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In this thesis, methods and software for an automatic laser beam alignment system are de-
signed, implemented, and tested. The system utilizes actuated mirrors and computer vision in-
terfaced with the software. Tested optimization methods were the Nelder-Mead method, Powell’s
method, and the Nelder-Mead method with adaptive parameters. Other possible methodologies
such as mathematical modeling of optical systems and approaches based on reinforcement learn-
ing are also discussed.

The precision target for the alignment was 1 um for each laser beam on the system, which was
achieved using a combination of Powell’s method and the Nelder-Mead method. By combining the
algorithms, reliable and precise alignment of the laser beams was achieved.
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maattista laserkeilan kohdistusjarjestelmaa varten. Jarjestelma hyddyntaa liikuteltavia peileja ja
tietokonenakda, jotka on liitetty ohjelmistoon. Testatut kohdistusmenetelmat olivat Nelder-Meadin
menetelma, Powellin menetelma ja adaptiivisilla parametreilla varustettu Nelder-Meadin menetel-
ma. Kasittelemme my6s muita mahdollisia toteutusmenetelmia, kuten optisten jarjestelmien ma-
temaattista mallintamista ja vahvistusoppimiseen perustuvia ldhestymistapoja.

Kohdistuksen tarkkuustavoite oli 1 um jokaiselle jarjestelman lasersateelle, mika saavutettiin
yhdistdmalla Powellin menetelmd ja Nelder-Mead menetelm&. Menetelmien yhdistelmd tarjoaa
luotettavan ja tarkan sateiden kohdistuksen.
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1. INTRODUCTION

Flow cytometry is a cell research tool for characterizing cells. It is used mostly for med-
ical research where cells need to be sorted. The laser system used in flow cytometers
needs to have micrometer precise alignment for the flow cytometer to work properly and
efficiently. The manual alignment of such systems is one of the main maintenance loads
on flow cytometers.

In this thesis, a software system is designed and implemented. The software measures
the positions of laser beams and controls them according to specified beam positions
using a camera and actuated mirrors. For the implementation, we researched numerical
optimization algorithms, mathematical modeling of the optical elements, and reinforce-
ment learning-based methods, and compared their advantages and disadvantages.

The main improvement to existing solutions would be a new solution, that would reduce
the need for manual beam alignment, which reduces maintenance costs and increases
the system’s up-time. Often the laser beams on such devices drift slowly, and this causes
them to need manual aligning. With the system this thesis presents, it is possible to
reduce service visits caused by drifted beams as the device can do the alignment auto-
matically on demand. This thesis’ goal is to design and implement the software for such
a system, and the research question presented is "Is it possible to align laser beams to
target positions automatically with sub-micrometer accuracy using computer vision and
actuated mirrors?".

In Chapter[2] basic concepts of laser light are introduced with a literature review on the use
of computer vision in laser applications. In Chapter[3|image acquisition’s and processing’s
basic concepts are introduced and defined. The advantages and disadvantages of differ-
ent approaches to implementing the alignment of the beams are discussed in Chapter
4l

After the background and theory for the implementation are discussed, in Chapter [5] the
laser system’s laser optics are described in addition to the imaging and beam steering
on the device. The software implementation is also discussed on a broad level with used
libraries and the limitations of the software. The laser beams of the system can be seen

in Figure[1.1]



Figure 1.1. Un-cropped image from the camera of the system. It includes three laser
beams and their reflections caused by the laser beam splitting.

The results and findings are shown in Chapter [6], which starts with discussing the initial
tests with the numerical optimization methods, and what parts of the software implemen-
tation needed changes. After the initial attempts, the found solutions are discussed and
the results from the comparison of the different algorithms and methods are presented. A
bibliography and an appendix follow the main body of the thesis.

The target precision of the automatic alignment is =1 um for each laser beam, and the
gaps between laser beams are in the range of 200 — 400 um in the actual output. In
addition, the developed system must be reliable, as the implementation will be used in
commercial devices.



2. LASER OPTICS

According to Joan Lisa Bromberg (1988), the first ideas for "a maser at optical frequen-
cies" were written on paper in September 1957 by Charles H. Townes. A couple years
after in 1960 Ali Javan, William Bennett, and Donald Herriot operated the first contin-
uous laser at Bell Telephone Laboratories. After this, they have been used in multiple
technology fields from communication technologies to the medical field.

2.1 Laser

Laser, which is an acronym for "Light amplification by stimulated emission of radiation", is
a light type with unique properties compared to other types of light. The useful properties
of laser include narrow frequency distribution, high intensity, and a great degree of colli-
mation (Silfvast [2004). Lasers can be configured to have the effective wavelength span
of a nanometer, which enables them to be used in very specific ways with the wavelength
that is most optimal for the use case.

Laser light has high intensity, and a great degree of collimation, which means light’s rays
are parallel instead of scattering like in regular light. These properties allow the light to
target a small area with high intensity accurately. This way they may transmit information
or energy long distances with very high precision, thus they can be used in applications
from space satellite communication (SpaceX[2024) to medical surgeries.

The basic principle of a laser is that the laser consists of an amplifying medium and mir-
ror structure that reflects the light to the amplifying medium until the beam has developed
enough intensity to pass through a partially transmitting mirror (Silfvast|2004). The stim-
ulation by the passing photon is based on the theory by Einstein (1917), which theorized
that because a photon can stimulate the emission to move from a lower energy state to
a higher one, the photon stimulation should also be able to stimulate electron from upper
energy lever to lower. This form of photon emission is called stimulated emission.

The amplifying medium is a medium that has electrons that are excited in a way that the
resonance from the passing electron can cause the electron to change to a lower energy
state. The amplification medium needs to be chosen in a way that when the electron
changes energy state, a photon is emitted so that the energy is conserved (Silfvast2004).



According to the Planck-Einstein relation, the energy of the photo
AFE = hv, (2.1)

where h equals to Planck’s constant, and v is the frequency of light (Einstein|(1917). From
this, it can be concluded that to achieve stimulated emission for a certain wavelength, the
amplification medium needs to be chosen so there is an energy difference between states
such that it matches the wanted wavelength.

2.2 Computer vision in laser applications

Using computer vision to analyze laser beams is not a unique idea, but quite a rare one.
There are articles about using computer vision with lasers for different purposes, but there
are only a few where the laser light is directed to the image sensor for analysis. Most of
the articles use lasers to illuminate points of interest. One of the articles where laser light
is directed to an imaging sensor is (Xu et al. 2021), where Xu et al. used computer vision
for focus detection of a laser machining system.

In their application Xu et al. used a CCD (charge-coupled device) sensor to detect defocus
direction and distance in femtosecond laser machining application. They used multiple
Gaussian peak function fitting with the function

F(z) = exp (—2%22) + Aexp (—%ﬁ) + Aexp (—M) , (2.2)

c S 20-8

where A represents the height, p the position, and o, the width of the ring. Fitting this
function on the sensor’s image allows them to analyze this fitting function’s coefficients to
recognize the energy distribution of the focus pattern.

Most applications including lasers and computer vision use lasers to highlight points of
interest, like in (Xianguo et al. 2018) where laser is used to illuminate conveyor belt. The
conveyor belt is then imaged to detect inconsistencies on otherwise solid laser lines using
image processing. Therefore it seems like using computer vision for laser beam quality
evaluation and control is quite a new research field.



3. LOW-LEVEL IMAGE PROCESSING

This chapter provides an exploration of the fundamental principles of computer vision.
According to Richard Szeliski (2010), in computer vision, an attempt is made to describe
the world that is seen and to reconstruct its properties like shapes and color distributions.
This can be utilized for anything from simple pattern recognition like the laser beam iden-
tification implemented in this thesis to more complex things like measuring distances to
objects for navigation use cases like modern autonomous cars do.

3.1 Image acquisition

For image acquisition, there are multiple different camera sensor technologies, but ac-
cording to Szeliski (2010), the most common technologies are charge-coupled device
(CCD) and complementary metal oxide on silicon (CMOS) cameras. The traditional
CMOS camera was outperformed by CCD cameras when CCD technology was created.
However, since then CMOS sensors have been improved such that today they are com-
monly used in digital cameras (Szeliski 2010). Multiple various schemes of both tech-
nologies have been created since then to enhance specific aspects. For example, there
are versions where the coverage of the photosensitive area is improved.

In the older CMOS sensors, the photon hitting the sensor would directly affect the con-
ductivity of the photodetector, which generates small voltage differences that are gated
and amplified. After this, the individual signals are read by utilizing multiplexing (Szeliski
2010). After this, there have been multiple improvements to the basic idea of the CMOS
sensor. The first of the improvements was to add a transistor to reset the signal be-
tween measurements. This makes the signal dependent on only the absorption of the
current measurement, and previous measurements cause no noise. Further improve-
ments added a PIN diode, which allows the decoupling of the photo-receptor to increase
sensitivity and reduce the thermal noise. (Maitre [2017)

CCD cameras work by having photosensitive "wells" called photosites, where photons
accumulate electrical charge during the exposure time. The photosites are in a grid with
guard regions, which are doped to have opposite charges between them. After the accu-
mulation phase, the accumulated electrons need to be transferred to the analog-to-digital
converter (ADC) to acquire the digital image. This is done by altering the potentials of the



well-grid, which causes the electrons to move towards the wanted direction cyclically until
they reach the voltage drain that converts the charge to voltages, which is then converted
to digital form by the ADC converter. (Maitre 2017)

There are a couple of advantages of CCD sensors over CMOS sensors. One of them
is that as they use common ADC converters for all photosites or pixels, the noise is ho-
mogeneous across the image. An additional benefit of the CCD sensors is that the pixel
readout circuit requires only a very small space. This improves the area of photon acqui-
sition. The final advantage of CCD is that the sensor base is quite simple. This allows
for achieving smaller pixel sizes and therefore higher number of pixels in smaller sensors.
(Maitre 2017) This is important in modern technologies that utilize miniaturization, like
mobile phones and laptops.

3.1.1 Color image acquisition

On digital cameras, the color acquisition is not a trivial thing. Almost always there are
no three colors captured by each pixel. Instead, there is a chromatic array on top of the
sensor pixels, where each pixel has one color that it acquires. When each pixel captures
one color, there is a need for post-processing of the colors on the image to calculate
the RGB value for each pixel. According to Maitre (2017), the simplest form of color
acquisition is to have vertical or horizontal bands for each color of red, green, and blue,
but the most common filtering configuration on consumer cameras is the Bayer filter.

Bayer filter was invented by Bayer (1976)), and has still retained its place in modern digital
cameras. The filter’s pixel pattern is drawn in Figure where it can be seen that the
green color is favored. This choice is made, as it was observed that the human eye is
more sensitive to finer details in luminance that is closest to the green channel (Maitre
2017).



Figure 3.1. Bayer filter pattern

After the image with the color filter array has been acquired, the missing color values
need to be interpolated to all the pixels, so that each pixel has values for red, green, and
blue channels. This interpolation is called demosaicing (Szeliski [2010). Bayer’s color
filter array is the industry standard for most consumer cameras, but for demosaicing there
have been multiple techniques and solutions. For simple and more traditional algorithms
Longere et al. compares their features and performance well, but there have also
been progress (Tan, Chen, and Hua[2018) in using convolutional neural networks in image
demosaicing.

The most straightforward approach for demosaicing implementation involves interpola-
tion, notably utilizing the efficient and straightforward method known as bilinear interpo-
lation. For blue and red channels the bilinear interpolation, which means using a kernel
that is linear in x and y directions, would be implemented by calculating the mean of the
two neighboring pixels of the same color for the pixels marked with a, and the mean of
the 4 same colored neighbors on pixels marked with b in Figure [3.2]
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Figure 3.2. Reconstruction of the Bayer filtered blue channel by interpolating the values
for direct and diagonal neighbors.

3.2 Color processing

Often the first step of image processing is processing the colors. One common color pro-
cessing task is highlighting or analyzing only specific colors which is called color slicing.
Another common color processing task is balancing the intensity of all colors to be at the
same level and at the same time increasing the contrast of the image by processing the
histogram (Gonzalez and Woods [2007).

Colored images have a couple of commonly used color models: RGB which stands for
red, green and blue, CMY which stands for cyan, magenta and yellow, and HSI which
stands for hue, saturation and intensity. In RGB and CMY the three dimensions of the
color model represent the intensity value of the base colors. For these color models, the
easiest color slicing technique would be considering only one of the color channels.

3.3 Image resizing

There are multiple different reasons for needing to resize an image. There might be a
need for image pyramids, which consist of differently-sized images of the base image.
This may be useful in cases where one tries to match some part of the image to an image
with a different resolution (Szeliski2010). Another reason for up-sampling the image is to
get more accurate measurements of objects in an image, which is why it is needed in the
context of this thesis.

The basic tool for scaling up an image is using interpolation. Simply put, interpolation
means estimating the most optimal value for a pixel at an unknown location when the



value somewhere in the pixel neighborhood is known (Gonzalez and Woods 2007). The
simplest method is nearest neighbor interpolation, where the new pixel receives the pixel
intensity from the pixel nearest to the new pixel. This method doesn’t provide any new
information, and according to (Gonzalez and Woods 2007), it also tends to produce un-
desirable artifacts, such as severe distortion of straight edges.

Nearest neighbor interpolation is rarely used in practice because of the aforementioned
issues. Instead, a relatively simple bilinear interpolation method is used to achieve better
results with a modest increase in required computational power. In bilinear interpolation,
the intensity value of new pixel (x,y) is

v(x,y) = ar + by + cxy + d, (3.1)
where the coefficients a, b, ¢, d are determined with four nearest neighbor pixels of the

new pixel (z,y). (Gonzalez and Woods 2007)

Bicubic interpolation is a moderately complex method for estimating pixel intensity values.
The intensity value of some pixel at point (z, y) can be estimated to be the 4x4 pixel area
sum

w

3

v(z,y) = Z Z i’y (3.2)

i=0 j=0

The coefficients a;; are acquired by solving a system of 16 linear equations based on
the neighborhood. Then those coefficients can be multiplied by the coordinates that are
raised to powers of ¢ and j. (Gonzalez and Woods 2007)
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4. MIRROR CONTROL METHODS

In this thesis, we focus on a mirror system composed of various optical elements including
simple plane mirrors, actuated mirrors, and additional beam-shaping components. This
chapter introduces multiple methods for implementing the control for the actuated mirrors.

4.1 Mathematical modeling

The most laborious but precise method for implementing the beam alignment is the math-
ematical modeling of the optical system. A complete optical system would provide a way
to find the needed control values just by solving an equation that would be an easy job for
a computer.

The optical properties of each optical element are needed to make a mathematical model
of an optical system. An optical element is defined by Lin (2014) as a block of optical
material possessing constant refractive index (.;. Multiple optical elements built together
fixedly form an optical assembly. An optical system is defined to consist of several optical
assemblies that function together.

Most of the optical elements in the optical system in this study are fundamentally simple
plane mirrors, where the incident angle 6; equals the reflected angle 65, as shown in
Figure[4.1](Walker[2008). However, all optical elements in the system do not have optimal
parameters, as there are error tolerances in manufacturing the optical elements and the
actuated mirrors. This causes the mathematical model of the system to have multiple
variables that would need to be defined accurately for the model to be accurate in sub-
micrometer precision.

Figure 4.1. Diagram of plane mirror
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Another problem occurs when devices with the beam alignment developed in this study
are produced. For mathematical modeling to work, all the devices would need to be
assembled in the same way with small tolerances, and the choice for the used optical
elements would also need to be locked. Vendor-locking of the components would not be
a good thing for the production of the system. This is why some other control method that
would be more generalized would be better for this application.

4.2 Numerical optimization

4.2.1 Nelder-Mead algorithm

As the problem can be interpreted as a minimization problem, a numerical method for
solving the problem can be used. One such method is the Nelder-Mead method (Nelder
and Mead [1965). The method that John Nelder and Roger Mead proposed uses the
concept of a simplex. Simplex is a geometric figure that is the convex hull of n+-1 vertices
in an environment with n dimensions (Gao and Han 2012). In simpler terms, simplex is a
generalization of the notion of a triangle to arbitrary dimensions. For example, the simplex
in 2-dimensional space is a triangle, and in 3-dimensional space a tetrahedron.

Nelder-Mead method, and other optimization methods based on it, are widely known.
They have been used a lot in optimization problems in multiple different fields. In the
field of optics, Breckling et al. (2022) used the Stochastic Nelder-Mead simplex method
(Chang 2012) for aligning compound refractive lenses. In their research Breckling et al.
found out that the Stochastic Nelder-Mead method efficiently and repeatably was able to
align lenses using motorized stages that controlled the compound refractive lens.

The Nelder-Mead method has been used multiple times in PID-controller’s tuning (Izci
2021} Izci, Hekimoglu, and Ekinci 2022; Blondin et al. 2018). For example lzci (2021)
made a hybrid algorithm by adopting the Nelder-Mead algorithm with the Lévy flight dis-
tribution (LFD) method by Houssein et al. (2020) to develop a PID controller for DC motor’s
speed control. According to lzci, the proposed algorithm exploited the good global search
property of the LFD algorithm, and the greater local search ability of the Nelder-Mead, and
their method demonstrated efficient PID controller tuning for a DC motor speed control
system. Nelder-Mead algorithm has been found to suit well in applications in the elec-
tronics field (Ekinci et al. 2023), geotechnical engineering (Yin et al. 2018) and process
optimization (Ozturk, Aydin, and Celik 2018).

The method by Nelder and Mead has three steps per iteration. At first, the worst, second
worst, and best indices of the simplex are recognized. Then the centroid c of the side with
the two lowest values is calculated. After this, there is the transformation step, where three
operations can be used to define the best way to proceed in the simplex minimization
process. They are reflection, contraction, and expansion. Their visualization can be seen
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in Figure[4.2] Initial n variables are defined as P, P, Ps, ..., P, and y; is the value of the
function at P;. Then the y, = maz(y;) and y; = min(y;) are defined, which are used to
evaluate the results of the operations.

reflect
@ L —————————— ¥ T
contract @b /

Figure 4.2. An iteration of the Nelder-Mead method over two-dimensional space (Cheng
and Mailund|2015)

The first transformation in the transformation step is the reflection of P, which coordi-
nates are defined

P*=(1+a)P —aP, (4.1)

where « is a positive reflection coefficient. Then it is calculated if y* is between y; and yp,,
and if it is, P, is replaced with P* after which the iteration is started again from the first
step with the newly acquired simplex. In case the reflection provides y* < y;, meaning
that there is a new minimum, P* is expanded to P** with relation

P* =yP*+(1—7)P, (4.2)

where v is a chosen expansion coefficient that satisfies v > 1. If the function value
Yy < vy, P, gets replaced with P** and the iteration starts from the first step with the
newly acquired simplex. In case y** > y; there is a case of failed expansion, and P} is
replaced with P* and restart the process.

In case the first transformation, reflection, results in P* that has y* > y; for all points
except Py, we define a new P, to be the lower point from old P, and P*. After this, there
is the third and final transformation, contraction. The point for contraction

P =8P, + (1 —B)P (4.3)

where [ is contraction coefficient that satisfies 0 < § < 1. In cases where y** >
min(yn,y*) shrinkage transformation is done, in which all of P, is replaced by P, =
o(P; + P,) after which iteration starts again from the step one with the newly achieved
shrunk simplex. If that is not the case, P, is replaced with this contracted point P** which
achieves an improved simplex. If this happens, the iteration is started again from step
one of the optimization procedure with the improved simplex.
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The criterion for stopping the minimization process relies on the comparison of the so-
called standard error of the y-values in the form \/m to a pre-defined value
that is passed to the minimization algorithm. There have been suggestions to improving
this termination criterion, for example, (Nash |1990) suggests adding a test for calculating
how much the function value has decreased. This could be used in cases where the
minimum value is not known.

The Nelder-Mead algorithm’s performance can be influenced by the initial parameters.
However, as the Nelder-Mead algorithm’s iteration runs do not differ from each other
when the initial simplex stays the same, the evaluation of the method needs to be done
using different initial simplex between optimization runs. As the Nelder-Mead method is
a heuristic search that can be used in any environment, in case the initial parameters are
set close to local minima, the method may converge in that local minima. One way to find
the global minimum with the Nelder-Mead algorithm in a difficult environment is to utilize
restarting.

Nelder-Mead is one of the most widely used methods for nonlinear and unconstrained
problems (Larson, Menickelly, and Wild 2019). It has been cited more than 38 thou-
sand times according to Google Scholar (2024). Even though the method is popular, the
convergence of the method has not been proved for the original method (Lagarias et al.
1998).

4.2.2 Nelder-mead algorithm with adaptive parameters

Gao and Han (2012) stated that the Nelder-Mead method becomes inefficient in high di-
mensions. To improve the method’s performance on problems with higher dimensions,
they propose a method with adaptive parameters for the parameters for expansion, con-
traction, and shrinkage calculation on the Nelder-Mead method’s corresponding phases.

In their method, Gao and Han proposes to choose the parameters adaptively according to
the dimension n of the problem. Their suggestion is to choose transformation parameters
as
a =1, 7:1—1—2, 520.75—i, azl—l. (4.4)
n 2n n

Here «, v, 3, o are reflection, expansion, contraction and shrink parameters.

Gao and Han claims that choosing expansion parameter -y prevents the simplex from dis-
tortion caused by high dimensions, and contraction parameter [ is stated to alleviate the
reduction of the simplex diameter with high dimension problems. The shrinking parame-
ter o is chosen so that with high dimensions there is no sharp reduction for the simplex
diameter when compared to the usual o = 0.5, which were also used in the original paper
by Nelder and Mead (1965).
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In their extensive testing of their ANMS (Adaptive Nelder-Mead Simplex) method, Gao
and Han found that for problems with dimension n > 10 their method converged 5-
10 times quicker than the regular Nelder-Mead method on a uniformly convex function.
When comparing ANMS and the original Nelder-Mead method on common optimization
test problems with 2 < n > 6 dimensions, the ANMS method converged usually slower
than the original. For common optimization problems with n > 10, the ANMS was usually
quicker to converge when compared to the original method. (Gao and Han[2012)

4.2.3 Powell’s conjugate direction method

A year before John Nelder and Roger Mead published their method, Powell (1964) pub-
lished the minimization method called Powell’s method, or Powell’s conjugate direction
method. Powell developed this method, as most of the solutions that existed at the time
could not find the minimum from a general quadratic form in finite steps. Powell was also
not satisfied in the disadvantage of the method by Smith (1962) that was slow in starting
with bad initial approximation (Powell|1964).

Powell's method is not as widely used as the Nelder-Mead method and algorithms de-
rived from it, but it has still been used in different fields for optimization. One example of
Powell's method usage is work by Mota-Babiloni et al. (2018), where Mota-Babiloni et al.
optimized high-temperature heat pumps performance using Powell’'s method to acquire
lower greenhouse gas emissions. By using Powell’s method, they identified optimal work-
ing conditions for the heat pumps and improved the coefficient of performance by 13%
in best cases. Other fields where Powell's method has been used include astrophysics
(Manthei et al. 2021), swarm intelligence algorithms (Sun et al.|2017), and fuel processing
research (Zhou et al. 2022).

The method works by searching n linearly independent directions from the initial guess
po- At first, the search directions are chosen to be linearly independent. This means
that they are commonly chosen to be the coordinate directions from the initial guess. In
practice, the method changes one parameter at a time. So foreachr = 1,2,...,na A, is
calculated from which the f(p,_1 + A9, is minimum, after which the new approximation
is defined for this direction p, = p,_1 + A0, until a new value p,, is achieved.

Next step is replacing d,. with 9,.,1 for all r = 1,2, ....n — 1. This causes the previous ¢,,
to be replaced by previous d,,_; after which the 4, is replaced by (p,, — po). After this,
the last minimization of the iteration is done by finding A so that f(p, + A(p, — po)) is
minimized.

This is the basic procedure for Powell’s method. This procedure can then be iterated until
proficient minimization results have been achieved. So in practice, the algorithm makes
one multidimensional minimization problem into multiple one-dimensional minimization
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problems, for which efficient algorithms exist.

4.3 Reinforcement learning

Another technology considered for the beam alignment was reinforced learning. Rein-
forcement learning problems involve the agent’s acting in the target environment to maxi-
mize some numerical reward it is given (Sutton, Barto, and Bach 2018). The reward can
be given for anything that may help the agent to achieve the target.

In this application, a temporal difference method named Q-learning was considered. It is
a method where all possible actions in each state are given a score in the so-called Q-
table. The training phase of such a system includes the agent exploring the environment
it is in and testing the actions and while doing so, calculating new scores for the Q-table
values of the actions. (Sutton, Barto, and Bach |2018)

The simplest form of Q-learning is called one-step Q-learning and it is defined by
Q(Sy, Ap) + Q(Sy, Ap) + a[Ryy1 + ymaz,Q(Si1) — Q(Sy, Ar), (4.5)

where S means state, A action, R reward, « the learning rate and  discount factor. It
can be seen that the method updates the Q-value by adding the sum of the reward and
discounted maximum Q-value of the new state which is subtracted with the Q-value of the
taken action on the state. The learning rate « limits how much the Q-value is raised for
each tested action. (Sutton, Barto, and Bach 2018)

In practice, the Q-learning could be implemented by rewarding the agent when the align-
ment is successful. Then the agent could learn the environment by itself. Another reward
behavior could be the distance between the laser beams, even though they would not be
in the correct position.

Reinforcement learning could be a suitable solution if the device would not be developed
to be produced in quantity. As the alignment parameters on different setups cannot be
identical with a reasonabile initial manual alignment of the device, each device needs to be
trained individually. This would be a time-consuming part of the manufacturing process.
Therefore the method was not even tested in practice and was left for future work.
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5. EXPERIMENTAL SETUP AND IMPLEMENTATION

5.1 Background

This alignment system is developed for a laser device that would be the laser light pro-
ducer for flow cytometry applications. Flow cytometry is a cell research method that
interrogates the phenotype and characteristics of cells (Macey [2007). The basic func-
tionality of a flow cytometer is that cells are sent one at a time through a narrow tube
where they pass through laser light. The laser light passes through the cells causing the
light to scatter, attenuate, or have different reflections. The scattering, attenuation, and
reflections are captured with photodiodes, which produce data that can be captured with
a computer. The basic structure of a flow cytometer is shown in Figure

) Photodiode

Laser . |": Data

Figure 5.1. Basic principle of a flow cytometer. The cells that are studied flow through
laser light. This causes scattering and attenuation which is recorded by photodiodes.

As different cells produce different scattering and reflections and have different fluores-
cence, the cells can be identified and their properties can be studied in multiple ways.
The fluorescence can be measured simply by measuring how much of the intensity of the
laser beam passes the cell to the photodiode, and what is the wavelength of the emitted
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light. For measuring the scattering of the light, more photodiodes can be added to the
system at locations where the scattering of the light is measured.

To measure the properties of the cells by flow cytometer, it is crucial to know the positions
of the laser beams precisely. Knowing the positions of the laser beams allows knowing
when the cell passes each laser light on the system, which allows collecting data about
the cells through the photodiodes.

5.2 Optical system

5.2.1 Control optics

The optical system consists of three lasers, which are formed elliptical, where the profile
of the longer dimension is top-hat, and the shorter dimension is formed Gaussian. The
camera image that was captured by the test setup can be seen in Figure[1.1] The optical
diagram of the setup can be seen in Figure 5.2

1. Light source
2. MEMS mirror
3. Beam combiner
5 4. Beam shaper DOE

5. Beam sampler
6. Camera

7. Output

8. Magnifying lens

W

Figure 5.2. Optical diagram of the experimental setup

The DOE on the system is used to acquire the top-hat beam profile from the initial Gaus-
sian laser beam profile, as described in Figure This is important for the application
of this system for research fields like flow cytometry, where a uniform intensity beam is
necessary so there is uniform intensity where the flow cells pass.
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=>

Figure 5.3. Schematic of optimal Gaussian and top-hat beam profile intensity distribu-
tions. a marks the Gaussian profile, b marks the top-hat profile

It would be optimal if all of the laser beams cross through the DOE in the middle of i,
as that is where the beam shaping is most efficient. For future work, a system could be
made with two actuated mirrors for each beam as shown in Figure 5.4} Controlling each
laser beam with two mirrors like this would allow the beam alignment so that the laser
beams would go through the middle of the DOE to achieve optimal beam quality with the
alignment functionality. The beams that do not pass the DOE through the middle of it
have some imperfections on the beam profile like a non-linear top-hat profile.

1. Laser source
2. Actuated mirror
3. DOE

e
N

Figure 5.4. System with two actuated mirrors for optimal beam shaping and control. This
system would be able to steer the laser beam to pass through the middle of the DOE as
well as control the angle at which the laser beam comes to the DOE.

The red beam is the rightmost in the diagram in Figure 5.2} It can be seen that it does
not have individual control with a MEMS mirror. The two other lasers in the diagram, cyan
and purple, are reflected from their actuated mirrors to their beam combiner elements,
after which all three laser beams pass through the DOE. Then there is the third actuated
mirror which can be controlled in the X- and Y-axis. After those elements, there is still a
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beam splitter and a focus lens for the output. The beam splitter splits part of the laser
beam’s intensity and directs it to the camera. The focus lens is configured to focus the
laser beams to the desired distance for integrating the device into flow cytometer systems.

To get the beams focused on the camera sensor, there is a focusing lens after the beam
splitter on the optical path to the camera. The focal length of this lens is chosen in a way
that there is optical magnification in the camera sensor when compared to the focus point
of the actual output. This allows efficient usage of the whole camera sensor area for the
measurements of the beams, which increases the measurement precision of the camera.
In the development system, the optical magnification of the image was %x.

5.2.2 Laser beams

Laser beams in the tested system had the wavelengths of 405nm, which is purple,
488 nm, which is cyan, and 638 nm, which is red, lasers. Figure [1.1] shows the beams
on the camera image.

5.2.3 Beam steering

The beam steering on the system was done using actuated mirrors. The mirrors in the
experimental setup were MEMS (micro-electromechanical systems) mirrors, and as men-
tioned in Section only the cyan and purple laser beams had individual control mir-
rors. The red mirror was controlled by moving all the beams, after which the cyan and pur-
ple beams could be steered back to their intended place. MEMS mirrors work by inputting
high voltages on the mirrors that cause their structure to twist because of electromagnetic
forces. This causes them to have theoretically infinite precision, but in practice, the preci-
sion comes from the precision of the ADC of the control circuit. The rotation angle range
in the mirrors was from around —5° to 5° on the X- and Y-directions.

The MEMS mirrors used in the experimental setup did not have a completely linear con-
trol. Because of this, the application requires an optimization algorithm instead of just
calculating the change in the control variable based on the displacement. With linear
control, the beam steering and alignment implementation would have been trivial, as the
movement of the beam per control value could have just been calculated. This would
have made the optimization process almost instant instead of the 1-3 minutes it takes
with the optimization algorithm on the experimental setup.

The control hardware in this system had a 16-bit DAC (digital-to-analog converter), which
allows good precision in the controlling. As the angle control range of the MEMS mirrors
was around 10°, the theoretical control precision on the system is 10° /65535 = 0, 1526
millidegrees. The MEMS mirrors used had a control system where two voltage values
were inputted to set the position of the mirror on one axis. In practice, this was done by
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having 16-bit integers representing the voltage value to set. Value 0 was set to be the
lowest possible input voltage, and 65534 was set as the highest input voltage.

The MEMS mirrors used in the system had a so-called bias voltage. It meant that to
set the mirror position to zero, both control voltages for the mirror needed to be set to
a certain value. After both control voltages are at bias voltage, the mirror angle was
controlled by increasing the voltage of the first control and decreasing the voltage equally
on the second control.

5.3 Computer vision system

5.3.1 Camera

The camera used in the experiment was a commercial Raspberry Pi High-Quality Cam-
era, with a Sony IMX477 CMOS imaging sensor that has a pixel size of 1,55 um (Rasp-
berry Pi2024). Even though the camera can capture still images in resolution 4056 x
3040 pixels with the pixel size of 1,55um, the used resolution was 2026 x 1520 pixels.
With this resolution, the pixel size is 3,10 um. The resolution reduction was because of
software restrictions, which did not allow the still images to be taken efficiently. Because
of this, the lesser resolution was used with the live image stream from the camera. After
the magnification, 1 micrometer in the system’s output is represented by 3, 333 microme-
ters in the camera sensor. This means that one micrometer in the output corresponds to
3,333 um/3, 10;_2 = 1,075px in the camera sensor.
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Figure 5.5. Spectral response of Sony IMX477 sensor
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5.3.2 Image processing

As shown in Figure [1.1] the initial image consists of reflections of the three laser beams.
The beams that correspond to the actual output beams of the system are the three beams
on the left side of the image. To avoid the effect of them to cause issues on the beam
alignment, they are cropped out of the image. As the beams are aligned horizontally to
the middle of the output and therefore the camera image, the cropping can be done by
simply cropping the image to a certain width so only the real beams fit on the image.

After the cropping, the image is pre-processed to achieve sub-micrometer precision in
aligning the beams. The first step in the image pre-processing was to interpolate the
image. Based on the calculation in the previous section, the error of one pixel on defining
the beam middle is 1px /(3,333 um/3, 10‘;—?) = 0,93 um without interpolation. As this
would cause quite a big error margin on the precision when targeting the precision of
1pm, using interpolation is a good way to increase the theoretical maximum accuracy of
the alignment system.

Different interpolation ratios and methods were tested with the system, and it was found
that the interpolation ratio of 2 and bi-cubic interpolation, defined in Chapter was a
good trade-off between performance and resulting accuracy. The effect of interpolation
can be seen in Figures[5.6/and[5.7] With an interpolation ratio of 2, the computational pixel
size is 0,93 um/2 = 0,465 um. This makes it so that the beam offset of two computational
pixels is still lower than the target precision of 1 um.



22

—— Interpolated image
f ._\ Original image

20 - /‘ \\

=
un
1
.ﬁ‘_“._
-
-
’ g

Intensity

10 4 X N\
\

T T T T
760 770 780 790 800 810
Pixel index from original image

Figure 5.6. Image'’s vertical profile averaged over horizontal axis in an original and inter-
polated monochrome image. Interpolation ratio 5.
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Figure 5.7. Image’s vertical profile averaged over horizontal axis in an original and inter-
polated monochrome image. Interpolation ratio 5.

The interpolation process also gives a better estimate of the actual position of the peak
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than what could have been acquired from the original image’s profile. It can be seen from
Figure[5.7|that the peak acquired has been estimated to not be at the peak of the original
values but at an interpolated point.

5.3.3 Beam detection and recognition

Laser beams are detected by creating a vertical profile of the laser beams. This is done
by calculating the mean of each pixel row of the image. This results in a profile shown in

Figure[5.8]
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Figure 5.8. Monochrome image’s vertical profile averaged over horizontal axis

From the vertical profile, the intensity peaks can be easily detected from the otherwise
black image background, excluding the small noise. As the system’s laser beams had
Gaussian profiles in the vertical direction, there is a possibility to increase the precision
of measuring the beam middle position even further by fitting a Gaussian curve on the
beam profile. However even though the Gaussian fitting was tested, it was not used in the
experiment as the beam noises caused the Gaussian fits to have some offset compared
to the vertical profiles acquired using the mean values of horizontal axis values. This
could be fixed by fitting the Gaussian function based on only some part of the intensity
peak of the laser beam, but implementing this is left for future work.

The initial method tested for laser beam identification is identifying them by their color.
As the wavelengths of the beams are known, the scale between color channels can be
estimated from the spectral response of the imaging sensor. The spectral response of
the used camera can be seen in Figure[5.5] For example, the scale of RGB channels at a
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wavelength of 500 nanometers can be read from the figure to be around [0.05, 0.95, 0.60].

When the RGB scale of a color is known, the RGB values of pixels in the image in the
middle of the laser beam can be captured. When taking the RGB values from each of
the beam peaks, the nearest neighbor for matching the beams to the closest color can be
found easily. This method was found to be a working solution with the used lasers.

5.4 Error calculation

The error is calculated by comparing the detected beam positions to predefined positions
where the beams should be. The difference between the actual and target positions is
calculated in pixels, and the pixel difference is then turned into micrometers as described
in Section The target positions of the laser beams are defined based on the needs
of the flow cytometry application the device is part of, and for this research a beam pattern
where the beam centers are 400 um apart from each other was used.

5.5 Control software

The control software utilizes Python libraries for different tasks. NumPy (Harris et al. 2020)
is a Python library with various matrix operations and therefore was used for matrix cal-
culations and operations like image cropping and calculating mean. SciPy (Virtanen et al.
2020) is a Python library that provides algorithms for optimizations and statistics among
other things, and here it was used as it implements the optimization algorithms specified
in Chapter [4] The third main library used is OpenCV2 (Bradski 2000). It is a computer
vision library consisting of thousands of algorithms for image and video processing. lts
main usage in this research was image reading and the interpolation of images.

The software created for this experiment had a constraint. It needed to be integrated
into existing laser driving software written in Python. This caused issues like the camera
resolution issue mentioned in Section 5.3l

There was a ready-made implementation in the SciPy library for the Nelder-Mead method
and Powell’s algorithm. Using these algorithms was made simple, as the algorithms
needed a function with the control values provided by the algorithm as inputs, and some
scalar error value as output. In addition to this function, the algorithm needed an ini-
tial guess for the optimization, optionally minimum and maximum values for the control
variables, and convergence parameters.

As mentioned in Chapter[5.2.3] the actuated mirrors needed a bias voltage that needs to
be set to both control values to set the mirror in a zero position. Because of this it was
easy to implement normalized controlling, where a control value of zero means the zero
position, -1 means that the mirror is set to maximum negative angle, and 1 means that



25

the mirror is set to maximum positive angle. These values are then transformed to control
voltages on the lower level of the control software. The algorithm uses these normalized
control values, so the bounds of the values were also easy to define.

When the optimization algorithm comes up with new values to try, the application works
very sequentially. First, the algorithm generates control values, which are sent to the lower
level of the control system, which calculates the voltages to set for the mirror control. The
voltages are then communicated to the driver hardware which then applies the voltages.
After the mirrors have steered the beam, an image from the camera video stream is taken.
As video streaming is relatively compute-intensive, a little artificial delay is added before
capturing the image to ensure that the captured frame is taken after the movement of the
mirrors.

After the image has been captured, the beam detection and recognition are done accord-
ing to Section In the software, the beam recognition phase returns information on
recognized beams with their locations on the image. However, there is a possibility that a
beam has not been detected, which affects the error calculation by increasing the error.
This tells the algorithm that losing a beam from the image is not a wanted behavior.

The coordinate system used in the image calculations defines the origin in the middle
of the image, with the Y-axis being the vertical axis, and the X-axis being the horizontal
axis. Positive ends of the axis were defined to be right and up. The error is calculated
using the image coordinate values received from beam recognition to calculate the offset
between predefined target positions. As the target positions have been defined by a
micrometer offset from the center of the image/output, they need to be transformed to the
pixel coordinates with the origin in the middle of the image. After this, the error between
the beam and the target positions can be easily calculated using subtraction. It was
wanted for the error to be offset as micrometers in the output, thus the pixel values from
the subtraction needed to be converted to micrometer values. The error as micrometers

Ep.c
—_— 5.1
T (5.1)

Em=

where [ is the interpolation scale, ¢ the camera sensor’s pixel size, and m the optical
magnification of the system.
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6. RESULTS

6.1 Initial attempts

For the initial attempts, there was an attempt to control one mirror at a time in the opti-
mization order red, cyan, and purple using the Nelder-Mead method. A data collection
study was done with random initial guesses for the control values. Different convergence
parameters were used for the study to discover how the system works when running the
optimization in this order. The results of this test can be seen in Figure [6.1]

5000 A E— —— Red beam
Cyan beam

—— Purple beam

4000 A

3000 A

2000 A

Error (micrometer)

| N

T T T T T T T T
0 50 100 150 200 250 300 350
Run index

Figure 6.1. Optimization results of 350 random initial guesses with several convergence
parameters. Errors are sorted in descending order.

The error function is just the distance between the positions of beams and the target
positions in micrometers. For positions when a beam couldn’t be found, like when two
beams are on top of each other or when a beam is steered out of the camera sensor,
an error of 5000 um was set. It can be seen from the results that this was most often a
problem for the alignment of the red beam. This was because as described in Section
the red beam cannot be moved individually, so in cases where the random initial
position of two beams are on top of each other, the red beam cannot escape this position
by changing its control, and will have the error value 5000 pm.
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Figure 6.2. Cyan beam unable to cross past the red beam seen on the system’s camera.

Overall, it was witnessed that there were multiple occasions where the cyan or purple
beams could not pass on the other side of another beam. This effect can be seen in
Figure where moving the beam on top of the red beam would cause a peak in the
objective function value. This is understandable, as the Nelder-Mead method thinks this
direction is not good to proceed when the value of the objective function is suddenly very
high. This is one disadvantage of the Nelder-Mead method and is illustrated in Figure|6.3]
where the red spot marks the spot where the algorithm will converge, and the red arrow
represents the path that the optimization has already gone.
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Figure 6.3. lllustration of the error caused by another beam. The red marker marks the
spot where the algorithm converges, and the arrow shows the path that optimization has
traversed. If the beam that is being optimized crosses on top of another beam, the beam
is not recognized anymore which results in an error of 5000 um.

The Nelder-Mead method was found to work for the beam alignment when aligning mir-
rors one beam at a time, but the alignment process was slow. Alignment of all mirrors at
the same time was attempted to improve the speed of alignment. The results of that were
not good with the initial error function and color recognition method as the beams had
problems passing each other more than what they had when moving one by one. The
difficulties increased most likely because when moving two beams to be at the same spot
the algorithm moved both of the beams to the location that they were coming from. There
was also a problem with just the overall performance, as the beams couldn’t find the tar-
get positions. This was suspected to happen because the error is calculated the same
way for each beam that is being aligned. This way the priority for the beam aligning is
equal, but this has a problem as the alignment of the red beam also affects the alignment
of other beams.

6.1.1 Algorithm improvements

As mentioned, there were two major problems with the initial implementation. The first
one is that it is hard for the beams to pass over each other, and the second problem is that
when aligning all beams simultaneously, the overall performance is bad as the alignment
of the red beam affects the other beams too.



29

We came up with two possible solutions for the problem with beams getting on the other
sides of each other. One is restarting the failed beam’s alignment until it achieves the
target position. When using random initial positions, it is probable that at some point the
initial position is such that the alignment process converges successfully. This method
was tested for reliability, and it worked to some extent. However, as that method depends
on probabilities and drastically increases the alignment’s duration, another method could
be preferred.

The error calculation function was improved by instead of having the linear error that
depends on the offset of a beam from the target, the offset values were raised on different
powers. Different powers were tested, and it was found that having the error for the cyan
and purple beam to be squared, and the error for the red beam in the power of three
had good results. These modifications to the error calculations made the alignment of the
red beam to be prioritized, and the faster decrease of the error function value on all the
beams made the alignment process overall quicker.

Changing the error function also had an effect in that the beams did not get stuck on
each other as much as before. The beam detection function could be improved further
by recognizing if two or more beams are on top of each other. For this, improvements in
the color recognition algorithm would be needed. A method was devised where the RGB
values of the beams individually, and on top of each other, were captured. Then when the
beam was recognized, it was identified by looking at the nearest neighbor from the colors
of individual beams and stacked beams to identify stacked beams and individual beams.
These RGB values were captured simply by manually aligning the beams on top of each
other and capturing the image with the system’s camera. However, this was not a perfect
method as many possible color hues can emerge when two beams are on top of each
other in different amounts.

6.2 Choosing best control method

After the algorithm for error calculation and beam detection were improved, there was a
comparison between methods to see the advantages and disadvantages of each. In the
following figures, success is defined as having a total alignment error of less than one
micrometer, and failure is defined so that the error value is over 1000. With the revised
error calculation the error value goes easily to over 1000 when any problem occurs in the
alignment process. It can be seen from Table [6.1] that Powell’s algorithm did not fail the
convergence at all, and the Nelder-Mead method did, which makes Powell’s algorithm
more reliable on this problem.
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Method Mean error value (um) Failure rate  Success rate
Nelder-Mead 0,66 30% 70%

Powell 1,77 0% 100%

ANMS 0,70 20% 70%

Table 6.1. Mean error values from runs that did not fail and failure rates for each method.
Failure is defined by a run having an error value over 1000 micrometers. Success is
defined as a run with an error of less than a micrometer.

Table shows that ANMS ( Adaptive Nelder-Mead Simplex) method (Gao and Han
2012) did not have any good properties on this problem, as it was slower to converge and
didn’t converge successfully more often than original Nelder-Mead method. The mean
error on successful runs was also a little higher, with a bigger 95% confidence interval.
Because of these findings, the ANMS method was not considered viable for the alignment
process further in the research. It was stated in the paper by Gao and Han (2012) that
the ANMS method suits better high dimensional problems. This case had an optimization
of only three dimensions, so it is not surprising that the ANMS method was not optimal
for this problem.

As seen in the results in Table Powell’s algorithm is more reliable as it did not fail
any time. However, it does have a higher error value on convergence on successful runs
compared to the Nelder-Mead method. Nelder-Mead'’s successful convergence also has
an error that is lower than the target error value of 1 um, where Powell’s algorithm’s mean
error is almost 2 um which is twice as big as the target precision of the alignment. The
importance of initializing the Nelder-Mead algorithm with proper initial values has been
studied in (Wessing|2019), where it was found that constructing the initial simplex by hand
and not from the starting point is advisable for improved performance of the method.

It was found that Powell’'s method was more reliable in getting alignment close to the target
precision, and the Nelder-Mead method achieved lower error scores more consistently.
Therefore it was decided to use a combination of both of these methods. Powell’s method
will do the initial alignment to align the beams close to the optimal place, so the error is
around 10 um. After this, the Nelder-Mead method is used, which should reliably achieve
successful alignment from a position that is close to a successful alignment.

6.3 Finding optimal parameters

The convergence parameters of the Nelder-Mead method and Powell’s method change
the alignment precision that the methods converge. This can be used to optimize Powell’s
method to converge quicker at a good enough alignment, after which the Nelder-Mead
method can have convergence parameters that reliably achieve successful alignment.
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Finding the optimal parameters was done simply by testing multiple parameters, and

after that by looking at the results and choosing parameters that offer a good balance
for precision and alignment duration.

The test was implemented with initial values close to the target alignment, with random
noise added each time. This was to simulate the long-term drift of the beam alignment.
The results of the tests can be seen in Figures and In Figures, the solid line
shows the mean value achieved over a couple of tests with the same parameters. The
colored area shows a 95% confidence interval for the value.

Powell's method tested with different convergence parameters
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Figure 6.4. Powell’s algorithm optimization duration and achieved error on different toler-
ances
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Nelder-Mead method tested with different convergence parameters
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Figure 6.5. the Nelder-Mead algorithm optimization duration and achieved error on dif-
ferent tolerances

Based on the results of these tests, Powell’s algorithm tolerance values 1le—3 and le—2
provided quick convergence close to the target which is the target of Powell’s algorithm.
The value 1e—3 was chosen to be best as the duration difference between them is not
big, and it is overall a bit safer choice as it can be seen that bigger tolerance values seem
to cause an exponential increase on the achieved error.

For the Nelder-Mead algorithm, it can be seen that with tolerance values less than 1e—7
the durations of the optimizations start to increase drastically, and with tolerance values
higher than 1e—4 the resulting error value from the optimization starts to increase over
the target of 1 um. Based on these tests, the tolerance value of le—5 was deemed the
best tolerance value.

6.4 Final alignment precision

The alignment precision target of 1 um was achieved. The mean estimate of precision
achieved from automatic alignments is 56,9 um, but this includes the one high value seen
on the table in Appendix If that run is excluded, the mean of the beam offsets is
0,27 um. The results in Appendix |Al also show that out of the 27 runs, two runs had
an error of over 1 micrometer. From these two, one run is very unsuccessful with the error
value of 1530 um, and the other is just barely over the 1-micrometer target with an error
value of 1.4 um.
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This is only an estimate of the actual precision, as the measurement of a more accurate
precision would need an external measurement system, which could take into account
problems in the internal system, like getting absolute truth on the beam positions instead
of trusting the camera that is used for the alignment.

Another source of unreliability for the measurement is that interpolation is used for as-
sessing the beam positions. As it is just a way of estimating the missing pixel intensity
value, there would be a need for a system where the optical magnification would be big-
ger, or the camera sensor’s pixel size would be a lot smaller. This would allow using
the raw images from the sensor, and remove the need for utilizing interpolation or other
methods for calculating the beam positions. As such a system was unavailable for the
evaluation, these estimated values for the results need to be used.

6.5 Alignment duration

The alignment duration didn’t have any specific target, but it was thought that a duration
of a couple of minutes would be good. The achieved mean duration for Powell’s method’s
convergence was 120,4 seconds, and the Nelder-Mead method’s duration was 135,1
seconds. Therefore the mean total duration of the alignment is 255,5 seconds, a little
over 4 minutes. The results can be seen in Appendix[B]

The duration is a bit longer than what would be optimal. One reason for this long alignment
duration is software compatibility issues with the camera driver. This caused a need for
adding an artificial delay in the image acquisition. Another camera-based increase in
the duration is that the interpolation is one of the longer calculations that are part of the
optimizer algorithm’s control loop. A camera with a smaller pixel size could eliminate the
need for interpolation, decreasing the duration of an iteration of the control loop.
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7. CONCLUSIONS

It was found that the numerical optimization methods are suitable for aligning laser beams
accurately. The combination of Powell’s method with the Nelder-Mead method gives a
reliable method for the alignment problem. The initial optimization with Powell’'s method
provides a close initial estimate of the alignment after which the Nelder-Mead method’s
precise alignment finishes the offset minimization.

The alignment precision target for each beam was 1 um, and the target for the alignment
duration was that it would be a couple of minutes at maximum. The precision target
was achieved with the combination of Powell’s method and the Nelder-Mead method very
reliably. The nature of Powell’s method is such that it converges to the target’s proximity,
where the Nelder-Mead can continue and finish the alignment from Powell’s algorithm’s
result. The numerical results were discussed more thoroughly in chapter|[6.4

The alignment’s duration with the combination of algorithms depends on the convergence
parameters. They were optimized for a good balance of duration and precision. This was
discussed more thoroughly in chapter [6.5] The achieved duration for the alignment was
over 4 minutes, which is quite a long duration.

Overall the alignment’s duration is reduced to a small part of what it was with manual
alignment. The software was not optimized for the duration, and as mentioned in chapter
[6.5, hardware changes could immediately reduce the duration. The duration could also
be reduced by not running Powell’s method every time, but only when the initial offset is
over some threshold. This way small drifting of the beams would be corrected with only
the Nelder-Mead method, which would cut the duration approximately in half. However,
as there is no data on what the long-term drift looks like with this setup, experimenting
with this must be left for future work.

Overall the implementation is considered successful and the achieved reliability and pre-
cision are proficient for the intended use of the device. The target of the development
of the whole device was to reduce the maintenance load and downtime caused by the
long-term drift of the alignment. This implementation is considered highly successful in
that regard.
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7.1  Future work

The study found multiple interesting things that could be investigated more. First, it would
be interesting to see how a Gaussian fit on the Gaussian beam profile would increase the
precision of finding the middle of the beam. If it would provide good results, it could even
remove the need for the bicubic interpolation used in our approach.

As explained in Chapter [5.2.1] there is a DOE that would work optimally if there were two
actuated mirrors for each laser beam. This would provide a more challenging environment
for the aligning, and it would be interesting to test the methodology presented in this thesis
on that more challenging environment. This kind of environment would probably need to
have an error metric for the beam quality, which decreases when the laser beam does
not pass through the DOE in the middle. A system with a more complex control algorithm
might be needed for that type of system.

A more complex control algorithm for the system could be implemented using reinforce-
ment learning. The basic principle of reinforcement learning is similar to the numerical
methods, as the reinforcement learning agent uses trial and error to find the optimal solu-
tion. Q-learning and even a deep learning version called Deep Q-learning could be tested
on this problem to see if reinforcement learning would provide a quickly converging and
precise solution to this problem.
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APPENDIX A: FINAL TEST ERRORS

Testindex | Powell (um) Nelder-Mead (um)
0 1.4 0.93
1 1.86 0.46
2 3.26 0.0
3 0.93 0.46
4 0.46 0.0
5 2.79 0.0
6 0.0 0.0
7 1.4 0.46
8 0.46 0.0
9 21.39 0.0
10 1.4 0.0
11 416.64 1530.32
12 0.93 0.46
13 0.93 0.0
14 1.4 0.0
15 0.93 0.0
16 0.93 0.93
17 21.86 0.46
18 0.93 0.0
19 7.9 0.46
20 36.27 0.0
21 0.46 0.0
22 2.79 1.4
23 0.93 0.46
24 0.46 0.0
25 1.4 0.0
26 24.64 0.46
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APPENDIX B: FINAL TEST DURATIONS

Testindex | Powell (s) Nelder-Mead (s) Total (s)
0 185.9 394.8 580.8
1 142.7 80.8 223.5
2 90.9 82.7 173.6
3 89.9 78.8 168.7
4 359.2 104.2 463.5
5 120.3 116.2 236.5
6 88.2 140.2 228.4
7 87.2 82.0 169.1
8 145.1 104.1 249.2
9 57.3 103.7 161.1
10 93.5 96.6 190.1
11 64.4 397.4 461.9
12 104.4 80.7 185.1
13 130.0 85.2 215.3
14 89.8 85.8 175.5
15 113.2 78.5 191.7
16 110.6 395.1 505.7
17 83.8 82.1 165.9
18 101.0 83.8 184.9
19 308.3 775 385.8
20 60.0 316.5 376.4
21 117.7 94.2 211.9
22 93.9 121.3 2151
23 108.9 95.6 204.5
24 133.0 111.6 244.6
25 107.3 78.2 185.5
26 64.0 80.1 144.0
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