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Abstract
Provision of live streaming of video from fisheye camera is a popular business in
the IT sector. Video dewarping is one of its special fields that expands rapidly. As
the requirement of video quality becomes higher and higher, there is an increasing
need for efficient solutions that can be utilized to process videos in attempts to gain
desirable results. The problem is to determine the right combination of transmission bitrate and resolution for live streaming of the dewarped videos.
The purpose of this thesis is to develop a prototype solution for dewarping video
from fisheye camera and re-stream it to a client. This prototype is used for testing
combinations of bitrate and resolution of the video in different scenarios.
A system is devised to live stream a video from a fisheye camera, dewarp the video
in a server and display the video in media players. The results reveal that the combination of bitrate 3.5 - 4.5 Mbps and resolution 720p is best suited for transmission to avoid noticeable lagging in playback. Comments of observers prove the
promising use of the dewarped videos as Virtual Reality(VR) technology.
Keyword:
fisheye camera, live stream, calibration, undistortion, bitrate, resolution, Quality of
Experience(QoE)

Sammanfattning
Direktsänd videoströmning från en kamera med fiskögaobjektiv är ett populärt och
snabbväxande, speciellt inom vissa områden som videoförvrängning korrigering.
Eftersom kravet på hög högkvalitativ video blir högre och högre, ökas också
behovet av en effektiv videobearbetnings lösning för att få önskvärda resultat.
Problemet är att bestämma rätt kombination av överföringsbithastighet och
upplösning för direktströmning av bearbetade videon.
Syftet med detta examensarbete är att utveckla en prototyplösning som korrigerar
videoförvrängning från en kamera med fisköga-objektiv samt vidaresända den
korrigerade videon till en klient. Denna prototyp används för att testa olika
kombinationer av bithastighet och upplösning i olika scenarier.
Ett prototypsystem utvecklades för att direktsända video från en kamera med
fisköga-objektiv, korrigera videoförvrängningen i en server och spela upp de
korrigerade video i en mediaspelare. Resultatet visar att kombinationen av
bithastigheten mellan 3.5 - 4.5 Mbps och upplösningen 720p är den mest lämpliga
för att undvika märkbara fördröjningar hos klienten. Den potentiella framtida
användningen av den bearbetade videon inom Virtuell verklighet (VV) är lovande
baserat på observatörernas kommentarer.
Nyckelord
fisköga-objektiv
kamera,
direktsändning,
kalibrering,
korrigering
av
fisköga-förvrängningen (dewarping), överföringskapacitet, upplösning, Quality of
Experience (QoE)
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1 | INTRODUCTION

1 Introduction
This chapter presents the research problem, goals and delimitations with respect to
the related literature.
1.1 Problem
Fisheye lenses have obvious advantages over ordinary lenses for their large view
scopes that can be used in various situations where a panoramic view is desired,
including warehouse monitors and live broadcasting at sport events. By live
streaming from two or more fisheye cameras simultaneously to a Real Time
Messaging Protocol(RTMP) or Real Time Streaming Protocol(RTSP) server, which
dewarps the distorted pictures, even a 360-degree live broadcasting view can be
achieved.
If the transmission speed of the live streaming video from the cameras to the server
had been inappropriately configured, or if the received video had been unsuitably
dewarped by inefficient algorithms or methods, problems could occur.
Previous work at Stellaton AB has only developed a prototype of image undistortion
program but not the whole system; the program has not solved the difficulties of
determining the proper speed and protocol for the transmission of video between
the camera and the server.
The aim of this thesis project, therefore, is to develop a complete prototype solution
for streaming live video from a 180-degree fisheye lens camera to a cloud server
with functions of undistortion and upstreaming the perspective videos to other client web applications, such a media player in web browsers, VR games, sport live
broadcasting and monitoring.
The system should also have a user interface to register, log in and generate a Quick
Response Code(QR-Code) for a camera to scan and obtain necessary information
such as Service Set Identifier(SSID), Wi-Fi password, live streaming server
Uniform Resource Locator(URL), resolution and bitrate.
1.2 Goals
The aim of the thesis project is to develop a complete solution mentioned above,
test the solution and evaluate the output of the system by means of a web-based
survey to 20 recruited users. The thesis work emphasizes the video quality and user
experience of the final product.
The evaluation of the system is to be carried out under various conditions such as
in-house built environment, road traffic, and terrains. The evaluation should take
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parameters, such as bitrates and resolutions of both input and output video
streams, into consideration.
1.3 Delimitations
Due to the limited time and hardware resources, this thesis work covers only issues
affecting the dewarping of video from a single camera. Since just one set Yi 4K
action camera with 180-degree fisheye lens is available for this project, it becomes
difficult to stitch the dewarped video frames to a perfect panorama video. Instead,
our project focuses on stitching the dewarped video frames from the available
camera lens.
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2 Theory and background
In this chapter, the classic theories behind fisheye image processing are presented
in order to facilitate the understanding of the goals and analysis of this thesis work.
In Chapter 2.1, the previous work about dewarping is described; in Chapter 2.2,
related theories and works are introduced; and in Chapter 2.3, concrete algorithms,
tools and implementations based on these theories are briefly summarized.
2.1 Current solution at Stellaton
At Stellaton, there is a rough business idea of such a live streaming solution. A
prototype of a dewarping application has previously been developed, with the help
of tools including Open Graphics Library(OpenGL) and OpenGL Shading
Language(GLSL)(Fig. 2.1). The application receives a video stream from fisheye
camera as input, uses GLSL together with the OpenGL library to dewarp the video
and offers undistorted video as output. The algorithm of the application processes
an image as a matrix and applies the values of the undistorted matrix to correct the
image.

Fig. 2.1: Previous workflow of the live streaming solution at Stellaton.

The fisheye mapping algorithms nested are mainly so-called equirectangular
projection(ERP) model, where the algorithm is simplified and approximated to a
6th degree polynomial:
𝑦 = 𝐴𝑥 6 + 𝐵𝑥 5 + 𝐶𝑥 4 + 𝐷𝑥 3 + 𝐸𝑥 2 + 𝐹𝑥1

(2.1)

In equation (2.1) x is the angle of view, 𝑦 = 𝐴𝑥 6 + 𝐵𝑥 5 + 𝐶𝑥 4 + 𝐷𝑥 3 + 𝐸𝑥 2 + 𝐹𝑥1
is the height of the image and 𝐴, 𝐵, 𝐶, 𝐷, 𝐸, 𝐹 are constant coefficients. In order to
avoid excessive calculation, Stellaton developers have shortened the polynomial to
a 4th degree polynomial:
𝑦 = 𝐴𝑥 4 + 𝐵𝑥 3 + 𝐶𝑥 2 + 𝐷𝑥1

(2.2)
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In equation (2.2) 𝑥, 𝑦, 𝐴, 𝐵, 𝐶, 𝐷 have the same definition as in equation (2.1). The
previous work has been successful in image undistortion but the 3D rebuilding and
image stitching for a 360-degree view are incomplete; additionally, there is no
peripheral application development for functions of user management and live
streaming.
2.2 Theories
There are a number of different works and studies which offer mathematical
explanations and theories on fisheye image undistortion. In this section, some
prevalent theories within this area are reviewed.
2.2.1 Difference between fisheye lenses and ordinary lenses
Ordinary Gaussian optics systems abide by a rule of similar imaging, i.e. the image
is always similar to the object in real world, and therefore two ideal equations
exist[1]:
When the object is at short distance, 𝑦0′ = 𝛽 • 𝑦

(2.3)

when the object is at long distance, 𝑦0′ = 𝑓 • 𝑡𝑎𝑛(𝜃)

(2.4)

An ideal image is the undistorted projection of an object. In (2.3) and (2.4), 𝑦0′ is
the height of the ideal image, 𝑦 is the height of the object, 𝛽 is the horizontal
magnification, 𝑓is the focus distance on the object side and 𝜃 is the half field of
view(FOV) on object side. Obviously, |𝑦0′ | → ∞ when 𝜃 = 90∘ so that the equation is
not applicable for fisheye lenses to obtain a limited image area. This projection
model represented by equation (2.4) is also called rectilinear, central perspective or
standard projection. To compress and distort images from fisheye lenses is the only
way to solve this problem[1, 2, 3], from an optical perspective, it can be realized by
intentionally applying barrel distortion on images; from a mathematical
perspective, it can be realized by applying ideal projection equations other than
equation (2.4). There are basically four kinds of projection models for this purpose:
stereographic-, equidistance (i.e. equiangular)-, equisolid angle (i.e. equal area)and orthographic (i.e. sine-law) projection models [1, 2, 3].
2.2.2 Comparison of the projection models
𝜃

Stereographic projection

𝑦0′ = 2𝑓𝑡𝑎𝑛( 2)

(2.5)

Equidistant projection

𝑦0′ = 𝑓𝜃

(2.6)

Equisolid angle projection

𝑦0′ = 2𝑓 • 𝑠𝑖𝑛( 2)

(2.7)

Orthographic projection

𝑦0′ = 𝑓𝑠𝑖𝑛(𝜃)

(2.8)

𝜃
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Equations (2.5) - (2.8)[1] represent the four projection models mentioned above.
The forms of these equations show that all the models can offer barrel distortion to
different extents. Fig. 2.2 illustrates this situation in which r is the distance from
the center of image in focus lengths and θ is angle from lens axis in the object space
in radians.

Fig. 2.2. Plotting of the five most popular projection models formulations, adopted from the work of
Michel Thoby [4].

The curve rectilinear represents the ideal projection model in Gaussian optics, i.e.
equation (2.4) discussed above; the other curves represent equations (2.5) - (2.8)
respectively. At the same angle from the lens axis, the larger value difference of distances from center of image between a projection curve and the rectilinear curve,
the larger distortion can be achieved by the projection. According to Fig. 2.2,
𝜃

stereographic projection 𝑦0′ = 2𝑓𝑡𝑎𝑛 ( 2) has the least distortion and orthographic
projection 𝑦0′ = 𝑓𝑠𝑖𝑛(𝜃) has the largest distortion. Because distortions by optical
systems are only determined by paths of light rays, the distortions only affect the
shapes of the projected images. This means that the images no longer resemble the
correspondent objects in real world, but the distortions do not obscure the images
i.e. the resolutions of the images are not affected[1]. Thus, from a mathematical
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perspective, although distortions exist in images, there is still a one-to-one
injection relation between the spaces of images and objects.
Once the projection equation is chosen, a unique relation is determined, and it can
be reversed. The dissimilar projection theory is therefore proved correct and
applicable. In practice, equidistant- and equisolid-angle projections are widely used
in industry due to their proper grades of distortion and mathematical
calculations[1, 2, 3]. Perhaps equidistant projection is the most common model for
the tools that we use for this thesis work including MATLAB and OpenCV. These
tools mainly take advantage of the model and approximate their own undistortion
polynomials[5].
2.2.3 Spherical Equidistant projection

Fig. 2.3: Equidistant projection model, adopted from Nathir A. Rawashdeh [6].

In Fig. 2.3, 𝑃(𝑋, 𝑌, 𝑍)is a point in real space, 𝑃1(𝑥1, 𝑦1, 𝑧1) is the crossing point
between points 𝑃 and 𝑂 on the sphere surface, and 𝑃2(𝑢, 𝑣) is the crossing point of
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the vertical passing through 𝑃1 and plane 𝑋𝑂𝑌. If the desired images are projected
on the plane 𝑋𝑂𝑌, i.e. 𝑍 = 𝑅, 𝑅 is the radius of the projected image area, and (𝑥, 𝑦)
is the pixel point. According to Fig. 2.3, the derivation is as follows:
𝑥 = 𝑟 𝑐𝑜𝑠𝜑

(2.9)

𝑦 = 𝑟 𝑠𝑖𝑛𝜑 6

(2.10)

𝑟 = 𝑓𝜃 = √𝑥 2 + 𝑦 2

(2.11)

Deriving from (2.9) - (2.11), the derivation is as follows:
𝜑 = 𝑎𝑟𝑐𝑡𝑎𝑛(𝑦 / 𝑥)

(2.12)

𝜃 = 𝑟 / 𝑓 = √𝑥 2 + 𝑦 2 / 𝑓

(2.13)

According to Fig. 2.3, the coordinates of point 𝑃1 are:
𝑥1 = 𝑅𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜑

(2.14)

𝑦1 = 𝑅𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜑

(2.15)

𝑧1 = 𝑅𝑐𝑜𝑠𝜃

(2.16)

The next step is to project 𝑃1 on the plane 𝑋𝑂𝑌. Considering the similar triangles
𝑃𝑂𝑃3 and 𝑃𝑂𝑃3´, the derivation is as follows:
𝑥1
𝑥

=

𝑥 =
𝑦 =

𝑦1

=

𝑦

𝑅𝑥1
𝑧1
𝑅𝑦1
𝑧1

𝑍 = 𝑅

𝑧1
𝑅

=

√𝑥12 + 𝑦12
𝑅

(2.17)

= 𝑅𝑡𝑎𝑛𝜃𝑐𝑜𝑠𝜑

(2.18)

= 𝑅𝑡𝑎𝑛𝜃𝑠𝑖𝑛𝜑

(2.19)
(2.20)

The target projection plane is the 𝑍 = 𝑅 plane after calibration. Therefore, if the
coordinate of the target projected image is (𝑢, 𝑣), the injection relation of the source
images and target images is as follows:

8 | THEORY AND BACKGROUND

𝑢 = 𝑅 • 𝑡𝑎𝑛(
𝑣 = 𝑅 • 𝑡𝑎𝑛(

√𝑥 2 + 𝑦2
𝑓

√𝑥 2 + 𝑦 2
𝑓

𝑦

(2.21)

𝑦

(2.22)

)𝑐𝑜𝑠(𝑎𝑟𝑐𝑡𝑎𝑛(𝑥 ))
)𝑠𝑖𝑛(𝑎𝑟𝑐𝑡𝑎𝑛(𝑥 ))

In equations (2.21) and (2.22), 𝑅 is the radius of the projected image area and can
be adjusted to ensure the ideal quality of the images. In practice, matrix
transformations are applied in programming to reduce iterations and increase efficiency[7].
2.3 Pre-study
In this chapter, some important and related previous works are introduced to set a
foundation of this thesis work. As the most complicated part of the whole project is
the image calibration function in the server, the following literary study is focused
on the calibration methods behind the popular tools including Computer Vision
System Toolbox in MATLAB(CVST) and its counterpart in the OpenCV Python
version.
2.3.1 Literature study
In this chapter, existing solutions are identified by reviewing academic
dissertations and journals.
2.3.1.1 MATLAB and OpenCV as two computer vision tools

MATLAB is a commercial mathematical software which is developed by
MathWorks [10]. The operating efficiency of MATLAB is low because the language
used by MATLAB is an interpretive scripting language. MATLAB can only be run at
the MATLAB platform, which means that the portability is not desirable.
Written in C and taking the advantage of multi-core processors, OpenCV is an open
computer vision library developed by Intel and contains more than 500 algorithms
for analysis of images and videos. Having a C++ interface which is important for
decreasing both the number of lines of code and the quantity of programming
errors such as memory leaks [8], OpenCV supports Windows and Linux platforms
and the execution of the modules is fast, which means that it has good crossplatform portability [9].
OpenCV is more effective than MATLAB with regards to CPU usage. In a test by
Salvomir Matuska et. al.[8], the result reveals that OpenCV is 4 to 100 times faster
than MATLAB in certain algorithms. However, MATLAB is more light-weighted
and user-friendly than OpenCV [8]. Memory leaks do not need be taken into
consideration whereas in OpenCV, memory leak is an extremely important task.
For example, the image smoothing algorithm needs only 2 lines of code in
MATLAB, however, in OpenCV, the algorithm needs 5 lines due to memory leak.
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2.3.1.1.1

MATLAB algorithm for camera calibration

D. Scaramuzza et al[11, 12] have worked on calibration for more than a decade and
developed the Omnidirectional Camera Calibration Toolbox for MATLAB (OCAMCALIB), a predecessor of CVST. In their model, real world points are transformed
into camera coordinates by extrinsic parameters and then camera coordinates are
mapped onto the image plane by intrinsic parameters. The extrinsic and intrinsic
parameters are obtained from the theories in Chapter 2.2.3 by MATLAB[13], which
involve complicated calculations and thus are not discussed in this thesis. The
extrinsic parameters consist of a rotation matrix R and a translation t. The origin
of the camera's coordinate system is at its optical center and its x- and y- axes
define the image plane. Fig. 2.4 shows the relations.

Fig. 2.4: Extrinsic parameters and calculation, adopted from MathWorks [14].

The most important intrinsic parameter is an imaging function represented by
a polynomial derived from a Taylor series expansion whose coefficients are
estimated by solving a four-step least-squares linear minimization problem,
followed by a non-linear refinement based on the maximum likelihood criterion:
𝑓(𝑢, 𝑣) = 𝑎0 + 𝑎2 𝜌 + . . . + 𝑎𝑁 𝜌𝑁

(2.23)

In equation (2.23), (𝑢, 𝑣) is the ideal image projection of the real world points;
𝑎0 ... 𝑎𝑁 are polynomial coefficients and 𝑎1 = 0; 𝜌 is a function of (u, v) and depends
only on the distance of a point from the image center: 𝜌 = √𝑢2 + 𝑣 2 . In practice,
in order to reduce the number of calibration parameters, only four polynomial
parameters are used in CVST. If (𝑋𝑐, 𝑌𝑐, 𝑍𝑐 ) is a 3D vector mapped from an image
point, the following equation, with a scalar factor 𝜆, represents the relation:

(2.24)
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For stretching and distortion, a stretch matrix compensates for the sensor-to-lens
misalignment, and the distortion vector adjusts the (0, 0) location of the image
plane.

Fig. 2.5: Stretch and distortion, adopted from MathWorks[7].

The equation below relates the real distorted coordinates (u'', v'') to the ideal
distorted coordinates (u, v).

(2.25)
In equation (2.25), the four matrices from left to right represent the image pixels,
the stretch matrix, the hypothetical image plane and the distortion center respectively.
2.3.1.1.2

OpenCV algorithm for camera calibration

As for the camera calibration of OpenCV, image distortion is processed by both
radial and tangential factors. The value 𝑘0 = 1 is calculated and predefined, if (𝑥, 𝑦)
is an input image coordinate which is to be distorted, 𝑟 2 = 𝑥 2 + 𝑦 2 , and (𝑥 ′ , 𝑦 ′ ) is
the ideal coordinate, the radial distortion model can be expressed with the help of
Taylor series expansion:
𝛿𝑥𝑟 = 𝑥(𝑘0 + 𝑘1 𝑟 2 + 𝑘2 𝑟 4 + 𝑘3 𝑟 6 )

(2.26)

𝛿𝑦𝑟 = 𝑦(𝑘0 + 𝑘1 𝑟 2 + 𝑘2 𝑟 4 + 𝑘3 𝑟 6 )

(2.27)
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In equations (2.26) and (2.27), (𝛿𝑥𝑟 , 𝛿𝑦𝑟 ) is the corrected point coordinate at radial
direction. The presence of the radial distortion manifests in form of the “barrel” or
“fisheye” effect.
For the tangential distortion model, another two parameters 𝑝1, 𝑝2 are introduced
to describe the distortion caused by the unachievable parallelism between imaging
plane and hardware lenses:
𝛿𝑥𝑑 = 2𝑝1 𝑥𝑦 + 𝑝2 (𝑟 2 + 2𝑥 2 ) + 𝑥

(2.28)

𝛿𝑦𝑑 = 2𝑝2 𝑥𝑦 + 𝑝1 (𝑟 2 + 2𝑦 2 ) + 𝑦

(2.29)

In equations (2.28) and (2.29) (𝛿𝑥𝑑 , 𝛿𝑦𝑑 )is the corrected point coordinate at
tangential direction. The relation between (𝑥, 𝑦) and (𝑥 ′ , 𝑦 ′ ) is expressed as
follows:
𝑥 ′ = 𝑥 + 𝛿𝑥𝑟 + 𝛿𝑥𝑑

(2.30)

𝑦 ′ = 𝑦 + 𝛿𝑦𝑟 + 𝛿𝑦𝑑

(2.31)

From equations (2.30) and (2.31), the derivation is as follows:

(2.32)

Thus there are totally five distortion parameters and they are listed on a 5 × 1
matrix as 𝐷 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 = (𝑘1 , 𝑘2 , 𝑘3 , 𝑝1 , 𝑝2 ), which is often defined as a Mat matrix
in OpenCV. For instance, 𝑀𝑎𝑡 𝑑𝑖𝑠𝑡𝐶𝑜𝑒𝑓𝑓𝑠 = 𝑀𝑎𝑡(1.5, 𝐶𝑉32𝐹𝐶1 , 𝑆𝑐𝑎𝑙𝑎𝑟: : 𝑎𝑙𝑙(0)); Once
these five parameters are determined, image distortion can be undistorted[15].
2.3.2 Comparison between RTMP and RTSP live streaming servers
For the time being, the common protocols of live streaming on the market are
RTMP and RTSP. RTMP is developed by Adobe for high-performance
transmissions of audio and video between Adobe Flash Platforms[16]. RTMP uses
TCP at the transport layer and has three variations: simple RTMP, which operates
on TCP and uses port 1935; RTMPT (RTMP tunneled), which is encapsulated in
Hypertext Transfer Protocol(HTTP) requests to overpass firewalls and RTMPS
(RTMP Secure), functioning as RTMP but with a secure Hypertext Transfer
Protocol Secure(HTTPS) connection [17]. RTMP works like a container of data
packages, and the size of these packages is fixed.
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RTSP is a no-connection-oriented protocol to stream real-time data that defines
how the information is sent between the client and the server. RTSP allows for the
transmission of previous stored or live multimedia content to be controlled.
Working at an application level, RTSP ensures that the data is delivered
successfully. RTSP defines different connection types and different sets of
requirements to try and ensure that the data is sent over Internet Protocol(IP)
networks as efficiently as possible. Independent from the transport protocol, RTSP
may operate on User Datagram Protocol(UDP) or Transmission Control
Protocol(TCP). Nevertheless, in the majority of cases, the TCP protocol is used to
control the player and the UDP protocol for RTP data transmission. In a session, a
client can establish and interrupt reliable transport connections with the server
using RTSP requests. The cache function of the proxy server is also suitable for
RTSP, as RTSP owns the ability to redirect and select the proper server based on its
load capacities, to avoid network delay by overloading on a single server. Although
RTSP operates like HTTP/1.1, it does not emphasize synchronous transmission but
has good tolerance of network delay[18].
2.3.3 Bitrate, resolution and frame rate
Bitrate is the number of bits that are processed per second and the unit of measure
for bitrate is bps. Live streaming video often runs at a constant bitrate(CBR) of
about 2 Mbps for high quality, however, variable bitrate(VBR) generally will
produce better video quality than CBR in practice. Averagely speaking, the bitrate
is proportional to the video quality, i.e. the higher bitrate, the better quality, but the
effect abides by the law of diminishing marginal utility[19]. Bitrate also determines
the size of a video in a relation such as:
𝑣𝑖𝑑𝑒𝑜𝑆𝑖𝑧𝑒 = 𝐵𝑖𝑡𝑟𝑎𝑡𝑒 • 𝑣𝑖𝑑𝑒𝑜𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛

(2.33)

As shown in equation (2.33), the relationship between a video size is linearly
proportional to the bitrate and duration of the video.
Resolution is the size of a video frame, i.e. the number of pixels of an image. If the
frame rate and clarity remain unchanged, an increment in the resolution value may
increase the video quality; otherwise, only a larger resolution value may impair
user experience of the same video[20]. In this project, the interested resolution
range is between High Definition(HD) and 4K resolution(4K) regarding the balance
between economy and performance. The commonly used resolutions are calculated
and listed in Table 2.1.
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Table 2.1: Commonly used resolutions, calculated by Image Type and Data Size Calculator[21].
RGB Image Resolution(24-bit, 3 bytes/pixel)

Amount of data (byte)

QCIF (176 × 144)

76,032

QVGA (320 × 240)

230,400

CIF (352 × 288)

304,128

VGA (640 × 480)

921,600

SVGA (800 × 600)

1,440,000

SD-PAL (720×576)

1,244,160

SD_NTSC (720 × 480)

1,036,800

HD (1280 × 720)

2,764,800

FHD (1920 × 1080)

6,220,800

UHD/4K (3840 × 2160)

24,883,200

8K (7680 × 4320)

99,532,800

A frame can be considered as an image and frame rate stands for video frames
processed per second. The lowest acceptable value is 24 fps due to response speed
of human eyes. Human beings see obvious intermittent video if the frame rate
value is less than this value. The frame rates should be considered both in encoding
of and in playing back a video as the least frame rate may become bottleneck to the
final user experience[19, 20]. There is no relation between frame rate and image
quality, however, the frame rate is linearly proportional to the size of a video, e.g.
GOP_SIZE, an encoding parameter in FFmpeg.
As a rule of thumb, video professionals use the video quality factor (𝑄𝑓 ) to estimate
the proper bitrate, resolution and frame rate such as:
𝑄𝑓 =

1000 • 𝑏
𝑣•ℎ•𝐹

(2.34)

In equation (2.34), 𝑏 stands for bitrate expressed in bps, 𝑣 for vertical resolution of
the frame, ℎ for the horizontal resolution of the frame and 𝐹 for the frame rate in
frame per second(fps). Commonly, the 𝑄𝑓 value is between 0.2 - 0.4 for MPEG-4
encoding that is applied in this project. The thumb rule can be simply presented in
a more meaningful form as follows:
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𝑄𝑓 =

𝐵𝑖𝑡𝑠
𝑃𝑖𝑥𝑒𝑙 • 𝐹𝑟𝑎𝑚𝑒

(2.35)

In equation (2.35), it is shown that, theoretically, if the bitrate is fixed, the
resolution and the video clarity has an inverse relationship, i.e. the higher
resolution, the worse clarity, whereas the lower resolution, the better clarity; if the
resolution is fixed, the relationship between bitrate and the video clarity is
proportional, i.e. the higher bitrate, the better video clarity, whereas the lower
bitrate, the worse video clarity. In practice, when the bitrate is fixed, the video
clarity is acceptable within a certain range of resolutions; similarly, when the
resolution is fixed, the video clarity is sufficiently good within a certain interval of
bitrate[19].
2.3.4 FFmpeg
FFmpeg is a media processing tool licensed under GNU General Public License.
FFmpeg offers a command line interface for transcoding multimedia files of both
videos and audios, encoding and decoding, and is commonly used because of its
ability to support a wide range of formats and the high speed, quality of output and
small file sizes. FFmpeg is a standalone program.
The transcoding process, FFmpeg reads in input synchronically files by calling
demuxers in the LibAVFormat library. Then the LibAVCodec library decodes the
obtained encoded packets into uncompressed frames and after optional filtering,
encodes the frames to new encoded packets to be sent to the muxer and written to
the output[22]. The transcoding process is illustrated in Fig. 2.6.

Fig. 2.6: Transcoding in FFmpeg.
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2.3.5 GStreamer
With a comprehensive core library, intelligent plugin architecture, GStreamer is a
tool for constructing graphs of media-handling components, working on all major
platforms such as Windows, Linux and Mac OS, iOS and Android and supporting
various formats of audio and video processing [23]. GStreamer requires various of
plugins for streaming.
2.3.6 Hardware study
The main hardware for this thesis project is Yi 4K Action Camera manufactured by
Yi Technology Inc.

Fig. 2.7: Yi 4K Action Camera with fisheye lens.

The camera is modified by a 180-degree fisheye lens and by default it can take and
live stream video up to 4K resolution in MPEG-4 format at a maximum speed of
2.0 Mbps under an ideal Wi-Fi environment. The majority of fisheye calibrations
on the market are 1080p for the time being, and therefore special treatments are
needed to correctly calibrate our own video images.
2.3.7 Available technologies for client prototype
This chapter introduces several technologies for the development of the client
prototype, including both their advantages and disadvantages.
2.3.7.1 HTML5

HTML5 is a markup language for organizing and presenting contents on the
Internet. As the latest version of HTML and XHTML, HTML5 has many new
features such as new tag <video> and cross-platform availability, which offer
desirable supports to many new popular functions in various browsers including
MPEG-4, H.264, Ogg Theora and WebM video and audio encoding. The
disadvantages of HTML5 are being more difficult to use, potential security issues,
compatibility to lower versions of browsers and worse performance at some platforms[24].
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2.3.7.2 Java Server Pages(JSP)

JSP is a technology for developing dynamic web pages by inserting Java code in
HTML pages with the help of special JSP tags. The most significant advantage of
JSP is its performance due to embedding dynamic elements in HTML pages instead
of having separate files. Besides, built on top of the Java Servlets API, JSP has
access to all the powerful Java APIs and in combination with servlets, is easy to
write and maintain the business logic, and is convenient to write and modify
regular HTML pages than to generate the HTML pages by a plenty of println
statements. The disadvantages of JSP programming are numerous syntax related
issues and the inconvenience of debugging and tracing errors[25].
2.3.7.3 Hibernate and database connection

Hibernate is an object-relational mapping(ORM) solution under Java
programming, which is relatively simple to be used in practice due to HQL syntax
and can be used on different platforms. The disadvantage of Hibernate are low efficiency and unsuitability for large scale data entries or extremely complicated relations among SQL tables[26].
2.3.7.4 Video.js and Videojs-panorama plugin

Video.js is an open source HTML video player which can run at multiple platforms
and process video in various formats. Videos from different sources can be played
back by Video.js, including those from YouTube. Video.js has sufficient support to
desktop applications and hand devices and can check whether the browser supports HTML5 automatically. If HTML5 is not supported, Video.js uses Flash player
instead. Videojs-panorama is a Video.js plugin to run full 180, 360-degree, 3D 360degree panorama, fisheye and 3D fisheye videos. Videojs-panorama fully supports
VR devices, keyboard control and Media Element Player [27].
2.3.8 Quality of experience (QoE)
According to K. Brunnström et al[28], QoE is the degree of delight or annoyance of
a customer’s experiences with an application or service, which also involves the
customer’s expectations, personality and current state. Having been adopted in
2016 by the International Telecommunication Union in Recommendation ITU-T
P.10, QoE is relatively a subjective measure of a customer’s overall perspective of
an application or service, based on the customer’s aesthetic and hedonic needs[29].
QoE has two kinds of measurements: objective- and subjective quality evaluation.
Correspondently, the video quality evaluation measurements in this project fall into
two categories: objective- and subjective video quality models[30].
Classified by the amount of data provided by the original and the received signals,
the objective video quality models depend on mathematical models to approximate
the results of subjective quality evaluation. In the subjective quality evaluation
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process, human observers are surveyed to assess the quality of a video
playback[31].
Based on the characteristics of the evaluated system, subjective video quality
models are tests by showing video sequences to a group of human observers and
recording the observers’ opinions. The opinions are averaged into the Mean
Opinion Score (MOS) for later evaluating the video quality of each played sequence.
Being operated essentially as psychophysical experiments, subjective video quality
tests must be carefully design beforehand due to the expensive costs of preparation,
running and human resources[32]. Typically, three important parameters for the
tests are SRCs, HRCs and PVSs as listed in Table 2.2.
Table 2.2: Explanation of SRCs, HRCs and PVSs.
Abbreviation

Parameter

Explanation

SRCs

“Sources”

Original video sequences

HRCs

"Hypothetical Reference Circuits"

Various conditions

PVSs

"Processed Video Sequences"

Sequences rated by observers

In Table 2.2, the combinations of various SRCs and HRCs provide different
scenarios for the tests e.g. intentionally selected arguments of input live streaming
video sequences and testing environments such as indoor classroom, outdoor
playground and moving vehicle, thus sequentially diversified results by observers
are expected.
Recommended by ITU Telecommunication Standardization Sector (ITU-T)
and expressed as a single rational number, typically in the range 1–5, MOS is
widely applied as a measure for subjective video quality evaluation. Absolute
Category Rating(ACR) tables(e.g. Table 2.3) are commonly used in surveys to the
observers as follows:
Table 2.3: An Absolute Category Rating(ACR)table for survey.
Rating

Label

1

Bad

2

Poor

3

Fair

4

Good

5

Excellent
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In Table 2.3, 1 is lowest and 5 is the highest perceived quality by the observers.
Calculated as the arithmetic mean over single ratings performed by human observers, MOS in a subjective quality evaluation is calculated by the formula[33]:
𝑀𝑂𝑆 =

∑𝑁
𝑛=1
𝑁

𝑅𝑛

(2.36)

In equation (2.36), 𝑅 is the set of the individual ratings for a given video sequence
by 𝑁 observers. According to ITU-T[34], the number of observers should be within
a range of 4 to 40; to avoid potential subject bias, the observers should not be
professionals of video processing or related domains.
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3 Methodology
This chapter gives a description of the selected methodology, solving methods and
tooling to be able to go from the problem in Chapter 1.1 to the goal in Chapter 1.2.
A deep literature study has been carried out to investigate how the problem should
be solved. Base on the literature study, theoretical analyses have been performed
to identify the mathematical equations behind the thesis project; a number of
methods and tools available to build the system prototype have been also
introduced. The study draws a conclusion that the system should consist of a
camera, a server and a client. Fig. 3.1 shows how the different components should
be connected to each other.

Fig. 3.1: System architecture diagram

The prototype is applied later to create test materials which are used in different
survey templates. The tests have been carried out to 20 observers to evaluate the
performance of the system.
The server prototype needs to receive video stream from the camera, handle the
video and live stream it to the client. As the pre-study shows in Chapter 2.3.2 that
there are various ready-to-use media servers that can receive streams and
re-stream the streams to clients. However, the problem is that such servers offer no
functions of video processing which the essential task of the project is.
The most important part of the server is processing the video from the camera.
According to the pre-study in Chapter 2.3.2, OpenCV is faster than MATLAB in
processing videos. OpenCV is also portable and able to run on multiple platforms.
In addition, unlike MATLAB, which is a costly commercial software, OpenCV is free
open source API. OpenCV is available in different programming languages such as
C++ and Java. OpenCV Java does not offer support for fisheye camera resectioning.
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OpenCV is written in C++ but due to its complexity Python is chosen for this
prototype instead.
As a leading multimedia framework, FFmpeg is a suitable gadget for this project to
decode, encode, transcode, multiplexer, demultiplexer, stream, filter and playback
videos[22]. Supporting most popular formats, FFmpeg is highly portable because it
runs across platforms such as Linux, Mac OS X, Microsoft Windows, Solaris and
the BSDs. The FFmpeg project is developer-friendly as it offers many libraries such
as libavcodec, libavutil, libavformat, libavfilter, libavdevice, libswscale and
libswresample which can be used by applications. A wide variety of tools such as
ffplay and ffprobe can be used for transcoding, playing back and video analyzing
[35].
The reason that FFmpeg is applied instead of GStreamer is that FFmpeg, as a
simple framework handling most of the complex details including transcoding and
buffering automatically, is much easier to be used and better suited for streaming
the media from a single source such as in this thesis project. Compared with
GStreamer, FFmpeg has also better stability with different Linux distributions,
which fulfils the goal of multi-platform of the thesis project[36]. For more
complicated video editing systems, GStreamer could be needed, however, FFmpeg
is functionally good enough for a live streaming system such as the thesis project.
Due to the fact that certain users of the system need to stream video to YouTube,
where only RTMP is accepted, RTMP becomes a better choice over RTSP. A video
stream by RTSP need to be converted to RTMP with the help of FFmpeg before sent
to YouTube, which can cause latency[35].
Because FFmpeg and RTMP are chosen for transcoding and transport protocol
respectively, it is proper to choose NGINX as server in order to take advantage of
the plenty of modules for FFmpeg and RTMP. Other server programs such as
Apache can possibly be used, however, other technologies need to be used for
implementing RTMP. It is possible to use another server program such as Apache,
but a framework for RTMP needs to be implemented which is unlike NGINX with
an existing RTMP module.
3.1 Prototype development
This chapter describes how the different parts of the system are built.
3.1.1 Camera resectioning
The first important step is to calibrate the camera and estimate the camera
parameters used in image processing. A specific method of the OpenCV library in
Python is applied to the fisheye lens calibration.
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Preliminary result of OpenCV library

Preliminary results of MATLAB CVST

Fig. 3.2: Comparison of the preliminary undistortion results of OpenCV library and MATLAB CVST.

To calibrate the camera of fisheye lens by the specific method in OpenCV Python
library, it is essential to estimate the extrinsic and intrinsic parameters discussed in
the theory part of this thesis, therefore 20 perspective pictures of a single
black-white chessboard is taken as samples. The chessboard has 10 × 15 crossings
and all black-white squares around the crossings are identical in a size of 41 × 41
mm. The calibration program runs once and reads in the 20 pictures to calculate
and output the needed parameters for undistortion in the next step. By using the
output parameters, the calibration coefficients and camera matrix shown in
Chapter 2.3, such as 𝐷 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 = (𝑘1 , 𝑘2 , 𝑘3 , 𝑝1 , 𝑝2 ), are obtained. Fig. 3.3 shows
a chessboard under detection. OpenCV also has a function of drawing circles
around the crossing points, by which the library makes it possible to analyze each
picture
separately through checking whether the circles match with the crossing points in
the chessboard picture. If the circles and the crossing points do not match well, the
picture has to be removed to avoid affecting the accuracy of the calibration result.
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Fig. 3.3: A chessboard under detection.

3.1.2 Server development
Receiving raw data i.e. video from the camera, undistorting the video by OpenCV
and sending the video again by FFmpeg to the video player, the server works as
both receiver and sender.
To allow the NGINX server to receive a stream from a camera, it needs to be
provided with the RTMP module. After the RTMP module being configured, the
server URL can be used to stream directly from the camera to the NGINX server.
The NGINX server with RTMP module is installed on an Ubuntu Linux host
running on a cloud server. In the configuration files of the NGINX server, the
specifications of both the HTTP and RTMP protocols can be modified.
For video processing, OpenCV library is applied together with the Python
programming language; OpenCV makes it possible to receive and read a video
stream in form of the captured frames. In addition to OpenCV library, the NumPy
library is also needed to offer support for multi-dimensional arrays and matrices.
The processing of the frames undistorts the fisheye images and OpenCV offers the
method such as:
cv2.fisheye.undistort(frame, CameraMatrix, Coefficients, Knew);
The CameraMatrix and the Coefficients are determined when calibrating the
fisheye camera, while Knew is a new matrix that is used for output scaling, which
represents the proportion of the discarded margins of the whole frames.
The processed frames are sent as raw data to the video player using FFmpeg. The
transmission of processed frames is carried out with help of the Linux pipeline
system. FFmpeg is run by the FFmpeg command together with several arguments
that specify the input data and how the video and audio files are to be encoded and
decoded.
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3.1.3 Client development
A client web application is developed for registering, logging in, generating &
scanning QR-code, generating URL of live streaming and playing back the live
streamed video in an embedded HTML5 player. This web application takes
advantage of Java Servlet and Java Server Pages(JSP) for web page interactions i.e.
user management and Hibernate for MySQL database connection and CRUD
operations. For the QR-code, users are required to enter several necessary
parameters such as Wi-Fi SSID, password of the Wi-Fi network, URL of the RTMP
server, resolution and bitrate to generate the QR-code in the web application; the
camera scans the code, extracts all the provided data in a JSON format and starts
the Wi-Fi connection and live streaming to the target URL(Fig. 3.4).

Fig.3.4: QR-code generation.

For the live streaming playbacks, a player framework Video.js is embedded in a JSP
web page and the RTMP live streaming URL and type are specified as follows:
“<source src = ‘rtmp://172.104.246.31/restream/test’ type = "rtmp/mp4">”.
The framework is CDN(Content Delivery Network) enabled so that users simply
include two links referring to the source script of video.js in the web page. Video.js
is also compatible for many other live streaming protocols including RTSP and HLS
and the protocols should be explicitly declared in the source tag like the above example. As to the panorama views, a plugin to Videojs “Videojs-panorama” is
applied with the help of a piece of JavaScript code. Users can drag the video by
mouse cursor on a conventional computer or simply by their fingers on a mobile
device.
3.2 Performance evaluation
According to the theories in Chapter 2.3.6, based upon our time budgets as well as
mathematical reserves, a subjective video quality evaluation of total 18 video
sequences and 20 observers, is carefully designed applying the MOS method. The
criteria for selecting the 9 videos are different combinations of bitrates and
resolutions of the input and output videos, the different environments for shooting
the video sequences, and the different VR experiences of different scenarios.
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Respectively, the aims for constructing different bitrate and resolution
combinations, selecting different environments and comparing different VR
experiences, determine the best combination for user experience in live streaming,
the influences of various conditions for both static and dynamic video shootings
and transmissions, and the possibility of using the videos for VR technology based
on their quality. With the help of a free online survey service provide by Google
Forms, two Absolute Category Rating(ACR) style surveys are prepared and sent as
a link to the observers. In order to avoid potential bias during the surveys, the
observers are selected as both non-professionals of video processing or related
domains, and young potential users of VR products at ages between 20 and 40. The
observers are requested to watch each video sequence and rate each sequence by a
score from 1 (bad) to 5 (excellent). Because most video samples are collected
outdoor and stable Wi-Fi environments are not available at the places, the
evaluation for outdoor scenarios in the VR survey has been carried out by live
streaming the pre-recorded video samples.
3.2.1 Evaluation between the server and the player at client
In this part, the goal is to evaluate the best combination of bitrate and resolution of
the re-streamed video, i.e. the video stream between the server and the client
player. The video sequences are pre-recorded in 1080p resolution in outdoor
environments, saved in MP4 format, streamed to the server and re-streamed to the
media player provided by YouTube Events.
Since the users of the system do not have the access to the configuration of the
server, it is reasonable to test different values for related arguments and find the
optimized combination of values. As for this part, the bitrate and the resolution of
the re-streamed video are selected, and combinations are listed as follows
(Table 3.1):
Table 3.1: Combination of bitrate and resolution for the evaluation between the server and the
client.
Combination

Bitrate

Resolution

Sample Video Sequence

1

2.0 Mbps - 2.5 Mbps

1080p

Video 1

2

3.5 Mbps - 4.5 Mbps

1080p

Video 2

3

5.5 Mbps - 6.5 Mbps

1080p

Video 3

4

2.0 Mbps - 2.5 Mbps

720p

Video 4

5

3.5 Mbps - 4.5 Mbps

720p

Video 5

6

5.5 Mbps - 6.5 Mbps

720p

Video 6
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3.2.2 Evaluation between the camera and the server
In this part, the goal is to evaluate the best combination of bitrate and resolution of
the live streamed video from the camera to the server. Due to the limited access to
Wi-Fi in outdoor environments, the video sequences are live streamed in an indoor
environment to the server, processed in the server, and finally re-streamed to the
client player at a bit rate of 3.5 Mbps.
Since the suggestion from Stellaton AB is that the bitrate should be at about 2.0
Mbps and the minimal resolution should not be less than 720p for video sequences,
it is reasonable to test which of the two resolutions, 720p and 1080p, is better for
the bitrate. As for this part, tested combinations of bitrate and resolution of the live
streamed video are listed as follows(Table 3.2):
Table 3.2: Combination of bitrate and resolution for the evaluation between the camera and the
server.
Combination

Bitrate

Resolution

Sample Video Sequence

1

1.7 Mbps - 2.0 Mbps

720p

Video 7

2

1.7 Mbps - 2.0 Mbps

1080p

Video 8

After ratings of both two parts, the better resolution at the camera side and the best
combination of bitrate and resolution at the server side are determined.
3.2.3 Evaluation of the dewarping and VR effect
In this part, the goal is to evaluate the result of the dewarping function and the
potential usage of the live streamed and dewarped videos for VR scenarios such as
games, tourist Vlog. The survey includes both three original distorted videos from
fisheye lens and the corresponding three processed dewarped videos in a view
scope of panorama. The original video sequences and the dewarped sequences are
shown in pair for the observers. Due to the limited access to Wi-Fi in outdoor
environments, the sample video sequences are pre-recorded and saved in mp4 files.
The three scenarios are indoor parking place, outdoor lake and trees and street
view of moving vehicles(Table 3.3). In order to achieve the best video quality, the
dewarping work has been done later in a home Wi-Fi environment and streamed to
YouTube Events for quantitative rating on the dewarping results and customized
comments about the possibility of future VR usage.
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Table 3.3: Combination of bitrate and resolution for the evaluation between the camera and the
server.
Scenario

Situation Description

1

Indoor, parking place with structures of straight lines, moving automobiles and weak
interior illuminations

2

Outdoor, rocks, lake and trees in strong sunlight illumination

3

Streetview of buildings, moving vehicles and pedestrians

3.2.4 Processing of the scores by observers
According to G. Blom[37], this thesis project uses the most common confidence
level in practice i.e. 95%. For each video sequence, the ratings of the observers,
quantified from 1 to 5, are the sample data, and thereafter the confidence interval
has been calculated by the same confidence coefficient.
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4 Results
This chapter presents the result. In Chapter 4.1, the prototypes developed
according to the methods in Chapter 3.1 are described. The client and the server
prototypes are presented with the help of pseudocodes. In Chapter 4.2, the result of
performance evaluation carried out according to Chapter 3.3 is presented.
4.1 Prototype architecture
Both the client and the server have prototypes. In Chapters 4.1.1 and 4.1.2, the
prototypes are presented.
4.1.1 Client architecture
The client has four primary tasks:
1. User management such as registration and logging in;
2. QR-code generation for the camera to read in Wi-Fi and target RTMP URL;
3. URL generation based on unique userID for the playback webpage;
4. Video playback in web browsers.
The architecture of this part of the system is shown in Fig. 4.1.

Fig. 4.1: Architecture of the client web application.

The web layer is built by JSP, HTML pages and servlets. The servlets handles HTTP
requests and responses, reading in user input including the data for QR code
generation, streaming in and playing back the videos at users’ request; Business
logic layer is built by service classes and model classes including User.java, which
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is also persistent object(PO) managed by Hibernate in the data persistent layer;
Data persistent layer is built by the hibernate configuration file, model hibernate
management files in XML format as well as Hibernate utility Java class for
generating session factory and sessions, which handle the CRUD transactions in
the database; Database layer is built by MySQL tables which are generated by
Hibernate object-relational mappings(ORM).
The web application generates a QR-code with the help of the QR-Gen library, in
which process a JSON object used to save the information of a user’s Wi-Fi
network and live streaming server address. The QR-code is scanned later by fisheye
camera to enable the live streaming to the server.
4.1.2 Server architecture
The server has two tasks: the first task is to process both the incoming and outgoing
video streams and the second task is to process the frames. Figure 4.2 shows the
data flow of the system.

Fig. 4.2: Detailed system architecture diagram

4.1.2.1 Frame processing

Camera matrix 𝐾 and matrix 𝐷 that contains calibration coefficients, are two
parameters for the calibration. The result of the calibration process turns out to be
another two individual matrices for image resolution 1280 × 720 and 1920 ×
1080 respectively(Fig. 4.3, 4.4).

Fig. 4.3: Calibration parameters for resolution 1280 x 720.
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Fig. 4.4 Calibration parameters for resolution 1920 x 1080.

The server applies the undistortImage method in the OpenCV library to process the
frames, as shown in Fig. 4.5. The parameter Knew is another matrix for scaling.
The number 0.8 itself is a scaling parameter.

Fig. 4.5: Pseudocode for undistortion.

4.1.2.2 Streaming

RTMP module in NGINX is the main functional part for streaming and the
configuration of the RTMP module is shown as follows(Fig. 4.6):

Fig. 4.6: Configuration of the RTMP module within the NGINX server.

The video from the camera is sent to the RTMP server and then captured in a form
of frames by the OpenCV method that is shown in Fig. 4.7. The parameter
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input_file shown in Fig. 4.8 is the URL of the NGINX server and the path to the
RTMP server.

Fig. 4.7: Pseudocode for capturing a frame.

Fig. 4.8: RTMP path

After the processing in Chapter 4.1.2.1 the processed frames are sent to the RTMP
server again using FFmpeg. The current RTMP module contains two applications,
one for receiving the stream from the camera and the other for receiving the
processed video.
4.2 Evaluation of performance
In this chapter, the system performance is presented by tables and graphs based on
the surveys described in Chapter 3.3.
4.2.1 Streaming
For the part of streaming between the server and the client, two important factors bitrate and resolution - have been taken into consideration. Based on the
theoretical method in Chapter 3.3.3 and the collected rating scores from the survey
(Appendix A), the confidence intervals of each video sequence are listed as follows
(Table 4.1):

31 | RESULTS

Table 4.1: Confidence intervals of the ratings on the six sample video sequences in the survey.
Sequence

Bitrate

Resolution

Mean Value of
Rating (X)

Lower
Confidence Limit

Upper Confidence
Limit

Video 1

2.0 Mbps - 2.5
Mbps

1080p

2.75

2.32

3.18

Video 2

3.5 Mbps - 4.5
Mbps

1080p

3.65

3.24

4.06

Video 3

5.5 Mbps - 6.5
Mbps

1080p

3.25

2.91

3.59

Video 4

2.0 Mbps - 2.5
Mbps

720p

3.15

2.80

3.50

Video 5

3.5 Mbps - 4.5
Mbps

720p

3.75

3.27

4.23

Video 6

5.5 Mbps - 6.5
Mbps

720p

3.05

2.63

3.47

A graph of each sample video sequence and its corresponding rating scores of
confidence level 95% is drawn as follows (Fig. 4.9):

Fig. 4.9: Average ratings on the six sample video sequences in the survey(95% Confidence level).

The graph shows that Video 1 has the lowest rating score and Video 5 has the
highest rating score in the survey. It is reasonable to assert that the combination of
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bitrate and resolution behind Video 5 has the best quality of experience for this
project.
For the part of streaming between the camera and the server, since it can be
preliminarily read from Fig. 4.9 that video 5 with resolution 720p, an assertion can
be made that the resolution at the camera side is not necessary to exceed 720p such
as 1080p or higher. Additionally, Stellaton AB will start at about 2.0 Mbps bitrate
and 720p resolution in the consideration of Wi-Fi transmission quality in practice,
it is reasonable to determine the combination of bitrate and resolution as 2.0 Mbps
and 720p for the video streaming.
4.2.2 Frame processing
With the help of the parameters and the prototype in Chapter 4.1.2.1, the result is
obtained and shown in Fig. 4.10 and Fig. 4.11. The prototype has been tested in
both indoor and outdoor environments. In Fig. 4.12, the result of previous works is
shown for the purpose of comparison. The original straight lines in the undistorted
images look much straighter than those in the previous works. In order to make the
image look more as perspective, the undistorted images have been tailored more
edge areas off, which makes them to have less view scopes and thus less
information than those of the current images by this thesis project.

Before

Fig. 4.10 Result of the undistorting outdoor

After
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Before

After

Fig. 4.11: Result of the undistorting indoor

Before

After

Fig. 4.12: Result of previous works at Stellaton AB

4.2.3 Dewarping and potential VR usage
For the part of dewarping function, the focus is user experience and suggestions
about future VR usage of the dewarped videos. Based on the theoretical method in
Chapter 3.3.3 and the collected raw data from the survey(Appendix B), the
confidence intervals of each video sequence are listed as follows (Table 4.2):
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Table 4.2: Confidence intervals of the ratings on the three pairs of sample video sequences and
opinions about VR usage in the survey.
# Scenario

Mean Value (𝑋)

Lower Limit

Upper Limit

VR
(Yes)

Usage

VR
(No)

1 Indoor

2.85

2.44

3.26

12

8

2 Outdoor

3.95

3.51

4.39

16

4

3 Streetview

3.10

2.65

3.55

15

5

Usage

As shown in Table 4.2, scenario Outdoor has 16 of 20 (80%) of the observers who
believe that the dewarped video can be used for VR purposes, however, scenario
Streetview has 15 of 20 (75%) and scenario Indoor has 12 of 20 (60%).
A graph of each pair of sample video sequences and the corresponding rating scores
of confidence level 95% is drawn as follows (Fig. 4.13):

Fig. 4.13: Average ratings on the three pairs of samples dewarped video sequences in the
survey(95% Confidence level).

35 | RESULTS

The graph shows that scenario indoor has the lowest rating score and scenario
outdoor has the highest rating score in the survey. Besides, the score difference
between the indoor and street view scenarios is not significant.
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5 Analysis and discussion
This chapter presents the analysis of the result, the discussion about the methods,
potential related social, economic and ergonomic aspects as well as
recommendations for future works.
5.1 Analysis of the result
According to the surveys described in Chapter 4.2, the result of this project
basically reaches the goal that has been set in Chapter 1.2. The system provides
services of user management, QR-code generating, dewarping fisheye video and
playing back in browsers of different devices.
5.2 Analysis of the streaming result
In the whole system, the server works as a hub between video stream source, the
camera, and the terminal devices of playback functions, such as PCs and mobile
phones, which requires a high-quality demand for transmission, undistortion and
stitching within the server. Since it is presumed that stable enough and high-speed
Wi-Fi networks are available for the transmission, the focus lies in how to obtain
the best combination of bitrate and resolution of the live streamed videos.
The result shown in Chapter 4.2.1 proves that under an ideal Wi-Fi environment, a
proper configuration of bitrates for the re-streaming in the system is roughly 3.5
Mbps - 5.5 Mbps(Video 2 & Video 5). The result also shows that the difference of
experience quality is trivial between 720p and 1080p resolutions(Video 2 - 6).
There can be 3 main reasons: 1) the difference of image quality between 720p and
1080p resolution is not large enough for human eyes to distinguish in a live stream
video sequence; 2) the bitrate from the camera side is about 2.0 Mbps, which is,
according to the 𝑄𝑓 thumb rule, relatively too low to fulfill the need of the server to
produce videos of 1080p resolution during the re-streaming process; 3). the input
live streaming data chunks(e.g. 1080p/2.0 Mbps) are too large for the server to
process in time and saved in FFmpeg buffers for later re-streaming to the client
side, so that the observers can eventually see image lagging in the playback of video
sequences.
The result also shows that the bitrate and resolution combination 2.0 Mbps - 2.5
Mbps/1080p (Video 1) leads to the worst user rating score in Fig. 4.9, which also
can be explained by the 𝑄𝑓 thumb rule described in Chapter 2.3.3 i.e. a too low
bitrate for a too high resolution results in lagging of video images.
5.2.1 Analysis of the undistortion result
The result of undistortion function under both indoor and outdoor environments is
shown in Chapter 4.2.2. The straight lines in real world become straight again after
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the undistortion, which can be seen clearly in the processed images such as Fig.
4.10 and 4.11.
Calibration is a crucial factor for the result of distortion. For a specific camera, it is
the calibration that determines the parameters for mapping the pixels in the later
step. It is important that the pictures of the chessboard are shot in good quality and
all points between the black and white quarters are clear, so that the OpenCV
library can discover and utilize the crossing points for parameter measuring.
By adjusting the scaling parameter, another crucial factor for image quality, it is
possible to remove more image edges of the processed image. In the previous
solution at Stellaton, much more edges have been removed by the method above.
This method, however, makes the peripheral areas of the image look more blurred
than the middle area and as the end result, the video images look like being
stretched towards the four corners during live streaming processes.
5.2.2 Analysis of the dewarping result
As read from the result in Chapter 4.2.3, the Outdoor scenario, of lake, trees and
rocks, has the best score than the other two scenarios: Indoor and Streetview. The
main reason is that human eyes are more sensitive to distortion of straight lines
than that of already curved lines. In an outdoor environment, neither the water
waves in the lake nor the profiles of trees and rocks are straight lines by nature, so
that human brains expect the video images, after the dewarping, are still full of
curved lines; whereas in indoor and streetview environments, there are a large
amount of straight lines and established patterns such as an 2D advertisement of
human faces on a bus body.
Utterly the same opinions have been obtained when the observers are inquired
whether these dewarped video sequences can be used for VR purposes: The
Outdoor scenario is most suitable. The main reason is that the water surface is vast
in the middle and occupied a majority of the video images, so that after stitching
the water surface seems continuous as if has never been cut in two parts before;
whereas in the other scenarios, there are large numbers of straight lines and established patterns, which make the stitching impossible to piece together two cut images. Some comments in the survey point out the problems such as:
“the image is not clear enough”,
“(the image) is a bit blurry” and
“(the image) quality is not that clear and gets fuzzier as much you rotate the
position of the recording. You do not see the ads on the bus”,
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which are caused by the limited number of fisheye lenses used in this project.
Normally, at least two 180-degree fisheye lenses are needed to collect, stitch and
rebuild 3D panorama scenes for the playback, whereas only one 180-degree lens
are available for this project so that the dewarped images need to be stretch to the
corners of each frame in the process of stitching. The observers, however, also have
written positive comments such as:
“Yes. The water movement is pretty clear”,
“Yes, but need to improve the image quality”,
“Yes, the colors and shapes of all objects in the video seem quite natural and
vivid”,
“Yes, the movement of vehicles seems as clear as that in a live show on TV”, and
“Yes. The vehicles, the objects and the buildings are clear enough to give an
overview of the surrounding”,
which shows that these dewarped video sequences have a great potential usage for
VR scenarios after future optimization.
From the observers, some more ambiguous comments have been obtained as
follows:
“The video images look good and undoubtedly I know what the videos are about,
but it is a little hard to see details from the video images”,
“Although the video scopes are a little small, but the results and functions offered
in the media player are very interesting for an amateur user”, and
“The information contained in each video sequences seems somehow less than a
normal video, that will say, the view scopes seems to have been limited”,
which reflect the issues discussed previously in Chapter 5.1.2. Firstly, a more
precise calibration for camera is needed in order to increase the sharpness of video
images; secondly, due to the discard of peripheral areas of undistorted images, the
valid areas of shown video images consequently contains less information than that
of the original images and the edges of the processed video images look blurred
after stitching, so that a more accurate algorithm for undistortion is needed in
order to achieve even larger proportion of remained valid image area than that of
the previous work at Stellaton.
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5.2.3 Discussion about the methods
As to hardware, the lack of at least another fisheye lens is the main cause to blurred
images after dewarping.
As to algorithms, the open source library of OpenCV in Python offers only basic
methods for undistortion, compared with other mature commercialized libraries
with complete hardware and software solutions.
As to the media player, the Video.js library and Videojs-panorama plugin offers
also only basic playback functions for 180-degree and 360-degree video clips. The
supports to live streaming and variation of re-streaming video format are not so
desirable that certain live streamed video sequences in our own format have
difficult to be played back in the media player due to image lagging or loss.
YouTube Live Event is a professional and powerful tool for the tests, however, the
tool does have technical requirements that affect the project and must be fulfilled,
e.g. live streaming video without soundtrack is impossible. If the soundtrack is not
required together with the video, more data packages can be sent for video frames
instead under the same transmission capacity.
As to evaluations, bias of the observers can exist as all the observers are
acquaintances to the writers of this thesis and certain observers may have some
knowledge of image processing, which is contradictory to the criteria of observer
selection.
5.3

Potential related social, economic, environmental, ethical and
ergonomic aspects
To optimize the system and avoid harms from other aspects, a number of other
related factors are worthwhile be taken into consideration.
As to social aspect, broadcasting of fisheye videos has a huge potential of changing
human lives. In the past, people watch TV together at specific broadcasting times,
at present, people sit in front of computers to watch YouTube videos, in the future,
however, users of this system can broadcast and watch live videos of wider scope at
anytime and anywhere.
As to economic and environmental aspects, the solution can reduce multiple
cameras in a monitoring system to only one camera with a fisheye lens of around
300 degrees, which benefits both enterprise budgets and resource usages; the
number of monitoring screens can be reduced dramatically as well.
As to ethical aspect, users of the system should be cautious about their privacy due
to the much wider field of views of the fisheye lenses. Especially, users under an
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adult age should abide by specific regulations and laws or even under supervision
of their legal guardians.
As to ergonomic aspects, the system provides an interesting reason for people to
have more physical exercises both indoor and outdoor; besides, users can watch
few monitoring screens of fisheye videos instead of traditional perspective videos,
which reduces the risk of injuries at work.
5.4 Future works
The limitations of the current work exist mainly in hardware, undistortion
algorithm and media player library as described in Chapter 5.3, thus a suggestion
to future works is to improve hardware i.e. multiple lenses or larger than 300degree lens on a single camera.
It is also possible to embed 180-degree images in a 360-degree sphere, so that the
images are not to be stretched when played back in a media player for 360-degree
videos except that only 180-degree images are shown but the rest of the sphere is in
black color.
Another suggestion is to develop own algorithm for undistortion precisely based on
the available hardware, which results a better match and playback result after the
dewarping process.
The third suggestion is to develop own JavaScript library for the media player that
suits the specific format of the dewarped video by the undistortion algorithms
described above.
The last suggestion to have more experiments for camera calibration, image
undistortion, more detailed survey questions and more precisely selected
observers for the evaluation of the quality experience.
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6 Conclusions
In summary, a complete prototype solution, with functions of user management,
QR-code generation and video playback, has been developed under this thesis
project based on the goals at beginning. In this thesis, the performance of the result
by the solution has been tested on three aspects: transmission of input and output
video sequences, undistortion of images and playback of 3D panoramic scenes for
future VR usage. In the end, the proper combination of bitrate and resolution, the
suitable calibration arguments for undistortion as well as the causes of both the
positive and the negative user experiences for 3D panoramic playback have been
found.
The defects found in the solution include the relatively unacceptable lagging of
video playback, the blurred and over stretched video images as well as the error
sporadically occurred during the playbacks in our own developed media player.
Given more resources and time budgets, however, the defects above can hopefully
be eliminated by increasing the quantity of fisheye lenses, developing own
algorithms and libraries matching to the hardware and dewarped video formats.
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Acronyms
ACR

Absolute Category Rating

AR

Augmented Reality

CBR

Constant Bitrate

CIF

Common Intermediate Format

CVST

Computer Vision System Toolbox in MATLAB

CRUD

Create, Read, Update, Delete

8K

8K resolution, or 8K UHD

4K

4K resolution

FHD

Full High-definition

FOV

Field of View

GLSL

OpenGL Shading Language

HD

High definition

HTTP

Hypertext Transfer Protocol

HTTPS

Hypertext Transfer Protocol Secure

IP

Internet Protocol

ITU-T

ITU Telecommunication Standardization Sector

JSF

Java Server Faces

JSP

Java Server Pages

MOS

Mean Opinion Score

OCAMCALIB

Omnidirectional Camera Calibration Toolbox for MATLAB

Qf

Quality factor

QoE

Quality of Experience

OpenGL

Open Graphics Library

QCIF

Quarter Common Intermediate Format
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QR-code

Quick Response Code

QVGA

Quarter Video Graphics Array

RGB

RGB color model

RTMP

Real-Time Messaging Protocol

RTSP

Real Time Streaming Protocol

SD-PAL

Standard-definition Phase Alternating Line

SD-NTSC

Standard-definition National Television System Committee

SSID

Service Set Identifier

SVGA

Super Video Graphics Array

TCP

Transmission Control Protocol

UDP

User Datagram Protocol

UHD

Ultra-high-definition

URL

Uniform Resource Locator

VBR

Variable Bitrate

VGA

Video Graphics Array

VR

Virtual Reality

VV

Virtuell Verklighet
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Appendices
Appendix A
Observer

Video 1

Video 2

Video 3

Video 4

Video 5

Video 6

Observer 1

3

4

3

4

4

4

Observer 2

2

3

3

4

3

2

Observer 3

3

4

4

3

4

4

Observer 4

3

3

3

3

3

4

Observer 5

3

3

4

2

4

3

Observer 6

3

4

3

3

4

3

Observer 7

1

2

2

2

2

2

Observer 8

4

5

2

4

5

3

Observer 9

2

4

3

3

2

2

Observer 10

4

4

4

3

4

4

Observer 11

4

4

4

4

4

4

Observer 12

3

5

2

2

2

2

Observer 13

3

3

4

4

5

5

Observer 14

2

4

3

2

3

3

Observer 15

1

2

3

4

5

3

Observer 16

2

3

4

3

5

2

Observer 17

3

5

3

4

4

3

Observer 18

4

4

4

3

4

3

Observer 19

3

3

3

3

3

2

Observer 20 2

4

4

3

5

3

Appendix A: Rating values of the observers for Survey 1.

52 | APPENDICES

Appendix B
#Observer

Indoor Video

Outdoor Video

Street Video

Observer 1

4

4

4

Observer 2

2

1

3

Observer 3

3

5

4

Observer 4

4

4

4

Observer 5

2

4

4

Observer 6

3

4

3

Observer 7

4

4

1

Observer 8

3

3

3

Observer 9

1

5

2

Observer 10

2

4

3

Observer 11

3

5

4

Observer 12

4

5

4

Observer 13
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Appendix B: Rating values of the observers for Survey 2.
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