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When viewing a bright star through a ground-based telescope, atmospheric conditions often
degrade the image clarity. To address this, adaptive optics systems are integrated into modern
telescopes, using deformable mirrors to mechanically correct these distortions in real-time,
thus providing higher-quality images. This thesis’s primary focus is the pyramid wavefront
sensor that has proven as a more affordable and reliable option than other sensors.

We review adaptive optics in astronomy and the pyramid wavefront sensor, then simulate
its activity using Python with an OOMAO simulation environment and FitAO as an inter-
face. Mathematical preliminaries such as the Hilbert transform are defined followed by the
introduction to the adaptive optics systems and the pyramid wavefront sensor.

We analyze the relative errors of linearized observations of the pyramid wavefront sensor.
The results showed that star magnitude affects its relative error’s mean and standard de-
viation. We characterize the effect of the magnitudes through simulation of the pyramid
wavefront sensor.



Tiivistelmä

Lappeenrannan–Lahden teknillinen yliopisto LUT

LUTin insinööritieteiden tiedekunta

Laskennallisen tekniikan koulutusohjelma

Olga Vinogradova-Lebedeva

Pyramidiaaltorintamasensorin matemaattinen mallintaminen ja simulointi

Kandidaatintyö

2024

23 sivua, 4 kuvaa

Tarkastajat: Professori Tapio Helin

Avainsanat: adaptiivinen optiikka, pyramidi-aaltorintamasensori, FitAO, OOMAO

Kun kirkasta tähteä tarkastellaan maakaukoputkella, ilmakehäolosuhteet heikentävät usein
kuvan selkeyttä. Tämän korjaamiseksi nykyaikaisiin teleskooppeihin on integroitu adaptii-
visen optiikan järjestelmiä, jotka käyttävät mukautuvia peilejä korjaamaan näitä vääristymiä
mekaanisesti reaaliajassa ja siten tuottavat laadukkaampia kuvia. Tässä opinnäytetyössä kes-
kitytään ensisijaisesti pyramidiaaltorintamasensoriin, joka on osoittautunut muita sensoreita
edullisemmaksi ja luotettavammaksi vaihtoehdoksi.

Työn alussa käydään läpi adaptiivista optiikkaa tähtitieteessä ja pyramidiaaltorintamasen-
soria, minkä jälkeen simuloidaan sen toimintaa Python-ohjelmalla käyttäen OOMAO - si-
mulointiympäristöä ja FitAO:ta käyttöliittymänä. Aiheeseen liittyvät matemaattiset termit,
kuten Hilbertin muunnos, määritellään. Sen jälkeen esitellään adaptiivisen optiikan järjes-
telmät ja pyramidiaaltorintamaasensori.

Pyramidiaaltorintamasensorin linearisoitujen havaintojen suhteelliset virheet analysoidaan.
Tulokset osoittivat, että tähden kirkkaus vaikuttaa sen suhteellisen virheen keskiarvoon ja
keskihajontaan. Magnitudin vaikutus virheeseen karakterisoidaan simuloimalla pyramidi-
aaltorintamasensorin toimintaa.
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Symbols and abbreviations

Latin characters

Ω Annular telescope aperture mask
ro Fried parameter
C2

n Index of refraction structure constant
I Intensity
s Measurement
d Subaperture
D Telescope diameter
λ Wavelength

Subscripts

x x-direction
y y-direction

Superscripts

c Dynamic circular modulation

Abbreviations

AO Adaptive Optics
CCD Charge-coupled device
DM Deformable Mirror
OOMAO Object-Oriented Matlab Adaptive Optics
OPL Optical Path Length
PWFS Pyramid Wavefront Sensor
RTC Real-time control
WFS Wavefront Sensor
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1 Introduction

1.1 Background

Turbulence in the atmosphere degrades the quality of images captured by ground-based tele-
scopes. When a light from a star moves through Earth’s atmosphere, planar wavefronts are
deformed due to turbulent air movements that affect the index of refraction.

To address this problem, adaptive optics systems are integrated into telescope systems. They
mechanically correct in real-time for the distortions using deformable mirrors. The shape
of these deformable mirrors is defined by wavefronts from either a bright star or artificially
generated laser beacons (Saxenhuber, 2018). The distorted wavefronts are reflected on a
mirror that is shaped appropriately to make them planar. When the corrected wavefronts are
observed by the science camera, they produce a high quality image. The main goal of the
adaptive optics is to reconstruct the unknown incoming wavefront from data to obtain the
optimal shape of the deformable mirror.

However, there is no such tools for precise measurement. In order to tackle this problem, the
telescope aperture is split into a finite number of equally spaced subapertures. The wavefront
sensor computes the intensity of the incoming light for each subaperture. (Roddier, 1999).

1.2 Research objective

This thesis is focused on the pyramid wavefront sensor (PWFS), which has been invented
in the 1990s. A commonly used Shack-Hartmann sensor uses the mean gradient of the
incoming wavefront and is proved to be an affordable and reliable solution. However, PWFS
offers advantages such as increased sensitivity, better signal-to-noise ratio, robustness to
spatial aliasing, and adjustable spatial sampling. These advantages draw attention in the
astronomical AO community. Several theoretical studies including numerical simulations
and laboratory investigations with optical test benches have confirmed the advantages of
pyramid wavefront sensors while encouraging surveys were operated on the sky (Hutterer,
Ramlau & Shatokhina, 2019, p. 2).

In this thesis we introduce the Object-Oriented Matlab Adaptive Optics (OOMAO) toolbox
that is used for the simulation of PWFS operation. In addition, we utilize FitAO as the
interface of AO simulators. In this work, only OOMAO environment will be used.
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1.3 Structure of the thesis

In “Mathematical preliminaries” the mathematical concepts that are needed to understand the
PWFS’s operation are introduced. The “Adaptive optics” section is dedicated to AO systems
and their principles as well as characteristics of pyramid WFS. In the “Simulation” section
the PWFS is simulated using FitAO and OOMAO and the results are presented. Lastly, the
“Conclusion” section finalizes the thesis where the results of the simulation are discussed.
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2 Mathematical preliminaries

In this section, we review the Hilbert transform and related concepts, such as singularity and
Cauchy principal values. These concepts are utilized in the following section to represent
the functioning of the pyramid sensor. This review is fully based on the work by King (King,
2009).

2.1 Singularity

When a function behaves unexpectedly or stops being well-behaved in a certain way, for
example, by failing to be differentiable or analytic, it is referred to as a singularity. For
instance, a function f (x) = 1

x exhibits a singularity at x = 0, as it is not defined due to
division by zero. Similarly, the absolute value function g(x) = |x| also has a singularity at
x = 0 because it is not differentiable at that point.

2.2 Cauchy principal value

The Cauchy principal value is an approach used to handle integrals that have singularities
within the integration interval. If an infinitesimally small section where y = x is excluded
from the definition of the integration interval, the integral becomes well-behaved for many
common functions. Let

f (t) =

β∫︂
α

dx
t − x

, (1)

be an example, where t belongs to the interval (α,β ) and f (x) has a singularity at x = t.

To address this, Cauchy proposed a limiting operator in 1822 called Cauchy principal value
of the integral:

f (t) = lim
ε→0

[︃∫︂ t−ε

α

dx
(t − x)

+
∫︂

β

t+ε

dx
(t − x)

]︃
= log

⃓⃓⃓⃓
t −α

β − t

⃓⃓⃓⃓
,

(2)

where it is defined that t ̸= α and t ̸= β .

To symbolize this convergence approach, various notations are

P
∫︂

f (x)dx, p.v.
∫︂

f (x)dx, VP
∫︂

f (x)dx,
∫︂ ∗

f (x)dx,

and a singularity occurs in the interval over which the integral is calculated. And hence
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p.v.
∫︂

β

α

f (x)dx = lim
ε→0

[︃∫︂ t−ε

α

f (x)dx+
∫︂

β

t+ε

f (x)dx,
]︃

(3)

where there is a singular point at x = t.

2.3 Hilbert transform

Many integral transform can be expressed as:

g(x) =
∫︂ b

a
k(x,y) f (y)dy, (4)

where k(x,y) is the kernel function. The kernel function defines the relationship between the
input and output functions of the transforms and affects properties of the integral transform.

Integral transforms are mathematical operators that act on functions in order to produce new
functions. The Hilbert transform of function f in point x on R yields

H f (x) =
1
π

p.v.
∫︂

∞

−∞

f (y)dy
x− y

, for x ∈ R. (5)

The kernel function is given by

k(x,y) =
1

π(x− y)
. (6)

At x = y, the denominator x−y becomes zero resulting in singularity. To avoid it, the integral
is considered as a Cauchy principal value.

The Hilbert transform is a linear operator. A linear operator, denoted as L, maps elements
from a vector space X into a vector space Y , expressed as L : X →Y . For constants α,β ∈C
and for functions f ,g ∈ X , it follows that

L{α f +βg}= αL f +βLg (7)

For constants α,β ∈ C and functions f and g, the Hilbert transform H is as follows:

H{α f (x)+βg(x)}= αH f (x)+βHg(x). (8)
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3 Fundamentals of Adaptive Optics Systems and the Pyramid

Sensor

This section is dedicated to the fundamental concepts and characteristics of adaptive optics
(AO) systems. We introduce guide stars, wavefront correctors, wavefront sensors, control
systems, and their interactions. Finally, we discuss the pyramid sensor, including its mathe-
matical modeling and structure.

This section primarily relies on the work of Roddier (Roddier, 1999), except where otherwise
indicated. Section 3.5.1 is specifically based on the work by Hutterer (Hutterer, Ramlau &
Shatokhina, 2019) unless noted otherwise.

3.1 Guide star

A light from a reference star is used to measure the atmospheric phase distortion. A suffi-
ciently bright star can be used as a reference star if it is within a few arcs from the object of
interest. This low probability of finding a suitable source of light limits the usage of natural
guide stars. Other solar system objects, such as asteroids, satellites of the main planets, a few
galaxy cores, and small nebulosities, can be used as a guide source if they are bright enough.
In other cases, artificially created guide starts are introduced. Strong laser beacons, so-called
laser guide stars, shine into the atmosphere affecting the atmosphere’s mesospheric sodium
layer, which is approximately 90 km above the Earth’s surface. The laser uses a specific
wavelength that resonantly excites the sodium atoms, causing them to emit light.

Astronomers use a logarithmic magnitude scale to measure the brightness of stars and other
celestial objects. Unlike other measurement systems, magnitude works backwards - the
higher magnitude number, the dimmer the object. The fainest stars that are visible to naked
eye during good conditions and have a magnitude of 6.

3.2 Light

When observing a bright star with a telescope from the ground, the clarity of images is
often compromised by the atmospheric conditions. This phenomenon, known as atmospheric
seeing, arises from the turbulent nature of the Earth’s atmosphere, influenced by various
factors such as density fluctuations, wind shears, and temperature differences within different
layers of the air.

As light enters the Earth’s atmosphere, it encounters variations in the refractive index. Ini-
tially, it behaves as a plane wave, but as it traverses through the atmosphere, it experiences
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Figure 1: Light propagation through a turbulent layer (Sofieva, Dalaudier & Vernin, 2013)
.

phase distortions due to differences in optical path lengths (OPL) caused by irregularities in
atmospheric density. When considering deviations from a straight line path caused by vari-
ations in the refractive index, the distance that light travels is referred to as its optical path
length.

As light waves propagate through the atmosphere, they encounter regions with differing
OPLs, resulting in a phase distortion that varies across the wavefront. This phase distortion
leads to random tilting of the wavefront, causing the observed image to undergo blurring
and distortion. Upon reaching the telescope’s aperture, the distorted wavefronts produce an
image characterized by a lack of sharpness and clarity. The varying wavefront tilt across
the aperture contributes to the random motion of the observed image, further worsening the
blurring effect.

Seeing conditions can be characterized with a number of parameters, including the Fried
parameter r0, measured in meters. It is defined as

r0 = 0.185 ·
(︃

λ 2∫︁
∞

0 c2
n(h)dh

)︃3/5

, (9)

where λ is a wavelength, c2
n is the index structure coefficient which measures the local

strength of the index of refraction variation and h is the height above the ground. The range
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of the parameter varies in the range of centimeters to meters. It serves as a critical factor in
determining telescope resolution: if r0 is larger than the telescope’s aperture diameter, the
resolution is diffraction-limited; otherwise, it is limited by atmospheric seeing (Saxenhuber,
2018, pp. 9–19).

As seeing conditions evolve with time, the main challenge is to sense wavefront changes.
Both phase and amplitude distortions of the optical wavefront across a telescope aperture
can lead to a decline in image quality.

3.3 Adaptive Optics

An AO system comprises three primary elements: a wavefront corrector, a wavefront sensor
(WFS), and a control system. The wavefront corrector is used to manipulate the incoming
wavefront. After compensation, the remaining aberrations requiring correction are directed
to the wavefront sensor. The control system utilizes signals from the wavefront sensor to
make adjustments. These adjustments modify the control signals sent to the wavefront cor-
rector. This process operates in a closed feedback loop indefinitely as the incoming wave-
front progresses. The deformable mirror (DM) is considered as the wavefront corrector.

An AO system can operate in both closed and open loops. The difference is in DM and
WFS positioning. When DM is before WFS, the system is running the closed loop and
measures the residual wavefront. However, complete measurements are obtained and used
for prediction of the shape of DM, when the system is in open loop and the DM is after WFS
(Saxenhuber, 2018, p. 95).

The wavefront-corrector uses finite number P of actuators to sense the wavefront, while
the wavefront sensor has a finite number M of measurements. For bright guide stars, M is
usually larger than P, and it makes the system overdetermined. However, when considering
faint natural guide stars, M is limited, as it may not be feasible to obtain a large number
of measurements. When M is approximately equal to P, the wavefront sensor’s sensitivity
should be paired with aberrations that can be compensated by the corrector. In situation,
where M < P, accuracy of compensation is limited by the sensor, as the control parameters
are chosen to minimize the correction.

The relationship between the wavefront sensor measurements or sensor signals and the actu-
ators is characterized by the interaction matrix. It defined as P×M. It describes how changes
in each actuator affect the measurements obtained by the wavefront sensor. In closed-loop
AO system, the control system adjust deformable mirror’s actuators based on the informa-
tion provided by the interaction matrix. The response of WFS to changes in each actuator
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position is approximately linear.

3.4 Deformable mirror

A deformable mirror physically performs the WF correction made by real-time control
(RTC). There are several types of mirrors that are used: piezoelectric, MEMS, bimorph,
segmented and Adaptive secondary mirrors.

Most commonly used piezoelectric mirror consists of a thin glass mirror equipped with an
array of piezoelectric actuators. These actuators respond to electrical signals by changing
their shape, which in return deforms the mirror surface. This type of deformable mirrors can
be constructed with a large number of actuators, up to 103, and diameter as large as 30 cm.
The spacing between actuators is typically several millimeters. The maximum deflection or
stroke of the mirror surface, which indicates how much it can deform, is usually around 10
micrometers.

3.5 Wavefront Sensor

A wavefront sensor is needed for measuring the light from a guide star. Enough spatial
resolution and speed of measurement are needed for real time compensation of atmospheric
seeing. Indirect methods for translation of phase into intensity must be used because it is not
possible to measure the wavefront phase at optical wavelengths.

3.5.1 Pyramid WFS

R. Ragazzoni has familiarized the astronomical AO community with pyramid wavefront
sensor (PWFS) in 1990s. The advantages of the PWFS were proven by theoretical stud-
ies, numerical simulations, and laboratory investigations in optical test benches. Compared
to Shack-Hartmann WFS, the PWFS has showed enhanced adjustable sensitivity, improved
signal-to-noise ration, an improved robustness to spatial aliasing, and an adjustable pupil
sampling. These benefits has been tested and confirmed in practice as well. SCExAO at the
Subaru Telescope, MagAO at the Magellan Telescope, Adaptive Optics module of Telesco-
pio Nazionale Galileo (AdOpt@TNG), INO Demonstrator at the Mont Megantic Telescope,
and PYRAMIR at the Calar Alto Telescope use the PWFS (Shatokhina, Hutterer & Ramlau,
2020, p. 5).

A pyramid wavefront sensor measures distortions in light waves across continuous fields. As
it is not possible to obtain full continuous measurements, we can divide them into discrete
finite number of equally spaced regions called subapertures. The size of each subaperture
is d = D

n , where D is the telescope diameter and n is the number of subapertures in single
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direction. The data grid will be consequently d ·d. Positioned at the focal point of a telescope,
a four-sided glass pyramid prism splits incoming light into four distinct beams through its
facets, each slightly diverging. A relay lens, placed behind the prism, produces four pictures
of the pupil, denoted as Ii j, i, j = {0,1}, on the CCD camera.

From these intensity patterns, two measurement sets, sx and sy, are derived as follows:

sx(x,y) =
[I01(x,y)+ I00(x,y)]− [I11(x,y)+ I10(x,y)]

I0
,

sy(x,y) =
[I01(x,y)+ I11(x,y)]− [I00(x,y)+ I10(x,y)]

I0
,

(10)

where I0 is the average intensity per subaperture.

The light rays are deflected to one side or the other of the focus by wavefront defects. The
irradiance patterns seen in the four pupil pictures on the CCD-detector will differ as a re-
sult. Using these differences, the nature of wavefront aberrations can be determined and
measured.

Figure 2: Pyramid WFS’s optical configuration (Hutterer, Ramlau & Shatokhina, 2019).

The scheme of the PWFS is showed in Figure 2. The pyramid sensor is non-linear and
measures as one and two dimensional Hilbert transforms of sine and cosine and their multi-
plications of the incoming distorted wavefront. Non-linearity of the sensor can be explained
by modal optical gain, which occurs when the sensor senses large uncompensated residu-
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als and causes the sensor to decrease its response (Shatokhina, Hutterer & Ramlau, 2020,
p. 31). To increase linearity, we use a dynamic circular modulation. It can be achieved if
the pyramid is oscillated by a steering mirror or if a static diffusive optical element is used.
The dynamic circular modulation is further defined by the superscript c. Figure 2 displays a
dashed circle to represent the circular modulation path of the focused beam on the pyramid
apex.

Through the collection and focusing of light from a far-off source, telescopes create an im-
age. Apertures are used to limit the number of rays that reach the image. In large tele-
scopes primary mirror, which is also called entrance pupil, is the first aperture that encoun-
ters the light. The annular telescope aperture mask is defined by Ω := B(0, D

2 ) \B(0,r) ⊆
[−D

2 ,
D
2 ]

2 for a central obstruction B(0,r) with radius r and a circular telescope primary mir-
ror B(0,D/2). Ωx = {(x̃, ỹ) ∈ Ω | x̃ = x} and Ωy = {(x̃, ỹ) ∈ Ω | ỹ = y} are single lines of
annular aperture.

Figure 3: The Figure illustrates the borders of the aperture mask for fixed x and y. The
domains Ωx and Ωy change with regard to x and y respectively. The telescope’s primary ob-
struction causes the intervals to divide in certain instances (Hutterer, Ramlau & Shatokhina,
2019).

The analytic PWFS model is a transmission mask model when the impact of interference
between the four pupils on the CCD-detector is not considered. A modulation parameter for
the modulated sensor is defined as

αλ =
2πα

λ
, (11)

where α = rλ/D is a positive modulation radius r and the sensing wavelength is λ .
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We consider the operators PPPc
x for x-direction by

(PPPc
xΦ)(x,y) :=

1
π

χΩ(x,y) p.v.
∫︂

Ωy

sin[Φ(x′,y)−Φ(x,y)] · kc(x′− x)
x′− x

dx′

+
1

π3 χΩy(x)p.v.
∫︂

Ωy

∫︂
Ωx

∫︂
Ωx

sin [Φ(x′,y′)−Φ(x,y′′)] · lc(x′− x,y′′− y′)
(x′− x)(y′− y)(y′′− y)

dy′′ dy′ dx′

(12)
and PPPc

y for y-direction by

(︁
PPPc

yΦ
)︁
(x,y) :=

1
π

χΩ(x,y) p.v.
∫︂

Ωx

sin[Φ(x,y′)−Φ(x,y)] · kc(y′− y)
y′− y

dy′

+
1

π3 χΩx(y)p.v.
∫︂

Ωy

∫︂
Ωx

∫︂
Ωy

sin [Φ(x′,y′)−Φ(x′′,y)] · lc(x′′− x′,y′− y)
(x′− x)(y′− y)(x′′− x)

dx′′dy′dx′

(13)
The functions χΩ, χΩx and χΩy are characteristic functions meaning they are equals 1 when
(x,y) ∈ Ω, (x,y) ∈ Ωx and (x,y) ∈ Ωy respectively and 0 otherwise. The function kc(x) is
considered as kc(x) := J0(αλ x), where the function J0 is the zero-order Bessel function of
the first kind given by

J0(x) =
1
π

∫︂
π

0
cos(xsin t)dt =

1
π

∫︂
π

0
cos(xcos t)dt, (14)

and the function lc is given by

lc(x,y) :=
1
T

∫︂ T/2

−T/2
cos[αλ xsin(2πt/T )]cos[αλ ycos(2πt/T )]dt, (15)

with the modulation parameter αλ that is specified in equation (11).

The incoming wavefront’s measurements sets can be obtained using the PWFS data by

sc
x =−1

2
(PPPc

xΦ)(x,y),

sc
y =−1

2
(︁
PPPc

yΦ
)︁
(x,y),

(16)

where PPPc is the pyramid sensor operators presented in equations (12) and (13).
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4 Simulation

4.1 Environment

There are several simulation software packages used in adaptive optics (AO) research. For
instance, YAO is a Monte Carlo AO simulation tool (Rigaut, 2002), and the Software Pack-
age CAOS (Code for Adaptive Optics Systems) is used for end-to-end AO simulations
(M.Carbillet et al., 2005). FitAO (Nousiainen, 2022) serves as a Python interface for various
AO simulators, currently supporting Compass, OOMAO, and Soapy. OOMAO, which stands
for Object-Oriented MATLAB Adaptive Optics, consists of numerous MATLAB classes de-
signed for numerical modeling of AO systems (Conan & Correia, 2014). The following work
utilizes the OOMAO library with FitAO as the interface.

In the simulation, we examine the operation of the WFS. The OOMAO environment includes
a class designed to provide a computational model of the pyramid WFS. This class features
several properties, such as the number of lenslets, resolution, camera specifications, and
modulation amplitude. Using default parameters, we perform tests to simulate the accuracy
of linearized observations. These tests are conducted in an open loop, meaning the WFS does
not measure or correct residual wavefronts. The goal is to assess how linearization affects
the observations.

4.2 Methods

As it was mentioned before, the pyramid WFS is non-linear. However, using linearization
one can reduce complex systems to a form that is easier to work with mathematically. In
this simulation, we examine relative errors introduced by linearization of observations with
different magnitudes, as these errors can degrade the performance of the AO system.

A least square (LS) estimator a(s) can be defined by following equation

a(s) = argmin
a

{∥La(s)− s∥2}= (L⊤L)+L⊤s, (17)

where s is an actual observation and L is a linearized mapping of an observation. To calcu-
late the LS estimator’s error, the difference between linearized mapping L multiplied by LS
estimator a(s) and an actual observation s is considered. We report the empirical standard
deviation, i.e. √︂

E∥La(s)− s∥2 ≈

(︄
1
N

N

∑
j=1

∥La(s j)− s j∥2

)︄1/2

, (18)

where E is the expected value and s j, j = 1, ...,N, are independent samples of real measure-
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ment generated by the turbulence with N large enough.

4.3 Results

Figure 4 illustrates the mean relative errors and their corresponding standard deviations re-
sulting from the linearization of stars with different magnitudes. The x-axis represents the
magnitudes of the stars, while y-axis shows the relative errors in percentage. As described
in 3.1, the lower the magnitude of the star, the brighter it is. Mean values are represented by
a blue line, and the standard deviation bounds are represented by a light blue area around the
mean values. The relative errors are calculated using 50 observations for each magnitude.

Figure 4: The graphs shows relative errors of linearized observations of stars with different
magnitudes

The brightest star with magnitude 1 has a mean relative error of approximately 24.5%. Af-
ter that, there is a gradual decrease in the mean relative error as the magnitude increases,
reaching a minimum of approximately 23% at magnitude 3. There is a slight increase to
approximately 23.5% and 23.3% at magnitudes 4 and 6 respectively. Following this, a sharp
decline is observed at magnitude 7, where the mean relative error approaches 20%. By mag-
nitude 9 the mean relative error reaches approximately 22.5%.
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The standard deviation bounds indicate the variability in the relative errors. At magnitude
1, there are wider bounds meaning that the variability is relatively high. Then, the bounds
narrow at magnitude 2, therefore, there is lower variability, and errors are more consistent.
We observe that the bounds widen significantly as the variability increases starting from
magnitude of 3 to 6. Following this, the standard deviation decreases and remains relatively
small at magnitudes (7−9).

The initial high mean relative error at lower magnitudes (1− 2) suggests that the lineariza-
tion’s error for brighter stars is significant and deviates the most from real values. The
decrease indicates the reduction of linearization’s error as the stars become dimmer. This be-
havior leads to the belief that the linearized observations become closer to actual ones. The
smallest relative error is at magnitude 7. The following increase towards higher magnitudes
(8− 9) demonstrates that the observations begin to differ more and more from the actual
ones. The magnitudes with the smallest standard deviations are the most predictable and
consistent. These are stars with magnitudes 4, 5 and 9. The wide variability at magnitudes 1
and 6 implies that the linearization is the least reliable for these magnitudes.
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5 Conclusions

This thesis has focused on the Pyramid Wavefront Sensor (PWFS) and its simulation, be-
ginning with the necessary mathematical preliminaries and an overview of the principles of
adaptive optics and PWFS.

In Chapter 4, we simulated the linearization of Pyramid Wavefront Sensors (PWFS) using
FitAO as an interface for the AO simulation environment OOMAO. By analyzing the relative
errors introduced by the linearization of observations across various magnitudes, we identi-
fied the most reliable magnitudes for linearization. The results indicate that the linearization
process is the most dependable for magnitudes 4, 5, and 9, suggesting these magnitudes are
optimal for the simulation of the PWFS.

To conclude, the analysis demonstrates that linearization can introduce significant errors,
and understanding these errors is crucial for improving the precision of the simulator. Future
work could focus on the underlying factors contributing to variations in linearization errors,
such as atmospheric conditions, sensor noise, and calibration inaccuracies.
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