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ABSTRACT

DESIGN AND IMPLEMENTATION OF AN ELECTRONIC
CONTROL AND IMAGE ACQUISITION SYSTEM FOR
LASER SCANNING CONFOCAL MICROSCOPY

In this thesis, an electronic control and image acquisition system for a laser
scanning confocal microscope (LSCM) is presented. The system is controlled from a
graphical user interface (GUI) via a data acquisition (DAQ) card. GUI is designed
and programmed on MATLAB software. Software of the system consists of two parts:
generation of the actuation signal and image acquisition and formation. Signals which
actuate scanning units to scan the target in LSCM system can be generated by using
GUI The LSCM system is designed in two different configurations: In one configura-
tion, a galvanometer is utilized and in the other one, utilized scanning unit is a 3D
printed micro-scanner. Afterwards, image acquisition and display process starts. Two
different scanning methods, which are raster scanning and Lissajous scanning, are em-
ployed to scan the target. Scanning units steer laser beams to the target. Reflected
laser beams from the target are acquired by a photo multiplier tube (PMT) that gen-
erates current values according to the power of the reflected laser beam. The current
values are converted to voltage values using a resistor and then digitized using a DAQ
card. The acquired voltage values are mapped between 0 and 255 pixel intensity values
according to previously calibrated maximum and minimum voltage values. After all
the pixel values are gathered in this manner, a 2D image is constructed and displayed
on the GUI of the MATLAB program. Successful operation of the proposed software
based GUI system is demonstrated by constructing images from USAF 1951 negative
resolution test target. Additionally, successful results on specimens like onion epider-
mal cells, red blood cells, bacteria cells, yeast cells, chicken skin are provided.In order

to improve image quality, denoising with wavelets is applied on resulting images.



OZET

LAZER TARAMALI KONFOKAL MIKROSKOP ICIN
ELEKTRONIK KONTROL VE GORUNTU ALMA
SISTEMI TASARIMI VE UYGULAMASI

Bu tezin iceriginde, lazer taramali konfokal mikroskop sistemi igin elektronik
kontrol ve goriintii alma sistemi sunulmustur. Sistem veri toplama kart1 araciligiyla
MATLAB yazilimi iizerinde tasarlanip programlanan bir kullanici araytiziinden kon-
trol edilmektedir. Sistem iki bélimden olugmaktadir; (1) hareketlendirme sinyallerinin
olugturulmasi ve (2) goriintii elde edilmesi. Lazer taramali konfokal mikroskop sis-
temindeki tarayicit birimlerin hareketini saglayan hareketlendirme sinyalleri, kullanici
arayiiziinden olusturulmaktadir. Sistem tarayici birim olarak galvanometre veya g
boyutlu yazici kullanilarak iiretilmis mikro-tarayicilar kullanilmaktadir. Daha sonra
goriintii alma iglemi baglatilir. Sistemde hedefi taramak icin 1zgara tarama ve Lis-
sajous tarama metodlar: kullanilmigtir. Tarayici birimler lazer 1sinlarini hedefe yoneltir.
Hedeften yansiyan lazer 1sinlari bir foto multiplikator tiip tarafindan toplanir. Foto
multiplikator tiip yansiyan iginlarin giiciine gore akim degerleri iiretir. Bu akim degerleri
bir diren¢ vasitasiyla gerilim degerlerine cevirilir ve bu voltaj degerleri veri toplama
kart1 tarafindan toplanir. Toplanan gerilim degerleri daha 6nceden belirlenen maksi-
mum ve minimum gerilim degerlerine gore 0 ile 255 arasindaki piksel degerlerine atanir.
Tim piksel degerleri bu sekilde belirlendikten sonra iki boyutlu goriintii olugturulur
ve MATLAB yazilimindaki kullanici araytiziinde gosterilir. Sistemin basgarili deney-
leri USAF 1951 ¢oziiniirliikk hedefinden alinan gortintiilerle gosterilmigtir. Buna ek
olarak, sogan zari, alyuvar hiicreleri, bakteri hiicreleri, maya hiicreleri ve tavuk de-
risi gibi 6rneklerden alinan goriintiiler de sunulmustur. Alinan goriintiilerin kalitesinin
arttirilmasi amaciyla, alinan gortintiiler iizerinde dalgaciklar kullanilarak giiriiltii gider-

imi yapilmistir.
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1. INTRODUCTION

Developments in optical fiber, MEMS and computing technologies have led up
to minimum invasive and cheap optical imaging approaches such as optical coherence
tomography (OCT) [1-3], two photon microscopy (2P) [4-6] and confocal microscopy
(CM) [7-9].

Confocal microscopy is a well-established method for obtaining high resolution
images of biological tissue [10]. In this microscopy technique, in order to block away un-
wanted out-of-focus light, a spatial pinhole is located at the focal plane of the lens [11].
Due to this property, CM allows to obtain images with high contrast ratio. Addi-
tionally, with the optical slicing property of CM, approximately 400 ym deep of the
targeted tissue can be seen. This property of CM makes three dimensional (3D) imag-
ing possible. Its optical sectioning ability and in-depth imaging about a few hundred
micrometers beneath the tissue surface enable precise diagnosis of pathological condi-
tions in human body [12-15]. Images of human and mouse skin [9], colon tissue [7],
oral mucosa [16], GI-tract [17] and colon tissue of a rat [18] are acquired with CM.
Since the resolution achieved by the LSCM is a little better than that achieved in a
conventional wide field light microscope (theoretical maximum resolution of 0.2 um),
but not as great as that in the transmission electron microscope (0.1 nm), it has bridged
the gap between these two commonly used techniques [19]. Comparison between im-
ages acquired with conventional light microscope and confocal microscope from same
specimen can be seen in Figure 1.1. In this comparison, it can be clearly seen that
resolution of the nuclear detail is improved by employing confocal microscope. Addi-
tionally, comparison between images acquired with laser scanning confocal microscope
and wide field fluorescence microscope (WFM) from same specimen can be seen in

Figure 1.2.

All of the modern confocal imaging systems employ the principle of confocal
imaging that Minsky patented in 1957 [19,20]. In Minsky’s original confocal microscope

the point source of light is produced by a pinhole placed in front of a zirconium arc



Figure 1.1. Confocal image (A) compared with a conventional epifluorescence image
(B) of a similar region of a whole mount of a butterfly pupal wing stained with
propidium iodide [19].

source. The point of light is focused by an objective lens into the specimen, and light
that passes through it is focused by a second objective lens at a second pinhole, which
has the same focus as the first pinhole, i.e., it is confocal with it. Any light that passes
through the second pinhole strikes a low noise photo multiplier, which produces a signal
that is directly proportional to the brightness of the light. The second pinhole prevents
light from above or below the plane of focus from striking the photo multiplier. This is
the key to the confocal approach, namely the elimination of out-of-focus light or “flare”
in the specimen by spatial filtering. Minsky also described a reflected light version of
the microscope that uses a single objective lens and a dichromatic mirror arrangement.

Basic configuration of most modern confocal systems can be seen in Figure 1.3.

Despite the fact that, galvanometers are utilized as the scanning units in early
and conventional laser scanning microscopes (LSM) [22], nowadays, micro-scanners are
utilized as scanning units instead of galvanometers to make LSM systems more com-
pact and portable [7,23,24]. Micro-scanners move along two orthogonal axes namely
fast scan axis and slow scan axis. Therefore, they deliver two dimensional (2D) orthog-
onal scanning process. In order to actuate micro-scanner, there are several different
actuation techniques such as electrothermal [25], electrostatic [26], piezoelectric [27]
and electromagnetic [28]. Every actuation technique has some advantages and disad-
vantages over one another depending on their micro-scanner applications. However,
electromagnetic actuation technique is more advantageous than other actuation tech-

niques because of its larger scanning angle and smaller driving voltages. This property



Figure 1.2. Comparison of A) LSCM and B)WFM Performance in Imaging of a Thick
Tissue [21] (Scale bar is 50 um).

makes electromagnetic actuation technique more preferable choice to be used in medical

applications where safety of patient is important [29,30].

3D printing technology is becoming more popular in various research areas day by
day. Different kind of sensors and actuators are produced for various applications such
as force sensor which is used for robotic manipulation and robotic catheter instrument
[31,32] and custom optical elements which are embedded in interactive devices to open
up new possibilities for interaction [33]. 3D additive manufacturing techniques have
utilized to make 3D electrical components, such as resistors, capacitors, and inductors,
as well as circuits and passive wireless sensors [34]. Arbitrarily formed capacitive
sensors are manufactured by using 3D printing technology [35]. Quantum dot light-

emitting diodes are also an example of 3D printed devices [36].

In this thesis, galvanometer and 3D printed micro-scanners [37] are utilized in two
different configurations as scanning unit. Target is scanned with both of the scanning
techniques which are raster and Lissajous scanning [38] when galvanometer is utilized.
On the other hand, when micro-scanners are utilized, to obtain a meaningful image
of a target, Lissajous scanning is employed. Because in raster scanning, resolution of

acquired image depends on the ratio of fast and slow scan frequencies and with micro-
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Figure 1.3. Basic Configuration of Confocal Systems.

scanner the ratio between fast and slow scan frequencies could be very low. Therefore,
acquiring a meaningful image could be prevented. Lissajous scanning patterns are often
employed in laser scanning systems where the more common raster scanning pattern is
impractical. This is often the case in miniaturized laser scanning microscopes using mi-
croelectromechanical system (MEMS) scanning mirrors or piezoelectric fiber scanners
for beam scanning [4,5,15,39-41]. Reason of that is with appropriate scanning fre-
quencies desired field-of-view (FOV) can be scanned completely by Lissajous patterns.
Usage of Lissajous scanning has led up to rapid imaging in atomic force microscopy
and multiphoton microscopy [4,42]. Coupled with image interpolation algorithms, 2D

Lissajous scanning provides frame rate above 1 kHz [43].

In this thesis, an electronic system for a LSCM which is controlled through a
Data Acquisition (DAQ) card is proposed. Entire operation of LSCM system can be

controlled from a graphical user interface (GUI) which is designed and programmed



on MATLAB environment. Through DAQ card, the system does not only create the
required driving signal which actuate micro-scanner or galvanometer, but also is re-
sponsible from the image acquisition part by both serially collecting the laser intensity
data and transforming it to a meaningful microscopy image. Additionally, to eliminate

noise from the acquired microscopy image, wavelets are employed [44].

This thesis is organized as follows. In Chapter 2, operation principle and com-
ponents of the system are explained. In Chapter 3, information about designed GUI,
scanning methods, details on image denoising with wavelets and steps of the employed
denoising algorithm is given. In Chapter 4, images which are acquired from designed
system and results of denoising process are presented and evaluated. Finally, Chapter

5 concludes with opinions and directions for the future works.



2. SYSTEM DESCRIPTION

In this thesis, an electronic system for a LSCM which is controlled through a
DAQ card is proposed. Entire operation of LSCM system can be controlled from a
GUI which is designed and programmed on MATLAB environment. Through DAQ
card, the system does not only generate the required driving signal which actuate
micro-scanner or galvanometer, but also is responsible from the image acquisition part
by both serially collecting the laser intensity data and transforming it to a meaningful
microscopy image. In the system, DAQ card is utilized to generate driving signals which
actuate scanning units of the system and to acquire scanning data from photo multiplier
tube which is utilized as a sensor. Galvanometer and 3D printed micro-scanners are
utilized as scanning units which steer laser beams with 653 nm wavelength into desired
scanning area on target. In order to provide sufficient current value to drive micro-
scanner properly, an amplification circuit with LM 386 power amplifier is also utilized
in the system. In the following part, components and operation principles of the system

is explained in detail.

2.1. System Components

2.1.1. Data Acquisition Card

Data Acquisition(DAQ) cards sample signals that measure real world physical
conditions and convert them to digital numeric values which can be manipulated by

computer. The process can be summarized in two steps:

In the first step, real world physical conditions must be converted electrically
expressible values such as current or voltage via sensors. Microphones and photocells
can be given as examples to sensors. In this thesis, H10720 Series photo multiplier

tube is utilized as sensor.



In the second step, analog signals which are acquired by sensors are sampled and
are transmitted to computer. Sampling process is handled by analog digital converter
(ADC) which is inside of the DAQ card. To acquire and sample analog signals analog
input channel of the DAQ card must be utilized. If incoming signal is already converted
digital numeric values by sensors, these values can be acquired directly from digital
input channel of the DAQ card. Additionally, by means of components like timer and

counter, the DAQ cards make data acquiring and generating more convenient.

In this thesis, National Instrument’s NI- USB 6356 model DAQ card is utilized.
The NI- USB 6356 has 1.25 MHz sampling rate, 8 analog inputs, 2 analog outputs
and 24 digital input-output (I/O) lines. Its maximum output voltage is 10 volts and

maximum output current is 5 miliamperes.
2.1.2. Photo Multiplier Tube

In this thesis, as a sensor photo multiplier tube (PMT) is utilized. PMT is light
sensitive sensor which offers internal high gain. In low light intensity cases, PMTs are
very useful because of the high gain property of them. Photocathode, dynodes, an
anode, an external power supply and an external current are five main parts of PMT.

They are shown in Figure 2.1.

Photocathode
/ Focusing electrode  Photomultiplier Tube (PMT)

/

lonization track

|
¥

- —
High energy  —
photon Low energy photons  — |
Connector
; f : v A [ pins
Scintillator ~ Primary  Secondary Dynode  Anode

electron electrons

Figure 2.1. Diagram of Photo multiplier Tube’s Architecture [45].



Light moves through a quartz or glass window and afterwards reaches to pho-
tocathode. Photocathode is a photo emissive surface. When a photon which has a
sufficient energy level hits to the photocatode, an electron is released. This is named
as photoelectric effect. Thereafter, the electron strikes to dynodes. Dynodes are array
of electrodes between anode and cathode inside the PMT. They are utilized in order
to speed up electrons. Each dynode holds more positive voltage than the previous one.
For this reason, each dynode applies a more powerful pulling force on electrons than
the previous one. In order to create electric field between the anode and the cathode,
an external power supply is utilized. Electrons gain kinetic energy due to the electric
field. Hence, more electrons are released after each dynode and the electrons reach
much higher energy level after each emission. This process ends when electrons reach
to the anode. The anode gathers released electrons. Even though one electron is emit-
ted at the star of the process, a lot of electrons are gathered at the end of the process.

External current meter quantifies the number of gathered electrons at the anode.
According to [34], generated current by PMT depends on two factors; the number

of the captured electrons and the gain of the photo multiplier tube. Relation between

them can be expressed as,

D
N, = nngn (2.1)
n=1

c=212 (2.2)

where ny is the number of photoelectrons which strike the first dynode, g, is the gain of
the nth dynode, n, is the number of electrons collected, D is total number of dynodes

and C the current amplification.



In this thesis, H10720 Series photo multiplier tube is utilized. Maximum output
current of this device is 100 microamperes when 1 volt control voltage is applied.
Recommended input voltage range is between 4.5 and 5.5 volts. In the LSCM system,
PMT collects reflected laser beams from target and generates current according to
power of the reflected laser beam. The output current value is converted voltage value

by using a resistor. The voltage value is acquired by DAQ Card afterwards.

2.1.3. Micro-Scanner

In the proposed LSCM system, a 3D printed 2D micro-scanner is utilized to reflect
laser beams to the target. The 2D micro-scanner scans target along two orthogonal
directions namely fast and slow scan axis. Slow and fast scan resonant frequencies
of the micro-scanner must be precisely triggered in order to start actuation of the
micro-scanner. Detailed explanation of actuation of the micro-scanner takes place
in subsection 2.1.4. Two different designs for the 2D micro-scanner are utilized in
the setup. They will be called as Design A and Design B after this point. Detailed
information is given about the design of these micro-scanners in the following part

based on [37].

(a) (b)

Figure 2.2. Drawings of the micro-scanners parametrically showing their dimensions.

a) Design A b) Design B [37].
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The material of 3D printed micro-scanners is a photopolymer which is named as
VeroClear. Additionally, to obtain large displacements four Neodymium based magnets
are placed on micro-scanners. To decrease the stress at the junction points, cross section
of flexures are made circular. Drawings which show shapes and parametric dimensions

of micro-scanners can be seen in Figure 2.2

Numerical values for the dimensions which are defined parametrically in Figure

2.2 are shown in Table 2.1.

Table 2.1. Dimensions of the scanners. (all in mm) [37].

Dimensions
] D | Li | Lo | Ly [ W. [ W, | W, | &
Design A —————5 15 5 125 175 2
. D [Dp |Dp | Dg | Lg | L | Ly | H| V [ W, ] tg | tm
Design B 0107 T7.0 135 5.0 [ 10.0 | 20 | 160 | 35 [ 1.2

To obtain Lissajous patterns, combination of second and third modes are used
which are named as out-of-plane bending movement and torsion respectively. Out-of-
plane bending movement of the Design A and Design B is at 137 and 126 Hz respec-
tively. Torsion, which is the movement around flexure is observed for Design A and
Design B at 335 and 275 Hz respectively. Movement shapes for micro-scanners are

shown in Figure 2.3.

In the design process, scanners are modeled as spring-mass system. Flexure part
of the Design A can be thought as a spring and mirror part of the Design A can
be thought as mass. For the torsion mode of Design A, resonant frequency can be

approximated as a simple harmonic oscillator and expressed as,

1 ky

fo=5- Ta

(2.3)

where ky is the spring constant and Jg is the effective moment of inertia (MOI) of the

scanner. Design A is composed of a mirror part and flexure. Hence, its effective MOI
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(c) (d)
Figure 2.3. Mode shapes of Design A and Design B. a) Out-of-plane bending mode at
137 Hz for Design A. b) Torsion at 335 Hz for Design A. ¢) Out-of-plane bending
mode at 126 Hz for Design B. d) Torsion at 275 Hz for Design B [37].

can be computed as,

Jog = Iy + J¢ (2.4)

where J; and Jy, represent MOIs of the flexure and mirror part respectively. Addition-
ally, in [46], spring constant of a beam which has a circular cross section is expressed

as,

Gk

ko — —
t I

(2.5)

where G is shear modulus of the material, £ is torsional stiffness and L¢ is length of

the flexure. On the other hand, for the out-of-plane bending movement of the Design
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A resonant frequency can be calculated as,

fo = 5 (26)

where M g is effective mass of the scanner. Mg can be computed by using the expres-

sion,

Meog = My + M; (2.7)

where M and M, are mass values for flexure part and mirror part of the scanner
respectively. For the out-of-plane bending movement of Design A, spring constant

formula is given as,

3G,

ko
L

(2.8)

where J,, represents the second moment of inertia of the cross section of the flexure.

Resonant frequency for torsion movement of the Design B can be computed with
Eq. (2.3) in the same manner with the Design A. Additionally, spring constant for
Design B can be found by using Eq.(2.5). Effective MOI of the Design B is given as,

Jeit = Jm + Jio + g + 275 (2.9)

where Jpn,, Jg, Jg and Jg represent MOIs of the mirror, outer flexure, gimbal and
inner flexure respectively. To calculate resonant frequency for out-of-plane bending

movement of Design B Eq. (2.6) can be used. In Design B case effective mass is given
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as,

Meﬁ‘:Mm+Mfo+Mg+2Mﬁ (210)

where M,,, My, Mg and Mg are masses of mirror, outer flexure, gimbal and inner
flexure respectively. Spring constant for the Design B can be calculated by using Eq.

(2.8).

2.1.4. Power Amplifier

A 3D printed, photopolymer which is named VeroClear, material based micro-
scanner which can be actuated by a varying magnetic field is utilized in the system.
Thus, electromagnetic actuation is chosen as the actuation method. In this method,
according to the power of the magnetic field, micro-scanner’s field of view (area scanned
by micro-scanner, FOV) changes. Field of view of the micro-scanner expands with
greater magnetic field because movement of micro-scanner is linearly dependent with
magnetic field. To create greater magnetic field, current applied to electro-coil should

be increased according to Ampere’s Law which can be expressed as;

B = unl (2.11)

where B is the magnetic field strength, p is the permeability of the core material, n
is the turn density of the coil and [ is the amplitude of the driving current signal. In
respect to (2.11), magnetic field is linearly dependent with permeability, turn density
and current. The permeability and turn density values are material dependent; and,

they are set by the coil used in the setup.

Displacement values of 3D printed micro-scanners is shown in Figure 2.4. In

order to get adequate field of view for micro-scanner of this setup, a minimum driving
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|—=—26 mA

- I |—=—34 mA
. [ —a— 44 mA
10'1_ | '—~—56mA

Displacement (mm)
Displacement (mm)

100 150 200 250 300 100 150 200 250 300
Frequency (Hz) Frequency (Hz)

(a) (b)
Figure 2.4. Frequency response of micro-scanners for different electrocoil driving
current values a) Design A b) Design B [37].

current value of 69 mA should be applied to the electro-coil. A power amplifier circuit
is added to the output of the DAQ card, since the maximum output current value of
the DAQ Card is measured to be 5 mA which is not sufficient to drive electro-coil.
To amplify the output current of the DAQ Card, an amplification circuit with LM
386 power amplifier is added to the setup. LM 386 is used as the amplifier due to its
wide range of gain, which can be adjusted between 20 and 200 by connecting a proper
resistor between pins 1 and 8. It can operate between 4V-12V DC supply voltage;
and it also has low quiescent current consumption which is 4 mA. The power amplifier
circuit in Figure 2.5 is designed and utilized in system. In the designed circuit, 12V
is used as DC supply. Simulations of the power amplifier circuit is run on Multisim
software. Results for AC sweep simulation of the power amplifier circuit is shown in
Figure 2.6. In the LSCM system, output of the power amplifier is connected to an

electro-coil. In simulations, electro-coil is modeled as an 1mH inductor.

In the simulation result, 309 nW voltage source power is amplified to 1.29 W.
According to AC sweep simulation results, designed circuit provide 50 dB gain be-
tween 100 Hz and 335 Hz. This frequency range is appropriate for the operation
considering resonant frequencies of micro-scanners utilized in the LSCM system. By
setting frequency range of the amplifier circuit to these frequency values, undesired

high frequency input signals that can trigger unwanted modes of the micro-scanner is
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Vs
1kQ

Vin oam——+ 250uF
10kQ LM386 I— Vou

_ O.OSpF‘L
0.05uF
I 100

Figure 2.5. Power Amplifier Circuit Schematic.

prevented. Moreover, a Boucherot cell which is composed of 0.05 uF capacitor and
10 2 resistor is used in the circuit to damp high frequency oscillations and provide
stability for the output signal. A DC Block capacitor (250 uF) is used for blocking
the DC component of the output signal. The resulting AC signal is coupled to the

electro-coil to obtain the desired scanning movement.

Magnitude (dB)

10 100 1k 10k 100k 1M
Frequency (Hz)

Figure 2.6. AC Sweep Simulation Results for Power Amplifier.

2.1.5. Galvanometer

Galvanometer is a scanning unit which steer laser beams to the target by move-
ment of its mirrors. Galvanometers scan target along vertical and horizontal axes
namely slow and fast scan directions. Unlike micro-scanners, galvanometers can be

actuated with intended scanning frequencies. Additionally, different waveforms can be



16

Data Signal Vpixel I
C4J_ R3
GUI T

|§| DAQ Card VS > Galvanometer

(FEES —>
Actuation
Signal PMT
I
e

Optical Setup Beam

v (653 nm)

Target

Figure 2.7. Block diagram of the proposed system.

employed to actuate galvanometers. However, frame rates provided by galvanometers

are low compared to the micro-scanners.

One of the important components of LSCM systems is utilized scanner and its
performance. In the proposed LSCM system, Thorlabs’ GVS002/M galvanometer
is also utilized as a 2D scanner. Utilized galvanometer’s maximum scanning angle
is +£12.5° and maximum scanning frequency is 250 Hz. The galvanometer provides
1000pm x 1000pm FOV with implementation of objective lens and relay optic lens to

the system.

2.2. Galvanometer Based LSCM System

The block diagram of the proposed system is shown in Figure 2.7. The proposed
system is designed to acquire a 2D image from a target by raster-scanning it with
the help of a galvanometer. A software controlled DAQ Card is used in the system to
simultaneously generate both the actuation signals and the targeted image. To success-
fully complete the scanning process, galvanometer should make a scanning movement

in orthogonal directions namely fast and slow scan directions. Orthogonal movement
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of the galvanometer is achieved by applying two separate actuation signals with prede-
fined and precised fast and slow scan frequencies. In this case, to acquire a 2D image
from the target, two output channels of the DAQ card should be employed to actuate
galvanometer in two orthogonal directions. A function generator software program
is formed on MATLAB just to generate such actuation signals. Important specifica-
tions of the actuation signals such as amplitude, waveform and frequency could be
adjusted from graphical user interface (GUI) of the function generator software. Actu-
ation signals are then physically generated by the DAQ card using these specifications.
To control the motion of the galvanometer, these specifications should be adjusted

accordingly on the GUI of the program.

The actuated galvanometer scans the target in the direction of slow and fast
scan axes by redirecting a laser beam to the target through an optical setup. Laser
beam reflected from the target is then gathered by a Photo Multiplier Tube (PMT)
after passing through a collection optics. The PMT generates a current based on the
intensity of the reflected laser beam. This current value is transformed into a voltage
value by simply utilizing a resistor (R3) at the output of the PMT. The voltage value
(Vpixe) on the resistor R3 is collected by the DAQ card; and is transformed into a pixel
intensity value between 0 and 255. This transformation is done in accordance with
the calibrated minimum and maximum voltage values. After acquiring the total set of
the pixel values in this manner, a 2D image is created and shown on the related GUI.
Consequently, both the orthogonal movement of the galvanometer and the construction
of the target image can be controlled by MATLAB software. Flowchart of MATLAB

program is shown in Figure 2.8.

2.3. Micro-Scanner Based LSCM System

The main target of the proposed system as it is depicted in Figure 2.9 is to
basically get a 2D image of a target by Lissajous-scanning it with the help of a micro-
scanner. In the proposed system, a DAQ Card controlled by a MATLAB program is
utilized both for generating the actuation signal and constructing an image simultane-

ously.
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Figure 2.8. Flowchart of the MATLAB program for LSCM.

To accomplish scanning, the micro-scanner should make an orthogonal movement
in slow and fast scan directions. The micro-scanner is designed to have some specific
fast and slow-scan resonant frequencies which should be precisely triggered. Hence, the
actuation signal must contain both slow and fast scan resonant frequencies in order to
result in an orthogonal movement. To generate such an actuation signal, a function
generator program is written on MATLAB. Waveform, amplitude and frequency of the
actuation signal could be defined from graphical user interface (GUI) of the function
generator program. The actuation signal is then generated by the DAQ card using

these specifications. These specifications can be used to control and adjust the motion
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Figure 2.9. Block diagram of the proposed system.

of the micro-scanner. To actuate micro-scanner, besides precise fast and slow scan
frequencies, sufficient power should be applied to the micro-scanner for maintaining
appropriate field-of-view (FOV). The DAQ Card’s maximum output current is 5 mA;
and, the maximum output voltage is 10 V. Therefore, it can produce 50 mW maximum
power; and, this power does not suffice to obtain an orthogonal scanning movement.
Hence, a power amplification circuit is utilized at the analog output channel of the DAQ
card. In this circuit LM386 is used as power amplifier. Amplified actuation signal is
directed to an electro-coil which will cause actuation of micro-scanner by generating

magnetic field.

The actuated micro-scanner scans the target in the direction of fast and slow scan
axes by reflecting a laser beam to the target through an optical setup. Laser beam
reflected from the target is collected by a PMT after passing through the optical setup.
The PMT generates a current depending on to the intensity of reflected laser beam.
The current value is converted to voltage value by using a resistor (R3) connected to
the output of the PMT. The voltage value (Vi) on the resistor R3 is acquired by
the DAQ Card; and it is converted a pixel intensity value between 0 and 255. This
conversion is done according to calibrated maximum and minimum voltage values.
After all of the pixel values gathered in this manner, a 2D image is constructed and

displayed on the GUI of the MATLAB program. As a result, both actuation of the
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micro-scanner and construction of the target image can be controlled on the MATLAB

program. Flowchart of the MATLAB program can be seen in Figure 2.8.
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3. MICROSCOPE SOFTWARE

The DAQ Card is used to generate actuation signals and acquire voltage values
which are converted from output current values of PMT. In order to control DAQ
Card, a GUI shown in Figure 3.2 is designed and programmed on MATLAB software.
Flowchart of the MATLAB program is shown in Figure 2.8. Firstly, MATLAB program
executes signal generation according to the specified signal parameters, and then image
acquisition is executed. These two processes are displayed on the GUI as two main

blocks; and they are placed on the left and right separately.

3.1. Signal Generation

The left block is the actuation signal generating part, where the right block is the
image acquisition/display part. The amplitude, frequency and phase of the actuation
signal can be specified on the left block. The actuation signal can be generated in
the form of sinusoidal, saw tooth and, square wave as shown in Figure 3.1(a), Figure
3.1(b), Figure 3.1(c), respectively. The actuation signal is created in MATLAB as a
matrix by using MATLAB built-in commands. Sampling rate of 3 million samples per
second is used for the signal generation; i.e. in order to scan target for 2 seconds, a
matrix which is 6000000-by-1 (m-by-n) is created. The matrix is delivered to the DAQ

Card’s output by using commands in MATLAB Data Acquisition Toolbox.

Actuation signal with one harmonic can be used for actuating the micro-scanner
in 1D (along fast scan axis or slow scan axis). To start actuation for micro-scanner in
2D (along both fast scan axis and slow scan axis), two signals with different frequencies
must be combined. In combining part of the signal generating left block, the user can
combine two different signals and generate an actuation signal with two harmonics to
actuate the micro-scanner in 2D. An example 2D actuation signal which contains two

sinusoidal signals at 100 Hz and 1 kHz is shown in Figure 3.1(d).In the same manner,
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Figure 3.1. GUI on MATLAB and example waves generated by DAQ Card with f=
100 Hz and V,,=4. Harmonic wave is composed of 100 Hz and 1 kHz sinusoidal wave.

different types of electromagnetic actuation can be achieved by combining different

signal types with specific amplitude, shape, and frequency parameters on the GUI.

In galvanometer case, the signal which is given from one output channel of the
DAQ Card can be used to actuate the galvanometer in one dimension along fast or
slow scan axis. To start the actuation process in 2D, the user needs to utilize a second
output channel. From GUI, separate actuation signals for different channels can be

created and can be utilized to start actuation of galvanometer.
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3.2. Image Acquisition

For the image acquisition and display, the right block of the GUT is allocated. The
image constructed using acquired signals is displayed on this block. The user can start
data acquisition process by clicking image acquisition button in the right block. When
image acquisition process is started, voltage values which are transformed from output
current value of PMT by R3 resistor are gathered by DAQ Card in a serial manner
through single analog input channel. To designate the pixel value of the gathered
voltage value, a calibration method is applied.The incoming voltage value Vi is
transformed to a value between 0 and 255 in the calibration process according to
specified maximum and minimum voltage values. In this mapping process, 0 value
represents black and 255 represents white color. The transformed value is a pixel for
the constructed image. When the image acquisition process is accomplished, the final

image is displayed on the GUIL.

In the scanning process, two different scanning methods are used. These methods

are raster scanning and Lissajous scanning.

3.2.1. Raster Scanning

Raster scanning is capturing an image line by line. Scanning process starts from
top-left of the target. After one line is scanned completely, laser beam goes back
to beginning of next line. This movement is known as ”horizontal retrace”. When
scanning process for whole target is complete which means that laser beam has reached
bottom-right of the target, laser beam goes back to top-left of the target and this

movement is known as ”vertical retrace”. Depicted movement is shown in Figure 3.3.
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Figure 3.3. Raster Scan Tracing: (1) Scan Line (2) Horizontal Retrace (3) Vertical

Retrace.

In real time image acquisition process with raster scanning, the DAQ card gen-
erates an actuation signal for one period of slow scan axis actuation signal. This is the

time for scanning the whole target only once. This can be stated as;

1

tacqg = ——
el fslow

(3.1)

where, t,.q is image acquisition time and fgoy is slow scan frequency. The number
of rows and number of pixels in a row (number of columns) of the constructed image

depend on fast scan frequency, slow scan frequency and sampling rate as;

f fast

N rows — f
slow

(3.2)

where, N,ows represents number of rows of resulting image, fr.q is fast scan frequency

and fqow is slow scan frequency. The ratio between fast and slow scan frequencies is



26

decisive for the number of rows of the constructed image.

fstacq

N pixels — N
rows

(3.3)

where, Nipixels is number of pixels in a row, fs stands for sampling rate, ¢, represents

image acquisition time and N,.ws symbolizes number of rows.

In image acquisition with DAQ card and MATLAB, there is delay between actual
scanning data and acquired PMT data. When a session is started on DAQ card, DAQ
card starts generating driving signals and acquiring values from PMT. However, values
generated by PMT are not the actual scanning data until scanning unit of LSCM
starts moving. Therefore, some PMT data at the beginning of the process is useless for
image reconstruction. If the useless data points are employed in image reconstruction
part, they cause distortion at the resulting image. In order to prevent that, the data
points which are acquired at the beginning of the process are not employed in image
reconstruction process. In experiments, it has been seen that this meaningless data

points correspond to %0.01 of the acquired data points.

Additionally, because of barrel distortion, pixels at the edge are not smooth.
Therefore, resulting image is cropped nearly %7.5 from left and right side. i.e. assume
that galvanometer’s slow scan frequency as 1 Hz and fast scan frequency as 100 Hz
and sampling rate as 20000 samples per second. In this situation, image acquisition
time is 1 second for an image. Number of rows is 100 and number of pixels in a row
is 200. In consequence of barrel distortion, resulting image is cropped from %7.5 from

left and right side. In the end, 170 x 100 image is displayed on GUI for this scenario.

For the real time display, one period of scanning process is repeated until user

decides to stop the process. To decide frame per second (FPS) value of the system
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(3.4) can be used.

FPS— — 1 (3.4)

tacq + top

where t,., is image acquisition time in (3.1) and ¢, is the process time of the MATLAB
program. In the experiments, image display time (t,.q + fop) values were nearly 2
seconds. Therefore, FPS value of the system is nearly 0.5. Raster scanning algorithm

is shown in Figure 3.4

Require Ve values with length L, mapped between 0 and 255
Add delay with length D to the end of V ik values;
Take Vpixel values from D to L + D;
Compute t,.q using Eq. 3.1;
Compute N,qws using Eq. 3.2;
Compute N pixels using Eq. 3.3;
for i =1 to N,ows dO
106,5) = Viiea (6 = D(Vpina) + 11 (Vi)
end for

Figure 3.4. Raster Scanning Algorithm.

3.2.2. Lissajous Scanning

In the designed LSCM system, 3D printed micro-scanners are utilized as scanning
unit.When micro-scanners are utilized, to reconstruct a meaningful image of a target,
Lissajous scanning is employed because in raster scanning resolution of acquired image
depends on proportion of fast and slow scan frequencies and with micro-scanner the
ratio between fast and slow scan frequencies could be very low. Therefore, acquiring a
meaningful image could be prevented. Lissajous scanning patterns are often employed
in laser scanning systems where the more common raster scanning pattern is imprac-
tical. This is often the case in miniaturized laser scanning microscopes using MEMS
scanning mirrors or piezoelectric fiber scanners for beam scanning [4,5,15,39-41]. Rea-
son of that is with appropriate scanning frequencies desired FOV can be scanned com-

pletely by Lissajous patterns. Usage of Lissajous scanning has led up to rapid imaging



28

in atomic force microscopy and multiphoton microscopy [4,42]. Coupled with image

interpolation algorithms, 2D Lissajous scanning provides frame rate above 1 kHz [43].

In mathematics, a Lissajous curve is the graph of a system of parametric equations

(3.5) and (3.6)

z(t) = X sin(27 ft + @) (3.5)

y(t) =Y sin(2r fyt + ¢y) (3.6)

which describe complex harmonic motion. Here fy and fy are driving frequencies in
the x and y directions while ¢¢ and ¢, are phase shifts. X and Y are maximum values
z(t) and y(t) could get. In other words, X and Y represent borders for field of view
(FOV) in x and y directions respectively.

The figure which is constituted from these equations is highly sensitive to the

ratio & Number of lobes of the figure is determined by the ratio é For example,

y y
a ratio of 2/1 produces a figure with two major lobes. In the same manner a ratio of

4/3 creates a figure with four horizontal lobes and three vertical lobes. Examples can

be seen in Figure 3.5.

133 x
Figure 3.5. Lissajous Curves Examples for 39 Z—Landz values of f— from Left to
y

Right [47].
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While constructing an image from data which is acquired with Lissajous scan,
points which are results of (3.5) and (3.6) is used as pixel locations. Each data must
be placed in corresponding (y(t,), x(t,)) position in the image matrix. Here (y(t,) and
(2(ty) are row number and column number for n'" data respectively. However, it is
known that row and column numbers of a matrix must be positive integers. To ensure

this condition, a series of processes must be applied to (3.5) and (3.6).

As a beginning, (3.5) and (3.6) must be changed as:

o(t) = SX[sn(2n St + 6 + 1 (3.7)

y(t) = SYTsin(2nfyt + 6y) + 1 (3.8)

As aresult of (3.7) and (3.8), () and y(t) values become such that 0 < z(t) < X,
0<y(t) <Y.

Resolution of the constructed image depends on numerical aperture (NA) of ob-
jective lens and wavelength of the utilized laser in the system. Width and height of
the constructed image must be scaled according to lateral full-width-half-maximum

(FWHM) resolution value which can be expressed as [48];

~ 2v/I20.32 A

~ (3.9)

w,

where N A is numerical aperture of the lens and \ is wavelength of the utilized laser.

To specify width and height of the image, X and Y values are divided with the lateral
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FWHM resolution w,. Image width and image height can be expressed as;

X

I, = — 3.10
o (3.10)
Y

I, = — 3.11

NS (3.11)

where [, and I, represent image width and height respectively. To assign position
data z(t) and y(t) values between 0 and I, or I}, they are also divided with the lateral
FWHM resolution w,.

(t)s = ‘”u(f) (3.12)
y(t)s = y@it) (3.13)

where z(t)s and y(t)s are scaled versions of z(¢) and y(t) respectively. As a result of
the process x(t)s and y(t)s are such that 0 < z(t)s < I, 0 < y(t)s < I. In MATLAB,
matrix indexes start from one. As a result of that, to eliminate all zero values in x(t)s
and y(t)s, 1 is added to them and then they are rounded because x(t)s and y(t)s is

used as matrix indexes therefore they must be positive integers.

Elements of scanning data are placed in matrix according to corresponding row
and column index values x(t)s and y(t)s. In the end, image is constructed. However,
in image acquisition with DAQ card and MATLAB, there is delay between actual
scanning data and acquired PMT data. When a session is started on DAQ card, DAQ

card starts generating driving signals and acquiring values from PMT. However, values
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generated by PMT are not the actual scanning data until scanning unit of LSCM
starts moving. Therefore, some PMT data at the beginning of the process is useless for
image reconstruction. If the useless data points are employed in image reconstruction
part, they cause distortion at the resulting image. In order to prevent that, the data
points which are acquired at the beginning of the process are not employed in image
reconstruction process. In experiments, it has been seen that this meaningless data

points correspond to %0.01 of the acquired data points.
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—-500 pum x 500 um

0= -q s N =750 um x 750 um
80F--- L L '______'_______E___
) S
S R e S N T ———————_—"——-

] |
S 50p-- A A R
E 40F-----F1-----4-XNc--- . i e S - - - - '------'-------E---
30- ----------- U R EEEEE R EEEEEE B SR
S B R S
T et IO S SRS SR S e o S 8

0 A A A A A A A A A A

0 2 4 6 8 10 12 14 16 18 20

Frame Rate (Hz)

Figure 3.6. Fill Rates of Lissajous Scanning for Different FOV Values.

As mentioned before, the figure which is formed by Lissajous patterns highly
depends on the ratio & For a selected spot size and FOV, Lissajous scan coverage
rate increases with mutyually prime scanning frequencies. Coverage rate of Lissajous
scan also increases when frame rate of the system is decreased. Comparison between
different frame rates and scanning frequencies is shown in Figure 3.9 In addition to
that, fill rate of a Lissajous scan at different frame rates for different FOV values is
presented in Figure 3.6. Maximum fill rates for different frame rate values are provided
in Figure 3.7. Additionally, frequency pairs that provide the maximum fill rates for
different frame rates are presented in Table 3.1. There are 11384 different frequency

pairs which can scan whole are for 1 Hz frame rate value. Therefore, just one example

among the frequency pairs is provided in Table 3.1 for 1 Hz frame rate. In the table,
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Figure 3.7. Maximum Fill Rates of Lissajous Scanning for Different Frame Rates.

frequency pairs are presented as f, and f, values respectively. However, f, and f, val-
ues can be swapped. Swapping f, and f, values does not affect the maximum fill rate

value for corresponding frame rate. Lissajous scanning algorithm is shown in Figure 3.8.

Table 3.1. Maximum Fill Rates for Different Frame Rates and Frequency Pairs that
Provide the Maximum Fill Rate Values.

Frame Rate (Hz) | Max. Fill Rate (%) | Frequency Pair (f, & f,)
1 100 100 Hz & 101 Hz
) 93.82 288 Hz & 291 Hz
10 67.89 298 Hz & 300 Hz
15 49.56 298 Hz & 300 Hz
20 38.94 288 Hz & 299 Hz
25 32.23 287 Hz & 300 Hz
30 27.37 287 Hz & 300 Hz
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Require V. values with length L, mapped between 0 and 255
Add delay with length D to the end of Ve values;
Compute the FWHM using Eq. 3.9;
Compute scaled position data x(t)s and y(t)s using Eq. 3.7, 3.8, 3.12, 3.13;
Add 1 to x(t)s and y(t)s;
fori=D to L+ D do
I(ys(2), 25(2)) = Vpixer(1);

end for

Figure 3.8. Lissajous Scanning Algorithm.

3.3. Noise Reduction

An image generally is exposed to noise in its reconstruction or transmission pro-
cess. Aim of denoising process is to separate noise from image and remove it without
doing any harm to original image. Image filtering by using wavelet transform is one
of the methods to do this task. Wavelet transform is useful for image filtering ap-
plications because it conserves energy in transformation and inverse transformation
steps. By thresholding image coefficients which is acquired by using wavelet transform
intended filtering process can be done [49]. Under the assumption of characteristic
of image noise is additive white Gaussian noise, it can be seen that coefficients are
also affected in the same way [50]. For the method of thresholding besides non-linear
method which is proposed by Donoho and Johnstone, there are plenty of other meth-
ods in literature [51-54]. All of these methods are used in signal processing and image

processing applications.

Applied filter method can be summarized in three steps. Firstly, Discrete Wavelet
Transform (DWT) is applied and coefficients are acquired by transforming discrete data
from time domain to time-frequency domain. While numerically lesser coefficients are

affected by noise greatly, numerically greater coefficients carry more information about
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original image. Secondly, thresholding is applied to wavelet coefficients. Thresholding
eliminates non-linear wavelet transformation coefficients assuming that these coeffi-
cients are components of noise. These coefficients are set to zero [55]. Coefficients
which are greater than threshold are either left untouched or shrunk by the amount of
the threshold value. These thresholding processes are called hard thresholding and soft
thresholding respectively. Finally, inverse transform is applied to data values which are
above threshold. Selection of the threshold value is highly important because threshold
values which are far lesser from optimum threshold value cause less denoising on image,
threshold values which are far greater from optimum threshold value cause elimination
of important data. Elimination of important data can cause smoothing or falsification
on the original data. [56,57]. In this thesis, effectiveness of the wavelet transformation
on image denoising tested on MATLAB environment. To compare different threshold-
ing techniques Peak Signal to Noise Ratio (PSNR) concept is used. The most effective
method is applied to images which are acquired from laser scanning confocal microscopy

system. Results are presented in Experiments and Results part.
3.3.1. Discrete Wavelet Transform

As shown in [56], the mathematical approach to the discrete wavelet transform

(DWT) is based on the fact that a function f(¢) can be linearly expressed as:
F6) = at(t) (3.14)
k

where a; are the analysis coefficients and ¢, are the analyzing functions, which are
named as basis functions if the analysis in Eq. 3.14 is unique. If the basis functions

are orthogonal, relationship between them expressed as:

(k(t), n(t)) I/Omwk(t)wl(t) dt=0 for k#I (3.15)
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the analysis coefficients can be calculated by using following equation:

0 = (F(), () = / " F(eun(t) dt (3.16)

For example, in Fourier transform, the orthogonal analysis functions are sinus and

cosinus. Generally, 2D signal can be transformed by DWT as:
F@&) =Y aj t x(t) (3.17)
kg

where a;  are the transform coefficients and v;  are the basis functions. If q; x and
;. are known, Eq. 3.17 is the inverse transform. Hence, a function f(¢) can be
represented by transform coefficients, which are obtained from internal product of that
function with an orthogonal basis function. On the other hand, the function can be
reconstructed from these coefficients and the basis function. Wavelets are these basis

functions. [58-60]

Another usage of wavelets is the subband coding theory or multiresolution analy-
sis [61]. The signal passes consecutively through analysis filters which are pairs of low
pass and high pass filters. As a result of that process, the transform coefficients are
produced. If the transform coefficients can pass through synthesis filters consecutively,
initial signal can be reconstructed. The most basic property of the analysis and synthe-
sis filters is orthogonal relationship between them because produced coefficients must
preserve the energy of the initial signal. In Figure 3.10, analysis of a 1D signal with

the subband coding theory which is identical to wavelet decomposition is shown [56].

The high pass filters represent high frequency components or in another saying
details of signal and the low pass filters represent approximation of the signal or in
another saying DC component of the signal. Wavelet decomposition is the successive

analysis of only the low pass component. It is shown in Figure 3.10(b). The analysis
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Figure 3.10. Analysis and synthesis of a 1D signal with subband coding. (a) DWT
and Inverse DWT of 1D signal, (b)DWT tree, (c)Wavelet packet tree

of both low and high pass components is called wavelet packet decomposition. It is

shown in Figure 3.10(c). The input signal S in Figure 3.10 can be written as:

S:A3+D3+D2+D1 or S:A2+D2—|—D1 or S:A1+D1 (318)

Likewise, by using wavelet package decomposition, the input signal can be written as:

S =A+ AADs+ DADs+ ADDs + DDDs (3.19)

The decomposition tree is called as wavelet tree. Along with its coefficients, it is also

transferred to the decoder for reconstruction of the initial signal.
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The wavelet transform is very useful for image handling because of its beneficial

features. These features can be listed as:

e [t can compact most of the signal’s energy into a few transformation coefficients.
This is called as energy compaction.

e [t can effectively capture and represent high and low frequency components of an
image.

e The variable resolution decomposition with almost uncorrelated coefficients.

e The ability of a progressive transmission, which facilitates the reception of an

image at different qualities.

In that case, presence of small coefficients is more likely because of the noise con-
tamination, while the large coefficients contain important details of image. Therefore,
small coefficients can be thresholded without touching large coefficients. Therefore,
image quality can be increased. Thresholding techniques which are plain non-linear
techniques, eliminate subband coefficients which have magnitude less than threshold
value. The two mostly used methods of thresholding are soft thresholding and hard
thresholding [62]. In hard thresholding, the coefficients below threshold are eliminated,
those which are above threshold stays same. However, in soft thresholding, coefficients
which are above threshold also changes. They shrunk at the amount of the thresh-
old value. Coefficients below threshold are eliminated in the same manner with hard

thresholding.

In Figure 3.11, two level DW'T of a 2D signal is shown which includes subbands
LLy(low frequency coefficients), H Ly (horizontal details), LH; (vertical details), H Hy
(diagonal details) and the first level details HL,, LH,, HH; [58].
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Figure 3.11. Two level Discrete Wavelet Transform
3.3.2. Thresholding Method and Selection of the Threshold Value

Suppose {z;, j,1 < i,j < n,m} is an image of P = nxm pixels, which is corrupted

by white Gaussian noise, then the model for the noisy image can be expressed as:

Yij=a ey, L<dj<nm (3.20)

where y; ; is noisy image and ¢; ; is independent and identically distributed (i.i.d), zero
mean white Gaussian noise with standard deviation o. The noise can be denoted as
&, ; ~ N(0,0%). Aim of the denoising process is to estimate image x from noisy image

y, such that Mean Square Error (MSE) to be minimum. The MSE can be calculated
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by using Eq. 3.21.

P=nxm

1, 1 .
MSE = FHJZ — :L‘||2 = F Z (‘Ti?j — xi,j)2 (321)

0]

where Z is estimation of original image x from noisy image y. Estimation procedure

involves three steps.

Firstly, 2D DWT is applied to noisy image y to obtain subband approximate
coefficients, horizontal details, vertical details and diagonal details. Assume that W
and W represent 2D DWT and its inverse respectively. Therefore, original image,
noisy image and noise have a matrix form which are shown in Eq. 3.22 in transform

domain
Yi=Wy, X,=Wzx, N,=We (3.22)
Therefore, Eq. 3.20 in spatial domain becomes Eq. 3.23 in transform domain.
Yi =X, + N, (3.23)

where Y;, X; and N; are transform domains of noisy image, original image and noise
respectively. In view of the orthogonal property of the transform, noise in transform

domain is also of Gaussian nature.

Secondly, the detail coefficients are thresholded either using hard thresholding
(keep or kill rule) or soft thresholding (shrink or kill rule). For a given threshold value
0, expressions of hard and soft thresholding rules can be seen in Eq. 3.24 and Eq. 3.25
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respectively.

n(w,8) = wl(|w| > 0) (3.24)

n°(w,8) = sign(w)(|w] — 6)I(|w| > o) (3.25)

where w represents transformation coefficients and /(.) is a function which shows coeffi-
cients greater than threshold value §. The thresholded wavelet coefficients are obtained

by applying any of the threshold rules above.

Finally, image is reconstructed by applying inverse DWT on the thresholded

wavelet coefficients. This process can be expressed as:

=
I
g
=D

(3.26)

where Y is thresholded wavelet coefficients and # is reconstructed image which is

denoised estimate of z.

The threshold level is estimated by various methods called thresholding criteria

which are based on the minimization of the averaged squared error
. v 2
argmin( > - X)) (3.27)

where X; and Y; are all the detail subbands’ coefficients of the original image and the
noised image after thresholding respectively. Additionally, to determine the threshold

value, there are other methods such as universal threshold [49] and Stein’s Unbiased
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Risk Estimate (SURE) threshold [63,64].
Universal threshold is the optimal threshold in the asymptotic sense and mini-

mizes the cost function of the difference between the function and the soft thresholded

version of the same in the L, norm sense. Universal threshold can be expressed as:

0 =0+/2log P (3.28)

where P is the signal length and 62 is the noise variance.

Assume that wy, ws, ..., wp are multivariate normal observations which are i.i.d.
Gaussian as N (j;, 1) with mean vector = (py, ..., up)?. Let ji be a fixed estimate of
v based on the observations. SURE is a method for estimating the loss ||z — p||* in an

unbiased fashion.

SURE(w,6) = P —2 #{i : |w;| <6} + > _[min(|wi],5)]? (3.29)

=1

In Eq. 3.29, #(.) shows cardinality of the set. For an observed vector w, to find
the threshold §° that minimizes SURFE(w,d), Eq. 3.30 is applied.

65 = argmin(SURE (w, §)) (3.30)
5
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For image denoising, firstly the wavelet decomposition of the noisy image is ob-
tained. Afterwards the SURE threshold is determined for each subband using Eq. 3.29
and Eq. 3.30. In all the above cases, the noise standard deviation can be estimated by

using the robust median estimator [51]:

median(|Y ;)
0.6745

(3.31)

o=

While estimating standard deviation of the noise, three different scenarios is ap-

plied [56].

First case is global median estimator (GME). In global median estimator case Y7 ;
in Eq. 3.31 represents the coefficients of H H; subband. In second case which is level
dependent median estimator (LDME), the same median estimator is used in order
to determine the standard deviation of noise for each level separately. In this case,
Y ; represents all the detail coefficients of the corresponding level (i.e. coefficients
of the horizontal, vertical and diagonal subbands). In third and final case which is
detail dependent median estimator (DDME), the same median estimator is applied on
the horizontal, vertical and diagonal detail coefficients of each level. In DDME case,
Y, j represents the corresponding detail coefficients of each level.Results of denoising

methods are provided in Experiments and Results chapter.
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4. EXPERIMENTAL RESULTS

In this part of the thesis, acquired images from designed LSCM system in real

time and results of denoising process are presented.
4.1. Acquired Images From LSCM System

In the conducted tests of the system which can be seen in Figure 4.1, it has been
seen that maximum resolution of images which are acquired by utilizing galvanometer
can be under 1 um both in horizontal and vertical axis. Additionally, maximum FOV
is calculated as 1000 x 1000 um?. The values can be adjusted according to desired
resolution and FOV. While horizontal resolution depends on sampling rate of the DAQ
card, vertical resolution depends on ratio between fast and slow scan frequencies and

the ratio depends on specifications of scanning unit.

Relay BN pMT Fatae S
- Optics

- _ Galvanometer/
AR | e s o A 793l Micro-Scanner

DAQ Card

Figure 4.1. Test Setup.

After the system was assembled, it was tested on USAF-1951 resolution target
which can be seen in Figure 4.2. The image which is acquired by utilized galvanometer

is shown in Figure 4.3.
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Figure 4.2. USAF-1951 Resolution Target and Scanned Part of the USAF Resolution
Target.

The system is also tested on biological samples such as onion skin, chicken skin,
yeast cells, bacteria cells and red blood cells. Acquired images are presented in the

following part.

By using optical sectioning ability of LSCM, images acquired from 16 different
layers of an onion epidermal cell is shown in Figure 4.4. Depth of each layer is approx-
imately 20-30 um and FOV is 500 x 500um for each image. Onion cells and cell walls
can be seen in acquired images. Moving from outside to inside these structures become

more visible.

System is also tested on yeast cells which are obtained from laboratory of Is-
tanbul Bilgi University Genetic Engineering department. Yeast cells are viewed under
LSCM and light microscope. Results can be seen in Figure 4.5(a) and Figure 4.5(b)
respectively. Diameters of the yeast cells are between 2-10 ym can be seen as white

spots in Figure 4.5(b).

Designed LSCM system is also tested on chicken skin sample. Firstly, images
acquired from Vivascope 3000 commercial reflectance microscope which is already in

use at Samatya Training and Research Hospital to make comparison between acquired
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Figure 4.3. Acquired Image From the Resolution Target.
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Figure 4.4. Acquired Images from 16 Different Layers of Onion Skin.

images from Vivascope 3000 and designed LSCM system. Starting from outside of the
sample, images are acquired till 100 ym depth. Acquired image can be seen in Figure
4.6(b). Afterwards, image of the same sample is acquired by designed LSCM system.
Nothing applied (i.e. dye) on the sample before imaging. In image which are acquired
by Vivascope 3000, chicken skin cells’ diameters are varying between 20-25 ym and
their shape is like hexagon. In some regions of image which is obtained by LSCM

system, these hexagonal cells can be partially seen.

If galvanometer is driven by slower frequencies resolution of acquired image can

be increased. In order to show that, acquired images from two different layers of a
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Figure 4.5. Yeast Cells a) Under LSCM b) Under Light Microscope.

! 1 I.II1
IlI "II Ll

(a)
Figure 4.6. Chicken Skin Sample Under a) LSCM b) Vivascope 3000.
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onion skin is shown in Figure 4.7. When Figure 4.7 is compared with Figure 4.4,
quality difference between them can be seen. However, driving galvanometer with
slower frequencies decreases FPS value. Therefore, it conflicts with real time image

acquisition objective of the system.

(b)
Figure 4.7. Images Taken From Two Different Layers of an Onion Epidermal Cell.

In Figure 4.8, an image which shows bacteria cells under LSCM system can be
seen. Each bacteria cell nearly have a diameter of 2 ym. Nevertheless, they can be
seen with designed LSCM system clearly. Additionally, an image of red blood cells can

be seen in Figure 4.9.



Figure 4.9. Red Blood Cells Under LSCM System.

20
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Previous results are images taken from LSCM system by using raster scanning
method. Lissajous scanning method is also employed in image acquisition process. It
is tested on USAF 1951 resolution target. Resulting images can be seen in Figure 4.10
and Figure 4.11. Resulting image of Lissajous scanning with 3D micro-scanner is given
in Figure 4.12. Because of low FOV, only a small part of the resolution target can be

seen in Figure 4.12

Figure 4.10. Acquired Image from Resolution Target by Using Lissajous Scanning
with Frequency Values f, = 101 Hz and f, = 100 Hz.
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Figure 4.11. Resulting Image of Lissajous Scanning on Resolution Target with

Frequency Values f, = 101 Hz and f, = 100 Hz.

Figure 4.12. Resulting Image of Lissajous Scanning with 3D Printed Micro-Scanner

on Resolution Target with Frequency Values f, = 238 Hz and f, = 113 Hz.
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4.2. Results of Denoising Process

Denoising experiments firstly conducted on white Gaussian noise with standard
deviation ¢ = 25 added 512 x 512 ”"Lena” image which can be seen in Figure 4.13, to
measure success of denoising methods. Aforementioned methods are applied on noisy
image afterwards. The reason for that is to calculate peak signal-to-noise ratio (PSNR)
properly for each method. There is no reference image to calculate PSNR for acquired
images with LSCM system. They can be already noisy images and judging methods
based on calculations which are done based on that images may cloud our judgement

about which thresholding method or wavelet type is the most successful one.

(b)
Figure 4.13. a) Original Lena Image (512x512) b) Noisy Lena Image
~ N(0,0%) o = 25.

Five different wavelets which are used widely are employed for wavelet decom-
position. These wavelets are daubechies (db4, db8) and symlet (sym4, sym8, sym15)
wavelets. In experiments, it has been seen that three level wavelet decomposition gives
best PSNR values. Using greater level of decomposition decreases effectiveness and

increase processing time. Decomposition level is selected as two in experiments. PSNR
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which is used to measure success of different methods can be expressed as:

2552

PSNR =101 —
SNR OOgIOMSE

(4.1)

where 255 is maximum pixel value of image and M SFE is the mean square error between
the original and denoised image. Formula for M SFE is given in Eq. 3.21. For evaluation,
PSNR difference (PSN Rair) between noisy image and denoised image is used. The
greatest PSNR value in each table indicates which method is the best. Best results are
indicated with yellow color. Resulting images of best methods can be seen in figures
which are placed below of corresponding tables which shows results for global median
estimator (GME), level dependent median estimator (LDME) and detail dependent

median estimator (DDME) respectively.

Table 4.1. PSN Ry Values for GME (dB).

Wavelet Types
Db4 Db8 | Sym4 | Sym8 | Syml5
Universal | 5, 4916 | 5.5478 | 5.4819 | 5.5407 | 5.5749
SURE 5.4941 | 5.5489 | 5.4849 | 5.5412 | 5.5773
Universal | 5.4916 | 5.5475 | 5.4819 | 5.5407 | 5.5748
SURE 5.4024 | 5.2347 | 5.2519 | 5.1606 | 5.4022

Soft Thresholding

Hard Thresholding

Resulting image which is obtained by applying noisy image the denoising method
with GME and Sym15 wavelet is shown in Figure 4.14.
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Figure 4.14. Resulting Denoised Image of GME and Sym15 Wavelet Method
PSNRgig = 5.5773 dB.

Table 4.2. PSN Raig Values for LDME (dB).

25

Wavelet Types

Db4 Db8 | Sym4 | Sym8 | Symlb
Universal | 3.2039 | 3.1901 | 3.2116 | 3.2664 | 3.3021

Soft Thresholding
SURE | 2.5327 | 2.5486 | 2.5772 | 2.5980 | 2.5726
Universal | 3.0765 | 3.0726 | 3.1293 | 3.1700 | 3.1179

Hard Thresholding
SURE | 1.3647 | 1.4024 | 1.4114 | 1.4244 | 1.3920
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Resulting image which is obtained by applying noisy image the denoising method
with LDME and Sym15 wavelet is shown in Figure 4.15.

Figure 4.15. Resulting Denoised Image of LDME and Sym15 Wavelet Method
PSNRgg = 3.3021 dB.

Table 4.3. PSN Rgi Values for DDME (dB).

Wavelet Types
Db4 Db8 | Sym4 | Sym8 | Symlb
Universal | 5.8883 | 5.9091 | 5.9633 | 6.0797 | 6.1551
SURE | 8.7440 | 8.7501 | 8.8222 | 9.0126 | 8.9981
Universal | 6.7052 | 6.5857 | 6.7507 | 6.9207 | 6.9249
SURE | 7.0549 | 7.0102 | 7.0554 | 6.9316 | 7.0080

Soft Thresholding

Hard Thresholding
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Resulting image which is obtained by applying noisy image the denoising method
with DDME and Sym8 wavelet is shown in Figure 4.16.

Figure 4.16. Resulting Denoised Image of DDME and Sym8 Wavelet Method
PSNRgg = 9.0126 dB.

Considering the results above, the most successful method is the method with
Sym8 wavelet, SURE, DDME;, soft thresholding combination. However as presented in
Figure 4.17, soft thresholding causes blur on image. Therefore, Sym8 wavelet, SURE,
DDME and hard thresholding combination is applied onto images acquired with LSCM
system from bacteria cells, red blood cells and onion epidermal samples. Results can be
seen in Figure 4.18, Figure 4.19 and Figure 4.20 respectively. Noise standard deviation

is estimated as one in the following results.



o8

(a) (b)
Figure 4.17. Denoising Results with a) Hard Thresholding b) Soft Thresholding

Figure 4.18. a) Original Image Acquired From Bacteria Cells Sample b) Denoised
Image
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(a) (b)
Figure 4.19. a) Original Image Acquired From Red Blood Cells Sample b) Denoised
Image

(a)
Figure 4.20. a) Original Image Acquired From Onion Epidermal Sample b) Denoised
Image
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5. CONCLUSION

In this thesis, a novel laser scanning confocal microscopy system is presented.
The LSCM system is designed in two different configurations namely (1) micro-scanner
based LSCM and (2) galvanometer based LSCM. Purpose of the overall system is to
scan a target object with scanning units (i.e. micro-scanner, galvanometer) by using
raster and Lissajous scanning methods and display the resulting image on a GUIL. A
DAQ Card is employed for controlling the microscope system. A special software is
written in MATLAB program for the DAQ Card. The software realizes two main
operations; actuation signal generation and image acquisition. In the actuation signal
part, a signal is generated from the GUI to control actuation of the scanning units. On
the GUI, various parameters can be set and different types of signals can be combined
to generate different types of actuation signals. In micro-scanner based LSCM system,
an actuation signal which is composed of two sinusoidal signals (i.e. slow and fast
frequencies of the micro-scanner), is generated from an output channel of DAQ card
to create a magnetic field which results in scanning motion of the micro-scanner. The
current supplied by the DAQ card is amplified for creating sufficient magnetic field for
actuation of the micro-scanner. Additionally, amplification of the actuation signal is a
necessity for increasing and achieving a satisfactory filed-of-view. Therefore, a power
amplifier circuit with LM 386 integrated circuit is designed and added to the output of
the DAQ card analog output channel. The electro-coil placed near to the micro-scanner
is driven with the amplified actuation signal. On the other hand, in galvanometer
based LSCM system, two separate output channels of DAQ card is utilized to drive
galvanometer. In order to scan target with raster scanning method, two sawtooth waves
are employed. For Lissajous scanning method, two sinusoidal waves are generated from

DAQ card.

In the image acquisition part, a PMT collects laser beams which are reflected
from the scanning target; and it generates electrical current values according to power
of the reflected laser beams. The electrical current values are converted to voltage val-

ues on a resistor. Converted voltage values are acquired by the DAQ Card in a serial
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manner. The acquired voltage values are mapped between 0 and 255 according to pre-
viously calibrated maximum and minimum voltage values. According to the dimension
information of the scan, an image is constructed by gathering all of the pixels belong to
the image. Algorithms of raster and Lissajous scanning methods are presented. Suc-
cessful operation of the proposed system is demonstrated by constructing images from
USAF 1951 resolution target.In addition to that, images acquired from specimens like
yeast cells, onion skin, chicken skin, red blood cells, bacteria cells are provided. In the
conducted experiments, it has been seen that maximum resolution of images which are
acquired by utilizing galvanometer can be under 1 ym both in horizontal and vertical
axis. Additionally, maximum FOV is calculated as 1000 x 1000 gm?2. FPS value for the
system is calculated as 0.5. In order to improve quality of resulting images of LSCM
system, denoising is applied to the images by using wavelet transform method. Thresh-
olding methods which are universal and SURE thresholding are compared along with
median estimation methods which are GME, LDME and DDME by using Db4, DbS,
Sym4, Sym8 and Sym15 wavelets. In the conducted experiments, the method with
Sym8 wavelet, SURE and DDME combination gave the best results in terms of PSNR.
Therefore, the method is applied to resulting images of LSCM system. However, hard
thresholding method is used instead of soft thresholding method. Denoised images are

presented.

Comparison between images taken with proposed LSCM system and commercial
microscope systems are presented. The experimental results show that the proposed

system can be utilized for medical diagnosis.
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