complete set of 180 projections.

With help of a computer program, a reconstruction can be performed just under

5 minutes. Despite the lengthier process, the next section will demonstrate that

a moving transducer model eliminates a ring artefact and can accommodate an

object which is much larger than the transducer size.
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(50 kHz)

(a) 50 kHz

(100 kHz)

(b) 100 kHz

(200 kHz)

(c) 200 kHz

(500 kHz)

(d) 500 kHz

Figure 5.6: Reconstruction of the cylindrical sample at different frequencies (un-

filtered backprojection, stationary transducer.)
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5.4 Moving sensor model: an improved way of

data collection

Although a stationary sensor configuration may be used in tomography, it gives

rise to some unwanted artefacts at the edge. It was also noted in the previous

section that at low frequency, the object looks blurred. In order to eliminate this,

a configuration similar to Pan and Liu’s work [13] was implemented. Instead of

fixing the transducers, they are positioned on the same acoustic axis and moved

together. In the actual experiment, this process is equivalent to moving the sample

across an acoustic axis, which is produced by two fixed transducers.

The stationary sensor model in Section 5.3 was modified to reduce the size of

both transmitter and detector and allow both of them to move together. With the

help of COMSOL with MATLAB, this process was completely automated, just

like controlling the experimental device. Two distict settings were used in the

simulation: (1) transducers of the same size moving together (2) a 25 mm sensor

transmitter with different sizes receiver. The box (or, technically, a computational

domain) was slightly expanded so the whole transducer could be accommodated.

For instance, 8 mm transducer will require a box with 10.8 cm width.

Figure 5.7 shows attenuation profiles resulting from using different transducers.

Again, the attenuation has been divided by the diameter of a sample. When

the transmitter is small, the attenuation near the edge of scanning axis is large

compared to when the transmitter is large (about 0.3 dB/cm). This causes a ring

artefact when reconstructing the image (as in Figure 5.5). In the later chapters,

it will be shown that setting receiver to be smaller can be useful. Note that the

corresponding reconstructions are similar to those in Figure 5.6, therefore they will

not be shown.
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Figure 5.7: Attenuation profile of the simple cylindrical sample with different

transducers settings.
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5.5 Chapter discussion

In Chapter 4, an equivalent model of x-ray tomography, or straight line tomog-

raphy, was investigated. This chapter has moved the attention to ultrasonic to-

mography. Instead of surveying the sea using reflection tomography [3, 100], a

cross sectional of the test object was investigated using transmission tomography

instead [12, 13].

A model of ultrasonic propagating in water was developed as described in

Section 5.1. It features a water bath surrounded by an absorptive (or perfectly

matched) boundary. Without the object inside the box, the pressure amplitude

along the line perpendicular to the transducer was recorded and compared with

analytical-numerical models (Section 5.2). It was found that, at all selected fre-

quencies from 20 kHz to 500 kHz, COMSOL gives satisfactorily similar results to

those obtained from the analytical-numerical models [97, 98]. This shows that

COMSOL may be used to model the acoustic propagation over a range of frequen-

cies. The resulting data can the be employed for investigation of the ultrasonic

tomography.

The COMSOL model had been modified so that the transducer spanned one

side of the bath. This was to simplify a problem such that the transducer do not

have to be shifted across the sample. This allows a large sample to be projected

and inverted into a tomogram easily at the expense of higher computational (and

experimental) time. Another way to do this is to fix an array of transducer around

the object or area of interest [66, 101]. Since this method requires sophisticated

methods, such as limited area backprojection and backpropagation algorithm [102],

this topic should be investigated as a separate work.

A circular object was chosen so that the projection remained the same regard-

less of viewing angles. The other side of water bath had an array detector that

detected the pressure field. By using Equation (3.10), the pressure field may be
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converted into the corresponding attenuation profile. This showed that higher

frequencies result in a higher attenuation and sharper contrast compared to the

surrounding area, suggesting the presence of the object. However, at both ends

of the scanning axis, the attenuation value increased significantly, indicating is-

sues associated with the boundary condition. This gives rise to the ring artefacts

surrounding the centre circle when the projection was reconstructed to the image.

Lower frequencies (50 kHz and lower) typically resulted in an oversized image,

while higher frequencies give a more representative image, but with the ring arte-

facts. The ring artefact gradually faded as the frequency increased, but did not

completely vanish. This may suggest imperfectness in the model, particularly the

boundary condition and how the model was set up. The only obvious advantage

of the stationary transducer model is that it requires less time and memory.

A moving transducers model has been used to investigate the effects of the

receiver size (Section 5.4). Instead of a big transmitter spanning the whole side,

the transducers was much smaller. They were positioned on the same normal

line and allowed to move together. The transmitter size was kept constant at 25

mm, while there was the receiver with three different sizes. In common with the

stationary transducer model, higher frequencies resulted in a sharper attenuation

profile. The only difference is that when the sizes of both transducers are equal, the

edge artefacts at both sides of the scanning axis can easily be seen. If the receiver

size is smaller than that of the transmitter, then the edge artefacts are reduced.

This might suggest that, despite the slower computational (and also experimental)

time, moving transducers can eliminate some unwanted artefacts.

The next chapter will turn the attention to more complex test objects, util-

ising the moving transducer model. This will be similar to the actual ultrasonic

tomography system and experiments reported later.



Chapter 6

Acoustic modelling II: complex

test phantoms

This chapter extends the model covered in Chapter 5 from a simple circular sam-

ple to more complex test objects (sometimes called phantoms). Since there are

numerous choices of possible phamtoms, this chapter selects three different test

objects. These include two cylinders (or circles in 2 dimensions) positioned diag-

onally and two cylinders embedded in a block. These samples are similar to ones

that will be used experimentally in Chapter 7. An additional sample, a modi-

fied head phantom, is also proposed and simulated in order to demonstrate the

limitation of ultrasonic tomography on complex samples.

Two detection schemes, phase-sensitive and phase-insensitive detection, will be

considered and implemented. This chapter will look whether the phase detection

scheme and the receiver size have an effect on the final reconstruction or not.

123
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Table 6.1: Grid parameters for ultrasonic simulations at 500 kHz.

Parameter and unit Value

Maximum element size (m) 1.20×10−3

Minimum element size (m) 2.40×10−6

Maximum element growth rate 1.1

Curvature factor 0.2

6.1 Grid system for a complex sample

In order to compute any finite element problems, a grid must be set up so that

physical quantity for each point can be computed. Referring to Section 5.1, an

“Extremely Fine” triangular grid was chosen for simplicity. Some automatically

generated parameters for the simulation of the Type I sample were listed in Table

6.1. According to the training provided by COMSOL Inc, the minimum number of

elements should be 8 - 10 per wavelength. For instance, at a wavelength of 3 mm,

the element should be 0.3 mm or smaller. Smaller element results in better and

more accurate result. This implies that the values given in Table 6.1 are suitable

for the frequency of 500 kHz.

However, when higher frequencies (such as 1 and 2 MHz) were simulated, an

automatic grid did not produce a result correctly. This required the grid to be

customised. For the Type III sample simulations in Section 6.9, the element sizes

in Table 6.1 were reduced gradually until 1 and 2 MHz can be simulated correctly.

The final values are shown in Table 6.2.
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Table 6.2: Grid parameters for ultrasonic simulations at 1 and 2 MHz.

Parameter and unit Value

Maximum element size (m) 2×10−4

Minimum element size (m) 1×10−4

Maximum element growth rate 1.1

Curvature factor 0.2

6.2 Description of Type I and II samples

In Chapter 4, three types of test objects were studied: two cylinders (Type I), two

cylinders embedded in a block (Type II) and a head phantom (Type III). They

were images stored on the computer intended for an investigation of a straight line

tomography. These samples were modified and extended for use in the COMSOL

model as follows.

For the Type I sample, the two circles, each of which was 2 cm in diameter,

were chosen to mimicking a human cartilage, whose speed of sound is 1100 m/s.

The distance between two circles was 3 cm. The attenuation was selected to be

equal to that of milk or other bodily fluid (0.5 dB/cm at 500 kHz). The alignment

is similar to that of Figure 4.1a. The Type II sample was made by embedding the

Type I sample into another 5-by-5 cm gel block with lower density (1050 kg/m2)

and attenuation (0.20 dB/cm at 500 kHz). This was different from Chapter 4,

in which pixel was used as a unit of measurement. Using 10 pixels to 1 cm as a

conversion factor, it is possible to generate the same sample in this chapter, where

centimetres were used.
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6.3 Effect of transmitted frequency on the pro-

jection

In Section 5.3, the effect of frequency on the resulting projection using a simple test

object was investigated. It was found that the greater the frequency, the sharper

the image and the higher the attenuation; this section extends the model to both

asymmetric test samples. However, the phase-sensitivity will be introduced as it

could affect the measured projection.

In the previous chapter, a complex pressure from every point on the receiver

was averaged without weighting. The final value was then used to evaluate the

corresponding attenuation, which was then reconstructed into the corresponding

tomogram. Since the test object was a circle, the assumption that every angle

yields the same projection could be made. In this chapter, different averaging

schemes are introduced, namely phase-sensitive (PS) and phase-insensitive

(PI). PS sensing takes into account the phase angle as well as the amplitude of

the signal. Suppose that there are L points upon the sensor, then the averaged

phase-sensitive pressure pps is described by the following equations:

pps = preal + jpimag, (6.1)

preal =
1

L

L∑
k=1

p
[k]
real, (6.2)

pimag =
1

L

L∑
k=1

p
[k]
imag. (6.3)

Here the superscript [k] stands for element index, not an exponent. In other words,

both real and imaginary parts of the pressure detected are averaged separately to

retain the phase information. The amplitude of the complex pressure is then

compared with that obtained without the sample to give the corresponding signal

attenuation.
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On the other hand, if the phase information is to be discarded, then the average

PI pressure ppi is just the mean of absolute value of the pressure from each point

upon the sensor. This can be mathematically expressed as

ppi =
1

L

L∑
k=1

∣∣p[k]
∣∣ , (6.4)

∣∣p[k]
∣∣ =

√(
p

[k]
real

)2

+
(
p

[k]
imag

)2

(6.5)

It might be imagined that both methods of averaging pressure over the sensor

would give identical results, but this is not the case when the receiver is large

and close in size to the transmitter, as a phase cancellation can occur across the

receiver surface. Figure 6.1 shows the attenuation profiles for different frequencies

while using a 25 mm transmitter and receiver. As the receiver becomes larger,

PS and PI attenuation profiles become different. At low frequencies, there is no

significant difference between PS and PI profiles. Again, the attenuation is higher

at both ends of the scanning axis, as seen in Chapter 5. This suggests that no

matter the sensor is moved or fixed, low frequencies can give rise to unwanted

artefacts. At 500 kHz, however, it is possible to see differences between PS and

PI profiles. For Type I sample, it is possible to see a large peak near the centre

of the scanning axis (circled in Figure 6.1a). This might suggest that both circles

was not parallel. PS receiver tends to bridge two cylinders together, producing an

inaccurate image. On the other hand, this bridge (or kick) disappears when PI

receiver is used. For the Type II sample, PS tends to detect edge of the object

without showing internal details. This can be seen from Figure 6.1b. Once the

projection is completed around the object, it will be possible to see the advantage

of using a PI receiver.

The next section will investigate the effect of the receiver size when the fre-

quency is constant.
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Figure 6.1: Attenuation profile at 0◦ of the Type I and II samples at 0◦ (25 mm

receiver and transmitter) for different frequencies and phase-sensitivities.
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6.4 Effect of receiver size on the projection

In order to investigate the effect of the receiver size compared to that of the

transmitter on the final projection, the same model was run again. However the

frequency was set at 500 kHz for all cases. Again, the phantom was not rotated

as the effect of receiver size is the only thing to be examined. The transmitter

diameter remained 25 mm throughout the simulation. The receiver size, on the

other hand, was varied from 25 mm to 18.75, 12.50 and 6.25 mm, each of which

has a separate and distinct projection data.

Figure 6.2 shows the attenuation profiles at 0◦ for both types of the sample.

When the receiver size is small, for example 6.25 mm, the two cylinders can easily

be seen (as two hills separated with a deep rift). As the receiver size increases,

the rift becomes shallower. In other words, the larger the detector, the lower the

resolution. Two closely situated objects cannot easily be separated if imaged using

the larger detector. It is also noted that PS and PI signal are significantly different

when the receiver size is large. This is particularly evident for the Type II sample.

PS attenuation is slightly higher than that of PI, especially when the receiver is

big. This implies that sensor size and phase-sensitivity matter for the ultrasonic

tomography. If the sensor is big and phase-sensitive, then it will be more likely to

encounter problems.

Together with what was found in Section 6.3, it can be stated that higher

frequencies and smaller receivers generate sharper projections (and better final

images). However, the fact that higher frequencies result in stronger attenuations

(see Chapter 5) means that a very thick sample might completely block the incident

ultrasonic wave, making this technique useless.
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Figure 6.2: Attenuation profile of asymmetric samples at 0◦ using 500 kHz fre-

quency and different receiver sizes.
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6.5 Reconstruction of the Type I and II samples

Section 6.3 and 6.4, however, considered only the effect of frequency and size of

the receiver at only one angle. What will be the effect of these parameters on the

whole tomogram?

In order to see the effect of the number of projections on the final tomogram

(as in Section 4.1), both Type I and II samples were scanned using the PS average

scheme before reconstruction using the backprojection algorithm. Figures 6.3 and

6.4 show the result. As expected, the tomogram becomes closer to the original as

the number of projections increases. It is noted that just 18 or 36 projections are

sufficient to give a reasonable reconstruction using acoustic data.

In Section 4.5, it was shown that straight line tomography required 180 pro-

jections and filtering to obtain a very good quality image. Smaller numbers of

projections resulted in a radial artefact due to the backprojection process. This

can be seen as several white lines radiating from the centre of the image. Without

filtering, the clear image becomes hazy. For the acoustic counterpart, 18 or 36

projections are sufficient as it is impossible to produce cut-clear image of the two

circles. How can two distinct circles be obtained?

In order to address the question, the receiver size was varied and allowed to

work in both PS and PI modes. Three sizes were chosen, 25 mm, 8 mm and 4 mm,

to match actual transducers in the experiment. Figure 6.5 shows the reconstruction

of the Type I sample. It can be seen that at 25 mm and both modes, the image

(which should be two circles) still looks like a pair of dumbbells. As the miniature

detail cannot be evaluated easily, the numerical image evaluation will be applied

later. As the receiver becomes smaller, two separate circles can be seen easily.

Despite the lack of clarity as obtained in the equivalent the x-ray image (see

Figure 4.3), the acoustic method can still give a reasonable quality image of a

simple object.
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(a) 2 Projections (b) 4 Projections

(c) 9 Projections (d) 18 Projections

(e) 36 Projections (f) 180 Projections

Figure 6.3: Unfiltered simulated reconstruction of the Type I asymmetric sample

(25 mm receiver, 500 kHz transmitter, PS receiver). The plots are given as an

attenuation in dB/cm.
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(a) 2 Projections (b) 4 Projections

(c) 9 Projections (d) 18 Projections

(e) 36 Projections (f) 180 Projections

Figure 6.4: Unfiltered simulated reconstruction of the Type II asymmetric sample

(25 mm receiver, 500 kHz transmitter, PS receiver). The plots are given as an

attenuation in dB/cm.
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(a) PS 25 mm receiver (b) PI 25 mm receiver

(c) PS 8 mm receiver (d) PI 8 mm receiver

(e) PS 4 mm receiver (f) PI 4 mm receiver

Figure 6.5: Unfiltered reconstruction of the Type I asymmetric sample using 180

projections (500 kHz transmitter.) The plots are given as an attenuation in dB/cm.
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When the object is slightly more complicated, PS and PI mode become com-

pletely distinct. Figure 6.6 shows the reconstructions of Type II sample. For 25

mm receiver working in PS mode, an unexpected result happens as it is only pos-

sible to see the block with two lighter circles in opposite locations to those of the

original object. This cannot be improved even with the use of iterative algorithms

or filtration (see Chapter 8). On the other hand, PI mode gives the faint image

of a block containing a pair of dumbbells. As the receiver size reduces, the object

containing two circles like the original can be seen, despite deformed. In other

words, reducing the receiver size results in a more realistic image.

Comparing with the images in Chapter 4, it is readily seen that the image

quality of ultrasonic tomograms is inferior than that of straight line tomograms.

Despite this limitation, it is possible to improve the image quality of the ultrasonic

image by reducing the receiver size and adopting the PI mode. This will be

confirmed numerically in Section 6.7.2.

6.6 Reconstruction of the Type III sample

So far the test samples investigated have been relatively simple. Therefore, it was

considered important to expand the model to study more complex problems. The

classical head sample (or head-like) as specified in [92] and employed in Chapter

4 was found to be too computationally demanding due to the requirement of

large number of very small elements. An “extremely Fine” option available on

the finite element software was not capable of fulfilling this need. Manual fine

tuning of these elements, therefore, was carried out. Consequently, extremely long

computational time was needed. Figure 6.7 shows a simplified Type III sample.

The original double layer representing the skull (as in Figure 4.4) was removed

and reshaped, resulting in a single circle Three circles and ellipses were embedded
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Figure 6.6: Unfiltered reconstruction of the Type II asymmetric sample using 180

projections (500 kHz transmitter.) The plots are given as an attenuation in dB/cm.
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a

b

c
d e

f
g

Figure 6.7: Modified head-like phantom (Type III sample). A letter denotes each

ellipse as listed in Table 6.3.

within a circle, representing organs embedded within the tissue. The parameters

for each component are listed in Table 6.3. The centre circle g has attenuation of

0.3 dB/cm, while the rest of circles and ellipses have 0.2 dB/cm. These attenuation

values are added when two or more shapes overlap.

Figure 6.8 shows the reconstruction of Type III sample by backprojection, using

all possible receiver sizes and configurations. Figure 6.9 shows selected reconstruc-

tions overlapped with the outline of the original object. It can be seen that when

the receiver is large (25 mm) and PS mode is used (Figure 6.9a), the reconstruc-

tion tends to show only outer edge of the object with rough internal details. A

group of circles and ellipses a, b, e, d (refer to Figure 6.7) is faintly visible in the

image. The small ellipse f does not appear, presumably due to being small in size.
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(a) PS 25 mm receiver (b) PI 25 mm receiver

(c) PS 8 mm receiver (d) PI 8 mm receiver

(e) PS 4 mm receiver (f) PI 4 mm receiver

Figure 6.8: Unfiltered reconstruction of the Type III sample using 180 ultrasonic

projection, 500 kHz frequency and different modes.
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Table 6.3: Parameters for the modified Type III sample. All dimensions are given

in centimetre.

Identifier Centre coordinates Width Height

a (0, 1.5) 2 2

b (0, 0.5) 0.5 0.5

c (0,−0.5) 0.5 0.5

d (−1.2, 0) 1.4 4

e (1.2, 0) 1.4 4

f (0,−2) 0.4 0.2

g (0, 0) 6 6

Switching to the PI mode while keeping the same receiver, it becomes harder to see

internal detail. The only visible feature remains an outline of the circular object.

As the receiver size decreases, two lobes (ellipse e, d) attached to the large circle

a become more apparent. Small ellipse f, however, does not appear in all possible

cases. This might be due to limitation of ultrasonic imaging or current simulation

parameters.

As a challenge, the maximum possible frequency for the simulation is limited

by the size of the model as well as the computer’s performance. The latter factor

depends on several factors: nature of the machine, optimisation, central processing

unit (CPU), random access memory (RAM), hard drive, number of cores within

the CPU and so on. Increasing the frequency results in longer computational time

and sometimes crashes the machine. However, the model used so far is designed

on a realistic basis; only one angle can be projected at a time. Since the projection

takes place at different angles independently, it is possible to consider a parallel

computing system. Each CPU or core evaluates a projection separately before all

results are combined using a reconstruction algorithm. This will effectively reduce
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the computational time but may put a software licensing problem, particularly if

the licence depends on one CPU.

6.7 Image quality evaluation using SSim

So far the reconstructed tomograms have been assessed subjectively (i.e. with

human judgement). It was found that the smaller receiver tends to reveal greater

amount of details. This section confirms this finding by comparing the recon-

structed image with a corresponding reference, using a numerical index. The

description of samples in Sections 6.2 and 6.6 are not enough to proceed with

the image evaluation. Therefore, a mathematical description of the object will

be given. These expressions were used to create the reference object on the pro-

gramming platform; which has a completely different nature from the graphical

programs.

6.7.1 Mathematical description of the reference objects

For the Type I sample, the object can be described by following inequalities. Let x

and y be an axis (which can be a two-dimensional array stored on the computer),

then √
(x− x0)2 + (y − y0)2 ≤ r, (6.6)√
(x+ x0)2 + (y + y0)2 ≤ r, (6.7)

give an image of two solid circles, one of which is centred at (x0, y0) and another

is at (−x0,−y0). The less than or equal to sign ≤ emphasises the fact that every

point within the circle satisfies the appropriate equation (not just any points on the

edge.) Two conditions can easily be put together using AND or plus (+) operator.
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(b) PI, 25 mm receiver

Figure 6.9: Selected Type III sample reconstructions using 180 projections with

the corresponding outline (continued on next page.) The data was generated

computationally.
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(c) PS, 25 mm receiver
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(d) PI, 25 mm receiver

Figure 6.9: Selected Type III sample reconstructions using 180 projections with

the corresponding outline (continued from previous page.) The data was generated

computationally.
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For the Type II sample, a square or block is created first before the Type I

sample is inserted. If the block sides measures L, following inequalities describes

a square.

−L
2
≤ x ≤ L

2

−L
2
≤ y ≤ L

2

Then the Type I sample is weighted and inserted into the block using

fII = 0.5fsq + 0.5fI. (6.8)

The Type III reference image can be created by taking all parameters from

Table 6.3 and using appropriate forms of conic section equations. Following equa-

tions describe how each shape of the image were created, where k is a scaling factor

that may be applied. As a default, k = 1.

fIII,1 =
√
X2 + Y 2 < 2k,

fIII,2 = X2 + (Y − 0.5k)2 < 0.5k,

fIII,3 = X2 + (Y + 0.5k)2 < 0.5k,

fIII,4 = ((X − 1.2k) /1.4k) + (Y/4k)2 < 1,

fIII,5 = ((X + 1.2k) /1.4k) + (Y/4k)2 < 1,

fIII,6 = (X/0.4k) + ((Y + 2k) /0.2k)2 < 1,

fIII,7 =
√
X2 + Y 2 < 6k,

These shapes are combined using a simple summation.

fIII =
7∑

m=1

fIII, (6.9)

By setting r = 10 and x0 = y0 = 10, it is possible to implement Equations

(6.6) and (6.7) on 50-by-50 pixels grid to get a reference image of the Type I
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object, as shown in Figure 6.10a. Inserting the Type I sample into a square using

Equation (6.8) results in a reference object for the Type II sample, shown in Figure

6.10b. Figure 6.10c shows the reference Type III sample created by implementing

Equation 6.9. These reference object will be used in conjunction with the similarity

index in the next subsection as well as in later chapters.

6.7.2 Numerical evaluation

In Sections 4.3 and 4.4, the SSim was applied to reconstructed straight line (or

x-ray) tomograms with respect to the original images. It was confirmed that the

higher index corresponds to a clearer image and better resolution. The situation

was relatively simple, as all images were ranged from 0 to 1 in values. However, an

ultrasonic tomographic reconstruction can provide various values indicating how

high or low the attenuation is. The reconstructed image may have significantly

different mean attenuation compared to the reference. This might cause an inac-

curate metric, especially when the structure or resolution of the image is to be

assessed. Therefore, both images were normalised so that their maximum value is

one. The only differences between both images were their structure and resolution.

After preparing reference and reconstructed images, Equations (3.32) - (3.40)

were implemented. Figure 6.12 shows the change of SSim with respect to the

number of projections. For the Type I (Figure 6.11a), it is seen that SSim increases

as more projections are included into the reconstruction. However, the index

begins to flatten as the number approaches 18 or 36. This suggests that 36 angles

are sufficient for an ultrasonic reconstruction. As the size of the sensor becomes

smaller, SSim can be expected to increase but with certain limit. Regarding phase-

sensitivity, PS and PI work almost similarly. This implies that for a simple test

object, PS and PI do not have significant differences.

For the Type II (Figure 6.11b), however, SSim behaves differently. Referring to
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(c) Type III

Figure 6.10: Reference images generated using mathematical descriptions set out

in Section 6.7.1.
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Figure 6.6, it is seen that the PS image generated by the 25 mm receiver does not

look like the expected image. This is reflected by decreasing SSim as the number

of projections grows. For 8 mm and 4 mm receivers working in the PS mode,

however, the SSim increases until reaching a limit at around 18 projections.

For the Type III (Figure 6.12a), a receiver working in PS mode generally shows

a lower image quality. PI sensor, on the other hand, improves image quality.

Larger PI sensor implies greater image quality, while smaller PS sensor generally

suggests the same conclusion. Referring to Figure 6.7, it follows that the outline

is significantly different from reconstructed image. It will be shown later that

the filtering can resolve the hazy image and reveal minute detail. This effectively

increases the image quality, both subjective and objective.

Table 6.4 lists the final value of SSim and PSNR for every test object, mode

and receiver size. In the next section (see Figure 6.16), the result will be compared

to that from the filtered backprojection. It will be revealed that filtering, instead

of improving the image quality, destroys ultrasonic image details. Smaller PS re-

ceiver size generally result in greater image quality. On the other hand, larger PI

receiver is preferred to smaller ones. By assessing all possible images reconstructed

using 2, 4, 9, 18, 36 and 180 projections, it is possible to statistically compare im-

age quality generated using different PS receiver sizes. Chapter B in the appendix

covers this in detail. It is found that a similarity indices from smaller receiver

is significantly better than that from larger receiver. Again, this project selected

three different samples reconstructed using three different configurations (and dif-

ferent complexities). The assumption that all three samples are representative of

all possible configuration was then made. If another selection is made, different

conclusions may be drawn.
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Figure 6.11: Variation of the SSim with respect to the number of projections

(ultrasonic simulation, no filtering.)
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(a) Type III sample

Figure 6.12: Variation of the SSim with respect to number of projections (ultra-

sonic simulation, no filtering.)

Table 6.4: Values of SSim and PSNR for simulated ultrasonic reconstructions using

Type I, II and III samples (unfiltered backprojection.)

Receiver size 25 mm 8 mm 4 mm

Parameter/Type SSim PSNR SSim PSNR SSim PSNR

Type I PS 0.387 11.5 0.413 12.3 0.424 12.5

Type I PI 0.496 13.2 0.404 11.8 0.412 11.9

Type II PS 0.350 7.83 0.504 12.1 0.524 12.6

Type II PI 0.593 12.9 0.515 11.9 0.523 12.4

Type III PS 0.613 9.69 0.602 9.94 0.597 9.90

Type III PI 0.850 16.5 0.698 16.6 0.640 10.5
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6.8 Filtered Reconstruction Algorithm

In Section 6.5 and 6.6, three types of test objects were reconstructed using the un-

filtered backprojection algorithm. In other words, the projection data was spread

back onto the image plane directly after the collection without preprocessing. It

was found that receiver size affects the image quality–both subjective (naked eyes)

and objective (structural similarity index). Phase inclusion and exclusion also af-

fect the image quality. This section further investigates how the filtering before

backprojection affects the image quality, in the similar way as Chapter 4.

Figure 6.13 shows filtered reconstructions of the Type I sample. Visual ob-

servation suggests that the object becomes smaller in size. Two high attenuation

regions that were joined by a bridge (“dumbbells”) become separated. Compar-

ing these with the unfiltered versions in Figure 6.5, it is found that the unfiltered

algorithm tends to keep original circular shape of the sample while the filtered

algorithm deforms the circle. The noisy glowing effect, however, is eliminated.

Figure 6.14 shows the reconstructions for the Type II sample. These correspond

to the unfiltered version shown in Figure 6.6. It can be seen that the square block is

not well described after filtering. The remaining features are two high attenuation

regions and the outer edge of the block. For the 25 mm phase-insensitive receiver,

the image remains unchanged from the original version.

For the Type III sample, it is also possible to filter the projection before back-

projection. The result is shown in Figure 6.15. Comparing to the original image

(see Figure 6.8), it is found that two lobes which was originally obscure is revealed

after filtering. Inner components of the phantom can be seen roughly if a 25 mm

receiver is used. As the detector becomes smaller, lobes can be seen easier. This

finding is different from those of Type I and II, in which filtering destroys key

detail of the image (i.e. reduces a block to just an edge; deforms circles).

Using the structural similarity index and the reference image (see Section 3.8
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(a) PS 25 mm receiver (b) PI 25 mm receiver

(c) PS 8 mm receiver (d) PI 8 mm receiver

(e) PS 4 mm receiver (f) PI 4 mm receiver

Figure 6.13: Filtered reconstruction of the Type I asymmetric sample using 180

projections and 500 kHz. The data was generated computationally.
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(a) PS 25 mm receiver (b) PI 25 mm receiver

(c) PS 8 mm receiver (d) PI 8 mm receiver

(e) PS 4 mm receiver (f) PI 4 mm receiver

Figure 6.14: Filtered reconstruction of the Type II asymmetric sample using 180

projections and 500 kHz. The data was generated computationally.
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(a) PS 25 mm receiver (b) PI 25 mm receiver

(c) PS 8 mm receiver (d) PI 8 mm receiver

(e) PS 4 mm receiver (f) PI 4 mm receiver

Figure 6.15: Filtered reconstruction of the Type III sample using 180 projections
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Table 6.5: Values of SSim and PSNR for simulated ultrasonic reconstructions using

Type I, II and III samples (filtered backprojection.)

Receiver size 25 mm 8 mm 4 mm

Parameter/Type SSim PSNR SSim PSNR SSim PSNR

Type I PS 0.414 13.6 0.143 12.3 0.146 12.3

Type I PI 0.352 13.3 0.394 13.7 0.307 13.3

Type II PS 0.586 13.9 0.248 13.2 0.200 12.9

Type II PI 0.744 17.5 0.384 14.1 0.259 13.3

Type III PS 0.241 11.4 0.262 11.5 0.217 11.3

Type III PI 0.670 15.5 0.575 13.5 0.419 11.9

and Chapter 3.8), it is possible to compare the quality (in terms of structure)

between filtered and unfiltered image. The reference images was described math-

ematically in Section 6.7.2. It was found that just a few projections (18-36) can

lead to a decent image quality. Table 6.5 shows SSim and PSNR values computed

from filtered simulated images. Note that Table 6.4 shows the same parameters

but without filtering. Note here that when working with filtered reconstruction,

SSim tends to drop as the sensor becomes smaller.

For the ease of comparison, the SSim from different modes can be plotted in a

bar chart as shown in Figure 6.16. It can be concluded that filtering can heavily

affect the image quality. A larger sensor, which tends to produce a foggy image

if no filter is used, can result in the “better image” when filter comes into place.

However, as a receiver becomes smaller, then the SSim drops. This is different

from the naked eye conclusion, in which a smaller receiver reveals trace of two

lobes in the head phantom. Further observation suggests that in general, filtering

does not improve the image quality of ultrasonic tomograms.
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Comparison of the SSim for Type I ultrasonic tomography (simulated)
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Comparison of the SSim for Type II ultrasonic tomography (simulated)
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(b) Type II

Figure 6.16: Comparison of the SSim for ultrasonic tomography working in differ-

ent modes (continued on next page.)
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Comparison of the SSim for Type III ultrasonic tomography (simulated)
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(c) Type III

Figure 6.16: Comparison of SSim for ultrasonic tomography working in different

modes (continued from previous page.)
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6.9 Higher frequency simulation: an extension

into future

From the start of this project, the frequency of vibrating source was set to be

500 kHz due to several limitations. 500 kHz can be simulated in the finite element

package COMSOL using a built-in “extremely fine” grid setting. Up to 2 days were

required to calculate 36 angles, or 180 projections could be obtained in 10 days.

This coincided with the available transmitter in the laboratory. It is noted here

that other applications, such as ultrasonic cleaning, employs a transducer with

much lower frequency. Computationally, a simulation of 1 and 2 MHz receiver

requires much finer grid than an “extremely fine” setting. At a wavelength of 3

mm (500 kHz in water), the maximum size of a grid element is 3× 10−4 mm. The

frequency of 1 and 2 MHz, therefore, require the maximum sizes of 1.51.×10−4 mm

and 7.5× 10−5 mm respectively. This indicates that the amount of computational

resources is larger when the frequency is high.

In the later stage of this project, the author managed to fine tune an existing

extremely fine grid so 1 MHz could be simulated. Nonetheless, the 180 angles

required for reconstruction took 35 days to complete on an average computer. This

raised the need of parallel computation. Another solution was to reduce the angle

in computation down to 36. This is due to the fact that once the projection number

raises over 36 (see Figure 6.11), the structural similarity index barely increases.

This allows the reduction of computational time and also data collection if the

measured projection is used.

The model mentioned in Chapter 5 and Type III sample (see Section 6.6) was

modified and the existing attenuation at 500 kHz was halved. This prevents the

model from possible saturation. The grid was then customised A reconstruction

using the unfiltered backprojection at 1 MHz can be plotted as shown in Figure
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6.17. Comparing to Figure 6.8, it is now possible to see small detail, such as

ellipse f (referring to Figure 6.7), with some effort. The lobes (ellipse d and e)

can be seen clearly. However, circle g tends to be more opaque and block other

small shapes, such as circles b and c. Increasing the frequency may improve image

quality, but nature of the object should be taken into account. If the sample is

thick and highly attenuating, then using too high frequency may be unsuitable.

In general, the greater the frequency, the stronger the attenuation [103, p.224].

In general, the image quality is slightly better. The ring artefact (or glow)

around the object is reduced. By using the Structural Similarity Index technique

(see Section 6.7.2), the indices computed from Figure 6.17 are around 0.33-0.35.

This might imply that in spite of gaining better quality at one aspect (edge),

the internal detail becomes hazy. Therefore, taking into account the nature of

the sample before choosing the imaging frequency is important. A thick object

generally requires lower frequency and higher power. Thin object, on the other

hand, should be imaged with high frequency to prevent wave-related artefacts.

Due to limitations in computational power, this work will not show the results

from other receiver sizes. This implies that there should be further studies on

simulation of ultrasonic imaging at higher frequencies. This might reveal how

image looks like and aid designing of the practical imaging system.

6.10 Chapter discussion

This chapter has considered a finite element simulation of ultrasonic tomography

using three different test objects: Type I, Type II and Type III. Type I and II

samples are simple and similar to that used in Chapter 4. The effect of frequen-

cies on the projection has shown that higher frequencies produce sharper edges.

There were several points upon the receiver, which were then averaged to give just
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Figure 6.17: Selected reconstructions of the Type III sample at 1 MHz. The data

was computationally generated.



6.10. CHAPTER DISCUSSION 159

one representative value. This chapter therefore introduced phase-sensitivity and

phase-insensitivity of the receivers in mathematical terms (see Section (6.3)). A

PI sensor destroys the phase information by averaging it, while a PS receiver does

not.

The reconstruction of the Type I sample, when imaged using a PS sensor,

produces “dumbbells” or two circles with “bridge” between them. This artefact

is slightly reduced when a PI sensor is employed. Smaller receiver sizes do not

produce a significant difference, no matter what phase-sensitivity is. For the

Type II object, on the other hand, significant differences when different phase-

insensitivities are applied can be seen. At 25 mm, PS sensor does not result in the

correct shape, just providing the outline of an object. PI sensor successfully pro-

duces both the correct shape and suggests the location of internal detail. Smaller

PI receivers do not produce significantly different image quality.

Since judgement by eye can be inaccurate and misleading, this chapter again

make use of the SSim in the same way as Chapter 4. This is rather similar to

the recent experimental work by Mohd Khairi et al. [104], in which ultrasonic

images of milk cartons with inorganic objects were assessed numerically without

demonstrating how the index works. In common with other researchers, their

samples were made of a metal rod and paper carton. This might make their work

less accurate when applying the technique to organic objects (except one, bone!)1.

However, most of organic objects in medicine often lack contrast and reflectivity as

inorganic object. Using samples similar to soft tissue can explain what will happen

when a tumour is being imaged ultrasonically. This work, therefore, focuses on

using soft organic samples in both simulation and experiment. It will be clear

in Chapter 7 that test samples used in this project consists of water, salt and

1The bone, strangely, is considered organic despite being hard, highly contrasted and highly

reflective.
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agar powder obtained from seaweeds. This makes this work applicable to organic

objects, such as human body, fruit and other agricultural produces. The result

of this work can explain more accurately of what should happen when organic

objects are being ultrasonically tomographed.

It should be noted here that throughout this project, two parallel transducers

are employed for the projection process. This is a modification of the original con-

figuration made by Pan and Liu in 1981 [13]. The exception is that Pan and Liu

automated only one transducer so another transducer had to be moved by hand.

Their target was rather different, since they tried to compare different reconstruc-

tion from average and peak signals. This project, together with a pioneering work

in phase-insensitive tomography by Zeqiri et al. [12], employs a parallel transducer

model to simplify the process. Computationally, the data collection per one angle

can take 10-20 minutes or more depending on the computer. On the other hand,

an array of transducers model employed by many resrearchers [104, 66, 101] is

much quicker computationally (only fraction of a minute per projection!). This

indicates that further study can be done using a phase-sensitive sensor and an

array model, with an expectation of better image quality.

Furthermore, this chapter is also similar to the numerical assessment of the

motion compensated x-ray tomograms [19]. However, Sisniega et al. simplified

the original SSim by excluding the “structural factor” s. In common with Mohd

Khairi et al ’s work, there is no dedicated section on verifying the modified or

original SSim with the image quality obtained visually [104]. As a result, this

work began by testing the full index with straight line tomograms as in Chapter 4

before expanding its application to this chapter. The reason of choosing straight

line model is that it is the simplest way to simulate tomography and can easily give

insight about different parameters, such as number of projections and filtering.

For the Type I and II samples, a PI sensor generally performs better than a
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PS receiver when the receiver size is large. This suggests that the phase effect is

strong when a large sensor is employed. Nevertheless, as the receiver shrinks in

size, a PS receiver can produce a slightly better SSim. This implies that if the PI

receiver is not available, the PS receiver that is smaller than the transmitter may

be used. Due to the fact that Type I and II samples are simple, the head-like Type

III sample was devised and studied using the same modelling method. In this case,

PI receiver results in higher SSim. This further suggests that PI transducer is still

desirable for tomographic devices in the future.

Aside from an unfilered backprojection algorithm, a filtered version of the al-

gorithm as used in the x-ray tomography was also studied (Section 3.5). The

algorithm reduces glowing noise around the image and result in the higher image

quality index, but it also destroys essential details. This contrasts with what was

found in Chapter 4, in which image quality index is higher when the filtering takes

place. In other words, an ultrasonic tomogram should be reconstructed without

any filtering to prevent the loss of details.

This project mainly uses 500 kHz as the frequency for modelling and experi-

ment. This is due to the requirement of lower computational power. It is, however,

possible to increase this frequency by reducing a maximum element size, thereby

increasing a number of gridpoints, within the model. Higher frequency generally

results in the better image quality, with less effect from the receiver size [71]. It is

found that images obtained with high-frequency transducers are sharper and cut-

clear, if the object is on the background. However, the internal details becomes

less discernible, particularly if the target object is embedded within another dif-

ferent object. This might be due to high loss in the acoustic energy or a strong

reflection due to boundaries. This suggests that selection of a suitable frequency

is important. A thick object generally requires higher power and lower frequency,

while smaller object might be imaged using a higher frequency.
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In the next chapter, the experiment will commence. Both Type I and II samples

will be made into physical test objects using agar and water. The experiment will

utilise a refurbished water bath and a controlled stepper motor, which are similar

to the COMSOL model.



Chapter 7

Experiments

After considering some ultrasonic simulations, this chapter turns the attention to

experiment. In Chapter 6, both phase-sensitive (PS) and phase-insensitive (PI)

receivers were employed. It was shown that a PI receiver generally resulted in

better image, provided that the receiver size was large. On the other hand, a PS

sensor generally resulted in the higher similarity index, provided that its size was

small compared to the transmitter. As the number of projections increased, the

similarity index tended to converge to the final value. This chapter will confirm

these findings experimentally. This chapter also describes the development of a

tomographic device from a former ultrasonic calibration tank. Both PS receiver

and PI receiver will be used. In common with Chapter 6, a numerical assessment

of the image quality will also be carried out.

7.1 Equipment arrangement and design

Tomographic imaging may be carried out by placing a sample onto a turntable

with the angular measuring scale as shown in Figure 7.1. The plate is then turned

to different angles manually while the projection is taking place. The rotation

163
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Transmitter

Receiver

Scaled turntable and a sample holder

Controller (not connected)

Figure 7.1: Manual tomographic turntable.

angle is increased in a small incremental step until reaching 180◦. After that, all

the projections are put into an algorithm to create the cross-sectional image. If

the imaging beam covers the whole object, then the transducer (or sample) does

not need to be translated. On the other hand, when the beam width is smaller

than the object, the transducers may be moved to cover the whole sample, or the

object (with the rotation platform) may be shifted across the beam instead. The

first method requires two translation rails for both transducers, while the second

only necessitates one for the object. This project, therefore, utilised the latter

method in favour of simplicity.

Since turning the turntable manually is a tedious task and may introduce a

human error, a stepper motor-driven platform is often used. It works by using a
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small motor connected with a screw thread, which is also connected to a gear and

the outer scaled ring. The object may be placed directly onto the platform, or

secured with a shaft connected to the platform if immersed. In addition to the

rotation stage, a water bath and a motorised translation platform are also needed.

In this experiment, an ultrasonic calibrator (manufactured by Time and Preci-

sion, Basingstoke, Hampshire) was refurbished (Figure 7.2). It comprised a water

bath secured within a metal frame. The tank was placed upon a flat table, above

which the additional gantry with a three axes translation stage installed. The

mechanism within the gantry used stepper motor-driven screw threads to control

a movable platform. Originally, there were three motors for driving the three

translation axes. In this project, the x–axis of the device was not used so it be-

came available for a rotation stage. The y–axis was used for lateral translation

of the object between a fixed pair of the transducers, while the z–axis served as

a vertical translator to allow the easy removal of the test object. An additional

converter cable (15-to-9) was made jointly by author and the electrical workshop

to connect the existing stepper driving unit and the turntable. Prior to the first

use, the numbers of steps required for translation and rotation were checked. It

was found that 1000 steps were required for 1 degree while 1 mm necessitated 4000

steps. Different motors can have different values depending on their designs.

In addition to the water bath, two transducers were needed for scanning the

object and in order to obtain its projection. They were aligned 10 cm apart,

coaxially, in a face-to-face fashion. Both transducers and sample were immersed in

deionised water. For simplicity, this project used a 25 mm Panametric transducer

as a transmitter for both PS and PI measurements. Another transducer acted

as a receiver. Several possible receivers were available; Table 7.1 shows how each

receiver was used in PS and PI experiments. Note that the 25 mm Panametric

transducer was only used to receive PS signal; it cannot receive PI signal due to the
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Figure 7.2: Setup for tomography using a phase-sensitive (PS) sensor and a pho-

tograph of the equipment.
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Table 7.1: Choice of receiving transducers.

Receiving Transducer Phase-sensitive mode Phase-insensitive mode

Panametric 25 mm Yes No

8 mm PVDF, Precision Acoustics Yes Yes

4 mm PVDF, Precition Acoustics Yes Yes

lack of absorbing material and different design from the PVDF. PVDF sensors,

which were fabricated by Precision Acoustics (Dorchester, Dorset), can receive

both PS and PI signals. The only drawback of the PVDF sensor was that it could

not generate a strong signal to be detected by another receiver.

Before the measurement, both transducers were adjusted so that the signal was

at maximum value. For the PS mode, the input transducer was driven by Agilent

function generator, which generated a long (200 ms) pulse of 500 kHz sinusoidal

wave. This can be considered equivalent to the time-independent model in Chapter

6. The output signal was then digitised using Lecroy Wavejet 354A oscilloscope

before filtered digitally on the computer. For the phase-insensitive process, the

equipment in Figure 7.1 was modified as shown in Figure 7.3. The pulse length

was shortened to 20 ms. Between the transmitter and the function generator, there

was a power amplifier to make the signal stronger. Once the signal was detected,

it was passed through the amplifier and filter before going to the oscilloscope.

7.2 Control of the equipment and scanning pro-

cess

The equipment in Section 7.1 required a control system. Jason Bevis developed a

LabVIEW program capable of controlling the whole system. The software features
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Figure 7.3: Setup for tomography using the phase-insensitive sensor.

following commmands for controlling the motors:

1. nON – Energise the n’th motor.

2. nDs, where s is the number of steps – Specify the number of steps for the

n’th motor to take.

3. nG – Command the n’th motor to rotate.

4. nR(MV) – Determine whether the movement has finished or not. If zero, the

rotation has completed.

5. nOFF – De-energise the n’th motor.

Steps 1 to 3 and 5 are needed in order to run the motor by an open-loop method

(i.e. no polling is used to check the completeness of movement.) These steps have

to be run in sequence with some delays as appropriate. Item 4 is needed when

close-loop running (i.e. polling is done whilst the motor is moving) is required.

Figure 7.4 summarises how the stepper motor is controlled using different methods.
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Figure 7.4: Flowcharts showing different stepper motor controlling methods (con-

tinued on next page.)
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Originally the calibration tank had been operated using LabVIEW to control

the stepper motor. However, LabVIEW does not feature a command line pro-

gramming facility. This makes it difficult to scan and process the data in one

place. Therefore, this project decided to extract code from the original program

and incorporate into an improved program written in MATLAB.

Using the commands provided, it is possible to outline the scanning process as

follows (see Figure 7.5). Assume that the object is placed on the leftmost position

of scanning line, the program then instructs the translation platform to move to

the right in a small step (such as 1 mm). After stopping and pausing for 2 s, the

acoustic field is then measured and recorded. The process is then repeated until

the object reaches the end of scanning line. The object is then turned to the new

angle to allow another different projection. To save time, the object is then shifted

to the left by the same step and the data can be collected in a reverse direction1.

The process carries on until reaching the maximum number of projection.

To summarise, the process of tomographic data collection can be stated in

step-by-step manner as follows:

1. Prepare an equipment. The sample is secured on the turntable and put un-

derwater between a fixed pair of transducers. They must be aligned carefully.

2. Move the object to the starting position.

3. Insonify the sample and collect the transmitted acoustic signal.

4. Move object to the right by the required number of steps.

5. Repeat step 2, 3 and 4 until reaching the end of axis.

1If the rotation platform is not securely connected to the screw threads, there might be a risk

of backlash after stopping the translation. The author tried another method in which the object

is translated back to the original position. The method is found to be significantly slower than

the method presented and might allow another problem, salt loss in the sample, to be dominant.
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Figure 7.5: Flowchart showing the projection process.
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6. Rotate the object to the new angle.

7. Repeat step 3-6 but swap the direction from right to left and vice versa. If

shifted left, data is collected in backward direction.

8. After reaching the final angle, the object may be shifted back to the centreline

between transducers and removed.

7.3 Behaviour of the phase-insensitive sensor

A phase-sensitive (PS) sensor is a device which produces an output that follows

the phase of the input. The only difference is the amplitude and a possible time

delay. A phase-insensitive (PI) receiver, however, does not produce an output with

a similar phase to the input. The output level varies according to the square of

the input level. This section investigates how a phase-insensitive sensor works.

Figure 7.3 shows the output of an 8-mm PVDF sensor used as a receiver,

while an ordinary 500 kHz transducer transmitted a high intensity signal. Since

the intensity signal has very low frequency, a low-pass filter was used to eliminate

high-frequency primary signal. As usual, both original and transmitted signal were

detected, digitised and stored. Figure 7.6 shows the output signal which resulted

from a short burst of the input signal. Instead of following the phase of the input,

the output behaves differently. In other words, the output has different shape

compared to the input. Two lines labelled with ’On’ and ’Off’ denote starting and

ending point of the input signal. The reason why input waveform cannot be shown

in the figure is that the input changes more rapidly and within less duration than

the output. It is hence impossible to see the input waveform on MATLAB graphic

window.

The next step consists of inspecting and analysing how the phase-insensitive
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Figure 7.6: Example of the PI signal resulted from the PVDF receiver.

output is related to the input signal driving the transmitter. By increasing the

input signal (just after generation by the function generator) from 0.4 to 0.7 V,

the output phase-insensitive signal was recorded, and plotted in Figure 7.7. It can

be noted that there are two regions, one of which shows square law behaviour;

another of which exhibits saturation at 4 V. The first region, which spans from 0.4

- 0.7 V on the input scale, was fitted using MATLAB curve fitting toolbox. Let

VPI and Vin denote output and input signal respectively, then they are related by

either

VPI = (6.503± 0.02)V
[2.232±0.01]

in (7.1)

or

VPI = (7.643± 0.30)V 2
in − (1.434± 0.335)Vin + (0.191± 0.092) . (7.2)

Equation (7.1) describes fitting using a power model, while Equation (7.2) results

from using a polynomial of degree 2 model. Both models work very similarly, with

equal square of correlation coefficient R2 = 0.998. However the sum of square
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Figure 7.7: Plot of the phase-insensitive output produced by the PVDF sensor

versus the unamplified input signal.

error (SSE) for the power model is 7.94 ×10−3, which is lower than that of the

polynomial model (8.20 ×10−3). At this point we might confirm that output

voltage of PVDF sensor working in the PI mode behaves according to the square

law, which is in common with the relation between sound intensity and pressure.

However, the input signal must be small enough that the saturation will not occur.

There are several components in which the saturation can happen, including

the PI receiver itself, a power amplifier, or a head amplifier. Other electronic

component might also cause an additional nonlinearity in the measurement system,

in addition to the direct heating of the sensor.
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7.4 Sample preparation and characterisation

In order to demonstrate how the system reconstructs a simple asymmetric object,

two agar blocks were made in order that they mimic certain kind of human hard

tissue (cartilage) or lesion [96]. The recipe was as follows:-

1. 100 grams pure water;

2. 2 grams (or more if stiffness was required) agar powder;

3. Table salt and/or sugar.

It is noted that the recommended amount of commercially available agar powder

is 1 g per 100 mL water. Sugar and other colour may be added to get an edible and

refreshing product. The more the agar powder, the harder and more distasteful

the resulting gel! Too small amount of powder results in a runny but thick liquid

which cannot be shaped, however. It was also found that animal-sourced gelatin

was too runny and required a refrigerator to set its shape. Heat, in addition, can

destroy the gelatin gel by making it runny again. Agar, on the other hand, was

stiff and did not deform when it was heated.

Agar is a biological material that can be extracted from certain species of sea-

weed (e.g. Gracilaria sp., Gelidiella sp., Pterocladia capillace, Pterocladia lucida)

collectively called agarophytes. It consists of long carbohydrates connected to

form a polymer. The seaweed, after being harvested, is cleaned and treated with

an alkali (i.e. a substance whose pH value exceeds 7.0). The resulting solution

is then purified and allowed to harden. The resulting gel is still wet as it mostly

contains water, which is then removed mechanically. The resulting block may be

ground into powder for more convenient use [105, Ch.1] [106, Ch.3].

After adding the agar powder, 5 g table salt (sodium chloride and sodium

hexacyanoferride [Na4 [Fe (CN)6]]) was added. The mixture was then heated and
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constantly stirred at 90◦C for about 15 minutes. This facilitated the dissolution

of agar particle into the salt solution. After the mixture became thicker, it was

then poured into a mould made of plastic tube and allowed to cool. The resulting

agar cylinder was then removed gently from a mould before being cut into a 2-cm

tall block. Two agar blocks were secured onto a Perspex sheet using a very thin

(30µm in thickness) tape. The object was then attached to the end of metal shaft.

Two transducers, one as transmitter and another as receiver, flanked the object

on both sides. The reason why the sample needed to be hung upside down is that

a submersible stepper motor and platform was not available. It would, however,

be more desirable if that kind of motor (or similar device) can be developed and

incorporated into the experiment. If such device was available, then installation

of the sample would be significantly easier.

The sample made recently is very similar to the Type I sample described in

Chapter 4 and 6. Another sample, the Type II, was also made by placing the

Type I sample into a square plastic mould. Less salty (2 g table salt) agar solution

was then prepared and poured into the mould, which was subsequently allowed to

cool and harden for 30 minutes. From this point, Type I and II samples refer to

standalone cylinders and embedded cylinders respectively.

In order to measure the acoustic properties of the agar samples, a gel with

selected amounts of salt was prepared and cut into an 8 cm long cylinder. One

method of measuring the acoustic properties of any samples, as suggested by K.

Zell et al. [107], is to use two transducers facing each other in a water tank. The

sample is then inserted between them before measurement takes place. Let l be

length (or thickness along the acoustic axis) of the cylindrical sample while d1 and

d2 be distances between transmitter-sample and sample-receiver respectively, then

it follows that, with the sample

Bwith = Ae−αwd1twae
−αaltawe

−αwd2 , (7.3)
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and without the sample,

Bno = Ae−αw(d1+l+d2). (7.4)

Here, A and B are transmitted and received signal amplitude; the subscripts with

and no denote different situations with and without the sample; αw and αa are the

attenuation of water and agar gel, and twa and taw are water-agar and agar-water

amplitude transmission coefficients respectively.

It would be too simplified at this point to ignore the reflection between two

media, as any highly reflective material (such as a metal wire) can produce arti-

ficially high attenuation. Assume that multiple reflections are negligible. Let za

and zw be the specific acoustic impedance for agar and water respectively, then

twa and taw are given by [72, pp.117–119]

twa =
zw − za

zw + za

, (7.5)

taw =
za − zw

za + zw

. (7.6)

Dividing Equation 7.3 by 7.4 and converting to decibel gives

Ltr = −20 log10

Bwith

Bno

= −20 log10 twataw + 20αal log10 e− 20αwl log10 e, (7.7)

where the subscript “tr” denotes the attenuation with transmission effect. The

minus sign converts a negative logarithm to positive. If loss of wave in water is

negligible, then αw = 0 and Equation 7.7 simplifies to

Ltr = −20 log10

Bwith

Bno

= −20 log10 twataw + 20αal log10 e. (7.8)

Without taking into account the transmission effect, the attenuation without trans-

mission effect Lnt can be defined simply by

Lnt = 20αal log10 e.
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The term

Lint = −20 log10 twataw

arises from the transmission loss due to water-agar and agar-water and will be

called net transmission loss in decibel. Now Equation 7.8 might be rewritten as

Ltr = Lnt + Lint, (7.9)

which implies that the attenuation observed with taking into account the trans-

mission effect between the two media is higher than that without, or the true

attenuation. However, if the product twataw is close to unity, then Ltr ≈ Lnt, or

the transmissions with and without reflection are similar.

Table 7.2 lists the density, speed of sound, specific acoustic impedance and

corresponding transmission coefficients measured for the agar samples with dif-

ferent salt concentrations. A low salt concentration resulted in a small value of

−20 log10 tawtwa and hence Ltr ≈ Lnt. As the salt concentration increases to 10

and 20 g/dL, −20 log10 tawtwa raises to about 0.2 and 0.3 dB respectively. This

can greatly affect the value of attenuation, particularly when the sample length is

short. Referring to Equation (7.3), if the length l is long or αa is large, then term

20αal log10 e or Lnt will dominate. It is seen from Table 7.2 that Lint is very small.

It is therefore possible to conclude that the transmission effect can be neglected.
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Attenuation in Table 7.2 is given in dB/cm (i.e. the ratio of signal with and

without the sample divided by length of sample used.) A higher salt concentration

results in the greater speed of sound, attenuation and density. During the experi-

ment, it was found that the salt content of the block dropped as it was immersed

in water for a prolonged period. Due to this, more salt (2 g) was added to the

specified amount to offset this loss. This fact also necessitates the fresh prepara-

tion of sample just before the imaging process. Scanning using an array of sensors

and quicker acquisition system might possibly solve this problem. Alternatively,

other biological phantom materials that do not deteriorate easily in water should

be used.

7.5 Experimental process

The equipment designed in Section 7.1 and 7.2 was employed. Both transducers

were aligned to give the maximum signal strength and spaced by 10 cm. This gap

allowed the test object to pass through when projection was taking place. As the

stepper motor was not waterproof, it was installed above the water and secured.

The rotating shaft was then fixed to the centre of the rotating ring so that the test

object could be installed and submersed in the bath.

Two test objects, Type I and Type II, were created and characterised according

to Section 7.4. Once the sample was completely hardened and cooled, it was

shaped using a cutter knife to facilitate the installation to the rotating shaft.

The Type I sample required four strips of thin cellophane tapes (10 µm thick)

to attach both cylinders onto the Perspec disc, which was fixed securely to the

rotation shaft by mean of a bolt. The shaft served as a rotating arm, connecting

the stepper platform and the test object. The idea of installing additional thin

plastic bar and disc so that the block could be placed upright upon the lower disc
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was considered unsuitable, since the bar could have significant diffraction effects,

causing unwanted artefacts. For the Type II sample, an additional perspex disc

was placed below the object. This allowed the phantom to be secured easily using

just two thin tapes. However, it would be much more desirable if the test object

could be placed upon a submersible rotation stage, as it would be easier to install

or remove the test object.

After making sure the test object was in place, the arm was lowered so that the

object was submersed. The translation platform was then shifted until the object

was perfectly between the transducers. As a 10 cm scanning line was chosen, the

object was then shifted left by 5 cm with respect to the transducers. The process

then began according to Section 7.1 and 7.2. For 36 projections and 100 steps per

each scanning line, the process took 8 hours. The acoustic signal was detected,

amplified, filtered and acquired using a LeCroy Wavejet 354A oscilloscope. The

digitised signal can then be imported into MATLAB environment via a USB port.

The waveform at each point along the scanning line was then used to compute

its root-mean-square and corresponding attenuation. These values were stored for

subsequent processing using a suitable algorithm.

7.6 Results

7.6.1 Phase-sensitive mode

Figures 7.8 shows the reconstruction of the Type I sample (two cylinders placed

along diagonal) without and with filtering the projection. For the unfiltered algo-

rithm, it can be seen that if a large receiver (25 mm) is used, the two circles merge

into one bar. In other words, a large receiver cannot resolve two objects closely

spaced from each other. This finding agrees with what was found in Chapter 6 via

simulation. As a receiver becomes smaller, the bar splits into two irregular objects
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(rather than perfect circles) aligned along the diagonal. It is hence possible to

pinpoint the correct location (and attenuation) of the object, but the shape is not

completely correct.

In addition to unfiltered backprojection, the data was also filtered using Hamming-

weighted ramp filter (see Section 3.5) before backprojected. Filtering the ultrasonic

projection, according to the visual observation, does not improve the image qual-

ity. Instead of getting a complete but “poor” image, filtering out the low frequency

component makes the image poorer.

Figure 7.9 shows the reconstructions of the Type II sample. It can be seen

that for a 25 mm receiver, the image shows a deformed block with two dots along

the diagonal. Filtering the projection reduces the image to just two dots without

significant amount of detail. The image was improved when an 8 mm receiver was

used, as it is possible to see an incomplete outline of the block near both dots. A

4 mm receiver provides a rough image of the object with darker areas suggesting

the presence of two cylinders. This implies that a smaller receiver provides better

image quality when the PS receiver is employed.

Next subsection covers the results from using a PI receiver.

7.6.2 Phase-insensitive mode

The previous section covered the result of the PS receiver. By modifying the

equipment according to Figure 7.3, it was possible to detect the PI signal. The

input was given as a short sinusoidal tone burst (20 ms) amplified with a power

amplifier before passing through the object and to the receiver. The signal detected

was then passed through a filter and an amplifier before being digitised by an

oscilloscope.

Figure 7.10 shows reconstructions of the Type I sample with two different

receiver size. Comparing to the PS counterparts in Figure 7.8. It is possible to
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(a) 25 mm, PS, unfiltered (b) 25 mm, PS, filtered

(c) 8 mm, PS, unfiltered (d) 8 mm, PS, filtered

(e) 4 mm, PS, unfiltered (f) 4 mm, PS, filtered

Figure 7.8: Reconstruction of the Type I sample using measured PS data. The

frequency is 500 kHz.



184 CHAPTER 7. EXPERIMENTS

(a) 25 mm, PS, unfiltered (b) 25 mm, PS, filtered

(c) 8 mm, PS, unfiltered (d) 8 mm, PS, filtered

(e) 4 mm, PS, unfiltered (f) 4 mm, PS, filtered

Figure 7.9: Reconstruction of the Type II sample using measured PS data. The

frequency is 500 kHz.
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see the location of two cylinders correctly and perfectly. A 4 mm PVDF sensor

gives an image suggesting correct position of both cylinders, despite being slightly

imperfect. On the other hand, an 8 mm PVDF sensor generates better image,

in terms of both shape and location. To summarise, larger PI receivers generate

better image quality than small ones, in general. By filtering the projection, the

image becomes extremely difficult to see.

Figure 7.11 shows inverted images of the Type II sample. In the same token

as the Type I sample, it can be seen that the larger PVDF sensor working in PI

mode offers a better image quality.

It can be seen that image reconstructed using a PI receiver looks much better

than that reconstructed from a PS receiver. This might be due to different mech-

anism in obtaining data. Data with phase tends to suffer from phase-cancellation

as well as other wave-related phenomena, while data without phase does not. This

is also explained in Chapter 6.

The next section will apply the structural similarity index in the same fashion

as in Section 6.7.2. The index may agree with visual observation, or may not,

depending on the reference image. It will be found that images generated using

the filtered backprojection has higher index, but does not show any improvement

of the quality.

7.7 Image quality assessment and comparison be-

tween PS and PI images

So far this project has carried out both PS and PI imaging for the same test objects.

It is found that PI images are superior in quality to PS images. Filtering does not

improve the image, in the same way as discussed in Section 6.7.2 and 6.8. This

section, again, applies the structural similarity index to those images and assess
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(a) 8 mm, PI, unfiltered (b) 8 mm, PI, filtered

(c) 4 mm, PI, unfiltered (d) 4 mm, PI, filtered

Figure 7.10: Reconstruction of the Type I sample using measured PI data. The

frequency is 500 kHz.
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(a) 8 mm, PI, unfiltered (b) 8 mm, PI, filtered

(c) 4 mm, PI, unfiltered (d) 4 mm, PI, filtered

Figure 7.11: Reconstruction of the Type I sample using measured PI data. The

frequency is 500 kHz.
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the image quality. Since it was not possible to create a natural reference image,

references as described in Section 6.7 were employed with slight modification. As

an ideal case, the image should look like one in the computational model.

Table 7.3 shows the final value of the index computed from the reconstructed

images. It can be seen that as the receiver size shrinks, the image quality of the

Type I sample is generally better than when the receiver is large. Type II sample,

on the other hand, does not exhibit similar trend. This might be due to the fact

that the actual object is rather irregular in shape (i.e. it has curves and bumps on

its surface), while the reference object is exact. When the PI mode is employed,

an index increases. This is similar to what the simulation suggested in Chapter 7.

Filtering improves the image quality of tomograms reconstructed using elec-

tromagnetic or straight line projections. On the other hand, when filtered, the

ultrasonic tomogram loses its detail as suggested by lower similarity index. As a

note, the actual object tends to have a curve which cannot properly be replicated

on the computer. This reduces the usefulness of the SSim as a sole tool for image

inspection. In other words, there is no perfect metric that can suggest the image

quality exactly and correctly. However, with the informed visual inspection, an

additional metric can aid making decision, especially when two images are very

similar to each other.

7.8 Chapter discussion

This chapter investigated the imaging process using both PS and PI receivers

experimentally. This is similar to simulations investigated in Chapter 6, except the

fact that the simulation was 2-D while the experiment was 3-D. The measurement,

however, was confine to just one 2-D plane. This is similar to the pioneering work

by Zeqiri et al. [12]. The only difference is that this work uses completely organic
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Table 7.3: SSim index computed from reconstructions of the measured ultrasonic

data.

Algorithm Unfiltered Filtered

Sample Type PS PI PS PI

Type I 25 mm 0.28 N/A 0.27 N/A

Type I 8 mm 0.33 0.34 0.23 0.29

Type I 4mm 0.36 0.32 0.22 0.3

Average Type I 0.32 0.33 0.24 0.30

Type II 25 mm 0.35 N/A 0.14 N/A

Type II 8 mm 0.23 0.32 0.28 0.29

Type II 4 mm 0.21 0.25 0.04 0.28

Average Type II 0.26 0.29 0.15 0.29

Average Overall 0.29 0.31 0.20 0.29
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test sample (agar, water and salt), while Zeqiri’s work relied on polyurethane as

well as a tube filled with certain types of oil. This poses some limit to this work:

reproducibility. A new sample had to be made freshly before the imaging process.

However, being organic, the work can truly prove whether phase-insensitivity can

be useful in medical and biological imaging.

An old ultrasonic calibrator was refurbished as in Section 7.1. A rotation stage

(or motor) and a special converting cable were added to facilitate tomographic

measurements. A new control program was written in MATLAB, using the code

taken from the original LabVIEW program in 7.2, to facilitate the automatic

processing of data for tomography and controlling of the device in one place.

Two measurement modes, phase-sensitive (PS) and phase-insensitive (PI) have

been investigated experimentally. If the detected signal is similar in shape to the

original, the detector can be considered as being phase-sensitive. On the other

hand, if the detected signal has different shape from the original, the detector can

be considered as being phase-insensitive. Section 7.3 investigated the behaviour of

the PI sensor. It has been confirmed that the relationship between the PI output

and the input was square law.

Two types of test objects have been considered in this chapter, Type I and Type

II. The Type III object was too complex to be replicated by hand and therefore

not fabricated. The Type I object consisted of two cylinders positioned diagonally

at its default angle, while the Type II object was made by enclosing the Type

I object in a square agar block. Both samples were completely organic objects,

unlike in many projects in which non biological objects were imaged for simplicity

(e.g. [5]). After creating the test objects, they were imaged using the equipment

before the projection data was reconstructed into the image.

The results for three different sizes of PS receiver were covered in Section

7.6.1. The Type I sample imaged using a 25 mm PS receiver looked like a pair of
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dumbbells or two circles connected together. Reducing the receiver size resulted in

two distinct patches, which were not perfectly circular. In other words, reducing

a receiver size results in better image quality. This agrees with the result in

Chapter 6. The Type II sample exhibited greater imperfections of PS tomography.

For a 25 mm receiver, it is possible to see a deformed square block with marks

denoting embedded objects. Smaller transducers give a faint image of block and

embedded object. The problem was then addressed using the PI sensor, which

was investigated and presented in Section 7.6.2. Both Type I and II objects were

more perfectly shaped.

Aside from the unfiltered backprojection algorithm, the projection may be fil-

tered before the backprojection. In Chapter 4, the image quality of the tomogram

with filtering process was much higher than one without. However, the experimen-

tal results here agree with the modelling in Chapter 6. They showed that filtering

reduces the image detail for ultrasonic tomography.

In addition to visual inspection, the numerical image quality with respect to an

ideal reference (see Section 6.7) has been investigated in Section 7.7. By compar-

ing phase-sensitive and phase-insensitive modes, it can be found that the phase-

insensitive receiver results in higher image quality than the phase-sensitive receiver.

Filtered backprojection lowered the amount of spatial noise but also reduces the

index. This implies that filtering process is not recommended when it comes to

ultrasonic tomography. This conclusion, as well as the conclusion from Chapter 6,

contrast what Mohd Khairi et al. found with experimental images of milk cartons.

They stated that filtering using the ramp-filter results in the best image quality

index [104]. It is very interesting to note that the samples used in their work was

highly opaque and reflective and can easily give a shadow when projected. Their

work also used completely different configuration, in which a stationary array of

sensors are employed. Due to being faster in terms of data collection, Arciniegas
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et al. also used an array of sensor to image a tree trunk for defects by wrap-

ping it around the tree [101]. A discussion in the previous chapter, together with

this chapter, suggests that further study using an array of sensor and a phase-

insensitive transducer is worth studying. Does the filtering still destroy the image

detail? Does receiver size affect the image quality? There are many questions yet

to be answered.

So far, the only algorithm investigated has been simple the backprojection

algorithm. The next chapter will investigate the application of selected iterative

algorithms, which are slightly more complex than the ordinary backprojection.



Chapter 8

Implementation of selected

iterative algorithms

Since the start, PS and PI sensors have been investigated both numerically and

experimentally. The reconstructions have been performed using the basic back-

projection algorithm, which involves spreading a projection back onto the image

plane at an appropriate angle. Filtering and other processes may be carried out

before and after the projection. However, there are other algorithms which involve

proposing an initial estimation (or a guess), which is then updated according to

the actual projection data in order to obtain the final image. The update process

is recurrent; that is, once the image is updated, it is updated again until a con-

vergence or an acceptable quality is attained. In other words, the reconstruction

process now incorporates a rough information about the expected image.

It has been shown in Chapters 5 to 7 that the image quality of ultrasonic

tomography is heavily affected by wave-related effects, such as refraction, reflection

and diffraction. This makes the image hazy and not as perfect as one generated

by the straight line tomography. Filtering an ultrasonic projection also reduces

the image quality, in contrast to what happened for the straight line tomography.

193
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There has been several attempts in order to improve the image quality of an

ultrasonic tomography, such as the backpropagation algorithm [102] and iterative

algorithms. Due to technical limitations, backpropagation was not investigated in

this project.

This chapter selects two iterative algorithms, namely the Algebraic Reconstruc-

tion Technique (ART) and the Maximum Likelihood Expectation Maximisation

(MLEM) and applied them on all data projections already collected. In other

words, “cheated” backprojection algorithm will be implemented. This will answer

the question: does the iterative algorithm improve the quality of tomograms?

8.1 Summary of process

In Section 3.6 and 3.7, two selected iterative algorithms were introduced. Figure

8.1 summarises the process of an iterative reconstruction algorithm. An initial

estimate of the object structure is used as a starting point. The projection for

both estimated and actual object were obtained using an appropriate model, which

can be a straight line, described by a matrix, or an acoustic propagation model.

Either a difference between (ART) or a ratio of (MLEM) the actual and estimated

projections is then computed before backprojection (or backpropagation) onto the

image plane as a correction. The process is carried out iteratively until attaining

convergence (i.e.there is no significant difference between updates) or an acceptable

image quality is obtained.

In this work and due to simplicity, a ray model was used for projecting the

estimated image and backprojecting the correction. However, in theory, this could

be replaced with a numerical ray model that included wave effects, or a full finite

element/difference ultrasonic model.
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START

Actual 
Object

Estimated 
Object

Projection or
Propagation

Projection or
Propagation

Comparison

Projection or
Propagation

Converge?

New 
Estimated 

Object

END

No

Yes

Figure 8.1: Flowchart of the iterative reconstruction process.
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8.2 Straight line tomography

In Chapter 4, unfiltered and filtered backprojection algorithms were investigated

using a synthetic test object (i.e. an image created on the computer). It was found

that filtering, both subjectively and objectively, improves the image quality. This

section will further investigate whether selected iterative algorithms improve the

quality of images generated by using the straight line model.

8.2.1 Algebraic Reconstruction Technique

The ART algorithm (see Section 3.6) can be traced back to 1990. It can be math-

ematically derived from solving a matrix equation [82]. Alternatively, it is scheme

in which the guessed tomogram is updated gradually using a difference between

approximate and actual projection to obtain a better approximate tomogram. In

order to simulate what is happening in this algorithm, Type I (Figure 4.1a), II

(Figure 4.1b) and III (Figure 4.4b) samples were used as test objects.

In order to apply an ART algorithm, an initial estimate, which can be either

a blank sheet or a pre-made basic structure, has to be proposed. For the Type

I sample, a “blank sheet” (or black, as it consisted of zero throughout) was used

as an estimate. Figure 8.2a shows the initial estimate for the Type II sample. It

is just a plain white square. Recall from Section 4.1 that all images were kept

in a normalised greyscale format, in which one corresponds to white and zero

correspond to black. A blank sheet was also investigated for this type of sample,

but it resulted in a slower and unsatisfactory convergence. The Type III object

might be estimated as a blank ellipse as shown in Figure 8.2b.

Using an algorithm as explained in Section 3.6, both estimated and actual

test objects were projected using the same process without the filtering. The

actual projection was obtained in Section 4.2, while the estimated projection was
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(a) Estimation for the Type II object

(b) Estimation for the Type III object

Figure 8.2: Initial estimations for different types of samples.
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acquired by projecting the object shown in Figure 8.2. After the projection, the

difference between actual and estimated projections was computed. This quantity,

multiplied by a suitable learning rate µ, was spread back onto the image plane

at the corresponding angle before being added to the current estimated image.

Corrected image was then improved again until reaching either a convergence or a

suitable image quality. It is possible to determine whether the image has converged

by computing the mean square error between images before and after updates. If

the mean square error goes lower than the target value, then the image can be

considered as converged.

Figure 8.3 shows the updating process for the Type I sample using a learning

rate µ = 0.01. Figures 8.4 and 8.5 show the similar process for the Type II and III

samples respectively. All possible angles (up to half-circle, or 180◦) are updated

simultaneously, since the image must be projected sufficiently before commencing

the updating process. One “iteration” here therefore refers to one update. It is

clear that the image becomes better in quality as the number of updates increases.

But how about the numerical quality? It is possible to compute a mean square

absolute error between reconstructed and original image using a square root of

Equation (3.30). Alternatively, the structural similarity index (SSim) as used in

Section 4.3 and 4.4 (Equation (3.40)) may be employed.

The mean square error and the SSim are plotted in Figure 8.6. For small µ

(0.01), the convergence is slow. In other words, increasing the iteration number at

this value of µ does not significantly reduce the mean square error. The number

of iterations required for convergence is greater than 50. As µ increases to 0.5,

the number of required iteration for convergence drops to 15. Does increases in

µ further speed up the convergence? It is found that setting µ = 1 results in a

similar convergence to µ = 0.01. It took 30-35 loops to get the mean square error

to the final value. For the SSim, 0.01 ≤ µ ≤ 0.05 gives a smooth convergence.
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Too large or too small values of µ tend to result in an unstable behaviour. From

now on, µ = 0.05 will be chosen for the application of the algorithm to ultrasonic

projections.

8.2.2 Maximum Likelihood Expectation Minimisation

The MLEM algorithm (see Section 3.7) was originally devised in 1990 to simulate

the maximum likelihood that electron generated in human body will reach the

detection line. It involves estimating a suitable image suggesting the structure

of the object, which is subsequently updated using the ratio between actual and

estimated projection. The original algorithm can be stated as in Equation (3.25),

which can be implemented in two different ways, namely additive and multiplica-

tive MLEM.

Both actual and estimated images remained the same as in the previous section

(Section 8.2.1). There were two different implementation schemes for the MLEM

algorithm, which can be detailed as follows:

1. Additive MLEM divides the estimated image into Nθ subimages, where Nθ

is the number of angles to be used in reconstruction. Each subimage is

projected at the specific angle. The ratio between the actual and estimated

projections is then spread back at the same angle and multiplied with the

subimage. All subimages were summed to get the final reconstruction.

2. Multiplicative MLEM updates the image angle-by-angle. It projects the

actual object, together with guessed image, before correcting the image at

that angle. The process is carried out around the object and again until

reaching a suitable image quality or convergence.

The additive MLEM can be carried out according to Equation (3.27)–(3.29). Fig-

ure 8.7 and 8.9 show the result for Type I and II sample respectively, while Figure
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Figure 8.3: ART reconstruction of the Type I sample (µ = 0.01). The data was

obtained using a simulated straight line model.
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Figure 8.4: ART reconstruction of the Type II sample (µ = 0.01). The data was

obtained using a simulated straight line model.
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Figure 8.5: ART reconstruction of the Type III sample (µ = 0.01). The data was

obtained using a simulated straight line model.
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Figure 8.6: Convergence plot and the SSim variation for ART reconstructions of

simulated straight line projection data.
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8.10 depicts the results for Type III phantom. On the other hand, the multiplica-

tive MLEM is implemented according to Equation 3.26 and the results are shown

in Figure 8.8.

Up to this point, it is not clear which MLEM scheme is the most suitable. Using

Equation (3.30), the mean square of the difference between expected and recon-

structed images can be computed and plotted in Figure 8.11. Additionally, struc-

tural similarity index outlined in Section 3.8 was also computed and plotted. It is

found that the multiplicative MLEM gives a more fluctuating and unpredictable

convergence than the additive MLEM. The minimum number of iterations for the

MLEM to converge seems to be unpredictable. For the Type I object, about 25 is

needed. The Type II, on the other hand, requires only 15. The Type III phantom

seemingly needs 50 or more. ART generally requires 15-20 loops at µ = 0.1 and

behaves more smoothly. Multiplicative MLEM, despite faster computational time

(about 1 second or less), converges unpredictably in a fluctuating (sawtooth-like)

manner.

By comparing the final SSim index from both ART and MLEM, it is found

that they are not significantly different. This might be due to a predictable nature

of the image. However, since the ART algorithm is adjustable, it is possible to

get a lower mean square error and also faster convergence by choosing a suitable

learning rate.

The next section will investigate the applications of iterative algorithms to

ultrasonic data.

8.3 Ultrasonic tomography

This section investigates the application of iterative reconstruction algorithms on

an ultrasonic projection. There are two algorithms investigated: (1) ART and
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Figure 8.7: Additive MLEM reconstruction of Type I sample. The data was

obtained using a simulated straight line model.
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Figure 8.8: Multiplicative MLEM reconstruction of Type I sample. The data was

obtained using a simulated straight line model.
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Figure 8.9: Additive MLEM reconstruction of Type II sample. The data was

obtained using a simulated straight line model.
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Figure 8.10: Additive MLEM reconstruction of Type III sample. The data was

obtained using a simulated straight line model.



8.3. ULTRASONIC TOMOGRAPHY 209

0 5 10 15 20 25 30 35 40 45 50
Update/iteration number

0

0.05

0.1

0.15

0.2

0.25

R
M

S 
of

 a
bs

ol
ut

e 
er

ro
r

Plot of convergence (MLEM, Type I)

Additive
Multiplicative

0 5 10 15 20 25 30 35 40 45 50
Update/iteration number

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

SS
im

SSim variation (MLEM, Type I)

Additive
Multiplicative

(a) Type I

0 5 10 15 20 25 30 35 40 45 50
Update/iteration number

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

R
M

S 
of

 a
bs

ol
ut

e 
er

ro
r

Plot of convergence (MLEM, Type II)

Additive
Multiplicative

0 5 10 15 20 25 30 35 40 45 50
Update/iteration number

0.82

0.84

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1
SS

im
SSim variation (MLEM, Type II)

Additive
Multiplicative

(b) Type II

0 5 10 15 20 25 30 35 40 45 50
Update/iteration number

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

R
M

S 
of

 a
bs

ol
ut

e 
er

ro
r

Plot of convergence (MLEM, Type III)

Additive
Multiplicative

0 5 10 15 20 25 30 35 40 45 50
Update/iteration number

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

SS
im

SSim variation (MLEM, Type III)

Additive
Multiplicative

(c) Head phantom

Figure 8.11: Convergence plot and the SSim variation for MLEM reconstruction

of simulated straight line projection data.
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(2) additive MLEM. Due to repeated failures and complexities, the multiplicative

MLEM will not be presented.

In Section 8.2, the initial estimation was relatively simple to generate. It can

be either a “blank sheet” or a rough structure of the object. It is possible to

create both the actual and the estimated objects using the same graphic program.

Sometimes when the actual structure of the object is unknown, a blank plane, in

which every element is zero, may be used as an initial estimate. Another choice

is a suitable estimate, which can be made with some a priori idea of what the

object looks like. However, it was impossible to extract the exact image values

from the test object on COMSOL or the actual experiment. As a result, a rough

structure of Type I and II were created according to Section 6.7.2.1 and proposed

in Figure 8.12. For the Type I sample, two circles suggest the correct locations of

the embedded objects. A square without any detail was used as a guess for the

Type II sample. Note that it is also possible to use other types of initial estimation.

8.3.1 Algebraic reconstruction technique

In Section 8.2.1, the ART algorithm was investigated using a synthetic test object.

It works by slowly updating the estimated tomogram using the difference between

actual and estimated projection. It is possible to adjust how fast the update

process by changing a learning rate µ. The larger the µ, the faster the update

process but the greater risk of getting a divergence. Instead of getting lower error,

it might increase as the number of iterations becomes greater!

First, this section will consider the reconstruction of the simulated data ob-

tained from an ultrasonic model at 500 kHz (see Chapter 6). Second, the recon-

struction of measured data at 500 kHz (see Chapter 7) will be investigated using

the same methods.
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(a) Type I guess

(b) Type II guess

Figure 8.12: Initial estimation for Type I and II samples for the reconstruction of

ultrasonic data.
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Simulated data

For the ART algorithm without any prior knowledge, one must assume that there

is nothing on the image plane. In other words, a blank plane. From Section 3.6,

it follows that Rguess = 0 so Rcorr = −Ractual is the correctional projection to be

applied onto the blank plane. If µ = 1, then this algorithm reduces to the unfiltered

backprojection. If 0 < µ < 1, then this algorithm works in similar fashion to the

delayed backprojection.

Figure 8.13 shows selected reconstructions and the pixel values along a diagonal

cross-section from the lower left to the upper right corner of the image. 12-13

iterations were used. It is seen that there is a slight improvement in terms of

a resolution, as suggested by the cross-section value. Note that the two peaks

representing two circles within the object is sharper when the ART is used. The

same conclusion can be drawn when other sets of data with different modes and

receiver sizes are used. Hence the corresponding results are not shown. However,

by using the SSim index with reference images in Section 6.7, it is found that ART

reconstructed image using a blank plane as an initial estimate has a lower similarity

index. The algorithm does not involve filtering, so the glow around the object is

not eliminated, leading to a lower SSim index. Table 8.1 shows SSim values from

the ART algorithm with a blank initial estimate. However, if a suitable initial

guess is used, SSim can improve slightly (as shown in Table 8.2). This means the

final image does not look exactly as the reference image or initial guess, but is

rather a modified version according to the algorithm. The result from the Type I

sample using the initial estimate in Figure 8.12a is shown in Figure 8.14. It can

then be seen that the two circles are emphasised by the estimated image while

reducing the glowing effect around the object (compare with Figure 6.5). Again,

glow effect is not eliminated by using the ART algorithm.

For the Type II asymmetric sample, the initial estimate shows the outside
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Figure 8.13: Comparison between images reconstructed using the unfiltered back-

projection and the ART with a blank initial estimation. The results are shown for

Type I and II samples, projected using 25 mm PS receiver.
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Table 8.1: SSim index computed from reconstructions of simulated ultrasonic data

using the ART algorithm. The initial estimate is a blank plane without any detail.

The reference images are taken from Section 6.7.

Algorithm
ART

Blank plane

Sample type

receiver size
PS PI

Type I 25 mm 0.18 0.16

Type I 8 mm i 0.21 0.18

Type I 4 mm 0.21 0.20

Average Type I 0.20 0.18

Type II 25 mm 0.15 0.25

Type II 8 mm 0.13 0.25

Type II 4 mm 0.25 0.25

Average Type II 0.17 0.25

Average Overall 0.19 0.22
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(a) 25 mm PS, 14 iterations (b) 25 mm PI, 12 iterations

(c) 8 mm PS, 10 iterations (d) 8 mm PI, 9 iterations

(e) 4 mm PS, 10 iterations (f) 4 mm PI, 11 iterations

Figure 8.14: ART Reconstruction of the Type I object using simulated ultrasonic

data at 500 kHz. There are 180 projections in use.
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structure without the internal detail as shown in Figure 8.12b. The corresponding

results are shown in Figure 8.15. It can be seen that the reconstruction looks like a

superposition of an initial estimation and a backprojected image shown in Figure

6.6. This is due to the nature of updating process which gradually changes an

estimated image towards the final reconstruction.

Table 8.2 shows the values of SSim computed from Figure 8.14 and 8.15. It can

be seen that with a properly set initial estimate, the SSim can increase from the

original values shown in Table 6.4. In common with a backprojection algorithm,

the ART algorithm and a PI sensor can provide a better image quality than PS

sensor, despite not significant. The reduction in receiver size does not produce

an increasing SSim; this might be partly due to the introduction of “guess” in an

image.

Values in Table 8.1 and 8.2 may be compared “safely” by using a chart. Figure

8.16 shows two corresponding plots. It can be seen that for PS mode and without

properly set initial estimation, the similarity index can be lower than when an

initial estimation is given. For PI mode, however, a difference can barely be

seen with the type II sample. Type I sample, on the other hand, looks better

if reconstructed using the ART with a suitable initial estimation. The Mann-

Whitney comparison suggests that the ART without a suitable initial estimate

can give significantly lower image quality than the same algorithm with a suitable

initial image (p-value <0.1). Note that this value is applicable to this comparison

only. These reconstructions form a subset of all ultrasonic reconstructions made

by using the same method. If more reconstructions with different complexities

were studied using the same technique, different conclusions may be drawn.
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(a) 25 mm PS, 12 iterations (b) 25 mm PI, 9 iterations

(c) 8 mm PS, 10 iterations (d) 8 mm PI, 10 iterations

(e) 4 mm PS, 10 iterations (f) 4 mm PI, 9 iteratioons

Figure 8.15: ART Reconstruction of the Type II object using simulated data at

500 kHz. There are 180 projections in use.
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Table 8.2: SSim index computed from reconstructions of simulated ultrasonic data

using the ART algorithm with non-blank initial estimate. The reference images

are taken from Section 6.7.

Algorithm
ART

with initial estimate

Sample type

receiver size
PS PI

Type I 25 mm 0.36 0.33

Type I 8 mm 0.24 0.32

Type I 4 mm 0.25 0.29

Average Type I 0.28 0.31

Type II 25 mm 0.54 0.65

Type II 8 mm 0.51 0.54

Type II 4 mm 0.51 0.53

Average Type II 0.52 0.57

Average Overall 0.40 0.44
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Figure 8.16: Comparison of the SSim values in Table 8.1 and 8.2 (ART with and

without initial estimation applied to ultrasonic simulated data). NI and WI refer

to ‘no initial estimation’ and ‘with initial estimation’ respectively.)
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Experimental data

After studying the reconstructions of simulated data, this subsection applies the

same technique to the experimental data obtained from the actual water bath with

500 kHz transducers. Since the ART algorithm works best with a suitable first

estimate, the result generated without a first estimate will not be covered.

Figure 8.17 shows the result of the reconstruction of Type I and II samples

using the measured phase sensitive data. Corresponding reconstruction from the

phase insensitive data is shown in Figure 8.18. Table 8.3 shows the SSim indices

computed from all images with respect to the references in Section 6.7. The same

conclusion as for the simulations can be drawn. A PI mode generates better SSim

but not at a significant scale. This might be due to the fact that the guess image are

rather unnatural in appearance. The other problem in the experiment was that

the intensity of ultrasonic wave used in the experiment is rather low (about 50

mV.) Increasing the ultrasonic intensity might enhance the resolution and thereby

increase the image quality.

Some researchers have claimed that, for x-ray tomography, the iterative algo-

rithms (including the ones in this report) can help reducing the dose while main-

taining an acceptable image quality [108, 109]. However, no mathematical reason

was given–just a claim that the algorithms can improve the perceived image. From

our work here, it is possible to explain what is happening as follows. Iterative algo-

rithms start with an estimated standard image, which is then updated towards the

actual image using an iterative scheme. The process of updating involves compar-

ing the projections of the estimated object with the measured projections. They

are used for updating the estimated image iteratively and slowly until the con-

vergence or the desired quality is attained. With the help of a suitable estimate,

there is no need for a strong dose. In the ultrasonic application, on the other hand,

dose is generally harmless and typical image quality tends to be inferior (due to
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(a) 25 mm Type I, 61 iterations (b) 25 mm Type II, 57 iterations

(c) 8 mm Type I, 60 iterations (d) 8 mm Type II, 66 iterations

(e) 4 mm Type I, 51 iterations (f) 4 mm Type II, 61 iterations

Figure 8.17: ART Reconstruction of the Type I and II object using the measured

phase-sensitive data at 500 kHz.
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(a) 8 mm Type I, 53 iterations (b) 8 mm Type II, 65 iterations

(c) 4 mm Type I, 55 iterations (d) 4 mm Type II, 65 iterations

Figure 8.18: ART Reconstruction of the Type I and II object using the measured

phase-insensitive data at 500 kHz.



8.3. ULTRASONIC TOMOGRAPHY 223

Table 8.3: SSim index computed from reconstructions of the experimental ultra-

sonic data using the ART algorithm with an initial estimate. The reference images

are taken from Section 6.7.

Algorithm ART with initial estimation

Sample Type PS PI

Type I 25 mm 0.55 N/A

Type I 8 mm 0.4 0.49

Type I 4 mm 0.42 0.45

Average Type I 0.46 0.47

Type II 25 mm 0.57 N/A

Type II 8 mm 0.48 0.55

Type II 4 mm 0.6 0.56

Average Type II 0.55 0.555

Average Overall 0.50 0.51
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reflection and diffraction). The initial estimate can help by giving a priori idea

of particular features, such as the square box for the Type II sample. If there

is no exact prior knowledge about what is going to be imaged using ultrasonic

tomography, then standard backprojection without filtering is preferred.

8.3.2 Maximum likelihood expectation maximisation

In Section 8.3.1, the Algebraic Reconstruction Technique (ART) algorithm was

investigated using both simulated and experimental data. This section describes

the application of the Maximum Likelihood Expectation Maximisation (MLEM)

in a similar fashion as the ART and also investigates how the MLEM technique

affects the image quality.

Simulated data

In order to implement the MLEM with relative ease, the estimations for the Type

I and II samples were taken directly from Figure 8.12. Then the simulated ultra-

sonic projection (from Section 6.5) was divided by the estimated projection at the

corresponding angle before being backprojected as a correctional image. The first

estimate was then multiplied with a correctional image to obtain the new estimate.

The process was performed at different angles simultaneously before all the results

were added up to form the final image. This reduced the risk of instability and

failure of the algorithm.

Figure 8.19 and 8.20 show the result of the reconstrction of the simulated

ultrasonic data with the MLEM algorithm. Note that the implementation time

was roughly 1 s, which is significantly faster than the ART. Visual inspection of the

image reveals that the MLEM produces a “masked” image. The first estimation

emphasises two circles in Type I sample while de-emphasises the surrounding area.

For the Type II sample, MLEM emphasises the circle embedded within a block
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(a) 25 mm PS, 3 iterations (b) 25 mm PI, 3 iterations

(c) 8 mm PS, 3 iterations (d) 8 mm PI, 3 iterations

(e) 4 mm PS, 3 iterations (f) 4 mm PI, 3 iterations

Figure 8.19: MLEM Reconstruction of the Type I object using simulated ultrasonic

data at 500 kHz.
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(a) 25 mm PS, 3 iterations (b) 25 mm PI, 3 iterations

(c) 8 mm PS, 3 iterations (d) 8 mm PI, 3 iterations

(e) 4 mm PS, 3 iterations (f) 4 mm PI, 3 iterations

Figure 8.20: MLEM Reconstruction of the Type II object using simulated ultra-

sonic data at 500 kHz.
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while gives some hint of the block. Comparing to ART, it turns out that ART

reconstruction is more natural (but noisier). The SSim values (with respect to

references in Section 6.7) shown in Table 8.4 confirm this observation. Figure

8.21 compares the index from both ART and MLEM. It can be seen that the

ART generally results in lower image quality than the MLEM. For the Type II

sample, this conclusion can still be challenged due to small difference between both

algorithms. The Mann-Whitney comparison between the two algorithms confirms

that the MLEM has significantly higher similarity index than the ART (p-value

<0.01). These reconstructions are assumed to be representative of all possible

reconstructions. If there are more reconstructions with varieties of complexities,

this conclusion may be challenged. Furthermore, there are myriad of possible

initial estimations that make the comparison even more difficult.

From Figure 8.21, it can be seen that the MLEM algorithm gives higher sim-

ilarity index on average than the ART algorithm. This is partly due to the fact

that the MLEM uses multiplication to apply the correction and tend to destroy im-

age detail outside the nonzero estimated region while emphasise image within the

nonzero region. This can be considered as “cheating” since some prior knowledge

is explicitly given before the reconstruction process.

Experimental data

Figure 8.22 shows the MLEM reconstruction using the measured data at 500 kHz.

It shows two masked circles, similar to the result when the simulated data was

reconstructed. Compared with the classical backprojected result, the tie between

two circles is eliminated after the application of MLEM. The results for the Type

II, on the other hand, do not perform as expected. Both 8 mm and 4 mm receivers

do not show significant contrast between the cylinders and the clock. Aesthetically,

a larger sensor with the MLEM algorithm produces higher quality image than a
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Table 8.4: SSim index computed from reconstructions of simulated ultrasonic data

using the MLEM algorithm with an initial estimate. The reference images are

taken from Section 6.7.

Algorithm
MLEM

with guess

Sample type

receiver size
PS PI

Type I 25 mm 0.38 0.73

Type I 8 mm 0.72 0.90

Type I 4 mm 0.94 0.81

Average Type I 0.68 0.81

Type I 25 mm 0.25 0.55

Type I 8 mm 0.76 0.73

Type I 4 mm 0.77 0.78

Average Type II 0.59 0.69

Average overall 0.69 0.77
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Figure 8.21: Comparison of the SSim values in Table 8.2 and 8.4 (ART and MLEM

algorithms applied to ultrasonic simulated data.)
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Table 8.5: SSim index computed from reconstructions of measured ultrasonic data

using the MLEM algorithm and an initial estimate. The reference images are taken

from Section 6.7.

Algorithm MLEM with guess

Sample type

Receiver size
PS PI

Type I 25 mm 0.23 N/A

Type I 8 mm 0.21 0.23

Type I 4 mm 0.20 0.21

Average Type I 0.212 0.219

Type II 25 mm 0.75 N/A

Type II 8 mm 0.45 0.76

Type II 4 mm 0.33 0.60

Average Type II 0.51 0.68

Average overall 0.36 0.45

smaller sensor. This is confirmed by the SSim analysis in Table 8.5. In contrast

to the ART and the backprojection, MLEM behaves differently. In general, the

smaller sensors do not give a better image quality

There is one thing to bear in mind when choosing an initial estimate for the

MLEM. Using a blank guess image comprising zeroes results in a division-by-zero

and crashes the algorithm. To address the problem, a small nonzero constant ε

(such as 10−4) was added to the guess image in Figure 8.12. The other way to

work around this problem is to add a small constant to the denominator term in

Equation (3.26). This prevents the problem of division by zero but can distort the

correction term.
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(a) Type I, 25 mm PS (b) Type II, 25 mm PS

(c) Type I, 8 mm PS (d) Type II, 8 mm PI

(e) Type I, 4 mm PS (f) Type II, 4 mm PI

Figure 8.22: MLEM Reconstruction of the Type I and II objects using experimen-

tal phase-sensitive data at 500 kHz.
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(a) Type II, 8 mm PS (b) Type II, 8 mm PI

(c) Type II, 4 mm PS (d) Type II, 4 mm PI

Figure 8.23: MLEM Reconstruction of the Type I and II objects using experimen-

tal phase-insensitive data at 500 kHz.
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8.3.3 Application of ART and MLEM on the head-like

phantom

In Section 8.3.1, the Algebraic Reconstruction Technique was implemented on the

ultrasonic data, both from simulation and experiment. It was shown that the ART

can slightly resolve two attached circles into a separate object without an initial

estimate. When a suitable first guess is given, the algorithm performs much better

and results in the final image with traces of the initial estimate. In other words,

the final image looks very similar to the result of overlapping two images together.

Another algorithm, the Maximum Likelihood Expectation Maximisation, was also

implemented in Section 8.3.2. According to the image quality analysis, the MLEM

works well with a larger receiver than with a smaller sensor. This might render

it useless when an array of small receiver is employed. The ART, on the other

hand, always behave consistently. Smaller receiver always leads to the better image

quality. How about the implementation on a more complex object, such as the

Type III sample?

In Section 6.6, an ultrasonic head-like phantom, or the Type III sample, was

proposed that it could be simulated on the numerical platform. This phantom is a

direct modification of the more complex Shepp-Logan phantom. When using the

same algorithm as in 8.3.1, some first estimation must be proposed or the algorithm

becomes the delayed backprojection. Figure 8.24 shows the Type III phantom

recreated in MATLAB. It does not completely resemble the backprojected image

(see Figure 6.8 and 6.15) but is intended as a guide of the expected image.

Figure 8.25 shows reconstructions of the Type III sample using the simulated

data from Section 6.6. Now, visual inspection suggests that PS and PI modes

give different images when a receiver is large. PS tends to reveal outer edge of

the object while de-emphasising the inner detail. There is still some subtle hint

of the internal detail, however. As a receiver shrinks in size, PS and PI become
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Figure 8.24: Initial estimation of an ultrasonic reconstruction of the Type III

sample.
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more similar to each other and greater detail of the image can be seen. Figure

8.26 shows the corresponding reconstruction made by MLEM.

Taking these images with the corresponding reference in Figure 8.24 into the

SSim formula, it is possible to confirm different trends of variation of the index

as a sensor shrinks or expands. Table 8.6 shows the SSim values computed from

reconstructions of the Type III phantom using the iterative algorithms. Figure 8.27

compares the value from the table. It is seen that PI mode results in better image

quality, which is the same as the finding in previous sections. With suitably guessed

initial estimate, the image quality of the MLEM is better than the ART, with

the expense of naturalness and visual appealing. This observation also applies to

simpler samples in previous subsections. Using the Mann-Whitney non-parametric

test, same conclusion as in Section 8.3.2 could be drawn (p-value = 0.005.)

Some researchers might be tempted to use parametric comparison (e.g. analy-

sis of variance, t-test) with every sample. They often claim that every comparison

must come with the statistical analysis, or the claim is not strong. This might

not be the case if the population is not normally distributed and the sample is not

drawn randomly (so that each sample is independent) [110, Ch.12]. Due to the fact

that this project generated a set of the SSim that might not satisfy the normality

conclusion, a non-parametric Mann–Whitney technique was employed throughout

this project [110, Ch.13]. An assumption that reconstructions presented in this

project represent all possible reconstructions was given, since it would be uneco-

nomical to generate extremely large set of tomograms before making a comparison.

It is worthwhile to note here that the index is one way of image quality evalua-

tion. There are more ways to do this, including rating by professionals and visual

inspection. There is no perfect image quality metric, as two pairs of images might

have the same index despite having low visual quality. In the future, it is therefore

desirable to improve the similarity index by making a suitable alteration. Intro-
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(a) 25 mm PS, 9 iterations (b) 25 mm PI, 10 iterations

(c) 8 mm PS, 11 iterations (d) 8 mm PI, 12 iterations

(e) 4 mm PS, 10 iterations (f) 4 mm PI, 12 iterations

Figure 8.25: ART Reconstruction of the head phantom using simulated data at

500 kHz with an initial estimate.



8.3. ULTRASONIC TOMOGRAPHY 237

(a) 25 mm PS, 3 iterations (b) 25 mm PI, 3 iterations

(c) 8 mm PS, 3 iterations (d) 8 mm PI, 3 iterations

(e) 4 mm PS, 3 iterations (f) 4 mm PI, 3 iterations

Figure 8.26: MLEM Reconstruction of the head phantom using simulated data at

500 kHz with an initial estimate.
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Figure 8.27: Comparison of the SSim values for ART and MLEM reconstructions

of the Type III sample.

ducing the impartial machine that evaluates the image quality and comparing the

result against the prediction by professionals are also worth studying.

8.4 Chapter discussion

This chapter discussed the application of two selected iterative algorithms: the al-

gebraic reconstruction technique (ART) and the maximum likelihood expectation

maximisation (MLEM) to both straight line and ultrasonic data. Both algorithms

require a suitable initial estimate, which should show the structure of the object.

Due to relative ease, a straight line reconstruction was considered first. Note that

the algebraic reconstruction technique is sometimes called the “simultaneous iter-

ative reconstruction technique (SIRT)” due to the fact that the image is updated

from separate angles simultaneously using different between estimated and actual

projections [111]. At the moment, there is only a brief work about the application
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Table 8.6: SSim indices computed from the iteratively reconstructed head phantom

using ultrasonic simulated data. The reference image is taken from Section 6.7.

Algorithm ART MLEM

Receiver size PS PI PS PI

25 mm 0.36 0.63 0.78 0.71

8 mm 0.39 0.45 0.70 0.83

4 mm 0.40 0.42 0.68 0.81

of the ART and the standardised amplitude tomography on the imaging of con-

struction material (rock) with some defect [112]. The author, unfortunately, did

not employ the numerical index to aid the comparison and also did not provide

mathematical details, just give some concepts. Fan et al. demonstrated the appli-

cation of the MLEM algorithm for the ultrasonic reconstruction of a concrete block

embedded with a steel tube. Unlike this work, their sample was much simpler in

nature so that the data can be projected back using a designed matrix [113]. How-

ever, ultrasonic waves do not always travel in straight line so the matrix method

does not take into account the wave effects. A generalised model-based iterative

algorithm was recently investigated by Hani et al. [114]. Their aim was similar to

that in this work, but there is no limitation of the model by which the ultrasonic

tomographic image is created from the projection. This work is possibly the first

time that both ART and MLEM are compared together systematically using both

straight line and ultrasonic projections. To simplify a problem, the straight line

propagation model was employed. This eliminated the need of matrix linking be-

tween a projection vector and an image plane. Wave effects, unfortunately, have

not yet been taken into account. As a challenge, a more sophisticated propagation

model could be studied as part of the future work.

In Section 8.2, synthetic test objects was scrutinised again using different algo-
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rithms, which work differently. The ART computes the difference between actual

and estimated projection, then use it for updating the initial estimate. A small

learning rate µ controls the amount of update and the rate of convergence. Too

small µ slows the process, while too large value can lead to unexpected results. On

the other hand, the MLEM necessitates the ratio between actual and estimated

projection. This makes the algorithm faster in terms of computational time with

greater risk of divergence.

The ART reconstruction was slow and required about 20-30 iterations before

the mean square error converged to the final value. Different values of µ also

resulted in distinct convergence behaviours. It was found that at µ = 0.1, the

convergence was fastest. It required only 10-15 iterations before the mean square

error reached the final value. Computation of the SSim index also showed that

for µ = 0.05 and 0.1, the graphs were smooth and more predictable comparing

to other values of µ. In other words, selection of a learning rate is important. In

addition, the MLEM reconstruction was also scrutinised. There are two different

schemes in which the MLEM can be utilised. An initial estimated image can

either be: (1) divided into similar subimages. Each image is then updated at

the same angle before all subimages are combined to form the final result; or (2)

updated at one angle before doing the same at another angle. Both schemes were

implemented for the straight line data. By comparing plots of the mean square

error with respect to the number of iterations, it was found that the additive

MLEM produces a smooth convergence plot like the ART. On the other hand, the

multiplicative MLEM results in an oscillating convergence plot. If the error term

was defined by the difference between two consecutive mean square error, then it

would be impossible to determine the stopping point for the multiplicative MLEM.

It was also found later than the additive algorithm is the only form that worked

on ultrasonic data.
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After applying both algorithms to the straight line data, the ultrasonic tomog-

raphy was also investigated using the same techniques. When a blank sheet was

used as an initial estimate for the ART algorithm, it was found that the algo-

rithm slightly improved the image quality by enhancing some features. However,

the performance was unsatisfactory. An initial estimate, therefore, was created

to resemble rough structure of the object. As a result, the similarity index was

significantly better. By using a bar chart and non-parametric test, it was readily

found that the PI resulted in a better image quality than the PS.

As a conclusion, it was found that the ART, despite being slower, resulted in a

smooth and predictable convergence. The MLEM algorithm was faster but it also

comes with higher risk of divergence. Visual inspection suggested that the ART

algorithm produced a more natural image when compared to the MLEM. The

MLEM images look like a masked version of the original, while the ART images

are more similar to the original version with a subtle hint of the initial estimate.

In this chapter, an initial estimate was used as a rough image resembling the

object. However, other inaccurate estimates may be given for a particular type of

the sample. The questions are therefore “how about using a completely different

initial estimate? Does this significantly affect the image quality?” These questions

are left as a future work. It is also worthwhile to note that all of the projections

were collected and backprojected using a ray propagation, which does not take

into account the reflection and the refraction. Therefore, it might be possible

to introduce the full acoustic propagation model in the process. This coincides

with Hani et al.’s aim [114]. This would potentially enable a reconstruction to

be performed with the inclusion of acoustic propagation, and might improve the

image quality.
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Chapter 9

Discussion, conclusion and Future

work

This chapter provides overall discussion to the project as well as suggest how the

project is extended into the future.

9.1 Project discussion

This project has used a mixture of computational and experimental work, without

significant theoretical process, to investigate ultrasonic tomography. It began with

the simulation in Chapter 4. A simple straight line tomographic system was repro-

duced as part of developing the idea of tomography in general. This also provided

some acquaintance with the process by which tomography works. Three types

of different test objects were considered: two circles aligned diagonally (Type I),

two circles embedded within a square block (Type II) and the head-like phantom

(Type III). Type I and II were simple enough to be also studied experimentally.

The head phantom, originally developed for an electromagnetic tomography, neces-

sitated significant modification before the ultrasonic simulation could commence.

243
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To distinct from the original head phantom [92], the head-like phantom was re-

ferred to as the Type III sample (see Section 6.6).

There are three key steps in tomography. First is the projection, which refers

to viewing the object from its side rather than from its top. In order to collect in-

formation, an integration along the path that cuts through the object is performed.

Projection is performed at different angles to obtain sufficient information. Sec-

ond, after obtaining the projections, they are inverted into a cross-sectional image

(or tomogram) using the backprojection algorithm. This procedure picks up

the projection data, generates a corresponding grid according to the desired angle

and interpolates to finish the backprojection. As an illustration, the first step

looks like shedding light from one side of the object and using a film to get its

projection, while the second is similar to developing the image from a film. One

more step, filtering, is often placed between the projection and the backprojec-

tion. It was found that without filtering out low spatial frequencies, a straight-line

reconstructed image becomes hazy and hard to recognise [32].

In addition to filtering and not filtering the projection, this project also studied

the effect of number of projections involved in reconstructing the image. This is

similar to the works by van Daatselaar et al. [115], Chighvinadze & Pistorius [116]

and Sarkar et al. [117]1 in which images generated by different projections were

assessed. In general, more projections resulted in a better image quality. To assess

the image quality easier and more impartial, this project applied the Structural

Similarity Index (SSim) in addition to an ordinary visual inspection (see Section

3.8 and ref [17]). This technique requires both reference image/original structure

and reconstructed image, which are then put into the formulae and interpreted.

1Note that Sarkar et al.’s work used the signal difference to noise ratio (SDNR), which is a

modification of the signal to noise ratio (SNR) by replacing the signal with the difference between

two signals, with and without the sample.
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Without filtering, for the straight line tomography, the SSim index is comparatively

low. Image generated with the smoothed ramp filter has greater SSim than one

created with the ordinary ramp filter.

After investigating the straight line tomography, a model of ultrasonic tomog-

raphy was created in readily available finite element software (COMSOL Multi-

physics) [71]. Since there was no fixed arrangement for actual tomographic sys-

tems, both stationary extended transducers and moving paired transducers models

were considered. The first object was a plain circle (or cylinder) as the projection

remains the same regardless of angle. It was found that moving transducers (and

perhaps the array of small receivers) performed better than stationary counter-

parts. Moving pair of transmitter-receiver reduced the edge or ring artefact around

the object when reconstructed into the image. However, this model requires signif-

icantly longer computational (and also experimental) time. Two or three seconds

were needed for stationary transducers model, while the moving paired transduc-

ers model necessitated ten minutes or longer. It became later clear that the actual

equipment worked by moving the object between a pair of transducers. Therefore,

a stationary model was abandoned.

A number of studies concerning moving sensors model have been performed,

including the effect of frequency on the projection, effect of receiver size and the

actual projection process. The model was developed to be as close as possible to the

water bath, in spite of being time-independent. The reason why time-dependent

model was not implemented is too high computational effort. It was found that the

receiver size has a direct effect on the image quality. A smaller sensor can resolve

two objects located near to each other (Type I sample), while a larger sensor fuses

both of them together. At this moment, there is no established work that consider

the effect of the receiver size on the image quality. This is presumably due to

the fact that this study might require huge amount of time and also many receiver
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sizes. Phase-sensitivity and -insensitivity were also studied in detail to demonstrate

how two modes of working affect the reconstructed image. For a large receiver (25

mm), a phase-sensitive sensor gives an image of a deformed block (Type II sample)

while a phase-insensitive sensor does not. Again, image quality evaluation was also

implemented to reduce the likeliness of prejudice when looking at the image. In

the original pioneering work by Zeqiri et al., there was no computer simulation

as well as numerical image quality assessment (even a simple PSNR!) [12]. This

project can be considered the first time that the effect of phase-sensitive and phase-

insensitive sensors in ultrasonic tomography is studied computationally, with the

systematic use of the structural similarity index in addition to the visual inspection.

An experimental study of phase-sensitive and phase-insensitive tomography

has been performed using an organic sample. The test sample was made with

agar (in contrast to silicone, wire and other non-organic materials used by other

researchers), water and salt. Making the sample was a difficult and painstaking

process, using a hand-made mould made of plastic sheets folded and glued together.

Unlike 3-D printed sample, the hand-made object could degrade in quality both

in and out of water. The sample, therefore, had to be prepared freshly for each

experiment. Two types of physical sample were used, namely Type I and II. It

took around 8-9 hours to collect 100 data points at 36 projections. The projections

were measured using phase-sensitive and -insensitive receivers before the signal was

processed and reconstructed by the backprojection algorithm.

Finally, selected iterative algorithms were studied using acoustic data, in addi-

tion to the classical backprojection algorithm. Algebraic Reconstruction Technique

(ART) and Maximum Likelihood Expectation Maximisation (MLEM) were stud-

ied to understand the process of how both algorithms work. These algorithms

work be starting with actual model and estimated image. Both of them are pro-

jected using either actual process or a computer modelling. The algorithm then
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compute the correction by considering projections obtained from the actual and

the estimated image. Finally, the estimated image is corrected and the process

repeats again until convergence is reached. The advantage of iterative algorithms

is that they allow different models of propagation to be introduced while the im-

age is being reconstructed [114]. The model, however, is often written as a sparse

and big matrix that relates the image pixel to the projection point. This project,

therefore, still limit the projection model to the straight line. It was found that

the ART is slower but more stable than faster MLEM. Both algorithms were also

applied to acoustic data. It was also found that the ART is more suitable than the

MLEM, despite producing lower “image quality.” The ART algorithm results in

lower image quality than the MLEM but generates images which are looks more

natural.

9.2 Summary and key findings

To conclude the project, there are some key findings which can be summarised

below:

1. Straight-line tomography is simple to implement but requires a high-pass

filter to work properly.

2. Straight-line tomography necessitates a sufficient number of projections to

obtain the optimum image. Ultrasonic tomography shows no significant im-

provement when more than 36 projections are used. This is attributed to the

fact that other factors, such as angular and lateral resolutions, are limiting

the performance.

3. The receiver size matters in acoustic tomography. In general, the smaller the

receiver, the better the image.
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4. For larger receivers, phase-sensitive devices give a better image quality than

phase-insensitive ones.

5. Filtered backprojection enhances image quality obtained using straight line

propagation, but appears to reduce important detail in ultrasonic images.

Therefore it is not recommended for ultrasonic tomography.

6. The ART algorithm works very well with acoustic data, provided an appro-

priate initial estimate is given. However, the improvement in image quality

is rather small.

7. The MLEM algorithm works well with a larger receiver. It also works very

fast with small number of iterations. However, the MLEM does not gen-

erate naturally looked image, and may not be a good method for acoustic

tomography.

8. The SSim index is a good, albeit imperfect, tool for inspection of images

generated by tomography. However, a suitable reference image that might

include irregularities of the object should be given. This project used rather

unnatural reference image, which resulted in lower index for iterative algo-

rithms. The region of interest, instead of the whole image, could also be

limited to just small key areas.

9.3 Future work

As part of future work, a time-dependent computational model is being devel-

oped and evaluated. This will realise the possibility of imaging using speed of

sound. Currently, there is minimum number of oscillations needed for a time-

dependent simulation. The time-dependent model also consumes vast amount of
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computational resources and is potentially suitable for implementation in a parallel

computing facility.

The maximum frequency used in the simulations presented is only 1 MHz. It

is possible to increase this value up to 2 MHz, with a grid finer than the built-

in “extremely fine”. Frequency higher than 2 MHz would require even finer grid.

Acccording to COMSOL developers, one wavelength should contain 8 - 10 elements

or more for accuracy. At 5 MHz in water (c0 =1500 m/s), the corresponding

wavelength is 0.3 mm and each element must have a width of 30 - 37 µm or less.

This necessitates huge amount of computational resources and often fails to give

correct and visible result. To address this problem, a specialised software capable

of simulating tomography should be developed. This will require a deep study

of how acoustic equations are solved numerically and how to optimise the use of

computational resources.

The Type III sample developed in this work cannot yet be actualised, despite

the availability of actual head-like phantom made from dolomite [118] and agar

[119]. They have not yet been imaged using the actual system. It is therefore

interesting to expand this project by fabricating the sample using a biological

material before comparing the result with that provided in this thesis.

The experiment used an ordinary stepper motor (which could not be submerged

in water) and required the sample to be secured on a shaft. Currently available

motors are not intended for prolonged submersion, or they may be damaged. If

possible, a submersible motor or rotation stage should be developed. It would

facilitate the installation of a sample as well as the imaging process. Alternatively,

a rotation stage that is capable of moving and rotating a pair of transducer could

be implemented.

The existing experiment used the single element transducer. It is possible

to subdivide the larger transducer into several smaller elements by solid-state
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fabrication. This means the moving sensors configuration may be replaced with a

much more efficient fixed array. A flexible band of subdivided transducer may be

used for imaging the human body without the submersion into water bath. The

process and algorithms are still need to be studied. Once they are available, lung

diseases can simply be detected quickly using a flexible transducer wrapped around

the rib cage. Despite many possible applications, a theoretical and computational

study of the image quality using the same methodologies covered in this project

should be carried out.

An array of transducers may be assembled by placing several transmitters in a

row or on a circular path. This settings are used by many researchers, yet there is

no prior work on the computational simulation and the image quality evaluation.

By making slight modification to the existing model in this project, it is possible

to study how different configurations affects the image quality.

The SSim index presented in this work were modified into several versions.

There are also different image quality indices that can be useful for tomographic

work. Despite these, different trained people can have different comments which

might not agree with the index. Therefore, a study that correlates the perceived

image quality with different indices may worth to be studied. This project applied

the SSim index on the whole image, rather than a sample as in the original work.

What about applying the index on key areas? This will also be the next question

to be answered.

The device developed in this work, together with the transducer array, can

be useful even outside medical field. Durian, or Durio spp., is one of the most

expensive fruits which is not worth splitting open for inspection. Farmer often

tap the thorny fruit to see whether it is ripe enough or not. Our equipment,

with some modifications, could provide more reliable data on the fruit quality

without damaging it. Therefore, a separate work on the application of ultrasonic
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tomography in agriculture, aside from medicine, will be studied in the future.

9.4 Publication in preparation

As a product of this thesis, the author has drafted a journal paper “Simulation

and Image Quality Evaluation of Phase-Sensitive and Phase-Insensitive Ultrasonic

Tomography using SSIM 2. The paper covers the simulation of simple straight line

(or x-ray parallel beam) tomography and establishes the importance of using some

similarity index as an aid to evaluating images. Different people can give different

scores to the same pair of actual and reference images. Visual inspection and

rating by professionals, however, are still indispensable. Higher indices do not

necessarily imply better image quality. This paper has been rejected but now

extensively revised and ready to be published in a suitable journal. The reason

of rejection was that the original paper does not include statistical analysis which

was impossible due to the small sample size.

Two more papers will be prepared, including

1. Model-based iterative ultrasonic tomography: Image quality and its applica-

tions. This paper will look how to reconstruct the cross-section of the object

using different iterative reconstruction techniques. An analysis using both

visual inspection and numerical index will be given.

2. Phase-sensitivity in tomography using array of sensors. This paper will ap-

ply all theories and techniques in this thesis with completely different sen-

sors configuration: array of sensors. Using an array of sensors allows the

projection to be collected more quickly than moving transducers used in this

project. Since this work demonstrated that a phase-insensitive receiver can

2The author prefers SSim to SSIM since S is for Structural and Sim is for similarity.
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improve the image quality, does it apply to another configuration? Is there

any effect of reducing the receiver size? These questions will be answered.

Since these papers have not yet been prepared, their titles can be altered as

appropriate. Finally, this project may be incomplete owing to the timeframe given,

but it is hoped that the publications of this work will be useful in acoustics and

non-destructive testing.



Appendix A

Stationary phase method

Stationary phase method is the technique in which the special integral of the form

I =

∫ ∞
y=−∞

g (y) eλh(y)dy

can be expanded, provided that the first derivative of h (rate of change, in other

word) is zero.

Function h may be expanded to the second order as follows

h (y) = h (y0) + h′ (y0) (y − y0)
1

2
h′′ (y0) (y − y0)2 .

If h′ (y0) = 0, we say that y = y0 is the stationary point. Let s = y − y0, then

I = g (y0) eλh(y0)

∫ ∞
s=−∞

eλh
′′(y0)s2/2ds. (A.1)

Since ∫ ∞
s=−∞

eλs
2

ds =

√
π

λ
,

integral in Equation (A.1) can be evaluated by mapping λ to λh′′ (y0) /2 in the

right hand side of the equation. In other words, replace λ with λh′′ (y0) /2. This

gives ∫ ∞
s=−∞

eλh
′′(y0)s2/2ds =

√
2π

λh′′ (y0)
.
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By substituting back, it follows that

I =

∫ ∞
y=−∞

g (y) eλh(y)dy u

√
2π

λh′′ (y0)
g (y0) eλh(y0).
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Statistical analysis of the SSim

computed from simulated images

This chapter statistically compares the structural similarity index computed from

selected number of projections (2, 4, 9, 18, 36, 180.) Table B.2 shows the data

computed without filtering the projection, given up to three decimal places. It can

be seen that the greater the projection numbers, the higher the similarity index.

However, this trend flattens when the number of projections becomes greater.

Since the dataset is not large and does not exhibit the randomness as well as the

normality, the classic “analysis of variance” cannot safely be employed. By using

a “safer” non-parametric Mann-Whitney paired comparison to compare selected

columns, Table B.1 shows all possible probability values from different pairs. This

can be interpreted as follows. In general, smaller PS receiver, together with larger

transmitter, can give higher image quality. A simpler way of making a comparison

was given in Section 6.8. However, when all data are combined together and

compared by size, then the conclusion changes. In other words, the receiver size

does not significantly affect the image quality.

Table B.4 shows the data computed in a similar fashion to one in Table B.2,

255
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Table B.1: Probability (p) values computed from the Mann-Whitney test applied

to different pair of samples. All samples are taken from Table B.2.

1st sample 2nd sample p-value

Type I 25 mm Type I 8 mm 0.173

Type I 25 mm Type I 4 mm 0.045

Type I 8 mm Type I 4 mm 0.173

Type II 25 mm Type II 8 mm 0.008

Type II 25 mm Type II 4 mm 0.005

Type II 8 mm Type II 4 mm 0.045

Type III 25 mm Type III 8 mm 0.005

Type III 25 mm Type III 4 mm 0.005

Type III 8 mm Type III 4 mm 0.173

All 25 mm All 8 mm 0.319

All 25 mm All 4 mm 0.189

All 8 mm All 4 mm 0.602
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Table B.2: Structural similarity index computed from simulated ultrasonic images

at different numbers of projections. The projection was not filtered and the receiver

are phase-sensitive (PS).

Sample Type Projections 25 mm 8 mm 4 mm

Type I

2 0.259 0.312 0.327

4 0.343 0.380 0.394

9 0.389 0.412 0.423

18 0.387 0.413 0.422

36 0.387 0.412 0.423

180 0.387 0.413 0.424

Type II

2 0.421 0.411 0.453

4 0.382 0.503 0.514

9 0.350 0.504 0.521

18 0.352 0.506 0.526

36 0.348 0.503 0.524

180 0.350 0.504 0.524

Type III

2 0.626 0.598 0.593

4 0.648 0.611 0.603

9 0.618 0.589 0.587

18 0.618 0.600 0.596

36 0.616 0.602 0.597

180 0.613 0.602 0.597
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Table B.3: Probability (p) values computed from the Mann-Whitney test applied

to different pair of samples. All samples are taken from Table B.4.

1st sample 2nd sample p-value

Type I 25 mm Type I 8 mm 0.008

Type I 25 mm Type I 4 mm 0.008

Type I 8 mm Type I 4 mm 0.173

Type II 25 mm Type II 8 mm 0.045

Type II 25 mm Type II 4 mm 0.066

Type II 8 mm Type II 4 mm 0.093

Type III 25 mm Type III 8 mm 0.005

Type III 25 mm Type III 4 mm 0.005

Type III 8 mm Type III 4 mm 0.031

All 25 mm All 8 mm 0.125

All 25 mm All 4 mm 0.123

All 8 mm All 4 mm 0.862

but using the phase-insensitive sensor. Table B.3 shows all possible probability

values computed from different images. Similar conclusion to that of PS receiver

can be drawn. If the receiver size is much smaller than that of the transmitter,

then the image quality will significantly be better than when the larger receiver

was used.

By comparing PS dataset with that of PI using the same non-parametric

method, it is possible to say that a PI receiver results in significantly better image

quality (p-value = 0.04) at α=0.1.

Table B.5 and B.6 show SSim values computed from filtered tomograms. In

other words, both of them are filtered version of both Table B.2 and B.4. When it

comes to filtering, Section 6.7.2 and 6.8 visually demonstrated that filtering does
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Table B.4: Structural similarity index computed from simulated ultrasonic images

at different numbers of projections. The projection was not filtered and the receiver

are phase-insensitive (PI).

Sample Type Projections 25 mm 8 mm 4 mm

Type I

2 0.305 0.274 0.282

4 0.443 0.377 0.384

9 0.493 0.401 0.413

18 0.495 0.403 0.412

36 0.495 0.404 0.412

180 0.496 0.404 0.412

Type II

2 0.442 0.422 0.456

4 0.581 0.506 0.513

9 0.591 0.512 0.520

18 0.592 0.514 0.523

36 0.592 0.513 0.522

180 0.593 0.515 0.523

Type III

2 0.725 0.616 0.556

4 0.849 0.681 0.614

9 0.849 0.695 0.634

18 0.850 0.699 0.640

36 0.850 0.699 0.640

180 0.850 0.698 0.640
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not improve the image quality, in case of ultrasonic tomography. This contrasts

with Khairi et al.’s finding, in which filtering the projection improves the image

quality of the metal rod inserted within a milk carton [104].
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Table B.5: Structural similarity index computed from simulated ultrasonic images

at different numbers of projections. The projection was filtered and the receiver

are phase-sensitive (PS).

Sample Type Projections 25 mm 8 mm 4 mm

Type I

2 0.358 0.124 0.075

4 0.398 0.234 0.190

9 0.394 0.209 0.212

18 0.442 0.196 0.202

36 0.423 0.159 0.165

180 0.414 0.143 0.146

Type II

2 0.149 0.428 0.251

4 0.374 0.295 0.293

9 0.482 0.279 0.223

18 0.619 0.261 0.215

36 0.559 0.254 0.208

180 0.586 0.248 0.200

Type III

2 0.025 0.023 0.020

4 0.062 0.045 0.044

9 0.177 0.138 0.150

18 0.223 0.222 0.218

36 0.229 0.248 0.218

180 0.241 0.262 0.217
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Table B.6: Structural similarity index computed from simulated ultrasonic images

at different numbers of projections. The projection was filtered and the receiver

are phase-insensitive (PI).

Sample Type Projections 25 mm 8 mm 4 mm

Type I

2 0.358 0.124 0.075

4 0.398 0.234 0.190

9 0.394 0.209 0.212

18 0.442 0.196 0.202

36 0.423 0.159 0.165

180 0.414 0.143 0.146

Type II

2 0.149 0.428 0.251

4 0.374 0.295 0.293

9 0.482 0.279 0.223

18 0.619 0.261 0.215

36 0.559 0.254 0.208

180 0.586 0.248 0.200

Type III

2 0.025 0.023 0.020

4 0.062 0.045 0.044

9 0.177 0.138 0.150

18 0.223 0.222 0.218

36 0.229 0.248 0.218

180 0.241 0.262 0.217
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Gold, and R. Fahrig, “Fiducial marker-based correction for involuntary mo-

tion in weight-bearing c-arm ct scanning of knees. ii. experiment,” Medical

physics, vol. 41, no. 6, 2014.

[19] A. Sisniega, J. Stayman, Q. Cao, J. Yorkston, J. Siewerdsen, and W. Zbi-

jewski, “Image-based motion compensation for high-resolution extremities

cone-beam ct,” in Proceedings of SPIE–the International Society for Optical

Engineering, vol. 9783, NIH Public Access, 2016.

[20] H. J. H., D. H. Howry, G. J. Posakony, and b. C. R. Cushman, “The ultra-

sonic visualization of soft tissue structures in the human body,” Trans Am

Clin Climatol Assoc., vol. 66, p. 208225, 1955.

[21] W. K. Rntgen, “Eine neue art von strahlen (a new type of radiation),”

Physikal (Physical), December 1895. Translated by Otto Glasser.

[22] N. Foundation, “Wilhelm roentgen,” Nobel Lectures Physics 1901-1921,

1901.



266 BIBLIOGRAPHY

[23] A. Konstantinos et al., “Testing for tuberculosis,” Australian prescriber,

vol. 33, no. 1, pp. 12–18, 2010.

[24] A. Amer, T. Marchant, J. Sykes, J. Czajka, and C. Moore, “Imaging doses

from the elekta synergy x-ray cone beam ct system,” The British journal of

radiology, 2014.

[25] K. Leuraud, D. B. Richardson, E. Cardis, R. D. Daniels, M. Gillies, J. A.

O’Hagan, G. B. Hamra, R. Haylock, D. Laurier, M. Moissonnier, et al., “Ion-

ising radiation and risk of death from leukaemia and lymphoma in radiation-

monitored workers (inworks): an international cohort study,” The Lancet

Haematology, vol. 2, no. 7, pp. e276–e281, 2015.

[26] A. B. de Gonzalez and S. Darby, “Risk of cancer from diagnostic x-rays:

estimates for the uk and 14 other countries,” The lancet, vol. 363, no. 9406,

pp. 345–351, 2004.

[27] Z. Sun, P. D. Inskip, J. Wang, D. Kwon, Y. Zhao, L. Zhang, Q. Wang,

and S. Fan, “Solid cancer incidence among chinese medical diagnostic x-

ray workers, 19501995: Estimation of radiation-related risks,” International

Journal of Cancer, vol. 138, no. 12, pp. 2875–2883, 2016.

[28] X. O. Shu, F. Jin, M. S. Linet, W. Zheng, J. Clemens, J. Mills, and Y. T. Gao,

“Diagnostic x-ray and ultrasound exposure and risk of childhood cancer,”

British Journal of Cancer, vol. 70, no. 3, pp. 531–536, 1994.

[29] J. X. Wang, L. A. Zhang, Y. C. Zhao, Z. Q. Wang, J. Y. Zhang, and

T. Aoyama, “Diagnostic x-ray and ultrasound exposure and risk of child-

hood cancer,” Health Physics, vol. 82, no. 4, pp. 455–466, 2002.



BIBLIOGRAPHY 267

[30] R. Wakeford and M. P. Little, “Risk coefficients for childhood cancer af-

ter intrauterine irradiation: a review,” International Journal of Radiation

Biology, vol. 79, no. 5, pp. 293–309, 2003.

[31] R. H. Mole, “Childhood cancer after prenatal exposure to diagnostic x-ray

examinations in britain,” British Journal of Cancer, vol. 62, no. 1, pp. 152–

168, 1990.

[32] A. Kak and M. Slaney, Principles of Computerized Tomographic Imaging.

New York: IEEE Press, 1988.

[33] E. Hecht, “Optics,” Addison Wesley, pp. 562–628, 2002.

[34] J. D. Mathews, A. V. Forsythe, Z. Brady, M. W. Butler, S. K. Goergen,

G. B. Byrnes, G. G. Giles, A. B. Wallace, P. R. Anderson, T. A. Guiver,

et al., “Cancer risk in 680 000 people exposed to computed tomography scans

in childhood or adolescence: data linkage study of 11 million australians,”

Bmj, vol. 346, p. f2360, 2013.

[35] M. Bernier, J. Rehel, H. Brisse, X. Wu-Zhou, S. Caer-Lorho, S. Jacob,

J. Chateil, B. Aubert, and D. Laurier, “Radiation exposure from ct in early

childhood: a french large-scale multicentre study,” The British journal of

radiology, 2014.

[36] J. Woo, “A short history of the development of ultrasound in obstetrics and

gynecology,” 1998.

[37] J. Jurist and W. Selle, “Vibratory bone density determination method and

apparatus,” Nov. 11 1969. US Patent 3,477,422.

[38] H. J, “Ultrasonic bone densitometer,” Nov. 12 1974. US Patent 3,847,141.



268 BIBLIOGRAPHY

[39] C. M. Langton, S. B. Palmer, and R. W. Porter, “The measurement of broad-

band ultrasonic attenuation in cancellous bone,” Engineering in Medicine,

vol. 13, no. 2, pp. 89–91, 1984.

[40] K. Nicolaides, C. Rodeck, P. Soothill, and S. Campbell, “Ultrasound-guided

sampling of umbilical cord and placental blood to assess fetal wellbeing,”

The Lancet, vol. 327, no. 8489, pp. 1065 – 1067, 1986. Originally published

as Volume 1, Issue 8489.

[41] S. Campbell and A. Thomas, “Ultrasound measurement of the fetal head

to abdomen circumference ratio in the assessment of growth retardation,”

BJOG: An International Journal of Obstetrics and Gynaecology, vol. 84,

no. 3, pp. 165–174, 1977.

[42] J.-E. Bourcier, J. Paquet, M. Seinger, E. Gallard, J.-P. Redonnet, F. Ched-

dadi, D. Garnier, J.-M. Bourgeois, and T. Geeraerts, “Performance com-

parison of lung ultrasound and chest x-ray for the diagnosis of pneumonia

in the ed,” The American journal of emergency medicine, vol. 32, no. 2,

pp. 115–118, 2014.

[43] C. Moran, N. Bush, and J. Bamber, “Ultrasonic propagation properties

of excised human skin,” Ultrasound in medicine & biology, vol. 21, no. 9,

pp. 1177–1190, 1995.

[44] D. Nassiri, D. Nicholas, and C. Hill, “Attenuation of ultrasound in skeletal

muscle,” Ultrasonics, vol. 17, no. 5, pp. 230 – 232, 1979.

[45] J. Ophir, N. F. Maklad, and R. H. Bigelow, “Ultrasonic attenuation measure-

ments of in vivo human muscle,” Ultrasonic Imaging, vol. 4, no. 3, pp. 290–

295, 1982.



BIBLIOGRAPHY 269

[46] N. F. Maklad, J. Ophir, and V. Balsara, “Attenuation of ultrasound in nor-

mal liver and diffuse liver disease in vivo,” Ultrasonic Imaging, vol. 6, no. 2,

pp. 117–125, 1984.

[47] J.-P. Monchalin and R. Heon, “Laser ultrasonic generation and optical de-

tection with a confocal fabry-perot interferometer,” Materials Evaluation,

vol. 44, pp. 1231–1237, 1986.

[48] D. Hutchins, “Ultrasonic generation by pulsed lasers,” Physical Acoustics,

vol. 18, pp. 21–123, 1988.

[49] G. Self, E. Ordozgoiti, M. Povey, and H. Wainwright, “Ultrasonic evaluation

of ripening avocado flesh,” Postharvest Biology and Technology, vol. 4, no. 1,

pp. 111–116, 1994.

[50] U. Flitsanov, A. Mizrach, A. Liberzon, M. Akerman, and G. Zauberman,

“Measurement of avocado softening at various temperatures using ultra-

sound,” Postharvest Biology and Technology, vol. 20, no. 3, pp. 279 – 286,

2000.

[51] W. Munk and C. Wunsch, “Ocean acoustic tomography: a scheme for large

scale monitoring,” Deep Sea Research Part A. Oceanographic Research Pa-

pers, vol. 26, no. 2, pp. 123 – 161, 1979.

[52] B. D. Cornuelle, P. F. Worcester, and M. A. Dzieciuch, “Ocean acoustic to-

mography,” Journal of Physics: Conference Series, vol. 118, no. 1, p. 012002,

2008.

[53] C. K. Glide-Hurst, A. D. A. Maidment, and C. G. Orton, “Ultrasonography

is soon likely to become a viable alternative to x-ray mammography for breast

cancer screening,” Medical Physics, vol. 37, no. 9, pp. 4526–4529, 2010.



270 BIBLIOGRAPHY

[54] S. Feig, “Cost-effectiveness of mammography, mri, and ultrasonography for

breast cancer screening,” Radiologic Clinics of North America, vol. 48, no. 5,

pp. 879 – 891, 2010. Breast Imaging.

[55] C. R. UK, “Numbers of deaths, crude and european age-standardised (as)

mortality rates per 100,000 population, uk,” 2012.

[56] H. T. Le-Petross and M. K. Shetty, “Magnetic resonance imaging and breast

ultrasonography as an adjunct to mammographic screening in high-risk pa-

tients,” Seminars in Ultrasound, CT and MRI, vol. 32, no. 4, pp. 266 – 272,

2011. Breast Cancer Screening and Diagnosis: State of the Art.

[57] B. S. Hoyle, “Process tomography using ultrasonic sensors,” Measurement

Science and Technology, vol. 7, no. 3, p. 272, 1996.

[58] J. F. Greenleaf, P. J. Thomas, and B. Rajagopalan, “Effects of diffraction on

ultrasonic computer-aided tomography,” Acoustical Imaging, vol. 11, pp. 351

– 363, 1982.

[59] J. Greenleaf, S. Johnson, and R. Bahn, “Quantitative cross-sectional imaging

of ultrasound parameters,” Ultrasonics Symposium, 1977, pp. 989–995, 1977.

[60] J. Greenleaf, S. Johnson, W. Samayoa, and F. Duck, “Algebraic reconstruc-

tion of spatial distributions of acoustic velocities in tissue from their time-

of-flight profiles,” pp. 71–90, 1975.

[61] J. Klepper, G. Brandenburger, J. W. Mimbs, B. E. Sobel, and J. Miller,

“Application of phase-insensitive detection and frequency-dependent mea-

surements to computed ultrasonic attenuation tomography,” Biomedical En-

gineering, IEEE Transactions on, vol. BME-28, pp. 186–201, Feb 1981.



BIBLIOGRAPHY 271

[62] K. Dines, F. Fry, J. Patrick, and R. Gilmor, “Computerized ultrasound to-

mography of the human head: Experimental results,” Ultrasonic Imaging,

vol. 3, no. 4, pp. 342 – 351, 1981.

[63] K. J. Opielinski and T. Gudra, “Ultrasound transmission tomography im-

age distortions caused by the refraction effect,” Ultrasonics, vol. 38, no. 18,

pp. 424 – 429, 2000.

[64] H. Gemmeke and N. Ruiter, “3d ultrasound computer tomography for med-

ical imaging,” Nuclear Instruments and Methods in Physics Research Sec-

tion A: Accelerators, Spectrometers, Detectors and Associated Equipment,

vol. 580, no. 2, pp. 1057 – 1065, 2007. Imaging 2006Proceedings of the

3rd International Conference on Imaging Techniques in Subatomic Physics,

Astrophysics, Medicine, Biology and Industry.

[65] C. Li, N. Duric, and L. Huang, “Breast imaging using transmission ultra-

sound: Reconstructing tissue parameters of sound speed and attenuation,”

May 2008.

[66] P. Holstein, A. Raabe, R. Mller, M. Barth, D. Mackenzie, and E. Starke,

“Acoustic tomography on the basis of travel-time measurement,” Measure-

ment Science and Technology, vol. 15, no. 7, p. 1420, 2004.

[67] L. Busse and J. Miller, “Response characteristics of a finite aperture, phase

insensitive ultrasonic receiver based upon the acoustoelectric effect,” The

Journal of the Acoustical Society of America, vol. 70, no. 5, pp. 1370–1376,

1981.

[68] K. Schabowicz, “Ultrasonic tomography the latest nondestructive technique

for testing concrete members description, test methodology, application ex-



272 BIBLIOGRAPHY

ample,” Archives of Civil and Mechanical Engineering, vol. 14, no. 2, pp. 295

– 303, 2014.

[69] K. Soetomo, T. F. Rahma, E. Juliastuti, and D. Kurniadi, “Ultrasonic to-

mography for reinforced concrete inspection using algebraic reconstruction

technique with iterative kaczmarz method,” in 2016 International Confer-

ence on Instrumentation, Control and Automation (ICA), pp. 16–21, Aug

2016.

[70] D. T. Blackstock, Fundamentals of physical acoustics. John Wiley & Sons,

2000.

[71] COMSOL, “Acoustics module user’s guide.” https://extras.csc.fi/

math/comsol/3.5/doc/aco/acomodlib.pdf, 2013.

[72] H. J. Pain and R. Waterhouse, The physics of vibrations and waves. Chich-

ester: Wiley, 2005.

[73] J. Radon, “ber die bestimmung von funktionen durch ihre in-te-gral-werte

lngs gewisser mannigfaltigkeiten (estimation of functions by their integrals

along some manifolds),” Math.-Nat., pp. 262–277, 1917.

[74] H. P. Hiriyannaiah, “X-ray computed tomography for medical imaging,”

IEEE Signal Processing Magazine, vol. 14, pp. 42–59, Mar 1997.

[75] R. C. Gonzalez, R. E. Woods, et al., Digital image processing. Prentice hall

Upper Saddle River, NJ:, 2002.

[76] T. Durrani and D. Bisset, “The radon transform and its properties,” Geo-

physics, vol. 49, no. 8, pp. 1180–1187, 1984.

[77] S. R. Deans, The Radon transform and some of its applications. Courier

Corporation, 2007.

https://extras.csc.fi/math/comsol/3.5/doc/aco/acomodlib.pdf
https://extras.csc.fi/math/comsol/3.5/doc/aco/acomodlib.pdf


BIBLIOGRAPHY 273

[78] N. Efford, Digital image processing: a practical introduction using java.

Addison-Wesley Longman Publishing Co., Inc., 2000.

[79] G. B. Arfken, H. J. Weber, and F. E. Harris, Mathematical methods for

physicists: a comprehensive guide (7th Edition). Academic press, 2011.

[80] A. Andersen and A. C. Kak, “Simultaneous algebraic reconstruction tech-

nique (sart): a superior implementation of the art algorithm,” Ultrasonic

imaging, vol. 6, no. 1, pp. 81–94, 1984.

[81] M. Beister, D. Kolditz, and W. A. Kalender, “Iterative reconstruction meth-

ods in x-ray {CT},” Physica Medica, vol. 28, no. 2, pp. 94 – 108, 2012.

[82] K. Ladas and A. Devaney, “Generalized art algorithm for diffraction tomog-

raphy,” Inverse Problems, vol. 7, no. 1, p. 109, 1991.

[83] L. A. Shepp and Y. Vardi, “Maximum likelihood reconstruction for emission

tomography,” IEEE Transactions on Medical Imaging, vol. 1, pp. 113–122,

Oct 1982.

[84] A. Gaitanis, G. Kontaxakis, G. Spyrou, G. Panayiotakis, and G. Tzanakos,

“{PET} image reconstruction: A stopping rule for the {MLEM} algorithm

based on properties of the updating coefficients,” Computerized Medical

Imaging and Graphics, vol. 34, no. 2, pp. 131 – 141, 2010.

[85] A. Hore and D. Ziou, “Image quality metrics: Psnr vs. ssim,” in 2010 20th

International Conference on Pattern Recognition, pp. 2366–2369, Aug 2010.

[86] J. Aindow and R. Chivers, “Measurement of the phase variation in an ul-

trasonic field,” Journal of Physics E: Scientific Instruments, vol. 15, no. 1,

p. 83, 1982.



274 BIBLIOGRAPHY

[87] C. Koch and V. Wilkens, “Phase calibration of hydrophones: heterodyne

time-delay spectrometry and broadband pulse technique using an optical

reference hydrophone,” in Journal of Physics: Conference Series, vol. 1,

p. 14, IOP Publishing, 2004.

[88] A. Hossain and M. H. Rashid, “Pyroelectric detectors and their applica-

tions,” IEEE Transactions on industry applications, vol. 27, no. 5, pp. 824–

829, 1991.

[89] M. R. Srinivasan, “Pyroelectric materials,” Bulletin of Materials Science,

vol. 6, no. 2, pp. 317–325, 1984.

[90] R. W. Whatmore, “Pyroelectric devices and materials,” Reports on Progress

in Physics, vol. 49, no. 12, p. 1335, 1986.

[91] M. Hodnett and B. Zeqiri, “A novel sensor for determining ultrasonic inten-

sity,” pp. 1–4, March 2009.

[92] L. Shepp and B. Logan, “The fourier reconstruction of a head section,”

Nuclear Science, IEEE Transactions on, vol. 21, pp. 21–43, June 1974.

[93] J. Cohen, L. Duncan, W. Triner, J. Rea, G. Siskin, and C. King,

“Comparison of computed tomography image quality using intravenous

vs. intraosseous contrast administration in swine,” Journal of Emergency

Medicine, vol. 49, no. 5, pp. 771–777, 2015.

[94] G. M. Osgood, G. K. Thawait, N. Hafezi-Nejad, D. Shakoor, A. Shaner,

J. Yorkston, W. B. Zbijewski, J. H. Siewerdsen, and S. Demehri, “Image

quality of cone beam computed tomography for evaluation of extremity frac-

tures in the presence of metal hardware: visual grading characteristics anal-

ysis,” The British journal of radiology, vol. 90, no. 1073, p. 20160539, 2017.



BIBLIOGRAPHY 275

[95] S. D. Hajdu, R. T. Daniel, R. A. Meuli, J.-B. Zerlauth, and V. Dunet,

“Impact of model-based iterative reconstruction (mbir) on image quality in

cerebral ct angiography before and after intracranial aneurysm treatment,”

European Journal of Radiology, 2018.

[96] F. A. Duck, “Physical properties of the tissue,” in Physical Properties of

Tissues (F. A. Duck, ed.), pp. 73 – 135, London: Academic Press, 1990.

[97] J. K. Hunter, “Asymptotic expansion of integrals in math204 collec-

tion.” https://www.math.ucdavis.edu/~hunter/m204/ch3.pdf. Accessed

13 July 2017.

[98] M. P. Cooling, Characterisation of Underwater Ultrasonic Sources and Fields

by Means of Laser Doppler Vibrometry. PhD thesis, University of Southamp-

ton, Southampton, Hampshire, November 2010.

[99] R. Wong, Asymptotic approximations of integrals. Society for Industrial and

Applied Mathematics, 2011.

[100] J. Lynch, H. Wu, R. Pawlowicz, P. Worcester, R. Keenan, H. C. Graber,

O. Johannessen, P. Wadhams, and R. Shuchman, “Ambient noise measure-

ments in the 200–300-hz band from the greenland sea tomography exper-

iment,” The Journal of the Acoustical Society of America, vol. 94, no. 2,

pp. 1015–1033, 1993.

[101] A. Arciniegas, L. Brancheriau, P. Gallet, and P. Lasaygues, “Travel-time ul-

trasonic computed tomography applied to quantitative 2-d imaging of stand-

ing trees: a comparative numerical modeling study,” Acta Acustica united

with Acustica, vol. 100, no. 6, pp. 1013–1023, 2014.

https://www.math.ucdavis.edu/~hunter/m204/ch3.pdf


276 BIBLIOGRAPHY

[102] T. C. Wedberg, J. J. Stamnes, and W. Singer, “Comparison of the filtered

backpropagation and the filtered backprojection algorithms for quantitative

tomography,” Appl. Opt., vol. 34, pp. 6575–6581, Oct 1995.

[103] L. E. e. Kinsler, Fundamentals of acoustics, vol. 1. Wiley-VCH, 4th ed.,

December 1999.

[104] M. T. Mohd Khairi, S. Ibrahim, M. A. Md Yunus, and M. Faramarzi, “Ultra-

sonic tomography for detecting foreign objects in refrigerated milk cartons,”

International Journal of Dairy Technology, 2018.

[105] D. J. McHugh, “Production and utilization of products from commercial

seaweeds,” 3 February 2016 1987.

[106] D. J. McHugh, “A guide to the seaweed industry,” 2003.

[107] K. Zell, J. Sperl, M. Vogel, R. Niessner, and C. Haisch, “Acoustical properties

of selected tissue phantom materials for ultrasound imaging,” Physics in

medicine and biology, vol. 52, no. 20, p. N475, 2007.

[108] S. Ellmann, F. Kammerer, T. Allmendinger, M. Brand, R. Janka, M. Ham-

mon, M. M. Lell, M. Uder, and M. Kramer, “Dose reduction potential of it-

erative reconstruction algorithms in neck ctaa simulation study,” Dentomax-

illofacial Radiology, vol. 45, no. 8, p. 20160228, 2016.

[109] T. Gomi, R. Sakai, M. Goto, Y. Watanabe, T. Takeda, and T. Umeda,

“Comparison of reconstruction algorithms for decreasing the exposure dose

during digital tomosynthesis for arthroplasty: a phantom study,” Journal of

digital imaging, vol. 29, no. 4, pp. 488–495, 2016.

[110] A. G. Bluman, Elementary Statistics. McGraw-Hill, 7 ed., 2009.



BIBLIOGRAPHY 277

[111] D. Wolf, A. Lubk, and H. Lichte, “Weighted simultaneous iterative recon-

struction technique for single-axis tomography,” Ultramicroscopy, vol. 136,

pp. 15 – 25, 2014.

[112] D. Camassa, A. Castellano, A. Fraddosio, and M. D. Piccioni, “Improve-

ments of the ultrasonic tomography for applications to historical masonry

constructions,” in Structural Analysis of Historical Constructions, pp. 447–

455, Springer, 2019.

[113] H. Fan, H. Zhu, X. Zhao, J. Zhang, D. Wu, and Q. Han, “Ultrasonic im-

age reconstruction based on maximum likelihood expectation maximization

for concrete structural information,” Computers & Electrical Engineering,

vol. 62, pp. 293–301, 2017.

[114] H. Almansouri, C. Johnson, D. Clayton, Y. Polsky, C. Bouman, and

H. Santos-Villalobos, “Progress implementing a model-based iterative re-

construction algorithm for ultrasound imaging of thick concrete,” in AIP

Conference Proceedings, vol. 1806, p. 020016, AIP Publishing, 2017.

[115] A. van Daatselaar, P. van der Stelt, and J. Weenen, “Effect of number of pro-

jections on image quality of local ct,” Dentomaxillofacial Radiology, vol. 33,

no. 6, pp. 361–369, 2004. PMID: 15665229.

[116] T. Chighvinadze and S. Pistorius, “The impact of the number of projections

on image quality in compton scatter tomography,” Journal of X-ray science

and technology, vol. 23, no. 6, pp. 745–758, 2015.

[117] V. Sarkar, C. Shi, P. Rassiah-Szegedi, A. Diaz, T. Eng, and N. Papanikolaou,

“The effect of a limited number of projections and reconstruction algorithms

on the image quality of megavoltage digital tomosynthesis,” Journal of ap-

plied clinical medical physics, vol. 10, no. 3, pp. 155–172, 2009.



278 BIBLIOGRAPHY

[118] R. Ximenes, A. Silva, D. Balbino, M. Poletti, and A. Maia, “Develop-

ment of an anthropomorphic head phantom using dolomite and polymethyl

methacrylate for dosimetry in computed tomography,” Radiation Physics

and Chemistry, vol. 117, pp. 203 – 208, 2015.

[119] A. T. Mobashsher and A. M. Abbosh, “Three-dimensional human head phan-

tom with realistic electrical properties and anatomy,” IEEE Antennas and

Wireless Propagation Letters, vol. 13, pp. 1401–1404, 2014.


	Introduction
	What is tomography?
	Motivations, aim and objectives
	Structure of the thesis
	Novelties
	Modelling of the tomographic device using a full propagation model
	Systematic comparison between phase-sensitive and phase-insensitive and x-ray imaging
	A comparison of algorithms for image reconstruction
	Quantitative evaluation of ultrasonic image quality

	Chapter summary

	Background
	X-ray imaging
	Computed CT
	Ultrasonic imaging
	Acoustic and ultrasonic tomography
	Chapter summary

	Theory
	Mathematical model for acoustic propagation
	Sound attenuation
	Radon transform
	Image rotation
	Backprojection algorithm
	ART
	MLEM
	Image quality analysis
	Pyroelectric effect
	Chapter summary

	Straight line tomography modelling
	Investigation of the backprojection method
	Process of obtaining the projection
	The inversion process and the effect of filtering
	Effect of the number of projections on the reconstructed image
	Chapter discussion

	Acoustic modelling I
	Model development
	Comparison of axial pressure
	Stationary phase method
	Fresnel Integral method
	Axial field comparisons

	Stationary transducers array
	Moving sensor model
	Chapter discussion

	Acoustic modelling II
	Grid system for a complex sample
	Description of Type I and II samples
	Effect of transmitted frequency on the projection
	Effect of receiver size on the projection
	Reconstruction of the Type I and II samples
	Reconstruction of the Type III sample
	Image quality evaluation using SSim
	Mathematical description of the reference objects
	Numerical evaluation

	Filtered Reconstruction Algorithm
	Higher frequency simulation: an extension into future
	Chapter discussion

	Experiments
	Equipment arrangement and design
	Control of the equipment and scanning process
	Behaviour of the phase-insensitive sensor
	Sample preparation and characterisation
	Experimental process
	Results
	Phase-sensitive mode
	Phase-insensitive mode

	Image quality assessment and comparison between PS and PI images
	Chapter discussion

	Iterative algorithms
	Summary of process
	Straight line tomography
	Algebraic Reconstruction Technique
	Maximum Likelihood Expectation Minimisation

	Ultrasonic tomography
	Algebraic reconstruction technique
	Maximum likelihood expectation maximisation
	Application of ART and MLEM on the head-like phantom

	Chapter discussion

	Discussion, conclusion and Future work
	Project discussion
	Summary and key findings
	Future work
	Publication in preparation

	Stationary phase method
	Stat. Anal. of the SSim using simulated images

