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Abstract
This thesis deals with the usage of augmented reality in aviation. In this area, it focuses
on the cockpit checklist used in each flight phase to ensure that all important tasks are
performed. An experimental mobile application is developed to guide the pilot step by
step through the cockpit checklist. Each step requires some action to be performed on a
particular flight instrument located in the aircraft cockpit. The appropriate flight instru-
ment, associated with the active task, is identified and tagged with a suitable visualization.
The experimental application is implemented using the Unity engine and the AR Founda-
tion framework. The implemented application has been tested during flight with positive
feedback from participants.

Abstrakt
Tato diplomová práce se zabývá využitím rozšířené reality v letectví. V této oblasti se za-
měřuje na kontrolní seznamy v kokpitu využívané ve všech fázích letu k zajištění vykonání
všech důležitých úkonů. Pro tento účel je vyvinuta mobilní aplikace, jejímž cílem je provést
pilota krok po kroku kontrolním seznamem. Každý krok vyžaduje provedení určitého úkonu
na konkrétním letovém nástroji nacházejícím se v kokpitu letadla. Příslušný letový nástroj
spojený s aktivním úkolem je identifikován a označen vhodnou vizualizací. Experimentální
aplikace je implementována s využitím herního nástroje Unity a AR Foundation frame-
worku. Implementovaná aplikace byla testována během letu s pozitivní zpětnou vazbou od
účastníků testování.
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Rozšířený abstrakt

Cílem této diplomové práce je prozkoumat možnosti využití rozšířené reality během
provádění kontrolního seznamu úkonů. Kontrolní seznamy úkonů jsou v letectví běžně
známé pod anglickým výrazem checklisty. Checklist je tvořen úkony takovými, aby jejich
provedením bylo zajištěno dodržení standardních provozních postupů uvedených v provozní
příručce dodavatele. Tato práce se zaměřuje na tzv. normal checklisty, které mají být členy
posádky používány ve všech fázích letu za běžného provozu. Provozní příručka dodavatele
však obsahuje i tzv. non-normal checklisty, které mají být členy posádky používány za
nouzových a mimořádných situací.

První polovina práce poskytuje stručný přehled v oblasti rozšířené reality a metod
využívaných pro vykreslení virtuální objektů do prostředí reálného světa. Do přehledu
jsou zařazena vybraná zařízení pro zobrazení rozšířené reality a některé aktuálně dostupné
knihovny a nástroje využívané vývojáři. Krátce jsou představeny již existující koncepty a
aplikace rozšířené reality v oblasti letectví, i když ne všechna se nutně zaměřují na kon-
trolní seznamy úkonů. První polovinu práce uzávírá představení hlavních certifikačních a
standardizačních autorit, jejichž nařízení je nutné v našem prostředí následovat. Je prove-
den stručný popis funkcí konstrolních seznamů implementovaných v leteckých systémech.
Tuto část práce uzavírá představení vybraných aplikací cílených na zařízení s operačním
systémem iOS, využívaných především piloty ve všeobecném letectví.

Druhá polovina práce popisuje aplikaci nabytých znalostí pro návrh a implementaci
demonstační aplikace. Úvod je zaměřen na bližší specifikaci požadavků na aplikaci, které
byly částečně upravovány během konzultací ve firmě Honeywell. Navazuje analýza stáva-
jících řešení a identifikace jejich slabých míst, jejichž vliv by mohl být minimalizován na
základě navrženého konceptu. Je popsána architektura systému, v jejímž rámci je před-
staveno JSON schéma navržené pro účely aplikace, definující datovou strukturu kontrolního
seznamu úkonů. Následuje představení navrženého uživatelského rozhraní, které si klade z
cíl respektovat regulační standardy.

Navazující kapitola popisuje implementaci experimentální aplikace. Pro vývoj byl použit
jazyk C#. Implementační část zabývající se rozšířenou realitou využívá rozhraní AR
Foundation. Způsob mapování reálného světa je spolu s detekcí a sledováním předem
známého vzoru popsán v následující sekci. Implementace ze zabývá vykreslením a spravným
umístěním elementů rozšířené reality, které jsou získány na základě 3D modelu. Aplikace
je složena z komponent, které implementují specifickou část funkcionality. K implementaci
komponent, které netvoří jádro aplikace, byly využity již existující zdrojové soubory a
balíčky. Jejich autoři jsou ve zdrojových souborech řádně uvedeni. V průběhu vývoje
byla aplikace testována za jízdý v automobilu, což mělo za účel přiblížení se podmínkám
vznikajícím za letu.

Vytvořená aplikace byla testována v letounu Tecnam P2002 Sierra. Experimentu se
zúčastnili tři zájemci, z nichž jeden je pilot se zkušeností z produktového vývoje v oblasti
letectví. Každý z účastníků obdržel evaluační dotazník a vyplňoval jej v průběhu exper-
imentu. Experiment byl rozdělen do dvou fázi. V první fázi si každý účastník vyzkoušel
aplikaci ve statickém prostředí na zemi. Všichni provedli kontrolní seznam související se
spuštěním motoru a několik dalších, dle vlastního uvážení. V závislosti na první fázi byl
upraven testovací scénář a byl vytvořen speciální kontrolní seznam pro druhou fázi exper-
imentu. Poté proběhla krátká předletová příprava a přeslo se ke druhé fázi experimentu,
která probíhala v dynamických podmínkách za letu.



V rámci experiment· byla zkoumána celková funcionalita a stabilita aplikace spolu s
vnímáním uºivatelského rozhraní uºivatelem. Uºivatelské rozhraní bylo hodnoceno velmi
kladn¥ a dosáhlo celkového hodnocení 4.76/5. Stabilita aplikace a £itelnosti symbol·
roz²í°ené reality se li²ily v závislosti na fázi experimentu. V první fázi experiment· byla
aplikace stabilní s dobrou £itelností a viditelností jednotlivých element·. V první fázi ex-
periment· byla stabilita ohodnocena 4/5 a ve druhé fázi testování bylo hodnocení sníºeno
na 2.33/5. Problémy se stabilitou byly zp·sobeny výpadky v detekování zna£ek b¥hem
trubulencí. V záv¥ru práce je nazna£en moºný budoucí vývoje aplikace.
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Chapter 1

Introduction

Only 117 years divide generation from the �rst �ight performed by the Wright brothers
in 1903 until the state of the art aircraft that �y above the heads of millions of people
every day. From the desire to keep the aircraft in the air for only a few minutes, people
are now in that time where airlines compete with each other in the length of the longest
�ight. The rapid development over the past years led to an increasing pilot workload to
ensure the safety of air tra�c. To compensate for the potential risk of failure and ensure
completeness and consistency during carrying out the task, the checklist was created. This
thesis focuses on improvements of electronic checklist application of modern �ight deck with
state-of-the-art technologies, resulting in the software application which takes advantage of
augmented reality based assistance. The main improvement lays in a visualization that
provides assistance to the pilot in order to go through the checklist step by step. For the
active step, related �ight instrument on the �ight deck will be identi�ed and tagged, using
the proper visualization.

Statistically, a signi�cant percentage can be attributed to the human factor. The pilot is
responsible for many tasks during all �ight phases, including pre-�ight preparation, in order
to ensure the �ight e�ciency and safety of all participants in the air tra�c. Several factors
such as mental or physical condition can in�uence human performance. In addition, memory
limitations lead to insu�cient knowledge and familiarity with the full set of checklists,
especially less frequent ones.

This topic has been chosen because it combines a personal interest in aviation and in
augmented reality. Generally, technology has improved safety in aviation in many ways,
such as guiding the pilot for landing in low visibility or warnings about changing weather
during the �ight. Augmented reality is already spreading to industries as an e�ective
assistance in performing a de�ned sequence of actions. The use of augmented reality could
have a signi�cantly positive e�ect on ensuring that all checklist actions are performed as
required and in a timely manner.

The thesis itself is divided into 8 chapters. The second chapter introduces augmented
reality �eld covering de�nition, methods and algorithm used in augmented reality. The
chapter is concluded by available hardware devices overview and frameworks overview, re-
quired for development in this �eld. The third chapter provides an insight into the state of
the art trends in augmented reality and is concluded by an brief overview of the checklist
types used in aviation. The fourth chapter provides insight into regulation authorities, re-
quirements, and state of the art electronic checklist solutions. The following, �fth chapter,
describes state of the art analysis and proposed solution. Chapter sixth is focused on imple-
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mentation based on selected technologies. The thesis is concluded by chapters describing
system evaluation and outlook for potential future improvements.
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Chapter 2

Augmented Reality

This chapter covers basic concepts of augmented reality such as a de�nition of augmented
reality itself as well as description of mixed reality continuum. The following part of the
chapter deals with a basic description of methods and algorithms used in the augmented
reality �eld. It does not contain encyclopedic knowledge but only knowledge closely related
to the topic of this thesis. The chapter is concluded by sections dedicated to required hard-
ware equipment and software frameworks and software development kits overview necessary
for engaging in AR applications development.

2.1 Augmented Reality Concept

Augmented reality (AR) and virtual reality (VR) are related terms sometimes mixed to-
gether [22]. Both terms along with reality and augmented virtuality can be placed under
mixed reality. The mutual relationship between the mentioned terms is shown in Figure 2.1.
Mixed reality represents the blend of physical and virtual worlds includes both real and vir-
tually generated object mixed together to generate a realistic environment.

Figure 2.1: Mixed reality continuum 1.

The virtual world de�nition does not contain any restrictions regarding what a user can
do or experience. The concept is based on the user's location in a completely computer-
generated 3D computer model or simulation, which can be achieved using large fully and
semi-immersive projection-based systems such as computer-assisted virtual environments
(CAVEs) in domes or stereoscopic head-mounted displays (HMD). VR gaining more atten-
tion and popularity with the support of the game industry which introduced HMD gaming
devices from which may be mentioned the Oculus Rift or HTC Vive.

The aim of the AR is embed digital information into the physical environment in the
way it becomes a part of it from a user's perception. Specialized publications introduced a

1Taken from [22]
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several de�nitions of AR but the most widely accepted one is ascribed to Ronald T. Azuma
[22]. Based on Azuma's de�nition, a system could be called as AR if it meets following
three characteristics:

� the system combines real and virtual information,

� the system is interactive in real time,

� the system is registered in 3D.

Azuma's de�nition of AR requires real-time control and spatial registration while a
particular type of display technology is not speci�ed.

2.2 Methods and Algorithms Used in AR

Each AR application's core is based on three important components known as calibration,
tracking, and registration [22]. These components take care of measuring and properly
aligning the virtual object into the real world. The following text is devoted to a brief
explanation of these terms, description of camera calibration based on intrinsic and extrinsic
parameters and distortions that arise during manufacturing, and is concluded by general
tracking concepts.

2.2.1 Object measurement and alignment

Dynamic measuring of the AR system for the purpose of obtaining a relative three-dimensional
position or the six-dimensional pose of real objects is known as tracking [22]. The pose rep-
resents a position and orientation of the AR display and needs to be continuously updated
according the to real-time operation.

The goal of calibration is to determine parameters obtained from a reference device
that will be used to calibrate the AR device. Especially important is calibrate AR device
used for tracking. It is possible to replace the reference calibration device with a reference
value or known coordinate system if the purpose of the calibration allows it. Calibration
is performed at discrete times and it is referred to as o�ine adjustment of measurements.
Calibration interval depends on the measurement system. Some devices can be calibrated
only once during or after manufacturing while the others need to be calibrated concurrently
within tracking or before the beginning of the process.

Registration can be understood as an ability to render virtual objects into the real world
with proper alignment of coordinate systems. This process requires tracking of the user's
head if the goal is to obtain a dynamic registration and calibration of a tracking system to
create a common coordinate system between virtual and real objects for obtaining a static
registration.

2.2.2 Camera model and basic projective geometry

A pinhole camera model is used as a standard camera abstraction of a common physical
camera in computer graphics and vision [8]. The pinhole camera model describes a per-
spective projection of a 3D point in object space to a 2D point in image space. As it is
shown in Figure 2.2, only light rays that intersect a particular point in space are released
through a pinhole.

10



Figure 2.2: Pinhole camera model2.

In the idealized case, the distance from the pinhole to the screen is precisely the focal
length and it is expressed by equations (2.1), (2.2). The resulting image is formed using
obtained rays onto image plane. The f is referred as the focal length of the camera, Z is the
distance from the camera to the object, X is the length of the object, and x is the object's
image in the imaging plane.

� x
f

=
X
Z

(2.1)

or:

� x = f
X
Z

(2.2)

The pinhole camera model can be adjusted in accordance with the given equation to
equivalent but mathematically easier form. As it is shown in Figure 2.3, the image plane
and the pinhole are swapped which causes right-side up object appearance. The image plane
performs the function of the projection screen, therefore a point Q = (X,Y,Z) is projected
onto the image plane by the ray passing through the center of projection to the point q =
(z,y,f) on the image.

Figure 2.3: Point projecting through image plane2.

2Taken from [8]
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The point in the pinhole is reinterpreted as the center of projection and the point at the
intersection of the image plane and the optical axis is referred to as the principal point [8].
New frontal image plane contains the image of a distant object with the same size as it was
before rearrangement. The equation (2.3) express the similar relationship of the triangles
that is more evident. The object image is no longer upside down so the negative sign is
gone.

x
f

=
X
Z

(2.3)

The equations (2.4) describes the projection of point Q from the physical world onto
a screen at some pixel. Parameterscx and cy for modeling a possible displacement of the
center of coordinates on the projection screen due to the fact that the center of the chip is
not commonly on the optical axis. The f x and f y indicate focal lengths necessary due to a
typically low-cost rectangular imager instead of the squared one.

x = f x (
X
Z

) + cx ; y = f y(
Y
Z

) + cy (2.4)

Finally, equations (2.5), (2.6) describes calculation of the projection of the point in the
physical world into the camera. Here, q is a point positions in homogeneous coordinates,
Q is a point position in three-dimensional space, and M is a camera intrinsic matrix. The
intrinsic matrix contains a parameters �xed for a speci�c camera.

q = MQ (2.5)

or 2

4
x
y
w

3

5 =

2

4
f x 0 cx

0 f y cy

0 0 1

3

5

2

4
X
Y
Z

3

5 (2.6)

The ideal pinhole camera model is useful for some of the 3D geometry of vision but is
not very suitable in practice.However, the pinhole is able to let only a small amount of light
which leads to very slow imaging. To meet the requirement of a faster rate, much more light
must be gathered over a wider area and bent to converge at the point of projection. This
requirement is accomplished using a lens but this solution brings a negative e�ect known
as distortion.

2.2.3 Lens Distortions

The distortions arise during manufacturing process and both of them can be mathematically
removed with calibration [8]. The two main types of lens distortions are shown in Figure 2.4.
The �rst of them is known as a radial distortion, which is a result of the shape of the lens.
The second one is called tangential distortions arise from the assembly process of the camera.
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Figure 2.4: Left: Radial distortions. Right: tangential distortions 3.

The equations (2.7) describes rescaling point on the imager to resolve the radial distor-
tion. Radial distortion occurs when rays farther from the center of the lens are bent more
than those closer in and it is a source of the� barrel� e�ect. The distortion is zero at the
center of the imager but the closer to the periphery the more it increases.

xcorrected = x(1 + k1r 2 + k2r 4 + k3r 6)
ycorrected = y(1 + k1r 2 + k2r 4 + k3r 6)

(2.7)

Values k1, k2, and k3 represents radial distortions. Distortion terms k1 and k2 are used
for cheap web cameras but cameras such as �sh-eye lenses create high distortions so a third
radial distortions term k3 is used. Values (x, y) represents the original position of the
distorted point on the imager, (xcorrected , ycorrected ) is the new position after correction,
and r is a distance from the optical center of imager.

In general, tangential distortions e�ect arise because the lens are not exactly parallel
to the image plane. The equations (2.8) expressing rescaling a point with the tangential
location on the images.

xcorrected = x + [2p1y + p2(r 2 + 2x2)]
ycorrected = y + [ p1(r 2 + 2y2) + 2 p2x]

(2.8)

Values p1 and p2 represents tangential distortion. The meaning of other values does
not change. Introduced equation used for correction of radial and tangential distortions
required �ve coe�cients k1, k2, k3, p1, and p2 and all of them must be known. Many other
kinds of distortions occurs in imaging system but they typically have lesser e�ects than the
two introduced.

2.2.4 Camera calibration

Camera can be calibrated with use of any appropriately characterized object known as a
calibration object. Some calibration methods rely on three-dimensional objects such as
a box with markers, while the other one uses �at regular pattern such as a chessboard.
According to some sources, it is practical to deal with chessboard patterns as it is easier
than obtain, store and distribute precise three-dimensional calibration objects. The chosen
pattern also ensures no bias toward one side or the other in measurement.

3Taken from [6]
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Mapping a point on a two-dimensional planar surface can be expressed in therm of
matrix multiplication (2.9). To this description, it is a necessary to express the viewed
point Q and the point q on the imager with homogeneous coordinates. The process can
be imaged as a mapping of a chessboard to the imager of our camera and it is a typical
example of planar homography in computer vision.

~q = sMW ~Q (2.9)

Equations (2.10), (2.11) describes de�nition of W. Here, s is represents a scale factor,
W describes extrinsic camera matrix, ~Q 3D world coordinates of a point and ~q represent
the coordinates of the projected 3D point.

W =
�
R t

�
(2.10)

or
2

4
u
v
1

3

5 = s

2

4
f x 0 cx

0 f y cy

0 0 1

3

5

2

4
r11 r12 r13 t1

r21 r22 r23 t2

r31 r32 r33 t3

3

5

2

6
6
4

X
Y
Z
1

3

7
7
5 (2.11)

On the basis of the above, a camera can be calibrated for a camera intrinsics and
extrinsics, which includes translation and rotation, and distortion parameters. The result
of calibration without distortion is de�ned via equation (2.12). Both parameters can be
solved separately because intrinsics together with extrinsic parameters are associated with
three-dimensional geometry of the planar object and distortions are associated with the two-
dimensional geometry. The distortion parameter can only be computed after the intrinsic
camera parameters are known.

�
xp

yp

�
= (1 + k1r 2 + k2r 4 + k3r 6)

�
xd

yd

�
+

�
2p1xdyd + p2(r 2 + 2x2

d)
p1(r 2 + 2y2

d) + 2 p2xdyd

�
(2.12)

Here, (xp, yp) represents point position in perfect pinhole camera and (xd, yd) represents
a distorted position of the point.

2.2.5 Tracking

Spatial sensor arrangement is one of the tracking technology [22]. The technology is divided
into two types known as outside-in and inside-out and both types are shown in Figure 2.5.
The distinction between them is based on the position of used sources and sensors.

Figure 2.5: Left: Outside-in tracking. Right: Inside-out tracking 4.
.
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The outside-in tracking refers to system where sensors are mounted stationary in the
environment. On the opposite side, the inside-out system connects sensors with mobile or
head-mounted device. Along with stationary tracking system and mobile sensors, the most
promising one is optical tracking which comes from the fact that even inexpensive cameras
provide rich measurement.

Optical tracking
Computer vision algorithms able to scale the results without improving the camera system
relies on computing power [22]. To choose appropriate tracking techniques, varying circum-
stances need to be considered such as whether a digital reference model is created or if an
appropriate place for arti�cial �ducials available.

If a digital reference model exists prior to starting the tracking process and is used for
tracking, such a concept is known as a model-base tracking. On the other side is a model-
free tracking. While it may seem that a model is not necessary for model-free tracking, the
name is slightly misleading because these systems work with temporary models obtained
on the �y in the course of the tracking.

Other terms associated with computer-based tracking are known as marker-based track-
ing and markerless tracking. The chosen technique determines the method of classifying
the tracking target. In ideal cases, the real-world environment would not be instrumented
in any way but with respect to the computational complexity, simpler and possibly more
robust tracking algorithms requires arti�cial features for tracking, called a marker or �du-
cial. If no markers are used, the tracking target is based on natural features in the natural
environment. This technique is known as markerless tracking.

Markers
Markers are de�ned as known patterns or trackable shapes attached to the target object
[22]. The most popular markers design is shown in Figure 2.6. The design based on circular
or square shapes of easily detectable black and white designs with di�erent patterns or
barcodes due to a good contrast.

Figure 2.6: Square/circle markers are the most popular ones5.

4Taken from [22]
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Marker tracking solution exists for more than 15 years whereby the market o�ers even
solid open source solutions. Especially tracking a square black-and-white �ducial markers
is popular because is computationally inexpensive together with useful results even when
working with a poor camera. Squares yield four corner points whereby theoretically min-
imum of three points are required to recover a full 6DOF (Degree of Freedom) pose and
the fourth point is present only for practical implementations purposes to obtain a unique
solution. it is crucial to properly identify all corners. In this context, the rotation-invariant
pattern is added inside the marker shape to distinguish multiple markers and establish their
orientation.

Natural features
Some environments or circumstances may not be ideal for placing markers [22]. In these
cases, the tracking is based on naturally occurring features, typically requiring better image
quality and more computational resources. The features are represented by interest points
that should be easily found on a target object. To make the tracking stable, the irregular
surface texture is practically required. Because this condition may not always be met,
some tracking algorithms are based on edge features. Figure 2.7 shows naturally occurred
features such as edges or interest points.

Natural features tracking pipeline consists of �ve stages known as the interest point
detection, descriptor creation, descriptor matching, perspective-n-point camera pose deter-
mination, and robust pose estimation. The interest point detection is based on algorithms
known as the Harris corner detector, the di�erence of Gaussian, and the FAST (features
from accelerated segment test) detector. The most popular descriptor is knows as SIFT
(Scale Invariant Feature Transform). Along SIFT, from other popular descriptors could
be named SURF (Speeded Up Robust Features), and BRIEF (Binary Robust Independent
Elementary Features).

Figure 2.7: Left: Tracking along strong edges. Right: SIFT interest points.5

Both marker-based and natural features tracking can be used in connection with model-
based tracking. The only di�erences are in the order of existence digital models such as
printed marker and physical object designed for distinction and recognition purposes. In
the case of a combination of a marker with model-based tracking, the digital model is
created before the tracking phase and physical object is manufactured to match it. With
the natural features approach, the order is reversed and the tracking process uses a scanner
to obtain a digital model which is supposed to match already existed physical object.

5Taken from [22]
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2.3 Augmented Reality Devices

AR devices can be categorized according to several factors such as the augmentation method
into the optical see-through, the video see-through, and the spatial projection [22]. As it is
shown in Figure 2.8, the selected categorization factor is based on distance from the eye to
the display, .

Figure 2.8: AR displays categorization6.

The selected categorization creates four groups of display types designated as the head-
mounted displays, the handheld displays, the stationary displays, and the projected dis-
plays.

2.3.1 Head-mounted Displays

Head-mounted displays (HMD), also known as head-worn augmented reality displays, can
be divided into two main categories based on user views of the real world [22]. The main
di�erence between these categories are shown in Figure 2.9.

Optical See-Through displays mediate AR experience by looking directly through monoc-
ular or binocular optical element to the real world. The optical elements contains holo-
graphic wave guider or other system elements that enables displaying graphical elements
and overlay the real world by them.

Video See-Through displays concept presents AR experience by capturing real-world
view on one or two video cameras mounted on the front of the display and combining the
record with computer-generated imagery.

Figure 2.9: Di�erence between Optical See-Through and Video See-Through displays7.

6Taken from [22]
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HMD display design depends on device purpose and can be divided into two categories:

� Helmet-mounted displays,

� Smart glasses.

Helmet-mounted devices, commonly known as HMD, are designed for pilots, or �re-
�ghters whose work task already requires wearing a helmet.

Smart glasses are commonly designed as an ordinary glasses [20]. Some devices could
use a clip-on design but this style is denoted by the so-called see-around e�ect. The display
is out of the main �eld of view and the spatial arrangement is inappropriate for see-through
and is much more suited for displaying text information. The approach requires careful
design with respect to ergonomics, frame weight, adjusting to di�erent head sizes, and en-
suring su�cient amounts of air�ow near the head.

F-35 Gen III
F-35 Gen III Helmet Mounted Display System (HMDS) is shown in Figure 2.10. It is
a typical representative of HMD's in aviation [20]. The HMDS is provided by Rockwell
Collins ESA Vision Systems, LLC, a joint venture between Elbit Systems Ltd. of Israel,
through its U.S. subsidiary Elbit Systems of America, of Fort Worth, Texas, and Rockwell
Collins.

Figure 2.10: F 35 Gen III HMDS8.

The F-35 binocular 30-by-40-degree wide-�eld-of-view with 100 % overlap HMDS pro-
vides a real-time projected enhanced situational awareness for critical �ight and mission
information overlaid onto the view of the outside world. Other key bene�ts includes built-
in nigh vision capability together, weapon targeting, and target veri�cation.

Microsoft Hololens 2
Hololens 2 are shown in Figure 2.11. The headset o�ers HMD for AR experience through
see-through holographic lenses with 2K resolution and display optimization for 3D eye
position, developed by Microsoft [13]. The headset is equipped by several sensors including
4 visible light cameras, 2 IR cameras, 1-MP time-of-�ight (ToF) depth sensor etc. that
supports the head and eye tracking, dept, and inertial measurement unit (IMU). According
to the manufacturer, the device can last for 2-3 hours of active use. Hololens 2 provides
currently the best FOV on the market, 43� horizontally and 29� vertically.

7Taken from [6]
8https://www.redimec.com.ar/contenido/productos/pdf/1426684093 1 :pdf
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Figure 2.11: Microsoft Hololens 29.

Microsoft Hololens allows interaction with the virtual world in the form:

� selecting holograms leading the cursor by a head movement,

� selecting holograms, items, and apps opening using body gestures,

� apps navigation and controlling using users voice.

The device is not a mainstream product yet, it is targeted to professionals such as en-
gineers, industrial designers, mechanics, and other professions.

Magic Leap One
Magic Leap One are shown in Figure 2.12. The hardware consists of two parts, the headset
and a processing unit with processing circuitry for analyzing reality and 3D object rendering,
called the Lightpack [13]. The headset feels bulkier than the Hololens 2. Furthermore, the
appearance is another disadvantage.

Figure 2.12: Magic Leap One10.

Magic Leap One also falls behind Hololens 2 in the FOV area with 40x30 degree �eld
of view. According to some sources, the device is intended for application developer.

Focals by North
As it is shown in Figure 2.13, the Focals by North looks like ordinary glasses from the front
[13]. The battery, the projectors, and the rest of the electronics are attached on the sides
making them thicker. The device is designed to display all kind of noti�cations from the
user's phone through a laser projector placed on the inside of the right temple.

9https://www.microsoft.com/en-us/hololens/hardware
10 https://www.aniwaa.com/product/vr-ar/magic-leap-one/
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Figure 2.13: Focals by North11.

The FOV is 15 degrees diagonally which is su�cient for their purpose. The Focals by
North can be synchronized with Android or iOS and can show information and noti�cations
from a variety of applications like WhatsApp, Facebook Messanger, Google Maps, Calen-
dar, Spotify, etc. The smart glasses can be controlled by voice through integrated Alexa
but real control comes from a �nger ring with a tiny four-direction joystick. It is designed
for regular users.

Google Glass Enterprise Edition 2
Google Glass Enterprise Edition are shown in Figure 2.14. The concept is known as the
representative of the clip-on design concentrated on user's work�ow experiences support
[13]. The hands-free concept is valuable during maintenance because it allows users to
focus on the job in front of them while they have simultaneously access to a manual.

Figure 2.14: Google Glass Enterprise Edition 212.

The device's equipment include 820mAh battery with fast charge, Multi-touch gesture
touchpad, and power-saving features containing on head detection sensor and Eye-on screen
sensor. The device is similar to Epson Moverio so it does not require large FOV. In dif-
ference with Moverio device, Google Glass puts only tiny square of 2D visuals on the right
side peripheral �eld of users right eye. Google Glass Enterprise Edition is for business use
only.

Vuzix Blade
Vuzix Blade are shown in Figure 2.15 and falls into the same category as Google Glass and
Moverio and its purpose is to overlay information [13]. Unlike the others, the smart glasses

11 https://www.bynorth.com/focals
12 https://www.google.com/glass/tech-specs/
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have a lens that is a screen. The device provides a 19 degrees diagonal FOV with a 480 x
480 resolution, which is quite enough based on a limited projection of 2D information like
a mini-HUD.

Figure 2.15: Vuzix Blade13.

It connects to Android or iOS to obtain information to be displayed. The Vuzix can be
controlled with head motions or touch and can also record videos and take photos through
its 8MP camera.

2.3.2 Handheld displays

Handheld displays are represented by mobile AR devices such as smartphones or tablet
computers, as it is shown in Figure 2.16. The devices use the onboard cameras to mediate
AR experience to the user.

Figure 2.16: AR application used on tablet14.

Based on the form of mediation, the systems can be classi�ed as video-see through
devices. The biggest advantage of a handheld AR device is battery life as well as availability.

2.3.3 Stationary displays

Stationary displays include desktop displays, mirror displays, display showcases, and win-
dow/portal displays [22]. The desktop display is shown in Figure 2.17. The concept of
a virtual mirror is based on a front-facing camera. The picture of the user taken by the
camera is re�ected overt the vertical axis which creates an impression of looking into a mir-
ror. The stationary con�guration of the mirror display is called the virtual showcase. An
observer is separated from the observed object by a semi-transparent mirror that combines
a re�ection of the observer with a computer-generated image and projects it on a mounted
screen.

13 https://www.vuzix.com
14 Taken from [22]
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Figure 2.17: HoloFlector by Microsoft Research15.

Window and portal displays represent another similar set of component dependencies
based on user tracking and positionally constant displaying.

2.3.4 Projected displays

Concept of projected display is shown in Figure 2.18. Projected displays are based on the
spatial augmented reality concept [22]. View-independent spatial AR re�ects projection
directly from the surface of real objects that are changing their appearance.

Figure 2.18: View-dependent spatial AR15.

View-dependent spatial AR requires the support of user tracking and active shutter
glasses to be able to appear 3D virtual objects in space independent of the surface.

2.4 Frameworks and SDKs Overview

Several factor needs to be considered before choosing a suitable framework or SDK [21]. The
list of factors may include a features that can be useful during development, support in the
chosen development tool, platform support, license conditions or target device. Appropriate
framework selection depends on consideration if the AR experience will be built using the
native application or web application. The Web-based AR can provide an AR experience
across all platforms, devices, and mobile OS without the need for additional installation in
a native web browser environment.

15 Taken from [22]
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However, this approach encounters some challenges from which they can be named:

� Powerful computing capability is required for tracking and registration of AR system.
The web-based solution provides limited computing capability.

� More appropriate use of cloud servers is providing more powerful computing causes
network delay which is against requirement of real-time performance.

� Compatibility challenges due to the diversity of display platforms, operating systems,
and data formats.

In view of the above and desired aim, the analysis will be focused on currently best-
known frameworks and SDKs for AR native application environment.

ARKit
ARKit is a free framework for an augmented reality application development, released
by Apple Inc. in 2017 [28]. The framework is designed to be used on iPhone and iPad
hardware and requires A9 chip or later, utilizes VIO (Visual Inertial Odometry) and a
minimum version of the operating system iOS 11. The VIO enables combination of Core
Motion data with data obtained from camera sensor. This technology is able to track
surrounding environment with signi�cant accuracy. Application using this technology can
detect a horizontal planes such as �oors and tables as well as vertical planes such as walls.

The latest released version was introduced as ARKit 3. Compared to version 2, this
version brings several new features from which could be named:

� front camera can be used simultaneously with back camera,

� iPhone X and higher use TrueDepth camera that allows to tracks up to three faces
at one time,

� collaborative sessions between multiple users allow to build a collaborative world map,

� up to 100 images can be detected at one time.

ARCore
ARCore is a free framework introduced by Google for building augmented reality experi-
ences. The framework is designed for Android phones running on Android 7.0 (Nougat)
and later [17]. The platform uses di�erent APIs, from which some of them are available
across Android and iOS, though it essentially wraps ARKit on iOS. Integration of virtual
content with the content of the real world is achieved using three key capabilities:

� motion tracking for allowing to understand and track phones position relative to the
real world,

� light estimation for the current lighting condition,

� environmental understanding of the surface size and location detection. The detection
works for all surface types in vertical, horizontal, and angled position.

The ARCore is based on identical concept as ARKit. Mobile device tracks position of
some feature point and builds its internal understanding of the real world.
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AR Foundation
AR Foundation is a free cross-platform AR framework that allows the development and de-
ployment of Unity AR applications across smartphones and wearable AR devices [26]. Ac-
cording to the AR Foundation manual, the framework is based on several platform-agnostic
interfaces for surfacing di�erent types of information called subsystems. As it is shown in
Figure 2.19, the functionality of each subsystem is implemented in other platform-speci�c
AR packages. The packages are known as ARKit XR Plugin and ARCore XR Plugin and
therefore, it is necessary to install at least one of them.

Figure 2.19: AR Foundation API architecture 16.

The framework is intended for cross-platform systems. Supported platforms are ARKit,
ARCore, Magic Leap and HoloLens. Comparing ARKit and ARCore, not all features are
available in both platforms. Currently, the framework large amount of cross-platform fea-
tures, such as pass-through video, device tracking, raycast, plane tracking, face tracking,
reference points, 2D image tracking, and point cloud detection. Table 2.1 provides a sum-
marization of features that are platform-speci�c.

ARKit ARCore
3D object tracking Yes No
2D/3D body tracking Yes No
Human segmentation and occlusion Yes No
Collaborative participants Yes No

Table 2.1: Platform-speci�c features provided by AR Foundation 17.

To �nd correspondences between the real world the phone inhabits and the virtual 3D
space, AR Foundation provides functionality to track images, planes, feature points, 3D
objects, and human faces.

16 https://www.viget.com/articles/cross-platform-ar-with-unity/
17 https://unity.com/unity/features/arfoundation
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Vuforia
Vuforia Engine is one of the best-known software platforms for AR development for smart-
phones, tablets, and smart glasses [29]. The platform supports AR application development
for Andriod, iOS, and UWP (Universal Windows Platform) devices. The engine was inte-
grated into Unity that supports a simple setup procedure for cross-platform development.

The core of the engine provides advanced computer vision functionality for object recog-
nition and environment reconstruction. Objects recognition and tracking capabilities can
be used on a several types of images and object among which may be appointed:

� model Targets for recognition based on pre-existing 3D models,

� image Targets for attaching content onto �at images,

� object Targets which are obtained by scanning an object with consistent shape and
rich surface details,

� VuMarks which is a recognition feature allowing encode a range of data formats into
customizable markers. VuMarks supports tracking and unique identi�cation for AR
applications,

� ground Plane for placing content on horizontal surfaces in the environment.

Table 2.2 provides a comparison of the frameworks and SDK described above in terms
of the price, platform support and provided extensions and features.

ARKit ARCore Vuforia
Type Framework Framework SDK
Price Free Free Free, Commercial
Platform support iOS Android, iOS Android, iOS, UWP
Geo-location No No No
Smart glasses support Yes Yes Yes
Unity3D Yes Yes Yes
SLAM No No No
Cloud recognition No No Yes
Tracking Markerless No Marker-based
Image tracking Yes Yes Yes
Planes tracking Yes Yes Yes
Lighting Yes No No
3D object tracking Yes No Yes
Facial Yes No No

Table 2.2: Comparison of ARKit, ARCore, and Vuforia AR SDK features 18.

Vuforia provides a free license key for development but deployment is conditional by
purchasing one of the license plans.

18 https://invisible.toys/best-augmented-reality-sdk/
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2.5 Rendering Engines Overview

The leading game engines are known as Unity 3D and Unreal Engine [30]. Both engines
o�ers the same sort of capability and functionality, such as cross-platform development of
2D and 3D video games or simulations, and possible AR development.

Unity 3D
The engine is provided by the Unity company [9]. The Unity 3D supports a scripting in
C#, Boo, or JavaScript. Unity does produce high-quality visuals but unlike Unreal, it
is more di�cult to achieve this [30]. Unity was originally designed for low-end devices
such as gaming consoles or smartphones. A powerful computing setup is not necessary
even for complex projects. It is Unity is easier to learn and therefore may be a good choice
for a single developer or a smaller team. Its asset store provides signi�cantly more solutions.

Unreal Engine
This game engine is developed by Epic Games company [18]. The engine is written in
C++ and supports developing using C++ or visual scripting language known as Blueprint.
Unreal provides high-�delity visuals and it is, therefore, appropriate to use it for projects
requiring highly photorealistic assets [30]. Unreal provides a high processing power, which
may not be suitable for lower-powered devices such as mobile phones. The engine is much
more appropriate for massive teams of specialists that are dedicated to di�erent parts of
the process. Unreal is more appropriate for massive teams of specialists that are dedicated
to di�erent parts of the process.

Table 2.3 provides a summary of described speci�cations of Unity 3D and Unreal Engine.

Unity 3D Unreal Engine
Level of visuals High-quality As photorealistic as possible
Target devices Game consoles, smartphones Powerfull PC
Team size Single developer, small team Large team
Programming language C#, Boo, JavaScript C++, Blueprint

Table 2.3: Comparison of Unity 3D and Unreal Engine19.

Unity 3D as well as Unreal Engine are free to use but both of them provide additional
subscription plans.

19 Taken from [30]
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Chapter 3

Augmented Reality and Aviation

This chapter could be divided into two sections. The �rst section is focused on the aug-
mented reality and highlights some of the ways in which AR applications are already used
and future concepts. The latter section deals with basic introduction to the cockpit check-
list as the goal of the thesis is to display it by an augmented reality application. This
section covers basic knowledge about the cockpit checklist and deals with checklist concept
and checklist types from the view of situation in which they are used.

3.1 Augmented Reality Solutions in Maintenance

This section will brie�y introduce the usability of augmented reality in maintenance and
training outside aviation [22]. This topic was brie�y studied as a source of inspiration.
Many professions spend an amount of time studying manuals and documentation in order
to learn how to assemble, disassemble, or repair things. AR technology deployed on an
appropriate headset is able to present instructions directly in the users �eld of view. This
technology was initially created for maintenance workers.

Bentley Systems
Bentley System is a software development company providing software solutions to a wide
range of professions such as architects, engineers, operators, and maintenance engineers [5].
As it is shown in Figure 3.1, the company presented a concept of using Microsoft HoloLens
for a typical maintenance task in a plant environment. Using HoloLens leave the user's
hands free for doing work. The solution contains the implementation of voice commands.

Figure 3.1: Left: A list of tasks is rendered directly in the user's view and can be moved
to a di�erent position. Right: Rendered AR elements have speci�c meaning2.
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The presented solution does not use markers to detect the valve position but the 3D
model of the pipe setup, or a 3D mesh. The 3D model have to be aligned with the phys-
ical pipe setup. This process can be done only once as HoloLens is able to remember the
mapped environment.

Hyundai
The di�erent approach was proposed by Hyundai in 2015 [10]. The company presented an
augmented reality owner's manual application called the Hyundai Virtual Guide. As it is
shown in Figure 3.2, user can position the device camera over the part they want to learn
about.

Figure 3.2: Hyundai Virtual Guide represents car owner's manual application3.

The application was intended for smartphones or tablets with Android or iOS OS.
According to the company, they are using 2D and 3D tracking technology. The application
was able to recognize several major features of Sonata model and contains several videos
as well as 3D overlay images. However, the application is currently not available in App
Store.

3.2 Augmented Reality Solutions in Aviation

Applications for augmenting display technologies are widespread across di�erent industries
from which can be named gaming and entertainment, architecture and construction, science
and engineering, health and medicine, education, aviation, telerobotics, and defense which
is attributed to a solid impact of the augmented reality systems on human performance and
cost-e�ciency. Although the boom of AR technologies is evident mainly in recent years,
published exploration can be traced back as far as the 1990s.

Airbus
Airbus has focuses on expanding assembling components area. For its purposes, Airbus
developers also worked on application of simplifying the process of cabin seats assembling
for Vuzix AR Smart Glasses [4]. Another project is related to the Airbus military division
that developed a MOON (asseMbly Oriented authOring augmeNted reality) project in 2010
[23]. Both projects are shown in Figure 3.3.

2https://youtu.be/QTuKcm8s4QQ
3https://youtu.be/MDtxOmtVZGs
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Figure 3.3: Left: MOON project4. Right: Cabin seats assembling5.

MOON uses 3D information obtained from industrial Digital Mock-Up (iDMU) to as-
sembly instructions generation with the support of AR technology. The technology was
demonstrated on the electrical harness routing in the frame 36 of the Airbus A400M.

Atheer AR platform
Atheer is a California-based enterprise AR company founded in 2012 [15]. The company
creates augmented reality training and safety solution for manufacturing, aviation and other
sectors. The company has created Atheer AiRTM Enterprise platform, shown in Figure 3.4.

Figure 3.4: Atheer's AiR Enterprise is used to inspect a helicopter6.

The platform is aimed at improving security, task�ow reporting and expanding the
range of devices customers can use. The platform provides several features such as instant
access to remote expert through videoconferencing, step by step guidance while performing
task, full encryption, task�ow related features such as history, synchronization, reporting
and auditing.

Aero Glass
Aero Glass, Inc. is oriented on the development that is supposed to display data such as
altimeter readings, fuel pressure, heading, and oil temperature, and more [7]. These data are
obtained from ADS-B and other instruments through the augmenting head-mounted display
such as the Epson Moverio and Osterhut Design Group (ODG) R-7. In October 2016,
Airbus Bizlab provided support for the company to transform its technology to become a
business proposition.

5https://www.accenture.com/gb-en/success-airbus-wearable-technology
6https://youtu.be/CDLEgsxAKnM
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As it is shown in Figure 3.5, raw data would be normally presented as 2D information
on a multifunction display or presented statically on the printed chart.

Figure 3.5: Aero Glass presented concept of AR in cockpit7.

The purpose of the software is to take the data as static and time-varying 3D phenom-
ena and display them in a manner that depicts the actual spatial characteristics of the
data. If possible, with respect to their precise position. The company was also successful in
the European Union's Horizon 2020 research and innovation program when its head-worn
display concept received funding.

Air New Zealand
Companies Air New Zealand and IT service-provider Dimension Data work together on
beta-testing possibility of use Microsoft Hololens for cabin crew [7]. Figure 3.6 shows
proposed concept of AR helper intended for a cabin crew. The concept is based on face
recognition.

Figure 3.6: Air New Zealand AR helper for cabin crew8.

The company's idea is based on a vision that �ight attendants can take advantage of
wearing a Hololens headset to display information about passengers such as �ight details,
time since last served and their emotional state.

7https://glass.aero
8https://www.aviationtoday.com/2017/08/ 24/9-companies-using-augmented-virtual-reality-aviation/
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3.3 Cockpit Checklist

The primary objective is to ensure safety in air tra�c. However, human errors may lead
to incidents and accidents [24]. Generally, omission of required action or performance of
inappropriate action are included in common factors that cause accidents. The data shows
that these factors cause:

� 45 % of fatal approach and landing accidents,

� 70 % of all approach and landing accidents.

Based on statistics, the occurrence of accidents and occurrence of fatal accidents is
di�erent relative to the �ight phase. As it is shown in Figure 3.7, the most devastating
accidents occur during the �nal approach and landing phases. From the view of the fre-
quency of fatal accidents, the sensitive phase of the �ight is a climb. During this phase, the
aircraft is taking place o� the ground. If some fault occurred when the aircraft was at the
gate and the fault was not detected, it may become apparent during climbing. Depending
on the fault severity, the crew may perform an In-Flight Turn Back (IFTB) maneuver. The
aircraft altitude could be to low, which makes the maneuver di�cult.

Figure 3.7: Di�erences between �ight phases and the occurrence of accidents9.

The incidents and accidents can be prevented by strict adherence to standard operating
procedures (SOPs) which includes checklist. The �ight deck checklist constitute tools that
support crew airmanship and ensures proper airplane con�guration for any given �ight
phase with special focus on critical phase. Almost every phase of the �ight is assigned to
a sub-divided part of the complete checklist containing phase-speci�c tasks. The complete
checklist represents the basis of procedural standardization in the cockpit. As suggested
in the chapter description, checklists are categorized depending on the situation of use and
depending on the method of execution.

3.3.1 Checklist concepts

Two types of documents used in referencing of checklist term are known as follows [24]:

� Challenge and response checklist,

� Read and do list.
9https://www.1001crash.com/index-page-statistique-lg-2-numpage-3.html?fbclid=IwAR3Rh-

5PfEp1G4fKGq j iotJg 7P W eeq40P SUwvY Ea38CrxfdGo 3vDP fRRzk
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In reference to the situation of use, the checklist procedures are recognized as follows:

� Normal procedures,

� Non-normal procedures including abnormal and emergency procedures.

Both normal and non-normal checklists are generally bundled in an easy-to-use Quick
Reference Handbook (QRH).

Normal checklist
The normal checklist depicts a set of tasks ensuring that the �ight crew will properly
con�gure the safety critical aspects of the systems and aircraft con�guration in each and
every �ight and maintain the required level of quality throughout the �ight [12]. The
checklist is based on the challenge and response concept, the tasks are performed from
memory and follow a cockpit �ow pattern. After completion, the pilot passes the entire
checklist and verify that all required steps were performed. Key elements for ensuring safety
are based on timely and e�ective completion. The methods of conducting the checklist varies
from airlines to airlines, nevertheless most checklist formats follow the same strategy:

� action that have to be done is read or heard,

� correct setting or executing is veri�ed,

� it is responded to the outcome of performed action.

If the cockpit is equipped by electronic checklists, the system may automatically detect
if the action was performed, which leads to erasing the action from the list or changing the
color of the action.

Non-normal checklist
Abnormal and emergency checklists are usually handled by the read-and-do concept as the
challenge and response concept is not suitable [24]. These items are related to actions
that must be accomplished immediately when a critical situation occurs. The situations
are carried out from the memory and includes engine failure, loss of pressurization, or �re.
Once the situation is stabilized, action taken is con�rmed by reference to EAC (Emergency
or Abnormal Checklist).

3.3.2 Checklist devices

Checklist variants have developed all over the years and technological advances had also
an impact on it. In the following text, each checklist type will be brie�y discussed from
perspective of its advantages and disadvantages.

Paper checklist
Paper checklist is commonly used device [12]. Particular set of tasks can be printed on
paper card and held by pilot or glued to the instrument panel. The checklist can be written
on a placard and attached to the yoke, as it is shown in Figure 3.8. Hand held checklist
brings several disadvantages. Missing pointer that distinguishes between accomplished and
non-accomplished tasks may be included among them.
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Figure 3.8: Checklist attached to yoke in Boeing 73710.

The other ones are the lack of a memory system to store unaccomplished tasks, and
occupying one hand when completing a set of tasks, which lowers pilots mobility. Some
of the disadvantages can be eliminated by attaching checklist to the yoke. Construction
design includes yellow pointer while both hands are free and the checklist is in a suitable
visual position.

Scroll checklist
As it is shown in Figure 3.9, construction of the scroll checklist is based on two reels and a
strip of paper inserted between them [12]. This construction is embedded after the window
with a lubber line. The process of passage consists of steps when pilot reads the current
task, completes it and rotates the reels to position of the next task on the lubber line. This
system is commonly used in the United States Air Force (USAF) transport aircraft.

Figure 3.9: C-46 Commando aircraft scroll checklist11.

10 http://�ightassurance.net/blog/wp-content/uploads/2015/09/EFB-Meets-The-Electronic-
Checklist.pdf

11 http://www.usmilitariaforum.com/forums/index.php?/topic/303074-c-46-commando-aircraft-scroll-
checklist/
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Implicitly included pointer is the main advantage of the scroll checklist. As mentioned
in the case of paper checklist, the lack of memory persists. An added disadvantage is a
relatively small size and orientation of the scroll checklist that makes it harder to read it
for the pilot as the construction is mounted on copilot's side.

Vocal checklist
Vocal checklist is constructed as an audible generated checklist calls unit which can be pre-
programmed by manufacturer or the user [12]. The device is equipped with rotary switch
and proceed and acknowledged by push button mounted on the yoke. Rotary switch is used
for selecting di�erent task from normal and abnormal checklist. The acknowledge button
is used for con�rmation of task accomplishment. The proceed button can be used in two
di�erent use cases. First use case describes situation when the proceed button is pressed
right after pressing the acknowledge button. In this case, it triggered the generation of next
task. The second one describes situation when the acknowledge button was not pressed and
pilot wants to heard the current task once again. Vocal checklist also allows to skip the task
and safely move it to the bottom of the list to recall it later. The main disadvantage lies in
the ability to mask audio checklist and blend it into cockpit communications, and vice versa.

Mechanical and electromechanical checklist
Concepts of a mechanical and electromechanical checklist are similar [12]. Construction of
mechanical checklist is based on several plastic slides, as it is illustrated in Figure 3.10.
They are moved to cover the accomplished tasks nomenclature so this way, the system
highlights the non-accomplished tasks. An electromechanical checklist is constructed by
small panel consisted of an internally highlighted list of tasks and toggle switch mounted
alongside of the tasks.

Figure 3.10: Mechanical checklist12.

The switch is turned o� when the task is completed. This principle provides quick visual
feedback of accomplished and non-accomplished tasks. Only one major U.S. carrier uses
this device for only BEFORE TAKEOFF and LANDING checklists purposes. The rest of
tasks are performed from a printed paper card.

12 http://hdl.handle.net/2060/19910017830
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